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Abstract: Cellulose-containing raw materials are currently considered to be among the most promising
types of raw materials for the production of value-added bio-products. However, for the implementation of
the developed process, the application of universal pre-processing methods is a prerequisite. In the present
paper, a study into the bioconversion of oat hull and miscanthus cellulose samples by enzymatic hydrolysis
into glucose solutions is presented. The substrates were obtained by two-stage processing of raw materials
with dilute solutions of nitric acid and sodium hydroxide. Enzymatic hydrolysis was carried out using the
Cellolux-A and Ultraflo Core enzyme preparations at an initial substrate concentration of 40 g/L. At the first
stage, the reactivity of the substrates to enzymatic hydrolysis in an acetate buffer solution was studied over
a period of 72 hours. Cellulose samples from both types of raw materials were established to possess
equally high reactivity in terms of the reducing substances. Glucose obtained from the substrate yielded
94-95 % and 88-91 %, respectively. This indicates the universality of the pre-treatment method used for
raw materials having a cellulose content of 35—-45 %. At the second stage, hydrolysis of the substrates was
carried out using a pilot fermenter in an aqueous medium with an excess of enzyme preparations. Over a
period of 32 hours, aqueous hydrolysates were obtained with a concentration of reducing substances and
glucose equal to 42 g/L (94 % yield from the substrate) and 33—-35 g/L (74-78 % yield from the substrate),
respectively. The glucose (79-83 %) and pentose (1-2 %) content of the reducing substances indicates
glucose to predominate in the composition of the resulting solutions. The high bioconversion efficiency rate
is additionally demonstrated by a comparative analysis of scanning electron spectroscopy results for sub-
strates and residues following hydrolysis in a pilot fermenter. Glucose solutions obtained in an aqueous
medium are emerging as promising materials for the preparation of culture media and the synthesis of valu-
able metabolites.
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Pesrome: Llennono3zocodepxauiee chbipbe 8 Hacmosiuee epeMsi cyumaemcsi Haubosee rnepcrnekmueHbIM
sudoM cbipbs 0ns nonydeHus buonpodykmos ¢ dobasrieHHoU cmoumMocmbio. [puMmeHeHue yHugepcarbHbIX
criocoboe npedsapumernbHol obpabomku siengemcsi HeobxodumbiM ycriogueMm Ons peanusayuu paspaba-
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mbigaemo20 npouyecca. B daHHol pabome 6bina uccriedogaHa bUOKOH8epcUSs 06pa3y08 Yesnonosbl Wenyxu
oeca U MuckaHmyca 8 a/1l0KO3Hble pacmeopsbi nymem ¢hepmeHmamugHo20 audponusa. Cybecmpamsl nony4ve-
Hbl d8yxcmadulHol obpabomkol cbipbsi pazbasrneHHbIMU pacmeopamMu a3omHoU Kucromsl U eudpokcuda
Hampus. ®epmeHmMamugHbIl 2udpoIU3 MPO8odUsICS C MOMOWbK (hepMeHMHbIX npenapamos «Llennontokc-
A» u «Ynbmpadghrio Kope» npu HayanbHoU KOHUeHmpauyuu cybecmpama 40 e/n. Ha nepsom amane uccredo-
g8aHa peaKkUuoHHasi criocobHocmb cybcmpamos K ¢hepMeHmamueHoMy 2udpornu3dy 8 cpede auemamHozo
bygepHozo pacmeopa 8 medyeHue 72 4. YcmaHo8/1eHO, 4Ymo obpa3sybl Ueso3bl U3 0boux eudos Cbipbs
umMerom 0OUHaKOB0 BbICOKYIO PEeaKUUOHHYH CroCOBHOCMb: 8bIX00 pedyyupyrowWux 8eWecms U a/ltoko3bl 0m
maccb! cybecmpama cocmasun 94-95 % u 88-91 % coomeemcmeeHHO. Omo ceudemenbcmeayem 06 yHusep-
canbHocmu criocoba npedeapumernbHolU 06pabomku, Ucrnonb3yemoz0o Orsl Chipbs ¢ COOepXKaHueM Uesso-
36l om 35 0o 45 %. Ha emopom amarne nposedeH audponus cybecmpamos 8 800HOU cpede 8 MuomHOM
pepmeHmepe rpu u3bbimke hepmeHmMHbIX npenapamos. 3a 32 u. nosy4yeHbl 800HbIE 2UOPOIU3amMbl C KOH-
ueHmpauueu pedyyupyrouwux seuecms 42 2/n (8bixod om macchl cybecmpama 94 %) u anoko3bl 33-35 e/n
(8b1x00 om maccel cybecmpama 74—78 %). CodepxaHue anoko3bl (79-83 %) u neHmo3s (1-2 %) e pedyuyupy-
rowux gewecmeax ceudemersnbcmayem O MNPeuMyLecimeeHHO 2/THKO3HOM cOcmaese MoJly4eHHbIX pacmeo-
pos. CpasHumernbHbIl aHanu3 pes3ynbmamos pacmposol 3/1eKMPOHHOU criekmpockonuu cybcmpamos u
ocmamkos riocrie 2udpornu3a 8 MuIoMmHOM ¢hepMeHmepe makxe O0eMOHCmpUpPyem B8bICOKY0 3¢hghekmue-
Hocmb 6uokoHeepcuu. [lonyyeHHblie 8 80OHOU cpede a/HKO3HbIe pacmeopbl PEKOMEHOyomcs Onsi npueo-
moerieHus numameribHbIX cped u daslbHelwea0 UX UCob308aHuUs 0l CUHMe3a UeHHbIX Memabosiumos.

