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Abstract

Residues after supercritical extraction of hops were chosen as activated bio-carbons precursor. The actual adsorbent was
prepared by physical activation of the starting material. Some amount of the activated bio-carbon was divided into two parts.
One of them was washed with distilled water, while the other part of the activated bio-carbon was washed first with a 5%
solution of HCI and then with distilled water. The activated bio-carbons obtained were subjected to textural characteriza-
tion and determination of pH and the content of surface oxygen groups. Carbonaceous adsorbents obtained were tested for
removal of gas pollutant of acidic character (nitrogen dioxide) and liquid organic (methylene blue) and inorganic (iodine)
pollutants. The maximum sorption capacity of the carbonaceous adsorbents towards iodine was 1395 mg/g, while towards
methylene blue it was 238 mg/g. The results have shown that physical activation of the residue after supercritical extraction of
hops is possible to be used as precursor of activated bio-carbons showing high adsorption capacity towards nitrogen dioxide
reaching a maximum of 72.1 mg/g. The effectiveness of nitrogen dioxide removal depends on bio-carbons preparation and

the conditions of adsorption.
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1 Introduction

Pollution of the natural environment is a global threat to life
and it has been continuously increasing (Jones et al. 2015;
Pallarés et al. 2018). The increase in air and water pollution
is directly related to growing urbanization and industriali-
zation (Kuramochi et al. 2012). One of the most effective
methods of pollutants removal is adsorption, which is a
nontoxic and very effective process (Rafatullah et al. 2010;
Bazan et al. 2016; Benedetti et al. 2018). This realization has
stimulated the search for new effective adsorbents showing
high adsorption capacity, high selectivity and low cost of
production (Bulut and Baysal 2006; Nowicki et al. 2016).
Activated carbons that have been most often applied as
adsorbents of pollutants from liquid and gas phases show a
number of attractive physicochemical properties that would
characterize the optimum adsorbent (Georgin et al. 2016;
Bashkova and Bandosz 2009). According to literature data,
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carbon materials can be obtained by chemical or physical
activation of not only the well-known precursors such as
wood, fossil coal or peat, but also all kinds of post-agricul-
tural and post-industrial waste products (Benaddi et al. 2000;
Bazan-Wozniak et al. 2017; Koyuncu et al. 2018). This fact
is very important from the ecological and economic aspects
as the growing amount of waste and stringent regulations on
protection of the natural environment stimulate the search
for methods of their utilization.

A large group of waste materials are the residues of
supercritical extraction of plants. The extraction is applied to
obtain fatty acids, ethereal oils and aromas used in cosmetic
industry and perfume production (Capuzzo et al. 2013; del
Valle 2015; Millao and Uquiche 2016).

The aim of this study was to obtain activated bio-carbons
by physical activation of residues of supercritical extraction
of hops. The sorbents obtained were tested in the process
of removal of gas pollutants of acidic character, including
nitrogen dioxide, and liquid pollutants such as iodine and
methylene blue.
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2 Materials and methods

2.1 Precursor and activated bio-carbons
preparation

The residue left after supercritical extraction of hops
obtained from New Chemical Synthesis Institute, Super-
critical Extraction Department, Putawy, Poland, was used
as the precursor in this study. The starting material was
powder with grain size range of 0.10-0.80 mm and mois-
ture content in air-dry state of 5.6 wt%. The precursor
was at first subjected to pyrolysis process in a traditional
resistance pipe furnace at 500 °C. The residue was heated
10 °C/min from room temperature to the final pyrolysis
temperature, kept for 1 h and then it was cooled in an inert
atmosphere. Pyrolysis product was next subjected to physi-
cal activation with carbon dioxide. Physical activation of
bio-char was carried out at temperature of 800 °C under a
stream of carbon dioxide with a flow rate of 0.250 L/min,
for 1 h. The activated bio-carbon obtained was labeled as
P. Next, the final product of activation was divided into
two parts. One of them was washed distilled water (P1)
while the second part of the activated bio-carbon (P2) was
subjected to demineralization with HCI. In order to do
this the activated bio-carbon was placed in a round-bottom
flask and flooded with a 5% HCI solution. The flask was
equipped with a reflux, then the contents of the flask were
heated to the boiling point and kept at this temperature for
3 h. After this time the contents were poured out onto a
funnel heater and washed with warm distilled water until
free of chloride ions. The washed materials were dried at
110 °C for 24 h.

2.2 Sample characterization

For all activated bio-carbons the ash content was deter-
mined according to the ASTM D2866-94 Standard (2004).

Characterization of the porous structure of obtained
materials was performed on the grounds of low tempera-
ture nitrogen adsorption—desorption isotherms measured
on Autosorb iQ at — 196 °C. Surface area of activated
bio-carbons was calculated by Brunauer—-Emmett—Teller
method and total pore volume and size distribution accord-
ing to Barrett—Joyner—Halenda method. Furthermore
micropore volume and micropore area were determined
using t-plot method.

