Chemistry for Sustainable Development 32 (2024) 15-23 15

UDC 676.164
DOI: 10.15372/CSD2024525

EDN: RDITGQ

Properties of Sorbents from Pine Bark
Activated by Mechanochemical Methods

E. V. VEPRIKOVA', M. YU. BELASH', O. P. TARAN'2

TInstitute of Chemistry and Chemical Technology SB RAS,
Federal Research Center “Krasnoyarsk Science Center SB RAS”,
Krasnoyarsk, Russia

E-mail: veprikova2@mail.ru

2Siberian Federal University,
Krasnoyarsk, Russia

(Received 06.07.2023; revised 07.11.2023)

Abstract

The influence of pine bark pre-activation conditions: 1) in a planetary mill AGO-2, 2) with water vapor under
the conditions of explosive autohydrolysis (EAH), on the sorption activity of resulting sorbents with respect to
methylene blue and gelatin was studied. It is shown that explosive autohydrolysis is a more efficient method to
activate pine bark, and under certain conditions it leads to an increase in the sorption of methylene blue and
gelatin at least by a factor of 1.8 and 3.8, respectively, compared with the sorbent from non-activated bark. The
activating treatment of pine bark in a planetary mill makes it possible to increase the sorption of methylene blue
and gelatin not more than by a factor of 1.3 and 1.2, respectively. A mathematical model is obtained that describes
the effect of explosive autohydrolysis conditions (water vapour pressure and duration of pine bark treatment) on
the sorption properties of the resulting sorbents. Optimal conditions providing the maximal sorption of methylene
blue by the obtained sorbent are determined: temperature 155 °C; water vapour pressure 2.62 MPa; processing
time 58.6 s. The sorption properties of the sorbent predicted by the mathematical model have been confirmed
experimentally. Sorbents from pine bark, activated by explosive autohydrolysis, surpass the industrial enter-
osorbent Polifepan from hydrolytic lignin in their ability to absorb methylene blue and gelatin, which indicates
the prospects for their use as enterosorbents in medicine and veterinary medicine. The results of the conducted
research allow us to consider pine bark as an alternative raw material that can replace hydrolytic lignin in the
production of effective enterosorbents.

Keywords: pine bark, activation, planetary mill, explosive autohydrolysis, sorbent, methylene blue, gelatin

INTRODUCTION

Pine is one of the basic forest-forming tree
species in the Siberian region. The weakest link in
the integrated forest resource processing is bark
utilisation: not more than 20 % of the total amount
of formed bark is further processed. The major
part of bark wastes are burnt or transported to
dumps, which causes technogenic pollution of the
environment. Pine bark is a valuable renewable

© Veprikova E. V., Belash M. Yu., Taran O. P., 2024

raw material to obtain products for various func-
tional purposes, for example, slab materials, sorb-
ents for water purification from heavy metals, oil
skimming materials [1—3]. Chemical treatment of
pine bark allows obtaining various extractive sub-
stances: tanning agents, proanthocyanidins, flavo-
noids, pectin, B-sitosterol, etc. [4—7].

Methods for obtaining various materials from
pine bark, including its mechanochemical activa-
tion, have been described in the literature. For
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instance, the process of obtaining humic fertiliser
from pine bark is based on preliminary cavita-
tional mechanical activation of initial raw mate-
rial [8]. To obtain efficient heat- and soundproof
filling, it has been proposed to modify pine bark
by processing it in a planetary ball mill [9]. Pine
bark modification with explosive autohydrolysis
(EAH) was applied to obtain slab materials [10].
The effect of pine bark activation by EAH and by
mechanical treatment in a barrel mill on the yield
and properties of tarry and pectin substances, as
well as B-sitosterol, was studied in [11]. It is shown
that EAH is the most efficient method to activate
pine bark.

Activation of the wastes of birch bark under
the conditions of EAH is known to cause a substan-
tial increase in the sorption activity of the resulting
sorbents with respect to methylene blue (MB) and
gelatin [12]. The authors of this work determined
activation conditions that allow obtaining the sorb-
ent with sorption properties exceeding those of
commercial enterosorbent Polifepan obtained from
hydrolysis lignin. For this reason, it was interesting
to apply this activation method to pine bark in
order to obtain sorbents with high sorption activity
with respect to MB and gelatin. Substantial differ-
ences in the physicochemical properties of the bark
of different tree species determine the novelty and
relevance of the studies aimed at determining the
effect of pine bark EAH conditions on the proper-
ties of sorbents.