Knroyeenie crioea: 6UOKOH66,0CUFI,' wersiyxa oeca, MuckKkaHmyc, ueJsiirosrosa, cpepmeHmamueHb/U audponus;
2J1H0KO3HbIU pacmeop, numamersibHas cpeda

BnazodapHocmu: ViccriedosaHue 8bINOHEHO [0 MPoeKkmy 8 pamkax [ocydapcmeeHHOU rpozpamMmbl C
peaucmpayuoHHbIM Homepom membl AAAA-A17-117011910006-5.

Uugpopmauyuss o cmamee: [Jama nocmynneHuss 19 mapma 2019 e.; dama npuHamusi K nedyamu 25 Hos16psi
2019 e.; dama oHnatiH-pasmeweHust 30 0ekabpsi 2019 e.

Ansa yumupoeaHusi: Kaweesa E.W., MupoHosa I'.®., bygaesa B.B., XaH X. buokoHBepcus Lwenyxu osca u
MUCKaHTYyCa B rNOKO3Hble pacTBopsbl // M3secmus 8y3o08. NpuknadHas xumusi u buomexHornoeus. 2019. T. 9.

N 4. C. 654—664. https://doi.org/10.21285/2227-2925-2019-9-4-654-664

INTRODUCTION

Cellulose-containing raw materials (CCRM)
comprised of wood, algae, as well as energy and
agricultural crops, are currently considered as
among the most promising types of raw materials
for various value-added products [1-6]. Vegetable
CCRM is characterised by widespread distribution,
abundance, renewability and low cost, as well as
additionally not being a competitor with the produc-
tion of food and feed [7].

CCRM mainly consists of three biopolymers,
namely cellulose (40-50 %), hemicelluloses
(25—-30 %) and lignin (15-20 %) [2]. Cellulose and
hemicelluloses represent sources of simple sugars
obtained by enzymatic hydrolysis of raw materials
and subsequently used as carbon sources for the
synthesis of valuable metabolites and bioproducts.
Enzymatic hydrolysates of cellulose and hemi-
cellulose are appropriate in the technology of alco-
hols, polymers, acids, amino acids, enzymes, as
well as for the production of microorganism bio-
mass [1, 5, 6, 8-12]. The bioconversion of cellu-
lose and hemicelluloses includes the following
main processes: grinding and preliminary pro-
cessing of raw materials in order to increase the
availability of polysaccharides for enzyme action;
enzymatic hydrolysis of cellulose/hemicelluloses
into monosaccharides; obtaining of bioproducts
from monosaccharides (biosynthesis); isolation

and purification of bioproducts. In the CCRM
bioconversion technology, the pre-treatment be-
comes a key stage, since it determines the effi-
ciency of subsequent hydrolysis and biosynthesis
processes [3, 8, 13]. Currently, various methods of
pre-processing CCRM are available [2, 14-16]. In
this study, a two-stage sequential processing of
raw materials with dilute solutions of nitric acid and
sodium hydroxide is proposed in terms of a pre-
treatment method. Previously, this method was
demonstrated to provide for the obtaining of high-
quality cellulose characterised by a cellulose con-
tent of more than 90 % and a small amount of non-
hydrolysable components (less than 5% in to-
tal) [17, 18].

