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Abstract

With the aim to exhibit the advantages of catalytic accelerator in enhancing the selective hydrolysis of cellulose to sugar,
cellulose is hydrolyzed in low acid aqueous system with catalytic accelerator. And then sugar products are extracted and
fermented by yeast. By the assistance of catalytic accelerator, cellulose conversion rate and total reducing sugar yield are
95.7% and 90.9%. And the glucose yield is as high as 73.6%. The sugar products with high glucose content can be easily
extracted from cellulose hydrolysate. Low toxicity of the sugar products to yeast is found during yeast fermentation. The
glucose in cellulose hydrolysate can be fully consumed after 12 h. A highly actual ethanol yield is exhibited, which is equal
to the actual yield level of standard glucose solution. The important role of catalytic accelerator in aqueous hydrolytic system
to produce fermentable sugar is clearly reflected. Furthermore, a simple but effective way is established to efficient utilization
of cellulose as an applicable carbon source for the conversion of more value-added chemicals and materials.
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1 Introduction

With the rapid economic development, the demand of fossil
resources as carbon source to be used for energy and mate-
rials is gradually increasing [1-3]. Due to the continuous
exploitation of fossil resources such as oil, coal, and natural
gas, more and more carbon emissions are caused on the land
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surface, which results in serious environmental problems.
Under this situation, it is becoming very important to find
a renewable carbon source to supply and even to replace
fossil resources. As a non-grain renewable biomass derived
from bio-carbon, cellulose has the potential to be converted
into sugar platform compounds to support the application
of energy and materials [4]. Accordingly, a renewable car-
bon source will be developed to promote the above-ground
carbon neutral cycle.

The hydrolysis of cellulose to sugar is mainly concern-
ing with the dissociation of glycosidic bonds. The hydro-
lytic rate and efficiency of glycosidic bond determine the
hydrolytic ability of cellulose. However, due to the great
deal of hydroxyl groups on the molecular chain of cel-
lulose, a large number of hydrogen bonds form between
and within the cellulose chains. It induces a recalcitrant
structure greatly to hinder the contact between glycosidic
bonds and catalysts [5]. This leads to a severely decline
of the efficiency of glycosidic bond during and cellulose
hydrolysis [6—8]. Research showed that there are two main
processes in the formation of the recalcitrant structure.
The one is produced naturally in the plant growth [9], and
the other is from the rapid reorganization of free cellu-
lose molecular chains during processing [10] and even in
hydrolysis [11, 12]. Both the two processes are caused by
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the rapid self-aggregation of the molecular chains of cel-
lulose produced by the interaction of hydrogen bonding,
which is even recognized as the particular nature of cel-
lulose [13]. Ionic liquids [14], alkaline solutions [15], and
concentrated phosphoric acid [16] were reported to break
the recalcitrant structure of cellulose in processing and
hydrolysis effectively. However, it causes the difficulty to
collect and to separate the sugar products from the hydro-
lysate by use of these systems.

In order to improve the collection of sugar products with
high quality, chemical catalysis in aqueous system is mainly
considered. Various concentrated acids were firstly used to
speed up the hydrolysis of cellulose. Although high acid
strength and large dosage are helpful to enhance the hydro-
lytic response of cellulose, it easily causes strong side reac-
tion of the sugar product formed in hydrolysis. Another way
was regarding the utilization of inorganic salt [17], organic
solvent [18], and ion liquid [19, 20]. There still exists the
difficulty in the separation and collection of sugar product.
Besides, many solid catalysts including of carbonaceous
solid acids [16], inorganic oxides [17], zeolites [20, 21],
cation exchange resins [22], modified clays [23], and het-
eropoly acids [24] were utilized in aqueous hydrolytic sys-
tem. By limiting acid catalytic sites around the surface of
solid support, the sugar products can be easily separated
from the hydrolysate. The only problem of solid acids is
the weak ability to break recalcitrant structure of cellulose.
Halogen group with hydroxyl affinity was introduced on the
surface of solid acid to increase the contact ability between
catalytic active sites and glycosidic bonds of cellulose [25].
However, it still failed fundamentally to change a lot on the
hydrolytic response of cellulose. The ability and efficiency
of cellulose hydrolysis to sugar are still insufficient. Inspired
by the enhancement of hydrolytic efficiency of the cellu-
lose to platform compound by cellulase through particular
non-hydrolytic physical affinity to resist the self-aggregation
of cellulose molecular chain, catalytic accelerators which
owned strong affinity with cellulose including ZrO, and
hydroxyl-enriched carbon sphere were designed to be used
in aqueous hydrolytic system [11, 26]. Accordingly, the
inhibition of recalcitrant structure of cellulose is effectively
eliminated. The hydrolysis of cellulose can be carried out
under relatively mild condition. As a result, the side reaction
of sugar product will be possibly reduced.

