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Abstract

Enzymatic hydrolysis of technical cellulose of miscanthus in the acetate buffer with enzymatic preparation
BrewZyme BGX was investigated. A linear dependence of the final concentration of reducing substances
on the initial substrate concentration was established. The enzymatic hydrolysis of cellulose in aqueous
medium with sequential addition of enzymatic preparations BrewZyme BGX, Celluxil, CelloLux-A was
studied. The results of fermentation of the hydrolysates of Miscanthus technical cellulose obtained in the
aqueous medium provide evidence of their sound quality, so these hydrolysates can be used for conversion
into ethanol, gel film of bacterial cellulose and other products of microbiological transformation.
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INTRODUCTION

Processing of non-wood lignocellulose raw
material into fuel ethanol and other useful prod-
ucts became important direction in modern in-
dustrial biotechnology and the subject of numer-
ous studies. For example, a description of enzy-
matic hydrolysis as an alternative to acid hydrol-
ysis in processing non-wood raw material was
presented in [1, 2]; results of the investigation
of mechanical activation of cellulose enzymatic
hydrolysis were reported in [3]. The authors of
[4] studied the preparation of lignocellulose ma-
terial for enzymatic hydrolysis, while the exam-
ples of biotechnological processes of agricultural
wastes are reported in [5]. The published data
point to the urgency of this problem.

This direction has received thorough devel-
opment abroad, which is evidenced by the re-
views of Russian researchers [6, 7] and the
works of foreign scientists dealing with differ-
ent kinds of non-wood raw material [8—16]. The
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major part of the works carried out abroad
deals with miscanthus processing.

Miscanthus is a typical representative of
energy cultures. After planting once, crops may
be collected during 30 years in the amount of 30
t/ha, while expenses for growing this culture are
less than the cost of energy carriers from tradi-
tional sources. Investigations of the enzymatic
hydrolysis of the products of preliminary treat-
ment of miscanthus, carried out abroad, showed
that it is promising to use this kind of non-wood
cellulose-containing raw material for biotechno-
logical and chemical purposes for the sake of sus-
tainable development [17—20].

Miscanthus cropped in 2008 from the planta-
tions of the Institute of Cytology and Genet-
ics, SB RAS (Novosibirsk Region) was used to
prepare the substrate. Works on growing, pre-
liminary treatment and fermentation are car-
ried out during the recent five years [21—24].

Investigations of the enzymatic hydrolysis
of pure cellulose or the products with cellulose
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content more than 90 % have the fundamental
nature and are becoming urgent again during
the recent years [2, 25].

The goal of the present work is investigation
of fermentation of miscanthus cellulose in the
acetate buffer and in water.

EXPERIMENTAL

Technical-grade cellulose of Miscanthus sin-
ensis obtained at the experimental industrial
works through the nitric method was used as
the substrate. Nitric pulping of miscanthus was
carried out in a reactor 250 L in volume,
equipped with a turbine mixer. A 4 % solution
of nitric acid was prepared in the reactor, and
then the raw material ground preliminarily with
a chaff-cutter was added. The mixture was heat-
ed to a temperature of 90—95 °C and mixed at
this temperature for 20 h. After cooling, the
suspension was filtered under vacuum and
washed with water two times. This prepared
lignocellulose material was again loaded into the
reactor containing a 2 9% solution of sodium
hydroxide, heated to 60 °C and mixed at this
temperature for 2 h. Then the suspension of
cellulose was filtered under vacuum, washed
with a 1 9% solution of sodium hydroxide and
twice with water. After drying, technical-grade
cellulose was obtained with the yield of 38.4 %.

The chemical composition of the substrate
(calculated for absolutely dry substance) is
represented mainly by the hydrolysable part —
a-cellulose (90.3 %) and pentosans (1.5 %), the rest
is non-hydrolysable admixtures: residual lignin (3.6
%) and ash (4.2 %). The humidity of the substrate
was 2.7 %, polymerization degree 660 units.

The BrewZyme BGX (Poland) enzymatic
preparation (EP) was used as the source of
cellulase in our work. This is a liquid preparation
of cellulase, hemicellulase and xylanase; it
catalyses the decomposition of cellulose into
glucose, cellobiose and higher molecular
reducing substances. BrewZyme BGX
preparation is characterized by the following
activities: xylanase (6500 + 5 % units XA /cm?®);
B-glucanase (1700 + 5 % units B-GIS/cm?) and
cellulase (1500 + 5 % units CMC/cm?).