As CCRM, agricultural wastes, such as oat
hulls (Avena Sativa) and the miscanthus energy
culture (Miscanthus sacchariflorus (Maxim.)) was
used. Presenting a zero-cost by-product of the
agro-industrial complex, oat hulls are a widespread
and affordable raw material source in agricultural
regions of the world [8]. In accordance to the
Federal State Statistics Service, the gross oat har-
vest in Russia amounted to 4.72 million tonnes
in 2018 [19]. The hull fraction comprises 25-30 %
of the dry grain mass; the sugar content in the
oat hulls reaches 70 % [20, 21]. Miscanthus is a
fast-growing perennial herbaceous plant with out-
standingly high productivity (10-15 t/ha of dry
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biomass per year) over the period of the last
15-20 years and requiring no special growing
conditions [22—-24]. Thus, the availability and low
cost of these raw materials determines their poten-
tial use as substrates for biotechnological pro-
cesses in the production of high value-added
products having a high cellulose content.

The study was aimed at the bioconversion of
oat hull and miscanthus cellulose samples into glu-
cose solutions by enzymatic hydrolysis.

The research objectives included studying the
enzymatic hydrolysis reactivity of oat hull and mis-
canthus cellulose samples in an acetate buffer
solution, obtaining glucose enzymatic hydrolysates
of the same samples in an aqueous medium using
a pilot fermenter, assessing the degree of sub-
strate conversion by evaluating the separate
accumulation of reducing substances (RS) and
glucose, as well as by analysing changes in the
morphology of the substrates.

EXPERIMENTAL PART

The substrates presented by oat hull or mis-
canthus cellulose samples were obtained at the
pilot plant of the Institute for Problems of Chemical
and Energetic Technologies SB RAS (IPCET SB
RAS) in a 250-litre apparatus by sequential pro-
cessing of raw materials with dilute solutions of
nitric acid and sodium hydroxide. This method
involves the processing of raw materials with
a 3-6 % solution of nitric acid at a temperature of
90-95 °C for 10-12 h (diversion duty 1 :15) and
subsequent processing with a 1-3 % solution of
sodium hydroxide at a temperature of 90-95 °C
within 2—4 h (diversion duty 1:15) for obtaining the
target cellulose [17]. One part of the obtained cel-
lulose samples was air-dried for the further analy-
sis of the chemical composition, while the other
part was subjected to enzymatic hydrolysis in the
wet state.

The moisture content of the oat hull and mis-
canthus cellulose samples was determined using
an MB23 moisture content analyser (Ohaus, USA).
An analysis of the chemical composition of the
substrates was carried out according to generally
accepted methods for the analysis of vegetable
material. The content of a-cellulose was evaluated
by quantitative determination of the substrate resi-
due undissolved in the 17.5 % sodium hydroxide
solution®. The mass fraction of residual lignin was
evaluated in accordance with the procedure de-
scribed in [25]. The mass fraction of pentosans
was determined by a UNICO UV-2804 spectropho-
tometer (United Products and Instruments, USA)
using an orcin solution®. Ash content was estimat-
ed by ashing the substrate at 600 °C for 3 h [26].
The degree of cellulose polymerisation in sub-
strates was calculated by analysing the cadoxene
viscosity of solutions in accordance with the pro-
cedure presented in [27].

At the first stage, the enzymatic hydrolysis re-

activity of wet substrates was evaluated in accord-
ance with the procedure described in [28]. For hy-
drolysis, Cellolux-A (Sibbiopharm Ltd, Russia) and
Ultraflo Core (Novozymes A/S, Denmark) enzyme
preparations were applied. Characteristics of the
preparations are presented in Table 1.