In this study, the ability and effect of catalytic accelera-
tors to hydrolyze cellulose in low acid aqueous system are
discussed. Sugar products with high quality to fit for fer-
mentation are tried to be separated and extracted from the
hydrolysate of cellulose. Yeast fermentation is utilized to
show the quality and fermentability of the sugar product.
The advantage of catalytic accelerator in enhancing the
selective hydrolysis of cellulose to produce fermentable
sugar is revealed.
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2 Materials and methods
2.1 Materials

Microcrystalline cellulose (MCC) (purity 97%, DP 179) was
purchased from Longbao New Material Company (Jiangsu)
and dried in a vacuum oven at 100 °C for 24 h before use.
D-(+)-Glucose (standard glucose, AR grade) was supplied
from Aladdin Co., Ltd., and dried under vacuum at 80 °C for
6 h before use. CaCO; (AR grade, 99%) was also provided
by Aladdin Co., Ltd. ZrO, (AR grade, 99%, particle size
144.6 +27.6 nm (see Figure S1)) and acetone were from Sin-
opharm Chemical Reagent Co., Ltd. Activated carbon was
provided by Suzhou Carbon Cyclone Activated Carbon Co.,
Ltd. Potato dextrose agar (PDA) and yeast extract peptone
dextrose medium (YPD) liquid medium were from Haibo
Biotechnology Co., Ltd. Highly active yeast is from Angel
Yeast Co., Ltd. All the reactants were in chemical grade and
used without further purification.

2.2 Pretreatment of cellulose

MCC was pretreated to remove the small amount of impuri-
ties according to the method reported in the previous work
of our team [11]. MCC was dissolved in 85% H;PO,, heated
at 50 °C, and continuously stirred for 3 h. A uniform solution
was formed and placed in a refrigerator at 7 °C for 12 h, then
poured into deionized water for cleaning, and then repeated
cleaning for many times until neutrality was measured with
a pH tester. Finally, the treated cellulose was vacuum dried
at 80 °C for 12 h and ground into powder for further use.
The degree of polymerization (DP) and crystallinity of the
treated cellulose was 38 and 47.3%.

2.3 Preparation of hydroxyl-enriched carbon
sphere (HECS) as catalytic accelerator

Sixty mL of 1 mol/L glucose solution was poured into
the polytetrafluoroethylene liner of the hydrothermal
synthesis reactor, and then the reactor was heated by a
high-temperature reaction chamber at 180 °C for 12 h. The
constant temperature oven (Ex-YZJX-8) and hydrothermal
synthesis reactor (YH-100 mL) is from Shanghai Exceed
Equipment Co., Ltd. After reaction, the cooling product
was, respectively, washed by deionized water and ethanol
for three times. Finally, HECS was obtained after dried in
a blast drying oven at 80 °C for 24 h [23], which will be
used as a catalytic accelerator in the following steps. The
structure of HECS was characterized by SEM and FT-IR
and shown in Figure S2.
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2.4 Hydrolysis of cellulose to sugar

Hydrolysis of the treated cellulose to sugar was carried out
in the autoclave vessel (35 mL, 300psi) of the high energy
density microwave reactor (CEM SP). The frequency of
microwave was 2450 +0.050 GHz, and the output power was
0 to 300 W. The hydrolytic temperature was controlled by
the combined use of microwave radiation and a synchronous
cooling, which was achieved through air cooling by using
special equipment from CEM Company. During hydrolysis,
0.1 g of catalytic accelerator (including HECS and milled
Zr0,), 0.2 g of treated cellulose, and 0.02 mol/L H,SO, were
put into the autoclave vessel and mixed with magnetic stir-
ring. Then, the autoclave vessel was heated to 150 °C under
300 W microwave radiation and kept at 150 °C for 15 min.

