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Abstract Development of civilization and industry inevitably brings increasing 
levels of pollution to the natural environment. This forces the activity aimed on the 
one hand at limiting the amount of pollutants introduced into water and air and on the 
other hand at effective removal of polluting substances already present in the natural 
environment. One of the methods for the removal of pollutants is adsorption, and 
one of the best adsorbents is activated carbon. Activated carbons are microcrystalline 
materials which show a well-developed surface area and porous structure, so they can 
be used for removal of pollutants from liquid and gas phase. Thanks to their unique 
sorption properties, activated carbons have been used in many areas of industry. 
Wider and wider range of their application cause increasing demands for these mate-
rials and stimulate the search for new precursors. Thanks to their unique sorption 
properties, activated carbons have been used in many areas. Widening panoply of 
their applications caused increasing demands for these materials and stimulated the 
search for their new precursors. One of them is plants, which are materials left after 
supercritical extraction. The present paper provides an overview of reports on adsorp-
tion of pollutants from gas phase (NO2) for biomaterials obtained from the residues 
after supercritical extraction of raw plants. 

Highlights 
An alternative method for biowaste utilization has been proposed. 

The activated biocarbons have been used for NO2 adsorption. 
The capacity of biocarbons to adsorb nitrogen dioxide was primarily dependent 

on the conditions of the adsorption process.
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1 Introduction 

Today, we live in a time of dynamic civilization and technological development, 
which have enabled people to make their professional and private lives easier. Unfor-
tunately, this progress brings positive and negative consequences. One of the nega-
tive effects of human activity is the increase in air, water and soil pollution [1–3]. 
According to the World Health Organization, 80% of the world’s population live 
in areas where air pollution concentrations exceed acceptable standards. This is 
influenced by both natural and anthropogenic factors [4]. 

Pollutants in the atmosphere have a significant impact on human health, the condi-
tion of ecosystems or climate change [5, 6]. In addition, atmospheric pollutants are 
difficult to abate because they cannot be confined to a certain area, as they have the 
potential to spread widely. Toxic gases emitted into the earth’s atmosphere mainly 
include nitrogen, sulfur and carbon oxides, volatile organic compounds and hydrogen 
sulfide. These compounds contribute to the destruction of the ozone layer and are 
responsible for the formation of smog and the greenhouse effect [7–10]. 

Porous carbon materials, e.g., activated carbons, activated fibers, carbon blacks 
and mesoporous carbons, are very popular among a wide group of materials used 
in adsorption of gas pollutants [11, 12]. Carbon adsorbents should be characterized 
by high sorption capacity, short duration of sorption processes, no toxic by-products 
and relatively low production cost. These requirements make that activated carbons 
are one of the most popular carbon materials used in adsorption process [13, 14]. 

The growing demand for activated carbons and increasing requirements in the 
field of environmental protection have resulted in a search for new activated carbons 
precursors [15–18] and methods of their production [19–21]. An interesting group 
of precursors may be the residues after supercritical extraction of raw plants. In 
the literature, you can find a huge number of reports on the use of the supercrit-
ical extraction process to obtain natural substances contained in herbal plants. This 
process allows the extraction of natural dyes, flavors and fatty acids, which are the 
valuable raw materials for the food, cosmetic and pharmaceutical industries [22–24]. 
The raw materials subjected to the supercritical extraction process are mainly hop 
cones, rape seeds and sunflower seeds, as well as herbs such as nettle, marigold 
and camomile. The use of these materials for the production of carbon adsorbents 
can be an excellent alternative for their disposal, because today the main method of 
dealing with post-extraction wastes is their incineration. Obtaining cheap adsorbents 
from this type of precursors will allow to obtain activated carbons with interesting 
physicochemical properties and good sorption properties against gaseous pollutants 
[24–28]. 