Due to a decrease in the output of the hyd-
rolysis industry, the search for new kinds of raw
material to replace hydrolytic lignin in the pro-
duction of enterosorbents is highly urgent. This is
especially important for veterinary, because the
possibility of large-scale application of enterosor-
bents is substantially dependent on the availabil-
ity and low cost of initial raw materials. For this
reason, development of methods to obtain sorb-
ents with high activity from tree bark is practi-
cally significant.

The goal of the work is to determine the effect
of mechanochemical activation of pine bark in a
planetary mill or under the action of steam under
EAH conditions on the sorption activity of result-
ing sorbents, and to outline the possible ranges of
their application.

EXPERIMENTAL

Common pine bark for sorbent preparation
was sampled from timber sawing wastes in Kras-
noyarsk in August 2022. The sampled material

did not contain rotten or contaminated parts, tim-
ber residues or foreign impurities. Bark was dried
to the air-dry state under room conditions and
stored in a dry room in closed containers. The
time of bark storage was 1 month by the moment
when the experiments were carried out. To pre-
pare sorbents, air-dry pine bark (residual humid-
ity 8.1 %, cork cambium content not more than
1 wt%) of the following fractional composition
was used, wt%: 1-2 mm — 17.7; 2—3 mm — 33.3;
3—5 mm — 45.6; 5—7 mm — 3.4. Bark was ground
in a rotary cutting mill RM 120 (Russia) and frac-
tionated with the help of vibrating sieve GR 30
(Russia).

Sorbent preparation included mechanochemical
activation of pine bark and treatment of the acti-
vated samples with a 2 % aqueous solution of NaOH.

Pine bark activation was carried out using two
methods: 1) processing in AGO-2 planetary mill
(Russia); 2) by EAH.

Explosive autohydrolysis was carried out in a
set-up with periodic operation, with a reactor 0.8 LL
in volume, described in [13]. Process temperature
was varied from 120 to 185 °C, the pressure of
overheated water vapour was 1.5 to 3.5 MPa,
treatment duration 30 to 90 s. To maintain pres-
sure at the preset level, water vapour was addi-
tionally supplied into the reactor. After activation
termination, rapid pressure relief in the reactor
was made by opening a ball plug valve within 1 s
in order to achieve an explosion effect. Autohy-
drolysed pine bark was dried at 50=+5 °C.

Mechanochemical processing of pine bark was
carried out in the planetary mill AGO-2 in aqueous
medium (liquid-to-solid ratio 6 and 12) with the
centrifugal acceleration of 60g. Processing time was
varied from 5 to 45 min. The conditions of mecha-
nochemical treatment were chosen by analogy
with those described in [14], where the effect of
these conditions on supramolecular structure and
on the yield of water-soluble substances was de-
termined for aspen wood as an example. It may
be assumed that the changes of this kind can af-
fect the sorption properties of sorbents based on
pine bark activated under similar conditions. The
activated pine bark samples were separated from
water and dried at 50+5 °C.

Pine bark activated by the indicated methods
was treated with a 2 % NaOH solution at a tem-
perature of 70+5 °C according to the procedure
described in [12]. Sorbent samples were dried at
50=5 °C and ground to particle size less than 250 um.

The sorption activity of resulting sorbents was
determined with respect to MB and gelatin (P-140
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grade, type B) was determined according to the
procedure described in [15].

The infrared spectra of sorbents based on pine
bark were recorded using an IR Tracer-100 Fou-
rier spectrometer (Shimadzu, Japan) within the
wavenumber range 4000—400 cm™’. The samples
were prepared as tablets in KBr matrix. Sample
mass was 3 mg per 1000 mg KBr. Investigation of
pine bark sorbents by scanning electron micros-
copy (SEM) was carried out with a scanning mi-
croscope TM-1000 (Hitachi, Japan). Analysis of the
obtained SEM images was performed with the help
of Image-Pro Plus software, ver. 3.0.