Determination of the basic characteristics
of substrates (mass concentrations) of

a-cellulose, residual (acid-insoluble) lignin, ash
and pentosans was carried out according to stan-
dard procedures described in [26]. Humidity was
determined using the Ohaus MB 23/MB 25 spe-
cific humidity meter (USA). Cellulose polymer-
ization degree was measured on the basis of vis-
cosity of solutions in cadoxene using a VPZh-3
viscometer with the capillary 0.92 mm in diam-
eter according to the procedure described in [27].
At the fist stage, the procedure of the in-
vestigation of enzymatic hydrolysis involved the
following: a weighted portion of the substrate,
150 mL of acetate buffer (pH 4.7) and EP
BrewZyme BGX were placed in Erlenmeyer
flask 500 mL in volume and kept at a tempera-
ture of (50+2)°C for 72 h under permanent
mixing [24]. The reaction mixture was stirred
on a horizontal platform PE-6410M (Russia) with
the oscillation frequency of 150 min~’. The sus-
pension was sampled (2 mL) after each 8 h; the
concentrations of reducing substances (RS) cal-
culated for glucose [28] were determined ac-
cording to the spectrophotometric method with
the help of UNICO UV-2804 (USA) using eth
reagent based on 3,5-dinitrosalicylic acid (Pan-
reac, Spain). This method is distinguished by
the simplicity of analysis and low reagent con-
sumption. Its relative error is 3.45 % [29].
Preliminarily, calibration graphs showing
the dependence of optical density on the con-
centrations of the solutions of glucose, xylose
and a mixture of glucose and xylose at the ra-
tio of 1:1 were plotted (Fig. 1). One can see
that the calibration plots are almost identical
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Fig. 1. Dependence of optical density on concentration
in solution: 1 — glucose, 2 — xylose, 3 — glucose + xylose.
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to each other. Therefore, deviation from the true
concentration of RS calculated for glucose will
be insignificant in a solution containing also pen-
toses in addition to hexoses.

At the second stage of the investigation of
fermentation, a weighted portion of the sub-
strate was placed in a round-bottom flask 4 L
in volume, then distilled water acidified with
diluted orthophosphoric acid to pH 4.7 (labora-
tory ion meter I-160 MI, Russia) and EP Brew-
Zyme BGX were added. Hydrolysis was car-
ried out according to the above-described pro-
cedure using a vertical mixing device Velp (It-
aly) in the continuous mode (round-the-clock)
in order to exclude the effect of temperature
difference on the action of the EP. The reac-
tion mixture in the flask was heated with the
help of a LTHS 4000 flask heater (Czechia).
Measurements of pH were performed during
the entire process [30, 31].

After the process, the suspension was fil-
tered under vacuum, weighted, then humidity
was determined and mass loss was calculated.
The degree of polymerization in the precipi-
tate was determined [27]. The precipitate was
fermented once more in the humid state by
adding sequentially EP: BrewZyme BGX, then
Celluxil (Germany) and CelloLux-A (Sibbiofarm
Co., Berdsk city, Novosibirsk Region).

The aqueous hydrolysate was fermented with
yeast culture Saccharomyces cerevisiae (Y-1693
strain) (GosNIIgenetika, Moscow).

RESULTS AND DISCUSSION

Fermentation of pre-treated raw material
with substrate concentration up to 30 g/L was
described previously in the works dealing with
enzymatic hydrolysis of cellulose-containing raw
material [21]. It is evident that after fermenta-
tion the concentration of RS in hydrolysates,
even of pure cellulose, cannot exceed 30 g/L
in these cases. In this connection, we studied
hydrolysis of technical-grade cellulose with dif-
ferent initial substrate concentrations (g/L): 15,
30, 60, 90, and 120.

Results of the studies of enzymatic hydrol-
ysis are presented in Fig. 2.

One can see that with an increase in the ini-
tial concentration of substrate the final con-
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Fig. 2. Dependence of reducing substances (RS) concen-
tration calculated for glucose on fermentation time for

experiments with different initial substrate concentrations
(g/L): 15 (1), 30 (2), 60 (3), 90 (4), 120 (5).

centration of RS in hydrolysates increases. This
is also the evidence of the fact that the high
concentration of RS — the products of hy-
drolysis — does not suppress the hydrolytic ac-
tion of EP BrewZyme BGX.

In the experiments with low substrate concen-
trations (15 and 30 g/L) the final concentration
of RS after 72 h does not exceed 10 g/L, while
for substrate concentration of 60 g/L it reaches
21 g/L. However, for the case of substrate con-
centration 90 and 120 g/L, the concentrations of
RS were 20 g/L as early as after 16 h.

