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We carry out the preliminary processing of oat husk biomass by autohydrolysis. There
was a change in the process temperature in the range of 160-220 °C, the processing time
in the range of 5-60 minutes and the treatment hydromodule 1:10. To characterize the
pre-treatment conditions, we use the autohydrolysis severity factor, which varied from
2.50 to 5.37. We assessed the effectiveness of the autohydrolysis performed by changing
the chemical composition of the solid phase of the treated oat husk. The auto-hydrolysis
of oat husk biomass with increasing hardness of the treatment conditions leads to a
significant decline of hemicelluloses in the solid phase when the severity factor reaches
4.17 at the first stage and to a subsequent almost complete removal. Also, at the first
stage, there is a slight change in the concentration of lignin and an increase in the pro-
portion of cellulose in the solid fraction. A further increase in the severity of the condi-
tions at the second stage with a change in the severity factor from 4.7 to 5.37 leads to
the accumulation of lignin in the solid residue up to a maximum value of 45.7% as a
result of the lignin condensation reaction. Due to the increase in the lignin content, the
proportion of cellulose in the solid fraction decreases. The authors assessed the effective-
ness of the pretreatment by the final accumulation of reducing substances obtained as
a result of enzymatic hydrolysis using an enzyme complex consisting of the preparations
"Cellolux-A" and "Bruzime BGX. At the first stage, with a decrease in the concentration
of hemicelluloses, the availability of cellulose for enzymes significantly increases and
the yield of reducing substances reaches a maximum value of 66.7% with a severity
factor of autohydrolysis of 4.17. At the second stage, an increase of the severity of the
processing conditions to a value of a factor of 5.37 leads to the accumulation of lignin
in the fixed residue, which limits the effect of enzymes. It reduced the yield of substances
during enzymatic hydrolysis to 30.0%.

Introduction

Lignocellulosic biomass is the renewable resource. The cellulose and hemicelluloses are

extracted from it and used to produce various value-added products [1]. Oat husk is one of the

widespread and accessible raw material sources in agricultural regions and is a zero-cost agro-

industrial product. The use of cellulose and hemicelluloses as substrates in an enzymatic process

treated with selected enzyme preparations makes it possible to obtain benign hydrolysates for
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use as nutrient media in bacterial cellulose biosynthesis technology [2, 3] or for further diges-
tion in bioethanol production technology. In lignocellulosic biomass technology pretreatment
can affect the physico-chemical properties of the biomass and its structure. The efficiency of the
subsequent enzymatic hydrolysis and biosynthesis processes depends on the pretreatment con-
ditions [4, 5]. Nowadays there are various pretreatment methods [6]. Hydrothermal pretreat-
ment (autohydrolysis) methods are widely used. By the process, the biomass is treated at high
temperatures under increased pressure. As a result, a significant increase of the availability of
the cellulose surface for the action of enzyme preparations can be achieved [7, 8]. Autohydrol-
ysis involves the use of technology that treats the original biomass using water as the main re-
action medium. Processing under these conditions allows complete removal of hemicelluloses,
partial degradation of lignin and changes of cellulose structure [9]. This increases the availabil-
ity of cellulose for the action of enzymes and its susceptibility to enzymatic hydrolysis.

The purpose of this paper is to investigate the effect of treatment temperature and resi-
dence time of oat husk (Avena Sativa) pretreatment by hydrothermal treatment (autohydroly-
sis) on the composition of the solid fractions of the biomass. We assessed the effectiveness of
pretreatment by the results of enzymatic hydrolysis of the solid fraction of the treated biomass
compared to the hydrolysis of untreated oat husk biomass.

Experimental part

The study contains the information about the processing of lignocellulosic raw material
of oat husk (Avena Sativa). Oat husk is an agro-industrial product that is an oblong particle of
8-10 mm in size and does not require pre-shredding, and is used for processing in its native
form. The chemical composition of oat husk is shown in Table 1.