The content of surface oxygen functional groups was
determined according to the Boehm method (Boehm
1994). A portion of 0.25 g of bio-carbon sample was
placed in 25 mL of 0.1 mol/L solutions of either sodium
hydroxide or hydrochloric acid. The vials were sealed
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and shaken for 24 h and then 10 mL of each filtrate was
pipetted and the excess of base or acid was titrated with
0.1 mol/L HCI or NaOH, as required. The numbers of
acidic sites of various types were calculated assuming that
NaOH neutralizes all acidic groups and HCI reacts with all
basic group. All experiments were made twice.

2.3 Adsorption of iodine and methylene blue

The iodine sorption ability of the adsorbents was determined
according to the following procedure: Portions of 0.2 g of
the samples sieved to a particle size below 1 mm were placed
in 250 mL flasks and 4 mL of 5% HCI was added. Then
20 mL of stock 0.2 mol/L iodine solution was added to it
and the mixture was shaken for 4 min in a shaker. All the
samples were filtered through filter paper and next washed
with 50 mL of water. The resulting solution was titrated with
0.1 mol/L sodium thiosulphate (1% starch solution was used
as an indicator) until the solution become colorless.

Adsorption of methylene blue was performed using the
following procedure. Samples of the prepared bio-carbons
of 0.025 g with the particle size of 0.09 mm were added
to 50 mL of dye solution with initial concentrations in the
range from 10 to 130 mg/L and the suspension was stirred to
reach equilibrium for 24 h. After the adsorption equilibrium
had been achieved, the solution was separated from the sorb-
ent by centrifugation at 6000 rpm, for 10 min. The concen-
tration of dye solution was determined using double beam
UV-Vis spectrophotometer (Carry 100 Bio) at 665 nm. The
equilibrium adsorption capacities q, (mg/g) were calculated
according to the following formula:
g = (CO Ce) <V

m

where in C; is the initial concentration (mg/L), C, is the
residual concentration (mg/L), V is the volume of the solu-
tion (L), m is the mass of the adsorbent (g).

2.4 NO, adsorption experiments

Sorption capacities of the samples towards nitrogen diox-
ide were evaluated with the use of an electrochemical
sensor for monitoring gas concentration made by QREA
PLUS (model PGM-2000). The activated bio-carbon in the
amount of 3 mL was placed in a glass reactor and through
the adsorbent bed a mixture of air and nitrogen dioxide was
passed. The proportions of air and NO, were chosen so that
the NO, concentration was 1000 ppm. The flow rate of NO,
was 90 mL/min, while the flow rate of air was 360 mL/min.
The concentration of NO, was measured in real time and
expressed in ppm, up to the value of 20 ppm (max. limit of
the sensor). The process of adsorption was carried out in
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dry (D) or wet (W, 70% humidity) conditions. After the end
of adsorption the rate of NO, desorption from the adsorbent
bed was measured (Nowicki et al. 2012). Additionally to
check the NO, reduction as a result of its reaction with sur-
face oxygen groups or carbon matrix, the concentration of
NO in the system was also monitored till 200 ppm.

3 Results and discussion
3.1 Characterization of the activated bio-carbons

According to the data from Fig. 1, the ash content in the
activated bio-carbons obtained from residues of supercritical
extraction of hops varies from 5.3 to 32.2 wt%. The high-
est ash content was in sample P. High content of mineral
substance in the structure of this coal does not eliminate
its potential use as adsorbent of gas phase pollutants, as
has been demonstrated by our earlier studies (Bazan et al.
2016), however, it should be taken into account that 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% HCI solution and/ or distilled water. Sample P1,
washed only with distilled water, has a half reduced content
of ash 16 wt% than sample P. On the other hand, sample
P2, washed with HCI solution and distilled water, has over
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Fig. 1 Ash content of the activated bio-carbons

sixfold lower content of ash than bio-carbon P and threefold
lower content of ash than sample P1.

Table 1 presents the textural parameters characterizing
the carbon materials obtained from the nitrogen adsorp-
tion/ desorption isotherms. Bio-carbon P2 shows the most
developed surface area and porous structure and is the only
sample whose Sy exceeds 1000 m%/g. The surface area of
the bio-carbons obtained depends significantly on the vari-
ant of sample washing after activation. According to the
data from Table 1, the sorbent washing with distilled water
leads to an increase in the surface area by over 200 m?/g
(P1—664 m?/g), while the washing of bio-carbon samples
first with HCI solution than with distilled water leads to
over twice increase in the surface area (P2—1013 m?%/g)
with respect to that of the unwashed sample (P—413 m%/g).
Washing with HCI causes unblocking of pores in the bio-
carbon structure and improves its textural properties.