Table 1
Characteristics of the enzymes used

Tabnuya 1

XapakmepucmuKku ¢hepMeHMHbIX

npenapamos

. Passport

Preparation Producer Activity

cellulase:

Trichoderma 2000£200 CU/g

Cellolux-A viride xylanase: 8000 XU/g
B-glucanase:
up to 1500 BGU/g
B-glucanase:
Ultraflo Core Trichoderma 1930+97 BGU/mL
reesei cellulase: 700 CU/mL

xylanase (optional)

For enzymatic hydrolysis, a 6 g sample of the
substrate referred to an absolutely dry substance
was placed in a 500 mL conical flask and filled with
0.1 M acetate buffer solution (pH = 4.6) containing
dissolved enzyme preparations. Enzyme prepara-
tions were added in the following amount: Cellolux-
A — 0.054 g/g of the substrate, Ultraflo Core —
0.165 mL/g of the substrate. The required volume
of acetate buffer was calculated taking both the
initial concentration of the substrate (40 g/L) and
the mass fraction of water in the wet substrate into
account. A total liquid phase volume of 150 mL
was required. The flask with the suspension was
placed on a PE-6410M mixing platform (Ekros,
Russia) with an oscillation frequency of 150 min™.
Hydrolysis was carried out at a temperature of
4512 °C and pH =4.6+0.1 providing the maximum
yield of RS. An assessment of the degree of sub-
strate hydrolysis was carried out by determining
changes in the hydrolysate concentrations of RS
and glucose. For this, 5 mL samples were taken-
followed by filtration. The concentration of RS in
filtrate was determined by UNICO UV-2804 spec-
trophotometer using a reagent based on 3,5-di-
nitrosalicylic acid (Panreac, Spain) [29]. Glucose
concentration was obtained using the spectro-
photometric glucose oxidase-peroxidase method
using reagents from the Photoglucose kit (Impact
LLC, Russia) [30]. After 72 hours of hydrolysis, the

! Obolenskaya AV, El'nitskaya ZP, Leonovich AA.
Laboratory work in the chemistry of wood and
cellulose. Moscow: Ekologiya; 1991. / O6oneh-
ckaa A.B., EnbHuukasa 3.11., JleoHoBuy A.A. Jla-
GopaTopHble paboTbl MO XMMWUW OPEBECUHBbI U
uenntonosbl: y4eb. nocobre anga Bysos. M.: Jko-
norms. 1991. 320 c.
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suspension was vacuum filtered and the filtrate
concentrations of RS and glucose were analysed.
According to the results of the analysis, the final
RS yield in relation to the mass of the substrate
and hydrolysable components, along with the yield
of glucose relative to the substrate and cellulose
masses, was calculated according to the formulas:

Ns = [(Cena - V) /mg] - 0.9 - 100; (1)

e = crea = 09 100 (2)

Ns = [(Ceng - V) /ms - C] - 0.9 - 100;  (3)

where ns is the yield of RS (glucose) relative to the
mass of the substrate, %;

Nuc is the yield of RS relative to the content of
hydrolysable components in the substrate, %;

nc is the glucose yield relative to the cellulose
content in the substrate, %;

Cena is the final concentration of RS (glucose)
in the hydrolysate, g/L;

Vis the hydrolysate volume, L;

0.9 is the coefficient due to the addition of a
water molecule to the anhydroglucose residues of
the corresponding monomer units as a result of
enzymatic hydrolysis;

ms is the mass of the substrate for enzymatic
hydrolysis, g;

L is the mass fraction of residual lignin in the
substrate, %;

A is the mass fraction of ash in the substrate, %;

C is the mass fraction of a-cellulose in the
substrate, %.