Table 1. Chemical composition of native oat husk biomass

Bi Mass fraction, %
iomass

Kiirchner cellulose hemicellulose lignin
Oat husk 49.26 31.83 16.86

We use 2.3 litre stainless steel reactor for the hydrothermal treatment (autohydrolysis).
The reactor allows the process to be carried out at a maximum temperature of 300 °C and an
operating pressure of up to 10 MPa. The reactor has an external electric heating element, the
set temperature of the oat husk biomass treatment is achieved by it. The hinged bearing of re-
actor allows its rolling motion with an amplitude of 150° [10]. We premixed the oat husk with
purified water in a liquid-solid ratio of 10:1. We placed the suspension in the reactor, hermeti-
cally sealed it and made an overpressure of 30 bar in a CO, atmosphere to keep the water in
liquid form at high temperatures during the treatment process. Then we heated the suspension
to the target temperature. When the temperature reached the desired value, we connected the
reactor rolling system and pumped the suspension at maximum amplitude to mix the reaction
mass and stabilise the temperature in the reactor. We treated the biomass of oat husk in the
temperature range 160-220 °C, with holding times ranging from 5 to 60 min. After the assigned
reaction time, we cooled the reactor down to below 100 °Cand drained the reaction mass. We
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separated the reaction mixture into liquid and solid fractions by filtation. We pre-washed the
solid fraction with water, dried to a moisture content of 7-10% and used for chemical analysis
Then we carried out the enzymatic hydrolysis. And use the solid fraction as a substrate to
study the reactivity to enzymatic hydrolysis using the industrial enzyme preparations "Cellolux-
A" and "Bruisheim BGX". The enzymatic activity of the individual preparations is shown in

Table 2.
Table 2. The enzymatic activity of the individual preparations
Name of the medicine The enzymatic activity
"Cellolux-A" cellulase: (2000+200) units CIS/g
(standardised for cellulase) xylanase: (8000+800) units KS/g
PA Sibbiofarm LLC, Russia B-Glucanase: up to (1500+150) units p-GcS/g
"Bruisheim BGX" cellulase: (2100+105) units CIS/g
(standardised for hemicellulase) xylanase: (4200+210) units KS/g;
«Polfa Tarchomin Pharmaceutical Works S.A.», Poland B-Glucanase: (530+26.5) units p-GcS/g.

For the enzymatic hydrolysis, we placed a substrate with a mass of 5 g (absolute dry mat-
ter) into a 0.51 conical flask. Also, we dissolve the enzyme preparations in acetate buffer solution
(pH=4.7), each in an amount of 0.04 g/g substrate and placed the buffer solution into a flask to
obtain 150 ml of substrate with a concentration of 33 g/l. Then we carried out the hydrolysis
under constant stirring on a "PE-6410 M" platform (Russia) with a frequency of oscillation of
150 min-! for 72 h. During hydrolysis, there was a constant temperature of (45+2) °C to obtain
the maximum yield of reducing substances at pH=4.6 [11] and the samples of the hydrolysates
were taken every 8 hours. We identified the concentrations of reducing substances in the hy-
drolysate in terms of glucose by spectrophotometric method using 3,5-dinitrosalicylic acid re-
agent (Panreac, Spain) on a UNICOUV-2804 spectrophotometer (United products & instru-

ments, USA).
Reducing substances (by weight of substrate, %) were calculated by the formula
Crs "V,
n., =——".09-100,
m

S

where C,; is final concentration of reducing substances, g/l; V;, - hydrolysate volume, I;
m; - mass of substrate for fermentation, g; 0.9 - coefficient due to attachment of water molecule
to anhydroglucose residues of corresponding monomeric links as a result of enzymatic hydrol-
ysis.

The authors identified the chemical composition of the raw material and substrate sam-
ples by GOST's and special methods for the analysis of plant raw materials [12]. The mass frac-
tion of cellulose by Kiirchner was analysed by treating the cellulose with an alcoholic solution
of nitric acid and quantifying the undissolved residue. The mass fraction of acid-soluble lignin
was analysed by the Komarov's method [13]. The mass fraction of hemicelluloses was analysed
by the iron orsine method according to GOST 10820-75. The mass fraction of ash was analysed
by the combustion method according to GOST 18461-93. We calculated the yield of the solid
fraction per mass of raw material by the formula

(100-W)

n="l1m_. 400,

Mm
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where mgf - mass of solid fraction, g; m,, - mass of the original oat husk biomass sample, g;
W - mass fraction of moisture in the solid fraction, %.

We analysed the mass fraction of moisture in the solid fraction by "MB23" moisture ana-
lyser (Ohaus, USA).

To assess the severity factor of the hydrothermal treatment conditions, which is a function
of residence time and treatment temperature [14]:

T —Tg
R=log<t-exp(1475)>,

where t is the treatment time, min; T- treatment temperature, °C; Ty - reference reaction tem-

perature (equal to 100 °C). The value 14.75 is an empirical parameter depending on activation
energy and temperature.

The research was carried out using equipment from the Biysk Regional Center for Col-
lective Use of the Siberian Branch of the Russian Academy of Sciences (IPCET SB RAS, Biysk).

Results and discussion

The effect of the auto-hydrolysis conditions influenced on changing of the solid fractions
composition after pre-treatment of the oat husk. The change in solid fractions composition after
treatment as a function of temperature and treatment time is shown in Table 3. The severity
factor was 2.50-5.37 during the treatment.