As follows from Table 1, bio-carbon P shows the most
microporous character as the micropores make as much as
70% of its total pore volume. In samples P1 and P2 the con-
tribution of micropores is much smaller as they make about
45% of their pore volume. The mean pore diameters in the
bio-carbons studied range from 3.55 to 4.10 nm, which indi-
cates the presence of mesopores in these samples.

In order to establish the acid-base properties of the bio-
carbons obtained, the contents of surface oxygen functional
groups of acidic and basic character were estimated and pH
of the water extracts were determined. The total content of
oxygen functional groups in the samples varies from 2.99
to 4.87 mmol/g, while the pH of their water extracts varies
from 4.6 to 10.8. It is evident from the data presented in
Table 2 that the surfaces of samples P and P1 show basic
character. The pH values of their water extracts range from
8.6 to 10.8 and the content of oxygen functional groups of
acidic nature is small (sample P) or they do not occur at all

Table 2 Acid-base properties of the activated bio-carbons obtained

Sample pH Acidic groups Basic
(mmol/g) groups
(mmol/g)
P 10.8 0.00 4.87
P1 8.6 0.00 4.39
P2 4.6 1.44 0.55

Table 1 Textural parameters

¢ . ; ) Sample Surface area Micropore area  Total pore volume Micropore volume Average pore
o th'e activated bio-carbons (mzlg) (m2/g) (cm’ /g) (cm® /g) diameter (nm)
obtained

P 413 329 0.20 0.14 3.92

P1 664 376 0.36 0.16 3.55

P2 1039 645 0.60 0.27 4.10
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Fig.2 Adsorption of iodine on the activated bio-carbons

(sample P1). The type of functional groups and their num-
ber depend significantly on the type of washing procedure.
Washing of sample P1 with distilled water causes an insig-
nificant decrease in the number of functional groups of basic
nature relative to their number on the surface of bio-carbon
P. The washing at first with HCI solution and then with dis-
tilled water favors generation of acidic functional groups
so in bio-carbon P2 the number of basic functional groups
decreased. Sample P2 has the surface of acidic character as
evidenced by predominance of acidic functional groups and
pH values of water extract from this sample of 4.6. So drastic
change in the acid-base characteristics follows from the fact
that HCI removes a considerable amount of mineral sub-
stance from the carbon samples and the mineral substance
has usually basic nature.

3.2 Adsorption of iodine and methylene blue

The obtained bio-carbons were tested for the removal of two
model pollutants: iodine and methylene blue, from liquid
phase. The results are presented in Figs. 2 and 3. The effec-
tiveness of adsorption of iodine and methylene blue from
water solutions by the activated bio-carbons depends on
the variant of their obtaining and their textural parameters.
The most effective adsorbent of both pollutants proved to be
sample P2 as it was able to adsorb 1395 mg of iodine and
238 mg of methylene blue. So high sorption capacity was
most probably a consequence of much developed surface
area and the porous structure of this bio-carbon. The lowest
sorption capacity towards both pollutants showed sample P,
obtained by physical activation of the residue of supercriti-
cal extraction of hops, characterized by the poorest textural
parameters. Bio-carbon P has a high content of mineral sub-
stance that can block the adsorbate particles access to the
adsorbent surface (Kazmierczak et al. 2013).

@ Springer
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Fig.3 Adsorption of methylene blue on the activated bio-carbons

Table 3 Comparison of iodine and methylene blue adsorption for
activated bio-carbons prepared from hops and commercial carbons

(mg/g)

Sample Iodine Methylene blue  References

P 622 115 This study

P1 653 177 This study

P2 1395 238 This study

Norit SX2  Min. 800 150 Kulikowska and Sutek

(2008)

CWZ-22 Min. 750 130 Nowicki et al. (2015)
WG-12 1050 180 Nowicki et al. (2015)

Table 4 NO, breakthrough

.. . . Sample Conditions
capacities of the activated bio-
. (mg/g)
carbons obtained
Dry Wet
P 42.0 72.1
P1 36.7 58.0
P2 10.0 24.4

Table 3 presents the sorption capacities towards iodine
and methylene blue obtained for the bio-carbons obtained
from residues of supercritical extraction of hops and for the
commercial adsorbents. As follows from a comparison of
these data, the bio-carbons obtained from hops (in particular
sample P2) have sorption capacities similar to those of the
commercial materials obtained from peat (Norit SX2), char-
coal (CWZ-22) and low-ash coking coal (WG-12).