The static exchange capacity of pine bark with
respect to NaOH was determined according to the
procedure described in [16].

Mathematical modelling and optimisation of
pine bark EAH was performed using the soft-
ware package Statgraphics Plus ver. 5.0 (Experi-
mental Design unit). Significance level was 0.05.

RESULTS AND DISCUSSION

Effect of different methods and conditions
of pine bark activation on the sorption
characteristics of resulting sorbents

To choose the best activation method, we pre-
pared sorbents based on pine bark activated pre-
liminarily in the planetary mill AGO-2 or by EAH.
During activation in AGO-2, the liquid-to-solid
ratio and activation time were changed, while for
EAH temperature, water vapour pressure and
treatment time were varied. The samples were
tested for MB and gelatin adsorption, and studied
by means of SEM and IR spectroscopy. To choose
the above-indicated marker substances, the fol-
lowing considerations were taken into account:

— cation dye MB modelling the substances with
molecular mass up to 500 Da (for example, phos-
phorus- and chlorine-containing organic com-
pounds, pesticides, cation dyes of similar type,
creatinine, barbiturates) is traditionally used to
determine the sorption characteristics of various
sorbents and makes it possible to evaluate their
efficiency in purification of waste waters and bio-
logical media;

— gelatin, a polydisperse mixture of polypep-
tides with molecular mass up to 100—300 kDa, is
usually applied to determine the sorption activity
of enterosorbents with respect to the toxic sub-
stances of proteinic nature (microorganisms and
their toxins, intestinal polypeptides, etc. [15]), how-

ever, its sorption amount also may be used to
evaluate sorbent efficiency for the purification of
waste waters from the pollutants of protein nature.

Comparison between the data shown in Table 1
reveals a less efficient influence of pine bark ac-
tivation in the planetary mill AGO-2 on the sorp-
tion properties of resulting sorbents in com-
parison with EAH. Bark activation in AGO-2,
independently of liquid-to-solid ratio, leads to an
increase in MB and gelatin sorption on the sorb-
ents by not more than 31.5 and 24.5 %, respec-
tively, in comparison with the sorbent made of
non-activated bark. Sorbents obtained with liq-
uid-to-solid ratio 6 and 12 only slightly differ
from each other in sorption activity.

As a result of pine bark activation by EAH,
the sorption activity of the sorbents with respect
to MB and gelatin increases not less than by a
factor of 1.8 and 3.8, respectively, in comparison
with the sorbent prepared from non-activated
bark. Sorption values for these substances by the
sorbents based on pine bark after EAH are much
higher than the values for sorbents prepared from
bark activated in AGO-2 (see Table 1).

An increase in the time of pine bark treatment
in AGO-2 up to 45 min, independently of the lig-
uid-to-solid ratio, has no effect on gelatin sorp-
tion (Fig. 1) but causes a decrease in MB sorption
by 15.2 and 23.4 % (liquid-to-solid ratio 6 and 12,
respectively). In combination with the data shown
in Table 1, this is evidence that pine bark activa-
tion in AGO-2 to obtain sorbents is unreasonable.

Investigation of the conditions of EAH varia-
tion shows that pine bark activation using this
method within temperature range 150—185 °C
and water vapour pressure 2.5 MPa allows ob-
taining sorbents that combine the highest MB
and gelatin sorption in comparison with the sorb-
ents obtained under other conditions (Fig. 2).

Within the studied temperature range, a decrea-
se in water vapour pressure from 2.5 to 1.5 MPa
during EAH treatment causes a decrease in MB
and gelatin sorption by the obtained sorbents.
The ability of these sorbents to adsorb gelatin is
substantially lower than that of the sorbents pre-
pared from bark autohydrolysed at water vapour
pressure 2.5 and 3.5 MPa. An increase in vapour
pressure from 2.5 to 3.5 MPa within the tempera-
ture range 120—150 °C is efficient to enhance gel-
atin sorption, but an increase in MB sorption is
observed at a temperature not higher than 145 °C.
The highest sorption values for the chosen mark-
er substances are characteristic of the sorbent
prepared from pine bark activated by EAH at a
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Effect of preliminary activation of pine bark on sorbent properties