At the second stage, the hydrolysis of the
substrates in an aqueous medium was carried out
in a pilot fermenter. The 11 L fermenter (working
volume of 7-9 L) is equipped with a mixing device,
a heat exchange element, a device for supplying
the necessary components to the process and
a sampler [31]. The following hydrolysis conditions
in the fermenter were used: substrate concentra-
tion of 40 g/L, temperature of 47+1 °C and
pH = 4.6x0.1. The mixing frequency was decreased
from 500 to 250 rpm as the reaction mass with a
volume of 8 L became liquefacted. Enzyme prepa-
rations were added in excess to increase the rate
of hydrolysis, amounting to 0.1 g/g of the substrate
and 0.3 mL/g of the substrate for Cellolux-A and
Ultraflo Core, respectively. The volume of distilled

water for hydrolysis was calculated taking the
moisture content of the substrate into account. 8
hours after the RS concentration stopped increas-
ing, the process was terminated. In the process of
hydrolysis, the pH level was measured every
2 hours and adjusted, if necessary by solutions of
ammonia and phosphoric acid. At the end of the
process, the reaction mass was separated in a
TsLU-6-3 laboratory centrifuge (PJSC Dolgoprud-
ny Scientific-Production Enterprise, Russia) at
3500 rpm for 10 minutes. The concentration of
hydrolysate supernatant pentoses was determined
in terms of the equivalent amount of xylose, using
an orcin solution according to the procedure de-
scribed in *. Based on the experimental results, the
final yield of RS and glucose was calculated in ac-
cordance with formulas (1)—(3).

The morphology of substrates, as well as un-
reacted residues after their hydrolysis in a fer-
menter, was studied by JSM-840 scanning elec-
tron microscopy (SEM) instrument (Jeol, Japan)
[32].

The studies were carried out using the
equipment of the Biysk Regional Centre for Collec-
tive Use SB RAS (IPCET SB RAS, Biysk).

RESULTS AND DISCUSSION

The characteristics of the oat hull and
miscanthus cellulose samples are presented in
Table 2.

Cellulose samples obtained from oat hulls and
miscanthus are characterised by a high content
of a-cellulose (93-94 %), as well as pentosans
(1-2 %), while the amount of non-hydrolysable
components (lignin, ash) is not more than 5.3 %.
The substrates have close degree of polymeri-
sation (DP) values for cellulose.

Figure 1 presents the results of evaluating the
enzymatic hydrolysis reactivity of cellulose sam-
ples, namely, the dependency of the RS and
glucose concentration on the duration of hydrolysis
in an acetate buffer solution (Stage 1).

As can be seen from the plots presented in
Fig. 1, the cellulose samples of both raw material
types clearly possess almost the same reactivity.
In both cases, the accumulation of glucose in
comparison with the accumulation of RS is slower.
At the same time, the proportion of glucose in RS
tends to grow constantly comprising 63, 80—-81 and
93-95 % after 7, 32 and 72 hours of hydrolysis,
respectively. The difference in the concentrations

Table 2

Characteristics of the substrates for enzymatic hydrolysis a

Ta6bnuuya 2

Xapakmepucmuku cy6cmpamoe Onsi ghepMeHmamueHo20 2udposius

Mass fraction, % Cellulose degree of
Substrate . —— N

a-cellulose residual lignin | pentosans | ash | polymerisation (DP)
Oat hull cellulose sample 93.6 3.7 2.1 1.0 1450
Miscanthus cellulose sample 92.8 4.0 1.0 1.3 1150
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Fig. 1. Concentrations of reducing sugars (RS) and of glucose plotted against

the time of enzymatic hydrolysis of the substrates of oat hulls
and miscanthus in acetate buffer solution (Stage 1)

Puc. 1. 3asucumocmb KOHUeHmpayuu PB u 2110k03b1 om rnpodosnKumesnisHocmu
ghepmeHmamueHo20 2udposiu3a cy6cmpamoe U3 weslyxu oeca U MuckaHmyca

e cpede ayemamHoz20 6yghepHO20 pacmeopa (aman 1)

of RS and glucose during the first 32 hours may be
attributed to the presence in the reaction mass of
cellobiose, a glucose dimer converting to glucose
during hydrolysis and providing a glucose yield of
95-97 % relative to the cellulose content (Table 3).
The close reactivity of the substrates indicates the
versatility and high efficiency of the pre-treatment
method used. Based on the presented data, the
possible application of this method can be consid-
ered for pre-processing a number of sources of
raw materials having an initial cellulose content in
the range of 35-45 %.