This paper is a review of the reports on the possibility of removal of gaseous NO2 

with the use of activated carbons obtained from residues after supercritical extraction 
of camomile, marigold and hops.
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2 Biocarbons Obtained from the Residues After 
Supercritical Extraction of Camomile Flowers 

Adsorbents were obtained by physical activation of the residues after supercritical 
extraction of camomile flowers. Physicochemical and sorption properties toward 
NO2 of the biocarbons were determined [29]. The starting raw material in the form 
of powder was subjected to carbonization process at two temperature variants, at 500 
or 700 °C (C5 and C7). The process was performed in a tube furnace in nitrogen 
atmosphere. The biochars were then subjected to physical activation (A) with CO2 in 
the same tube furnace. Two activation temperatures were applied, of 700 or 800 °C 
(A7 and A8), and the samples were thermostated for 60 min. As a result of the 
physical activation of starting material, four biocarbons were obtained for which 
physicochemical characterization was carried out. All the adsorbents obtained were 
characterized by: low-temperature nitrogen adsorption, pH of water extracts of the 
adsorbents and the contents of acidic and basic oxygen functional groups on the 
surface of activated carbons by the Boehm method [30]. 

According to the results presented in Table 1, physical activation of the residues 
after supercritical extraction of camomile flowers leads to the production of meso-
porous carbon adsorbents with a surface area in the range 9–104 m2/g. It has been 
shown that raising the activation temperature by 100°C leads to an enhancement of 
the textural parameters of the biocarbons and an increase in the proportion of micro-
pores in the sample structures. However, the surface area of the samples obtained by 
physical activation of the residues after supercritical extraction of camomile flowers 
is much lower than that of commercial products [31, 32]. 

Chemical character of the obtained biocarbons was determined by Boehm titra-
tion. Moreover, the acid–base properties of the samples were confirmed by measure-
ment of pH of the water extracts of these biocarbons (Table 1). The results of determi-
nation of the content of oxygen functional groups clearly indicated that the carboniza-
tion and activation processes with CO2 lead to the production of biocarbon adsorbents 
with only basic functional groups on their surface [33, 34]. The largest amount of 
this type of group was produced for sample obtained by carbonization at 700 °C,

Table 1 Textural parameters and acid–base properties of the biocarbons obtained from the residues 
after supercritical extraction of camomile flowers [29] 

Sample Textural parameters Surface oxygen 
functional groups 
(mmol/g) 

pH 

Surface area 
(m2/g) 

Total pore 
volume (cm3/g) 

Average pore 
diameter (nm) 

Acidic Basic 

C5A7 9 0.04 19.39 0.00 2.34 10.4 

C7A7 18 0.03 6.39 0.00 2.89 10.7 

C5A8 64 0.06 3.71 0.00 2.81 10.5 

C7A8 104 0.09 3.41 0.00 3.52 11.0 
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followed by activation at 800 °C. Results of the Boehm titration for samples C5A7, 
C7A7, C5A8 and C7A8 are confirmed by the pH values of the samples water extracts 
that fall in the range 10.4–11.0. 

The obtained biocarbons were tested as adsorbents of the gas pollutant, NO2. Four 
variants of adsorption were used during the research [35]. The process of adsorp-
tion was carried out in dry (D) or wet (W, 70% humidity) conditions. Moreover, in 
order to check the effect of moisture content on the sorption abilities of the samples 
studied, they were subjected to prehumidization (M) with humid air (70% humidity) 
for 30 min. After this time, the adsorption tests were made in dry (MD) and wet 
(MW) conditions [36]. The effectiveness of NO2 removal was observed to depend on 
the carbonization/activation temperature and conditions of adsorption. The sorption 
capacity of sample varied from 2.0 to 59.1 mg/g. The most effective adsorbent was 
sample C7A8 obtained by carbonization at 700 °C and activation at 800 °C, which 
was able to absorb between 19.1 and 57.1 mg NO2/gads, depending on the adsorption 
variant. Sorption capacities of the biocarbon samples obtained were significantly 
dependent on the adsorption conditions. As indicated by the data from Fig. 1, prehu-
midization of the carbon adsorbent bed for 30 min prior to adsorption, conducted 
in dry (MD) and wet (MW) conditions, has a beneficial effect on the adsorption 
capacity. Only for samples C5A7 and C7A7, the relation is different. 