According to the results obtained, it may
be assumed that fermentation of technical-
grade celluloses with substrate concentrations
90 and 120 g/L provide the formation of hy-
drolysates with high RS concentrations (35—
52 g/L) in aqueous medium. In addition, it is
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Fig. 3. Dependence of the yield of reducing substances
(RS) calculated for glucose on fermentation time for ex-
periments with different initial substrate concentrations
(g/L): 15 (1), 30 (2), 60 (3), 90 (4), 120 (5).



212 E. . MAKAROVA

possible to obtain hydrolysates with required
RS concentration by choosing the initial sub-
strate concentration.

The dependence of RS yield (with respect
to the initial substrate mass) on fermentation
time for experiments with different initial sub-
strate concentrations is shown in Fig. 3. The yield
of RS (the ratio of RS mass to substrate mass)
was calculated taking into account the coeffi-
cient connected with the addition of water
molecule to anhydrocellulose residues of the
corresponding monomer links as a result of
enzymatic hydrolysis.

The dependence of the yield of RS on fer-
mentation time for samples with different ini-
tial substrate concentrations has different ap-
pearances: the first two dependences (curves
1, 2) are characterized by high initial hydroly-
sis rates (2.4 and 1.9 %/h, respectively). In ex-
periments with substrate concentrations 90 and
120 g/L (curves 4, 5, respectively) with low
initial rates of hydrolysis (1.5 and 1.4 %/h) the
maximal yield is achieved after 72 h: 35 and
39 %, respectively. In this situation, only curve
4 reaches a plateau, which is the evidence, that
hydrolysis of the available part of substrate is
complete. It should be noted that even for the
lowest initial concentrations the degree of sub-
strate conversion does not exceed 32—33 %. This
phenomenon may be explained either by the
low reactivity of the substrate or by the insuf-
ficient activity of EP.

It should be noted that the character of the
obtained dependence of RS concentration on
fermentation time (high initial hydrolysis rate
and its substantial decrease with time) corre-
spond to the general notions of fermentation
in a reactor of periodic action with mixing [32].

The dependence of RS yield (related to the
initial substrate mass) on initial substrate con-
centration is presented in Fig. 4. One can see
that for the concentration range under study
(from 15 to 120 g/L) the yield of RS after hy-
drolysis for 72 h is 32—39 %.

The presence of acetates in hydrolysates
after fermentation in acetate buffer does not
allow using them in bioconversion processes
(ethanol and so on), so we studied enzymatic
hydrolysis of cellulose in distilled water. Sub-
strate concentration of 90 g/L was chosen as
optimal because it provides high yield of RS
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Fig. 4. Dependence of the yield of reducing substances (RS)
calculated for glucose after hydrolysis for 72 h on initial glu-
cose concentration.

even after fermentation for a short time and
does not require further treatment of hydroly-
sates for concentrating the RS solution.
Hydrolysis was carried out according to the
above-described procedure using a vertical mix-
ing device in the continuous mode (round-the-
clock) in order to exclude the effect of tem-
perature difference on the action of the EP.
Results of the investigation of enzymatic hy-
drolysis in distilled water are presented in Fig. 5.
A comparison of the data shown in Figs. 2
and 5 shows that the dependences of RS con-
centration on fermentation time in acetate buff-
er and in aqueous medium for the experiment
with substrate concentration 90 g/L are simi-
lar exhibiting close initial hydrolysis rates and
reaching plateau after fermentation for 56 h.
Mass loss was 31 %; final RS concentration
was 30 g/L, which corresponds to the yield of
30 %. The degree of substrate polymerization
decreased from 660 to 560 units as a result of
enzymatic hydrolysis.
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Fig. 5. Dependence of the concentration of reducing sub-
stances (RS) calculated for glucose on the time of fer-
mentation of technical-grade cellulose of miscanthus with
initial substrate concentration 90 g/L in aqueous medium.
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Fig. 6. Dependence of the concentration of reducing sub-
stances (RS) calculated for glucose on the time of fermen-
tation for successive addition of EP (initial concentration
44 g/L, aqueous medium): 1 — BrewZyme BGX, 2 — Cel-
luxil, 3 — CelloLux-A.

For all experiments carried out both in the
periodic mode and in the continuous mode, fer-
mentation is evidently complete after 72 h. This
may be connected with the absence of a part
of substrate available for hydrolysis by EP
BrewZyme BGX.