Sorbent Activation conditions Sorption, mg/g
MB Gelatin
PBS Without activation 85.6+2.4 45.3*=1.9
Activation in planetary mill AGO-2
PBS, ;o1 Liquid-to-solid ratio 6, 112.6+2.7 54.2+2.1
treatment time 25 min
CRC, ;02 Liquid-to-solid ratio 12, 109.3+24 56.4+2.2
treatment time 25 min
Activation by explosive autohydrolysis
PBS,, -1 Temperature 165 °C, 158.7+3.1 174.4+5.8
water vapour pressure 1.5 MPa,
treatment time 60 s
PBS; -2 Temperature 155 °C, water 195.2+3.7 240.4+6.7
vapour pressure 2.5 MPa,
treatment time 60 s
PBS;, -3 Temperature 140 °C, water 182.5+3.3 238.2%+6.3

vapour pressure 3.5 MPa,
treatment time 60 s

Note. PBS — pine bark sorbent; MB — methylene blue.

temperature of 155 °C and water vapour pres-
sure 2.5 MPa (treatment time 60 s) (see Fig. 2).

It is known that EAH involves mechanical
destruction of the particles of wood material and
thermochemical transformation of the organic
mass under the action of increased temperature
and pressure in water vapour medium [17].

A consequence of the mechanical destruction
of pine bark tissues during EAH is the change of
morphology of the sorbent prepared from bark
activated using this method at a temperature of
155 °C and water vapour pressure 2.5 MPa for 60 s.
The sorbents prepared from initial (non-activat-
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ed) and activated bark have macroporous struc-
ture. However, smaller pores 10 to 20 pm in size
prevail on the surface of sorbent prepared from
activated pine bark, and some pores 3—5 um in
size are also present. The surface of sorbent pre-
pared from initial bark is composed of pores
15=50 pm in size (Fig. 3).

The changes revealed in the texture of the
sorbent based on bark activated under the indi-
cated conditions cannot explain the observed in-
crease in MB sorption by a factor of 2.3 (see Table).
It has been stressed previously that pine bark
EAH at a temperature of 130—190 °C (water va-
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Fig. 1. Gelatin and MB sorption on the sorbents based on pine bark activated in planetary mill AGO-2 for different activa-
tion time: a — liquid-to-solid ratio 6; b — liquid-to-solid ratio 12.
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Fig. 2. Effect of the conditions of pine bark activation by ex-
plosive autohydrolysis on the sorption of methylene blue (a)
and gelatin (b) on the resulting sorbents (treatment time 60 s).
Water vapour pressure: 1.5 (1); 2.5 (2); 3.5 MPa (3).

pour pressure 2.5 MPa, treatment time 60 s) allows
obtaining the sorbents with high static exchange
capacity (SEC) with respect to NaOH equal to 1.3—
1.5 mmol/g [18]. The value of SEC with respect to
NaOH for the sorbent prepared from non-activat-
ed pine bark is 0.85 mmol/g. Comparison between
these values provides evidence that the amount
of functional groups capable of cation exchange
(since MB is a cationic dye) has increased.
Comparison between the IR spectra reveals an
increase in the intensity of absorption bands (a. b.)
at 3420 cm™! (stretching vibrations of OH groups
of different kinds) and at 1618 cm™ (the vibra-
tions of aromatic ring, C=C bond in alkenes and
cyclic olefins, stretching vibrations of C=0 in enol
fragment [19]) for the sorbent based on EAH-
activated bark in comparison with the sorbent
based on initial bark (Fig. 4). The presence of a set
of a. b. at 1618 u 1369 cm™ in the spectrum of

Fig. 3. SEM images of the sorbents based on initial (non-acti-
vated) pine bark (a) and bark activated by explosive autohy-
drolysis (b). Here and in Fig. 4, 5: the conditions of explosive
autohydrolysis are: temperature, 155 °C; water vapour pres-
sure, 2.5 MPa; treatment time, 60 s.