Another observation following from the data collected in Fig. 1 is that the effective-
ness ofNO2 removal by the biocarbons studied increases with increasing temperature 
of carbonization. The effect of the activation temperature was slightly more varied. 
In the case of samples C5A7 and C5A8, it was observed that the increase in activation 
temperature was accompanied by a slight decrease in the NO2 removal efficiency 
when the adsorption test was carried out under MD and MW conditions. An inverse
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Fig. 1 NO2 breakthrough capacities of the samples obtained from the residues after supercritical 
extraction of camomile flowers [29] 
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relationship was observed for analogous samples obtained from the residues after 
supercritical extraction of camomile flowers subjected to carbonization at 700 °C. 

The work showed that the residues after supercritical extraction of camomile 
flowers can be cheap and easily available precursor for obtaining biocarbons with 
good sorption capacity toward nitric(IV) oxide. The obtained results indicate a signif-
icant influence of the conditions of the adsorption process on the obtained sorption 
capacities. It has been shown that, despite the low specific surface area, the samples 
show high sorption capacity toward NO2, especially when the adsorption process 
was carried out in mix-dry and mix-wet conditions. The biomaterials obtained by 
physical activation with CO2 show not well-developed porous structure and surface 
area, so further studies should be aimed at optimization of textural parameters. 

3 Biocarbons Obtained from the Residues After 
Supercritical Extraction of Marigold Flowers 

Next precursor was the residues after supercritical extraction of marigold flowers 
[37]. The starting material (M) was subjected to carbonization process that was 
carried out in a quartz tubular reactor heated by horizontal furnace, under a stream of 
nitrogen. The samples were heated from room temperature to the final carbonization 
temperature of 500 (M5) and 700 °C (M7) and kept at the maximum temperature for 
60 min and then cooled down in inert atmosphere. Carbonization products were next 
subjected to physical activation (A). This process was carried out at temperature of 
700 (A7) or 800 °C (A8) under a stream of carbon dioxide for 60 min. 

The elemental analysis (Table 2) showed that the obtained carbon materials are 
characterized by higher content of elemental carbon and mineral substances than the 
initial material. Biocarbons showed higher content of Ndaf relative to the precursor, 
which may follow from the presence of heterocyclic nitrogen groups resistant to the 
effect of high temperatures. The content of sulfur in the carbon adsorbents obtained is 
similar, irrespective of the activation temperature. The changes in content of oxygen 
and hydrogen were more complex. Unfortunately, as was the case with camomile, the 
physical activation of the residues after supercritical extraction of marigold flowers 
also does not permit effective development of surface area. The surface area of the 
samples varies from 2 to 206 m2/g. The most developed surface area and porous 
structure showed sample M5A8, obtained by activation of biochar M5 at 800 °C. 
The textural parameters of the activated carbons discussed in [29, 37] indicate that 
the physical activation of the residues after supercritical extraction of raw plants 
should be carried out at a temperature not lower than 800 °C. Nevertheless, the 
results presented in Fig. 2 prove that the textural parameters of activated carbons 
depend on type of precursor and activation conditions. Each of starting materials 
requires an individual approach in determining the most optimal production proce-
dure. According to the results collected in Table 2, the precursor used in the studies 
shows acidic character of surface. Interestingly, the processes of both carbonization
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Table 2 Elemental analysis, textural parameters and acid–base properties of the biocarbons 
obtained from the residues after supercritical extraction of marigold flowers [37] 

Sample Ash Cdaf Hdaf Ndaf Sdaf Odaf* Surface area (m2/g) Surface oxygen 
functional 
groups (mmol/g) 

Acidic Basic 

M 9.0 49.0 11.3 3.3 0.1 36.3 – 5.25 1.29 

M5A7 33.9 79.8 0.4 4.8 0.4 14.6 2 0.00 5.51 

M7A7 38.0 82.8 0.6 4.7 0.5 11.4 4 0.00 5.75 

M5A8 49.2 59.1 2.5 5.2 0.3 32.9 206 0.00 7.74 

M7A8 53.9 81.0 2.3 6.9 0.6 9.2 125 0.00 8.37 

dafdry ash-free basis, *by difference 
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Fig. 2 Specific surface area of biocarbons obtained by physical activation of the residues after 
supercritical extraction of camomile and marigold flowers (P5/P7—carbonization temperature 500/ 
700 °C; A7/A8—physical activation temperature700/800 °C) [29, 37] 