3.3 Adsorption of nitrogen dioxide
Table 4 presents the sorption capacities of the activated bio-

carbons studied towards NO,. The effectiveness of removal
of this toxic gas depends considerably on the conditions of
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adsorption. For all activated bio-carbons the sorption capaci-
ties towards NO, were higher when adsorption took place in
the presence of steam. This observation can be explained by
the formation of water film on the activated bio-carbons sur-
faces, which favors binding of nitrogen dioxide. The effect of
test conditions on the sorption capacities towards NO, was
the least pronounced for sample P2.

The highest sorption capacity towards NO, showed sam-
ple P, whose sorption capacity was 42.0 mg in dry condi-
tions and 72.1 mg in wet conditions. Activated bio-carbon
P has a relatively high content of mineral substance (Fig. 1),
whose presence may be conducive to adsorption of gas pol-
lutants such as nitrogen dioxide (Bazan et al. 2016). The
other two samples, washed with 5% water solution of HCI
and/ or distilled water showed much lower sorption capaci-
ties towards NO,. It should be mentioned that the highest
effectiveness of NO, removal by sample P is beneficial from
the ecological and economic points of view as washing is
related to additional cost and use of large volumes of water.

In order to get more information of the processes tak-
ing place in the activated carbon upon NO, adsorption,
Fig. 4 presents the curves illustrating changes in NO, upon
adsorption in dry and wet conditions. Only small differences
between the samples can be noted, which suggests that the
process of NO, removal for the samples studied takes place
according to the same [similar] mechanism. For all samples
the concentration of NO, was equal to zero for a certain
period of time and only after the breakthrough a gradual
increase in NO, concentration was observed. Comparison
of the curves recorded upon NO, adsorption reveals that
when the process is run in the presence of steam (Fig. 4b)
the period of time throughout which NO, concentration is
zero is longer. This observation confirms the beneficial effect
of steam on the sorption capacities. Further analysis shows

[ppm]

NO2 concentration

60

Time [min]

that after cessation of NO2 inflow to the adsorbent bed, for
all samples adsorbing in dry conditions and for bio-carbon
P in wet conditions, a rapid decrease in NO, concentration
to O ppm takes place, which may indicate that the majority
of adsorbed NO, is strongly bound in the porous structure or
has undergone chemisorption. Only for bio-carbons P1 and
P2 (in wet conditions) the concentration of NO, remains at
a level of 2 ppm after 30 min of the adsorbent bed washing
with a stream of fresh air.

Figure 5a, b present the curves of NO concentration
changes, illustrating the NO, reduction to NO on the sur-
face of bio-carbons studied. The effectiveness of reduction
depends first of all on the variant of adsorption. The highest
reduction potential, both in dry and wet conditions, showed
sample P2. For this sample upon adsorption in dry condi-
tions the maximum NO possible to be measured with the
electrochemical sensor used, of 200 ppm, was reached in
5 min, while in wet conditions in about 10 min from the
beginning of the adsorption test. The least intensive was the
process of reduction of nitrogen dioxide to nitrogen monox-
ide for sample P, not subjected to washing after activation.
However, it should be taken into account that the reduc-
tion of NO, to NO is disadvantageous from the ecological
point of view so further studies should be concentrated on
its restriction or elimination.

4 Conclusions

On the basis of the results of our study it can be concluded
that the activated bio-carbons obtained from the residues of
supercritical extraction of hops can be successfully applied
as effective adsorbents for removal of pollutants from lig-
uid and gas phases. Effectiveness of removal of iodine and

NO_ concentration [ppm]

0 : . -
0 20 40 60 80 100
Time [min]

Fig.4 NO, breakthrough curves for the activated bio-carbons studied in dry (a) and wet (b) conditions

@ Springer



342

Adsorption (2019) 25:337-343

a m|
150 - -
g
& ——P
2 —u—P1
g ——P2
s 100 B
3
=]
Q
o
]
Z
50 H -
. ; ; | |
0 5 10 15 20
Time [min]

25

200

-
a
o

100

NO concentration [ppm]

50

35

Time [min]

Fig. 5 NO emission curves for the activated bio-carbons obtained during NO, adsorption in dry (a) and wet (b) conditions

methylene blue by the adsorbents obtained depends first of
all on the textural parameters of the bio-carbons. The ben-
eficial effect of washing the activated bio-carbons with 5%
water solution of hydrochloric acid and/ or distilled water on
the textural parameters and sorption capacity towards liquid
phase pollutants was evidenced. The most effective adsor-
bent of gas phase pollutant, nitrogen dioxide, was bio-carbon
P not subjected to washing. All bio-carbons were more effec-
tive in removal of NO, when the adsorption process took
place in wet conditions, which indicates a beneficial effect
of steam on the sorption capacity towards NO,. Our results
confirmed the beneficial influence of the mineral substance
content in the adsorbents on their sorption capacity towards
nitrogen dioxide.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
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Creative Commons license, and indicate if changes were made.
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