sorbent based on activated bark relates to an-
tisymmetric and symmetric stretching vibrations
of C—O bonds in carboxylate anion COO™ [19].
Comparison between the IR spectra of sorbent
based on activated bark before and after MB sorp-
tion revealed the appearance of a. b. characteristic
of this marker substance, for instance, at 1597 em™
(in-plane stretching vibrations of C=C-bonds in
the aromatic ring of MB); at 883 and 667 cm™!
(out-of-plane bending vibrations of C—H-bonds of
the aromatic ring of MB [19]). A low-frequency
shift of a. b. at 1618 cm™!, which is present in the
IR spectrum of the sorbent prior to interaction with
MB solution, by 21 em™ is detected (Fig. 5, a).
This may be a result of the interaction of marker
substance with carboxylate anions of the sorbent.
Change in a. b. profile in the spectrum of the
sorbent after MB sorption within the range of
3000—3600 cm™! agrees with the spectral pattern
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Fig. 4. IR spectra of the sorbents based on initial pine bark (1) and bark activated by
explosive autohydrolysis (2). For the conditions of explosive autohydrolysis, see Fig. 3.

of the marker substance (see Fig. 5, a, curves 2
and 3), which allows assuming the absence of MB
interaction with the hydroxyl groups of the sorbent.

After gelatin sorption, a. b. characteristic of the
marker substance are observed in the spectrum
of the sorbent: at 2922 and 2855 cm™! (stretching
vibrations of C—H bonds in CH,- and CH,-groups
bonded to heteroatoms O, N and S); a. b. with in-
creased intensity at 1632 cm™! (stretching vibra-
tions of C=0 — amide I) and 1512 cm™! (bending
vibrations of NH — amide II) [19]. The presence of
a broad a. b. in the region of 3000—3600 cm™* with
a shift to lower frequencies maybe evidence of the
formation of hydrogen bonds between OH groups
of the sorbent and the functional groups of gelatin
(see Fig. 5, b).

A decrease in absorption intensity in this re-
gion after the sorption of gelatin and MB is likely
to proceed as a result of the transition of water-
soluble substances containing OH groups from
the sorbent into water (see Fig. 5). A similar phe-
nomenon was observed for the sorption of MB by
the sorbent based on the bast of birch bark [20].

Mathematical optimisation
of the explosive autohydrolysis of pine bark

It is known that sorption activity of sorbents,
based on birch park subjected to preliminary EAH,
for MB and gelatin depends not only on tempera-
ture and water vapour pressure but also on treat-
ment duration [12]. For this reason, to evaluate the
effect of the time of EAH treatment and to deter-
mine the optimal EAH conditions, we planned and

carried out a complete factorial experiment of
3% type [21]. On the basis of the above-described
data on bark activation by EAH (see Fig. 2), fixed
temperature equal to 155 °C was chosen. The vari-
able independent factors were accepted to be: X; —
water vapour pressure during EAH, MPa; X, —
treatment time, s. Output parameter: ¥ — MB
sorption, mg/g. Sorption of MB was chosen for
mathematical modelling because this substance is
commonly used for the quantitative characterisa-
tion of functional activity exhibited by the sorbents
of different kinds for application in various sorp-
tion technologies.

The data of the factorial experiment are shown
in Table 2.

Variance analysis shows that the dependence
of MB sorption (Y) by pine bark sorbents on the
variable factors of preliminary activation of pine
bark (X, and X,) is approximated by the second-
order regression equation with natural factor
designations, in which the terms with significance
level less than 0.05 are included 0.05 [21]:

Y = 170.6334X, + 3.8208X, — 32.5467X12 -

— 0.0325X2 — 146.2889
where Y is MB sorption, mg/g; X, is water va-
pour pressure during EAH, MPa; X, is treatment
duration, s.

The value of determination coefficient
(R* = 94.7 %) provides evidence of a rather good
prognostic capacity of the obtained regression
equation. The significance of Fisher criterion
(F(4, 4) = 17.91) for this equation is 0.0081, which
is smaller than the chosen significance level 0.05.
This confirms that the obtained regression model
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Fig. 5. IR spectra of the sorbent based on pine bark activated by explosive autohy-
drolysis, before and after sorption of methylene blue (a) and gelatin (b): 1 — sorbent
spectrum before sorption; 2 — sorbent spectrum after sorption; 3 — spectra of methyl-
ene blue (a) and gelatin (b). For the conditions of explosive autohydrolysis, see Fig. 3.

is statistically significant [21]. The yield surface of
output parameter Y under variation of variable
factors X, and X, is presented in Fig. 6.