and activation, irrespective of their temperatures, result in removal of acidic groups 
and a considerable increase in the basic groups. The number of basic oxygen groups 
on the surface depends to a significant degree on the temperature of carbonization and 
activation. With increasing temperature of carbonization and activation, the number 
of basic groups increases. The strongly basic character of the surfaces of activated 
carbons obtained is probably a consequence of the fact that the activator applied 
(CO2) and the high temperature of activation are favorable for generation of basic 
groups [38]. 

The study has shown that the effectiveness of gas pollutants (NO2) removal 
depends first of all on the conditions of adsorption. The samples were tested in two 
variants: in dry conditions (D) and after pre-humidification of activated carbon’s bed 
by the air of 70% humidity for 30 min-mix-dry conditions (MD). The most effective
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adsorbent in dry conditions was sample M7A8 whose sorption capacity of 29.2 mg/ 
g was about twice higher than that of the other samples. Also in mix-dry conditions, 
this sample showed very good sorption capacity. The most effective adsorbent in 
mix-dry conditions was, however, sample M5A7, whose sorption capacity reached 
over 102.1 mg NO2/gads, which was over 6 times greater than in the dry conditions 
(16.3 mg/g). For the other carbon samples studied, preliminary wetting with humid 
air resulted in only twice increased sorption capacity. 

In turn, in the work [39], the residues after supercritical extraction of marigold 
flowers were carbonized at 600 °C in a nitrogen atmosphere for 60 min. The biochar 
(M6) was next subjected to physical activation at temperature of 700 (A7) and 
800 °C (A8) under a stream of carbon(IV) oxide for 60 min. The processes of 
carbonization and activation were carried out in a quartz tubular reactor heated by 
horizontal furnace. Biocarbons obtained were characterized by elemental analysis, 
low-temperature nitrogen sorption and content of surface oxygen functional groups. 
Biocarbons were tested for the removal of NO2 from the gaseous phase in dry, 
mix-dry, wet and mix-wet conditions (Table 3). All biocarbons are characterized by 
a higher content of elemental carbon than the starting material [29]. The highest 
content of elemental carbon was found in sample M6A8 obtained by activation of 
biochar M6 at 800 °C. Each of the activation products showed a very high mineral 
admixture content, as the contribution of ash varies from 27.2 to 32.7 wt%. The 
physical activation of the residues after supercritical extraction of marigold flowers 
does not permit effective development of their surface area. The BET surface area of 
the bicarbons varies from only 44 to 57 m2/g. The data characterizing the acid–base 
nature indicated that the surfaces of the studied materials show basic character as 
there are no functional groups of acidic nature. As indicated by the data presented in 
Table 3, the efficiency of nitrogen dioxide removal depends first of all on the condi-
tions under which the adsorption test was carried out. The highest sorption capacities 
were measured in wet as well as mix-wet conditions. High sorption capacities in 
these conditions are related to water film formation on the carbonaceous adsorbent’s 
surface, which favors the capture and bonding of NO2 molecules or even nitric acid 
formation [40].

The studies summarized in the articles [29, 37, 39] confirmed that it is necessary 
to optimize the process of producing biocarbons from the residues after supercritical 
extraction of raw plants. 

4 Biocarbons Obtained from the Residues After 
Supercritical Extraction of Hops 

In the next stage of the research, residues left after supercritical extraction of hops 
were used as a precursor for the production of biocarbons [41]. The production of 
hop has been continuously developing along with beer industry [42]. Although it 
is mostly used for beer production, the properties of hop have made it an attractive
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raw product for medicine, pharmacy or in cosmetic and food industry [43–45]. On 
industrial scale, extract from hop is obtained by supercritical CO2 extraction [46]. 
This type of plants extraction leaves much waste that has to be utilized, and one of 
the methods proposed for their utilization is production of carbon adsorbents. 