Table 3. Solid fractions composition after pre-treatment

Temperature, °C 160 180 200 220
Processing time,
. 5 25 60 5 25 60 5 25 60 5 25 60
min
Auto-hydrolysis
. 250 320 358 | 3.10 379 417 | 3.69 439 477 | 429 499 537
severity factor R
Yield, % 69.3 660 64.8 | 48.9 46.1 43.8 | 47.1 441 427 | 415 385 355
Mass fraction, %:
- cellulose 473 623 60.6 | 70.6 757 623 | 702 650 53.8 | 622 583 50.1
- lignin 159 189 212 | 209 18.0 336 | 362 324 435 | 350 40.6 475
- hemicellulose 30.0 16.8 13.1 7.1 3.3 2.1 1.7 1.0 0.7 0.9 0.5 0.4
pH Level 421 415 403 | 398 394 330 | 344 314 3.08 | 322 3.06 3.02

When the treatment temperature is increased, more biomass is removed compared to the
treatment time is increased. As the temperature increases, the water ion content of the solution
increases. As a result, water acts as a weak polar solvent. Therefore, increasing the treatment
temperature primarily removes hemicelluloses [15], which is reflected in a decrease in biomass
yield at an average treatment time of 25 min from 66.0% at 160 °C to 38.5% at 220 °C.

We use the severity factor to assess the influence of the treatment conditions during au-
tohydrolysis on the change in the solid fraction composition. The change of hemicelluloses con-
tent in the solid fraction as a result of the treatment is shown in Fig. 1.
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Fig. 1. The change of hemicellulose content depending on the auto-hydrolysis severity conditions

Autohydrolysis of oat husks is followed by almost complete removal of hemicelluloses
from an initial content of 31.83% in the original oat husk to 0.4% under the most severe pro-
cessing conditions. The greatest effect on the loss of hemicelluloses has the temperature at equal
treatment time (see Table 3). At the initial auto-hydrolysis stage, the most intense removal of
hemicelluloses occurs when the severity factor changes from an initial value of 2.50 to a value
of 3.79. The concentration of hemicelluloses in the solid phase decreases from 31.83 to 1.7%
under these processing conditions. The treatment conditions increase further from an auto-
hydrolysis severity factor value of 3.69 to a value of 5.37 as the removal rate decreases, and the
hemicellulose content decreases from 1.7 to 0.4%. The most severe treatment conditions with
an autohydrolysis severity factor greater than 4.29 lead to almost complete removal of hemicel-
luloses to a final content of 0.4%. A similar effect has been recorded by many authors carried
out treatments by auto-hydrolysis [16]. Hemicelluloses move to the liquid phase with increasing
temperature and processing time, where they are decomposed to organic acids such as formic
acid, acetic acid, lactic acid and glycolic acid. As the severity of the auto-hydrolysis conditions
increases, the concentration of acids in the liquid phase increases, as indicated by the change in
acidity of the medium from an initial pH value of 4.21 to a final pH value of 3.02 under the
chosen treatment conditions (see Table 3), which is also in accordance with the studies of many
authors [13]. Many works indicate a positive change in the structure of lignocellulosic plant raw
materials when combining the effects of autohydrolysis pretreatment with additional mechan-
ical treatment, which provides a positive change in the structure of the feedstock [17].

We assessed the effect of the treatment conditions on the change of lignin content after
autohydrolysis in the solid phase. The change of lignin concentration with increasing severity
of treatment conditions is shown in Fig. 2.
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Fig. 2. The change of hemicellulose content depending on the auto-hydrolysis severity conditions

During the treatment, the severity of the auto-hydrolysis conditions at an initial treatment
severity of 2.50 results in a slight reduction of the lignin concentration to 15.9% relative to the
initial lignin content of the native oat husk. However, a subsequent increase in the processing
conditions in the severity factor range of 3.20 to 5.37, which occurs especially with an increase
in the process temperature, leads to a reverse accumulation of lignin in the solid fraction. It was
confirmed by many researchers and related to the fact that a lignin condensation reaction may
take place when the severity of the treatment is increased. The severe processing conditions
cause a lignin condensation reaction on the surface of the solid fraction, at a rate that prevails
over the rate of lignin hydrolysis This reaction results in the formation of pseudolignin in the
solid fraction [18].