For the obtained regression model, the optimal
conditions of pine bark EAH allowing the forma-
tion of sorbent with maximal MB sorption are
determined: temperature 155 °C; water vapour
pressure 2.62 MPa; treatment time 58.6 s. The
predicted MB sorption value is 189.7 mg/g.

Taking into account the technical possibility to
maintain and measure vapour pressure and treat-
ment time, we carried out experiment on pre-
liminary activation of pine bark by EAH under
the conditions close to the optimal ones: water
vapour pressure was 2.6 MPa, and treatment

duration 58 s (process temperature 155 °C). The
sorbent prepared from pine bark activated under
these conditions sorbs 187.6 mg/g MB. This value,
taking into account determination error +3.4 mg/g,
is close to the value calculated according to the
regression equation (189.7 mg/g). The amount of
gelatin sorption for the sorbent based on pine bark
activated by autohydrolysis under the indicated
conditions was determined to be 241.3 mg/g.
The data on MB and gelatin sorption by the
sorbents based on pine bark, independently of
the conditions of its activation by EAH, shown in
Tables 1, 2 and in Fig. 2, are substantially higher
than similar parameters reported in the literature
for commercial enterosorbent Polifepan prepared
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TABLE 2

Planning matrix for the complete factorial experiment
of 3% type for pine bark activation by explosive autohydrolysis

Experiment Variable factors Output
No. on the natural scale parameter, Y
X, X,

1 15 30 122.44
2 15 60 139.69
3 15 90 125.59
4 25 30 160.92
5 2.5 60 195.19
6 2.5 90 152.95
7 35 30 138.34
8 35 60 167.56
9 3.5 90 129.22

Note. X, — water vapour pressure during explosive auto-
hydrolysis, MPa; X, — treatment time, s; Y — sorption of meth-
ylene blue, mg/g.

from hydrolysis lignin (for this sorbent, the amounts
of MB and gelatin sorption are 58.3 and 28.6 mg/g,
respectively [22]). The residual content of water-
soluble substances for the sorbents based on pine
bark is within the range 3.6—2.8 wt%, which is small-
er in comparison with Polifepan (4.2 wt% [22]). So,
sorbents based on pine bark activated by EAH
may be of interest for application as enterosorb-
ent in medicine and veterinary.

CONCLUSION

The influence of two different methods of pine
bark activation and their conditions on the sorp-
tion activity of sorbents with respect to MB and
gelatin is investigated for the first time. Compari-
son of the obtained results shows that prelimi-
nary treatment of pine bark in the planetary mill

AGO-2 has almost no effect of gelatin sorption by
the resulting sorbents. Explosive autohydrolysis is
a more efficient method of pine bark activation
and leads to a substantial increase in the sorption
of marker substances. Pine bark activation using
this method within temperature range 150—185 °C
and water vapour pressure 2.5 MPa for 60 s al-
lows obtaining the sorbents that combine the high-
est sorption of MB (157.1-187.6 mg/g) and gelatin
(234.6—236.1 mg/g).

A mathematical model describing the effect of
the conditions of pine bark EAH on the sorption
activity of the resulting sorbent with respect to
MB is obtained for the first time as a result of
factorial experiment. The optimal EAH conditions
providing maximal MB sorption by the obtained
sorbent are determined on the basis of this math-
ematical model: temperature 155 °C; water vapour
pressure 2.62 MPa; treatment duration 58.6 s. It
has been established that the sorption character-
istics of the sorbent, predicted by the mathemat-
ical model, are in good agreement with the experi-
mental results.

The sorbents based on pine bark activated by
EAH are better in their sorption activity with re-
spect to MB than the commercial enterosorbent
Polifepan based on hydrolysis lignin, which de-
fines the potential possibility of their use in med-
icine and veterinary.
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