The precursor (H) was at first subjected to carbonization process in a traditional 
resistance pipe furnace at 500 for 1 h. Carbonization product was next subjected 
to physical activation (A) with carbon(IV) oxide at 800 °C for 1 h. The final 
product of activation was divided into two parts. One of them was washed distilled 
water (H5AH2O), while the second part of the biocarbon (H5AHCl) was subjected to 
demineralization with HCl and H2O. 

According to the data in [41], the ash content in the activated biocarbons varies 
from 5.3 to 32.2 wt% (Table 4). Due to the ash components, may block some pores 
in the activated carbon structure, thus reducing their surface area. That is why we 
introduced the process of washing of the carbon material with a 5% HCl solution 
and/or distilled water. Sample H5AH2O has a half-reduced content of ash than sample 
H5A. On the other hand, sample H5AHCl, washed with HCl solution and distilled 
water, has over sixfold lower content of ash than biocarbon H5A and threefold lower 
content of ash than sample H5AH2O. Biocarbon H5AHCl shows the most developed 
surface area and porous structure and is the only sample whose SBET exceeds 1000 m2/ 
g. The surface area of the biocarbons obtained depends significantly on the variant 
of sample washing after activation. Washing with HCl causes unblocking of pores in 
the biocarbon structure and improves its textural properties [47]. It is evident from 
the data presented in Table 4 that the surfaces of samples H5A and H5AH2O show 
basic character. On the other hand, the washing at first with HCl solution and then 
with distilled water favors generation of acidic functional groups. This change in 
acid-base characteristics is due to the fact that HCl removes a considerable amount 
of mineral substance, which is usually basic in nature. 

According to the data from Table 4, the effectiveness of removal of NO2 depends 
considerably on the conditions of adsorption. For all biocarbons, the sorption capac-
ities toward NO2 were higher when adsorption took place in the presence of steam. 
The highest sorption capacity toward NO2 showed sample H5A which has a relatively 
high content of mineral substance whose presence may be conducive to adsorption 
of gas pollutants such as nitrogen(IV) oxide [48]. The other two samples showed

Table 4 Ash content, textural parameters, acid–base properties and NO2 breakthrough capacities 
of the biocarbons obtained from the residues after supercritical extraction of hops [41] 

Sample Ash (wt%) Surface area 
(m2/g) 

Surface oxygen 
functional groups 
(mmol/g) 

NO2 breakthrough 
capacities (mg/g) 

Acidic Basic Dry Wet 

H5A 32.2 413 0.00 4.87 42.0 72.1 

H5AH2O 16.0 664 0.00 4.39 36.7 58.0 

H5AHCl 5.3 1039 1.44 0.55 10.0 24.4 
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Fig. 3 NO2 breakthrough curves for biocarbons studied in dry and wet conditions 

much lower sorption capacities toward NO2. It should be mentioned that the highest 
effectiveness of NO2 removal by sample H5A is beneficial from the ecological and 
economic points of view as washing is related to additional cost and use of large 
volumes of water. 

The curves in Fig. 3 illustrating changes in NO2 upon adsorption in dry and wet 
conditions suggest that the process of NO2 removal for the samples takes place 
according to the similar mechanism. For all samples, the concentration of NO2 was 
equal to zero for a certain period of time, and only after the breakthrough, a gradual 
increase in NO2 concentration was observed. A similar course of the curves was 
observed in the case of samples obtained by physical activation of the residues after 
supercritical extraction of camomile and marigold flowers [29, 37]. The results in 
work [41] confirmed the beneficial influence of the mineral substance content in the 
adsorbents on their sorption capacity toward nitrogen(IV) oxide. 

In the next stage of the research, an attempt was made to obtain carbon adsorbents 
with a strongly developed surface area and microporous structure, as well as high 
sorption capacity toward NO2. The method allowing production of such adsorbents 
is chemical activation by a series of activating agents such as: NaOH, KOH, K2CO3, 
H3PO4 and ZnCl2 as it gives biocarbons of highly developed surface area and pore 
size distribution needed [49–51]. 