To test this assumption, the residue of the
substrate obtained in the previous experiment
was used in the humid state for repeated fer-
mentation similarly to above-described (EP
BrewZyme BGX); initial substrate concentra-
tion was equal to 44 g/L. The dependence of
RS concentration on fermentation time during
72 h is shown in Fig. 6 (region 1). The observed
increase in RS concentration refutes our as-
sumption that there is no part of substrate ac-
cessible for hydrolysis in solution. Hydrolysate
with RS concentration 9.25 g/L was obtained,
which corresponds to the RS yield of 18 % of
the initial substrate mass calculated for abso-
lutely dry raw material.

Then, without hydrolysates separation, cel-
lulolytic EP Celluxil was added; its action did
not lead to an increase in RS (fermentation time
72—144 h), which is evidenced by the plateau
(see Fig. 6, region 2). This fact can be explained
by the absence of enzymes in EP Celluxil that
would be able to hydrolyze the part of substrate
after the double action of EP BrewZyme BGX.

Then EP CelloLux-A was added into the re-
action mixture. This caused an increase in RS
concentration to 18.5 g/L (see Fig. 6, region 3).
The yield of RS increased by 19 %, that is, it
reached 38 % as a total after 216 h.

So, after the first 72 h of cellulose fermen-
tation, some part of the substrate available for
hydrolysis remains in the system. Only the re-
moval of RS and consequent addition of EP
BrewZyme BGX and CelloLux-A allowed us
to increase in yield to 38 %, which made 68 %
as a total during the whole time of hydrolysis.

It should be stressed that any description
of the enzymatic hydrolysis of miscanthus cel-
lulose with sequential addition of EP is absent
from the literature. Our results may be com-
pared with the data on fermentation of delig-
nified miscanthus obtained by alkaline deligni-
fication with peroxide bleaching of the raw
material which was preliminarily ground in a
ball mill and separated into fractions [19]. The
authors of [19] succeeded in achieving a 90 %
conversion of glucose from the hexose compo-
nent, xylose from pentose component by add-
ing two EP — Celluclast 1.5 L. and Novozyme
188 (Sigma, USA) to the substrate. It is neces-
sary to stress that the chemical composition of
the substrate included 51 % hexose component,
38 9% pentose component, 9 % lignin and 2 %
other components. In addition, supplementary
grinding of the substrate in a ball mill was ac-
companied by a decrease in crystallinity degree
from 56 to 46 % depending on fraction. The yield
of RS in that case [19] was 80 %, calculated
for the weighted portion of the substrate,
which exceeds the results obtained by us. This
fact can be easily explained by the differences
in the chemical compositions of the substrates:
unlike for [19], the mass fraction of easily hy-
drolysable component (pentose) in technical-
grade cellulose is only 1.5 %. One cannot also
neglect the initial concentration of the substrate
for fermentation: it was 20 g/L in the case of
[19], while it was 15—120 g/L in our work.

We were the first to carry out enzymatic
hydrolysis of cellulose obtained by nitric method
from miscanthus, through subsequent use of
EP BrewZyme BGX, Celluxil and CelloLux-A.

The resulting hydrolysates with RS concen-
tration 30 g/L, calculated for glucose, was fer-
mented by Saccharomyces cerevisiae yeast cul-
ture (Y-1693 strain). The concentration of al-
cohol in fermented hydrolysate was 1.3 vol. %,
which corresponds to alcohol yield of 75 9% of
the theoretical value. The used yeast culture is
intended for fermenting only the glucose part
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of RS, which is 95 % in the hydrolysates ob-
tained [33]. This fact provides the evidence of
the high quality of aqueous hydrolysates, and
therefore it is promising for the conversion of
bacterial cellulose into gel film for medical prop-
erties and for obtaining other products of mi-
crobiological transformation [34].

CONCLUSIONS

1. Enzymatic hydrolysis of technical-grade
cellulose of miscanthus in acetate buffer was
investigated; it was established that the final
concentration of glucose in hydrolysates increas-
es linearly with an increase in the initial con-
centration of the substrate. It was revealed that
for the initial cellulose concentration of 90—
120 g/L, the maximal accumulation of RS in
hydrolysates is observed.

2. Fermentation of technical-grade cellulose
in distilled water was investigated; hydrolysate
with RS concentration 30 g/L was obtained. The
results of RS fermentation by Saccharomyces
cerevisiae yeast (Y-1693 strain) point to the good
quality of the hydrolysates.

3. It was established that continuation of mis-
canthus cellulose after 72 h of hydrolysis is pos-
sible in the case if RS are removed from the
hydrolysates, and the enzyme is added once
more. The joint successive use of BrewZyme
BGX and Cellolyux-A preparations allows one
to increase the final yield of RS from 30 to 68 %.
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