The effect of the treatment conditions on the cellulose in the solids fraction is shown in
Fig. 3 as a function of the auto-hydrolysis severity factor.
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Fig. 3. The change of cellulose content depending on the auto-hydrolysis severity conditions

Studies of different raw materials show that the impact on cellulose during autohydrolysis
depends primarily on the origin of the lignocellulosic raw material. For example, in case of
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woody raw materials, researchers note that cellulose hydrolysis is negligible, whereas in the case
of herbaceous raw materials and agricultural residues intensive cellulose hydrolysis may take
place. This work shows the concentration of cellulose in the solid fraction increases when the
severity factor of the auto-hydrolysis conditions rises from 2.50 to 3.79 (see Fig. 3) during the
oak husk treatment. Under processing conditions in the temperature range 160-180 °C, irre-
spective of processing time, cellulose hydrolysis is negligible. This increases the concentration
in the solid phase as most of the hemicelluloses are removed (see Fig. 1). At the severity of the
processing conditions, corresponding to a hardness factor value of 3.79, the highest cellulose
concentration of 75.7% is achieved, which corresponds to the processing conditions at 180 °C
and a holding time of 25 min (see Table 3). Conducting the treatment at high temperatures of
200 to 220 °C and increasing the processing conditions, also involving longer processing times,
results in a reduction of the cellulose concentration in the solid phase. Thus, with an increase
in the severity factor of the conditions from 3.79 to 5.37, the cellulose content of the solid frac-
tion decreases from 75.7 to 50.1%. This indicates that hydrolysis of the cellulose of the oat husk
is taking place. Under these conditions the large amount of energy introduced into the reaction
mass allows to break the strong cellulose structure [19]. Increasing the severity of the processing
conditions promotes cellulose fibre rupture and its concentration in the solid fraction is reduced
to 50.1%.

The pretreatment should allow the enzyme preparations to gain access to the cellulose for
further hydrolysis to reducing substances. The solid fraction was therefore subsequently used
as a substrate for enzymatic hydrolysis. The concentration of reducing substances after hydrol-
ysis of the treated husk biomass compared to the untreated one was used to assess the efficiency
of auto-hydrolysis. The dependence of the concentration of reducing substances after enzy-
matic hydrolysis of the solid fraction on the severity of the conditions is shown in Fig. 4. Initial
intensification of the processing conditions provides improved conditions for enzyme access to
the cellulose surface.
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Fig. 4. Influence of the severity of the auto-hydrolysis conditions on the enzymatic hydrolysis of solid fractions
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After hydrolysis of the untreated biomass, a reducing agent concentration of 8.5% was
obtained after 72 h. By increasing the severity factor from an initial value of 2.50 to 4.17, the
action of the enzymes is intensified, resulting in an increase in the yield of reducing substances
to a maximum of 66.4%. The maximum yield is 7.8 times higher than the yield of reducing
agents from untreated oat husk biomass.

At this stage the effect of the treatment conditions is primarily due to the intensive re-
moval of hemicelluloses, which is reflected in the dependence plot of the hemicelluloses content
when their level is reduced to 2.1% (see Fig. 1). The accumulation of lignin concentration as a
result of the condensation reaction in this treatment step is also negligible, up to 30.0% (see
Fig. 2). A further increase in temperature and treatment time is accompanied by a severer auto-
hydrolysis condition with an increase in the severity factor to a maximum value of 5.37. At the
same time, there is a reduction in the concentration of reducing substances accumulated up to
42.6%. At this stage, the biomass of oat husk is subjected to excessively severity processing con-
ditions, leading to condensation of lignin and deposition of soluble lignin compounds on the
cellulose surface [20]. The confirmation of the condensation reaction is the intensive accumu-
lation of lignin in the solid fraction when the severity factor rises above the value of 4.17 (see
Fig. 2) and the fact that the reactivity of cellulose decreased, resulting in a reduced accumulation
of reducing substances in the enzymatic hydrolysis (see Fig. 4).

Conclusions

Pre-treatment by auto-hydrolysis, carried out under increased water pressure conditions,
provided favourable conditions for the treatment of oat husk biomass. An increase of the acidity
of the medium to pH of 3.02 with a more severe processing condition of 5.37 indicates an in-
crease in the acidity of the reaction mixture, due to which the hydrolysis process of the oat husk
biomass takes place. The severity of the processing conditions is increasing of processing tem-
perature and time. Increasing the severity of the treatment conditions in the first stage in the
range of severity factors from 2.50 to 4.17 leads to almost complete removal of hemicelluloses,
resulting in a higher cellulose concentration in the solid phase after treatment with a low lignin
concentration. This processing step improves the availability of cellulose for the action of en-
zymes. As a result of the enzymatic hydrolysis of solid residues, a maximum yield of reducing
substances of 66.4% was achieved, which is 7.8 times higher than the yield after fermentation of
untreated oat husk biomass. The further increase of the severity of the treatment conditions in
the second stage from a severity factor value of 4.17 to 5.37 results to poorer conditions of en-
zymatic hydrolysis and a reduction of substances yield to 42.6%. The reason is the decrease of
the cellulose surface availability for the action of enzymes due to the condensation reaction of
lignin and its deposition on the surface of the cellulose fibre.

The research was carried out within the framework of the state task of IPCET SB RAS "Fun-
damental bases of creation of integrated technology for processing light renewable non-food plant
raw materials into products demanded by the Russian economy" with the state registration num-
ber of the project 121061500030-3.
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