The residues left after supercritical extraction of hops (H) were divided into 
two parts [52]. One of them was impregnated with Na2CO3 solution (weight ratio 
Na2CO3:precursor 2:1—sample H2:1 or 3:1—sample H3:1) and subjected to chem-
ical activation at 700 °C and kept for 45 min. The second part was first subjected to 
pyrolysis (HP) at 500 °C for 1 h. Pyrolysis product was next subjected to chemical 
activation with Na2CO3. Chemical activation by Na2CO3 was performed at 750 °C 
with an alkali/biochar weight ratio of 2:1—sample HP2:1 or 3:1—sample HP2:1 in 
nitrogen for 45 min. Chemical activation and carbonization were carried out in a 
quartz tubular reactor heated by horizontal laboratory furnace. After the activation
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process, the final products were subjected to two-step washing procedure, first with 
a hot 5% solution of HCl and later with demineralized water until free of chloride 
ions. 

According to the results presented in Table 5 and Fig. 4, the chemical activation 
of the residue after supercritical extraction of hop allows for a much more effective 
development of the surface area and the porous structure compared by physical 
activation of residues after supercritical extraction of raw plants. The surface area 
of the products varies in the range 897–1095 m2/g. The textural parameters of the 
biocarbons depend on the weight ratio of the activating agent to the precursor or 
biochar. It should be noted that the surface areas of all activated biocarbons obtained 
in work [52] were larger than those of many commercial products available on the 
market [31]. Although obtained by different procedures, all the biocarbons obtained 
have similar acid–base properties. The highest total content of surface oxygen groups 
was found on sample H3:1, obtained by chemical activation of precursor by Na2CO3, 
at the alkali:biochar ratio of 3:1. The lowest total content of functional groups was 
on the surface of sample H2:1, on which only acidic functional groups were found. 
For the other activated biocarbon samples also, the acidic surface functional groups 
were dominant over the basic ones. Analysis of the effect of the variant of activation 
showed that the activation of the precursor favors the generation of a greater number 
of groups of acidic character and a smaller number of those of basic character in 
comparison to their number on the samples obtained by chemical activation of the 
biochar. 

Each sample of activated biocarbon obtained was tested as adsorbent of NO2 in 
dry and wet conditions. The results of the adsorption tests showed that biocarbons 
obtained are characterized by very good sorption capacity toward nitric(VI) oxide. 
Sorption capacity of the biocarbons in dry conditions is from 65.8 to 77.2 mg NO2/ 
gads and in wet conditions from 67.3 to 155.3 mg NO2/gads. Comparison of the 
textural parameters with sorption capacities toward NO2 reveals the effect of the 
degree of surface area development on the biocarbons adsorption capacity of this 
toxic gas. The higher capacities (especially in wet conditions) observed for samples 
H3:1 and HP3:1 are most probably related to better developed porous structure of these

Table 5 Textural parameters, acid–base properties and NO2 breakthrough capacities of the 
biocarbons obtained from the residues after supercritical extraction of hops [52] 

Sample Textural parameters Surface oxygen 
functional groups 
(mmol/g) 

NO2 breakthrough 
capacities (mg/g) 

Surface area 
(m2/g) 

Average pore 
diameter (nm) 

Acidic Basic Dry Wet 

H2:1 897 2.65 1.86 0.00 75.1 79.7 

H3:1 1095 6.06 3.17 0.12 77.2 155.3 

HP2:1 1048 2.53 1.75 0.15 65.8 67.3 

HP3:1 1062 2.65 1.90 0.18 69.2 86.8
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Fig. 4 Specific surface area of biocarbons obtained by chemical activation of the residues after 
supercritical extraction of hops [52] and physical activation of the residues after supercritical 
extraction of camomile [29] and marigold flowers [37]

samples. However, the sorption capacity depends also on the type of porous structure 
and mean pore size. According to literature, the adsorbents with mesopores of the 
sizes from the range of 5–10 nm are more effective in removal of gas pollutants [53]. 