At the second stage of the study, the enzy-
matic hydrolysis of substrates in an aqueous me-
dium was studied in a pilot fermenter. Along with
changing the buffer medium to water, the proce-
dure of transferring to larger devices is acknow-
ledged to decrease the hydrolysis efficiency due to
sharp fluctuations in pH, insufficient mass transfer
and circulation characteristics of the apparatus [33].
In this case, a reduction in the microbiological sta-
bility of the hydrolysis process is possible consi-

dering the biological purity of the enzymatic cellu-
lose hydrolysates easily contaminated by extrane-
ous microflora. Therefore, the high level of micro-
biological stability of enzymatic hydrolysis is re-
tained by reduction of the process duration. In this
connection, enzyme preparations were used in
excess during hydrolysis in a fermenter holding an
aqueous medium for the purpose of increasing the
initial speed and reducing the duration of the pro-
cess.

Figure 2 represents the dependency of the
concentration of RS and glucose on the duration of
hydrolysis of cellulose samples in an aqueous
medium of a pilot fermenter (Stage 2).

Both substrates are converted at almost the
same rate; their hydrolysis is characterised by a
sharp increase in the concentration of RS (37 g/L)
during the first 8 hours and a further slowdown of
the process with a maximum concentration of
42 g/L. Due to the concentration of RS remaining
constant between the 24th and 32nd hours of
hydrolysis, the process was stopped. In contrast to

Table 3
Results of enzymatic hydrolysis of the substrates of oat hulls and miscanthus
Tabnuya 3
Pe3ynbmambi gpepmeHmamueHo20 2udposiusa cybcmpamoe u3 weslyxu oeca U MUuckaHmyca
Stage 1 Stage 2
Hydrolysate characteristics 32h 72 h 32h
COH CM COH CM COH CM
RS:
concentration, g/L 37.0 35.0 42.2 41.8 41.8 41.7
yield relative to the substrate mass, % 83.3 78.8 95.0 94.1 94.1 93.8
yield relative to the content of hydrolysable components, % | 87.0 84.0 99.6 99.3 98.7 99.1
Glucose:
concentration, g/L 30.0 27.9 40.3 39.0 33.0 34.7
yield relative to substrate mass, % 67.5 62.8 90.7 87.8 74.3 78.1
yield relative to cellulose content,% 72.1 67.7 96.9 94.6 79.3 84.1
Pentose concentration, g/L - - 0.8 0.4 0.9 0.4

Note. COH denotes a cellulose sample of oat hulls; CM is a miscanthus cellulose sample.
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Fig. 2. Concentrations of reducing sugars (RS) and of glucose plotted against
the time of enzymatic hydrolysis of the substrates of oat hulls
and miscanthus in the fermenter (Stage 2)

Puc. 2. 3asucumocmb KOHUeHmpauyuu PB u 251r0k03b1 om npodosmKumesisbHocmu
¢ghepmMeHmamueHo20 2udposiuza cybcmpamoe u3 wenyxu oeca
u MmuckaHmyca e ¢ghepmeHmepe (aman 2)

the concentration of RS, the glucose concentration
slowly increases throughout the process comprising
19 and 33-35g/L after 8 and 32 hours for both
substrates, respectively. An increase in the dosage
of enzyme preparations led to a significant increase
in the rate of RS formation compared to glucose.
This is probably due to an insufficient cellobiase
content in the enzyme preparations used.

The generalised results for the enzymatic hy-
drolysis of cellulose samples in an acetate buffer
solution (Stage 1) and in an aqueous medium
(Stage 2) presented in Table 3 include the interme-
diate results of Stage 1 after 32 hours. Comparison
of the RS and glucose vyield obtained in buffer and
aqueous media after 32 h proves the predominant
formation of RS in relation to glucose with 79-83 %
and 94 % of RS and 63-68 % and 74-78 % of glu-
cose contained in the buffer solution and in the
agueous medium, respectively. Thus, an increase in
the dosage of enzyme preparations at Stage 2 con-
tributed to an increase in the yield of RS and glucose
from the substrate by 11-15% and by 7-15 %,
respectively.

At Stage 2, the RS yield relative to the content
of hydrolysable components (99%) indicates the
complete hydrolysis of the accessible part of the
substrates into the RS. In this case, the glucose
yield relative to the cellulose content (79-84 %)
demonstrates the incomplete conversion of cellu-
lose to glucose compared with the results of Stage
1 after 72 hours (95-97 %). The glucose (79-83 %)
and pentose (1-2 %) content in RS characterises
aqueous hydrolysates as predominantly glucose-
based.