2.5 Extraction of sugar from cellulose hydrolysate

Above hydrolytic process of cellulose was repeated for 50
times to obtain~ 1L of hydrolysate. An~4 g CaCO; was
added into the cellulose hydrolysate to neutralize H,SO,.
After stirring and filtration, 10 g activated carbon was added
into the filtrate and stirred for 30 min. And then, the acti-
vated carbon was filtrated to obtain a colorless and transpar-
ent cellulose hydrolysate. The obtained decolorized cellulose
hydrolysate was concentrated by use of a rotary evapora-
tor (RE-2000A) with a low-temperature circulating pump
(coolant is ethylene glycol/water equals to 4:1) at 50 °C to
obtain an~7.5 mL concentrated cellulose hydrolysate, which
is known as a saturated sugar solution. Ten mL acetone was
added into the saturated sugar solution and then treated with
an ultrasonic cell pulverizer at the power of 50 W for 1 h. At
the last, the formed floc was placed in a vacuum drying oven
at 30 °C for 2 h to obtain the solid sugar product.

2.6 Detection of toxicity of sugar products to yeast

The hydrolysis of cellulose to sugar usually requires extreme
hydrolysis condition. By-products such as formic acid and
levulinic acid can form from the degradation of sugar prod-
ucts, which were reported to be toxic to yeast. So the toxicity
detection of sugar products to yeast was necessary before
fermentation. The specific step of detection was operated
as follows. Yeast was added into 100 mL basic medium of
DPA (20 g potato, 20 g glucose, and 2 g agar) to inoculate
and purify. YPD liquid medium was also prepared to obtain
a certain concentration of bacterial suspension for further
inoculation. Fifty mL YPD basal medium was divided into
10 groups on average. Eighty mg, 120 mg, and 160 mg sugar
product obtained from the hydrolysis of cellulose with cata-
lytic accelerator (namely, HECS and ZrO,) were used as the
substrate in groups 1-6. Eighty mg, 120 mg, and 160 mg
standard glucose were used in groups 7-9. Group 10 was

blank control group (no additional sugar). All the above
groups are mixed thoroughly again. Two mL solution of each
above group was taken out and then, respectively, dropped
into 10 wells of a 24-well plate. After fermentation with the
yeast for 24 h, it was inoculated into a fixed medium and
cultivated for another 24 h and then count the colonies. Two
mL of each of the above liquids was taken out to add drop-
wise into a 24-well plate and then to add a certain amount
of methylene blue solution. After incubating for 4 h, take
200pL to a 96-well plate. A microplate reader was used to
detect the absorbance to obtain the survival rate of yeast.

2.7 Quantitative yeast fermentation of sugar
products

Saccharomyces cerevisiae powder is dissolved in 2% glu-
cose solution. After cultured in a shaking table at 35 °C at
150 rpm for 1-2 h, centrifuged, and mixed with sterile water,
seed liquid of Saccharomyces cerevisiae was obtained.
Cellulose hydrolysates with the glucose concentration
at~40,~60, and ~ 80 g/L were obtained by from the hydrol-
ysis of treated cellulose by using of HECS as a catalytic
accelerator in low acid aqueous system. These hydrolysates
were directly used for yeast fermentation. Changes of glu-
cose concentration and ethanol production obtained in yeast
fermentation within 48 h were then detected. Treated MCC
was also used as the blank control group for comparison.