The curves showing changes in the NO2 concentration during the processes of 
adsorption in dry and wet conditions (Fig. 5) are similar for all biocarbon samples 
studied, so it can be assumed that the sorption on these samples takes place according 
to similar mechanism. However, the character of the desorption section of the 
isotherms (Fig. 5) revealed significant differences between the samples. After cutting 
off the inflow of NO2 to the adsorbent bed, for samples H3:1 (dry conditions) and 
HP3:1 (dry and wet conditions), the concentration of NO2 was maintained at a high 
level even after 30 min of washing with a flux of pure air, which proved weak bonding 
of nitrogen(IV) oxide in the porous structure of the adsorbent. It is worth pointing 
out that in the case of samples obtained by physical activation of the residues after 
supercritical extraction of camomile/marigold flowers and hops, an inverse relation-
ship was observed [29, 37]. A rapid decrease in NO2 concentration after cutting off 
its flow to the adsorbent bed suggests that the majority of adsorbed NO2 has been 
permanently bound in the porous structure of the activated carbons, so it underwent 
chemisorption.

Based on the literature data [40, 54], it can be expected that adsorption of NO2 in 
dry conditions takes place according to the following mechanism: 

−C∗ + NO2 → C(O) + NO 
−C(O) + NO2 → −C(ONO2) 

−C−C(ONO2) → CO2 + NO + −C∗ 

−C−C(ONO2) → CO + NO2 + −C∗,



Study of Biocarbons Derived from the Residues After Supercritical … 31

0 

5 

10 

15 

20 

0 20 40 60 80 100  

H
2:1 

H
3:1 

HP
2:1 

HP
3:1 N

O
2 c

on
ce

nt
ra

ti
on

 [
pp

m
] 

Time [min] 

dry conditions 

0 

5 

10 

15 

20 

0 20 40 60 80 100 120  

H
2:1 

H
3:1 

HP
2:1 

HP
3:1 

N
O

2 c
on

ce
nt

ra
ti

on
 [
pp

m
] 

Time [min] 

wet  conditions 

Fig. 5 NO2 breakthrough curves for biocarbons studied in dry and wet conditions [52]

where –C* represents a carbon active site and –C(O) carbon oxygen complexes. 
Generally speaking, oxidation process of the carbons surface occurs, according to 
reactions: 

C + 2NO2 → CO2 + 2NO 
C + NO2 → CO + NO. 

During adsorption in wet conditions, the reaction of nitrogen dioxide with water 
can lead to formation of nitric acid or a mixture of nitric and nitrous acids: 

3NO2 + H2O → 2HNO3 + NO 
2NO2 + H2O → HNO3 + HNO2, 

which increases the sorption capacity toward NO2 for the biocarbon samples studied. 

5 Conclusion 

This paper presents the results of research on the preparation of biocarbons from 
the residues after supercritical extraction of hops, camomile and marigold flowers. 
Biocarbons were synthesized based on two methods: physical and chemical acti-
vation. Carbon adsorbents were subjected to physicochemical characteristics and 
evaluation of sorption capacity toward NO2. 

1. It was found that the textural parameters of biocarbons depend on the method 
of activation and the starting material used for the research. The most favorable 
textural parameters were demonstrated by the samples obtained by activation 
of residues after supercritical extraction of hops, in particular the adsorbents 
obtained by chemical activation of this precursor.
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2. The textural parameters of adsorbents obtained by physical activation depend 
on the carbonization and activation temperature. In addition, the surface area of 
the biocarbons obtained from the residues after supercritical extraction of hops 
depends significantly on the variant of sample washing after activation. Washing 
with HCl causes unblocking of pores in the biocarbon structure and improves its 
textural properties 

3. Physical activation of the residues after supercritical extraction of hops, camomile 
and marigold flowers leads to the obtaining of activated carbons with a clearly 
basic surface character. On the other hand, adsorbents obtained by chemical 
activation have clear advantage of acidic surface character. 

4. The study has also shown that the effectiveness of NO2 removal depends first of 
all on the conditions of adsorption. The presence of water vapor and the previous 
wetting of the biocarbon bed had a beneficial effect on the sorption capacity 
obtained. 

5. Poorly developed specific surface and a mineral substance in the structure of 
biocarbons obtained by physical activation of the residues after supercritical 
extraction of raw plants does not compromise their usefulness in the removal of 
gaseous pollutants. 
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