To visualise the results of enzymatic hydrolysis,
the substrates were studied by SEM before and after
hydrolysis in the same way as in works [34, 35].
Figure 3 contains SEM images of oat hull and mis-

canthus cellulose samples, as well as unreacted
residues following hydrolysis in a pilot fermenter.

SEM results demonstrate the oat hull cellulose
sample to consist of flat fibres having a hypertro-
phied surface of 2-5 um thick, 20-0 um wide and
300-800 uym long (Fig. 3, a, b). The lamellar shape
of the fibres is due to the morphology of the raw
materials, since the oat hulls are represented by
multilayer flakes of lignocellulose coating the grain.
The miscanthus cellulose sample (Fig. 3, c, d) is
composed by heterogeneous fibres of different
length and width, associated with using the differ-
ent parts of the plant, i.e. stem and leaf. The unre-
acted residue after hydrolysis of an oat hull cellu-
lose sample (Fig. 3, €) involves porous particles
with pore sizes up to 10 ym, including single fibres.
In contrast, a disordered mixture of fibres (up to
10 ym in diameter, up to 1000 ym in length) and
irregularly shaped particles of 1-10 um in size
forms the residue after hydrolysis of a miscanthus
cellulose sample (Fig. 3, f). According to the SEM
results, small portions of the fibres remain at the
end of the enzymatic hydrolysis, thereby confirm-
ing the effectiveness of the process with respect to
the investigated substrates. Although the mass of
unreacted residues following hydrolysis is very
small due to the high degree of conversion of the
substrates, further study of the composition and
properties of the residues may be the subject of
separate studies, as in the works of [35, 36].

As a result of hydrolysis of cellulose samples
of oat hulls and miscanthus in a pilot fermen-
ter, 8L of aqueous glucose solutions having a
concentration of 33 and 35 g/L, respectively, were
obtained. Glucose solutions obtained in an aque-
ous medium are recommended for the prepara-
tion of culture media and the synthesis of valu-
able metabolites.
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Fig. 3. SEM images of cellulose samples from oat hulls (a, b)
at zooms %100 and miscanthus (¢, d) at zooms x71000 and of the unreacted residues
after hydrolysis of oat hulls (e) and miscanthus (f) celluloses at zooms x1000

Puc. 3. Mukpoghomozpaghuu POM obpa3yoe uesnrono3sbl wenyxu oeca (a, b)
npu 100-kpamHoOM yeenu4veHuuU u MuckaHmyca (c, d) npu 1000-kpamHoM yeenu4yeHuu
U HenpopeaaupoeasWux 0CMamkos rnocJsie 2udpoJsiu3a Uess1ros103bl wesyxu oeca (e)

u muckanmyeca (f) npu 1000-kpamHomM yeesiudeHuu

CONCLUSIONS
The substrates of the oat hulls and miscanthus
obtained by sequential treatment with dilute solu-
tions of nitric acid and sodium hydroxide were es-
tablished to be promising for the production of glu-
cose solutions. As a result of evaluating the enzy-
matic hydrolysis reactivity of the studied sub-
strates, the equal reactivity for two types of raw
materials was established with the vyield relative
to the substrate mass comprising 94-95 and
88-91 % after 72 hours of hydrolysis for RS and
glucose, respectively. Hydrolysis of substrates in
an 11L pilot fermenter provides for obtaining

aqueous hydrolysates with RS and glucose con-
centration of 42 and 33-35 g/L, corresponding to
the RS and glucose yield relative to the substrate
mass equal to 94 and 74-78 %, respectively. The
glucose content of 79-83 %, as well as the pen-
tose amount of 1-2 % in RS, indicates the pre-
dominance of glucose in the composition of the
obtained aqueous hydrolysates and appears to be
essential for the synthesis of a number of metabo-
lites. The high efficiency of enzymatic hydrolysis is
also confirmed by the SEM results for unreacted
residues of cellulose samples following hydrolysis
in the fermenter as compared to substrates.
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