2.8 Characterization

The conversion of cellulose and yield of total reducing sugar
(TRS) was calculated according to Egs. (1) and (2), respec-
tively. The TRS yield in the cellulose hydrolysate was ana-
lyzed by DNS (3,5-dinitrosalicylic acid) method according
to literature [13]:

Conversion of cellulose(%) = (Mg — M,pe)/(Mpe) X 100%
ey
TRS yield(%) = mpgg/(mge) X 100% 2)

where my is the mass of the initial loaded cellulose, m,p
is the mass of the residual cellulose after the reaction, and
Mygg 1s the mass of TRS. Also, the content of glucose in
the product of TRS was measured by an Agilent 1200 high-
performance liquid chromatography (HPLC) apparatus (Agi-
lent Technologies, Santa Clara, California) and equipped
with a Zorbax-NH, column (250 X 4.6mm?, 5 pm particle
size) from Agilent (Palo Alto, CA). The mobile phase was
consisted of acetonitrile/water (70:30, v/v) in the isocratic
elution with a flow rate of 1.4 mL/min. The column tem-
perature was kept at 30 °C. The glucose yield was calculated
according to Eq. 3:
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Glucose yield(%) = (C,

glucose

XV x0.9)/(mge) X 100% (3)

where C,q. 1S the glucose concentration in the product of
TRS and V is the volume of the cellulose hydrolysate.

Fourier transform infrared spectroscopy (FT-IR, Nico-
let 6700, Thermo) was used to determine the structure of
cellulose sugar. The spectral range of each sample was
400-4000 cm™, the resolution was 0.09 cm™, and the num-
ber of scans was 32.

The microscopic morphology of the sugar product
extracted from the cellulose hydrolysate was observed by
scanning electron microscope. Anion sputter coater (E-1045,
Hitachi) was used to sputter-coat all samples with~ 10 nm
gold sputter to improve the conductivity of the samples and
the quality of the SEM image.

'"H-NMR and '>C-NMR spectra were recorded on a
Bruker Avance II spectrometer at 400 MHz and 100 MHz,
respectively, using D,O as the solvent. Gas chromatography
mass spectrometry (GC-MS, 7890B-5977A, Agilent) was
used to detect ethanol formed in the culture medium after
sugar product after yeast fermentation for 24 h. The whole
test was performed by using a DB-WAX capillary column
(30 mx0.25 mmx0.25 pm, Agilent 7890 BGC instrument,
connected in series with 5977A MS system). The tem-
perature was firstly controlled at 35 °C for 3 min and then
increased to 100 °C at a rate of 25 °C/min for 4 min. The
total running time was 9.6 min. The inlet temperature was
100 °C, the split ratio was 10:1, the constant pressure was
6.77psi, and the constant flow rate was 1 mL/min.

3 Results and discussion
3.1 Sugar product from the hydrolysis of cellulose

Hydrolysis of the treated cellulose is carried out in low acid
aqueous system with catalytic accelerator as schematized
in supporting information (Figure S3). HECS and ZrO,
are, respectively, used as the catalytic accelerator. Figure 1
gives cellulose conversion rate, TRS yield, and glucose
yield. Without catalytic accelerator, the conversion rate of
cellulose is 64.2%. TRS and glucose yields are 60.5% and
47.4%, respectively. After adding ZrO, into the hydrolytic
system, the conversion rate of cellulose and the TRS yield
improves to 99.7% and 95.3%. And the glucose yield also
increases to 62.5%. As to the hydrolytic system with HECS,
the conversion rate of cellulose and the TRS yield are 95.7%
and 90.9%, respectively. The glucose yield reaches 73.6%
(improved over a quarter). Figure S4 gives the effect of cel-
lulose hydrolysis to sugar with HECS at different amount.
With the increase of HECS, the efficiency of catalytic con-
version of cellulose is improving.
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Fig.1 Cellulose conversion rate, TRS yield, and glucose yield of the
hydrolysis of the treated cellulose with and without catalytic accelera-
tor (including ZrO, and HECS)

These results indicate that both of the two catalytic accel-
erators can efficiently enhance the hydrolytic efficiency of
the treated cellulose to sugar. Generally, the molecular
chains of cellulose have the intrinsic self-aggregation to
form dense and recalcitrant structure in aqueous system
because of relative strong interaction between molecular
chains [10, 11, 27-29] and even in the hydrolytic process
[13, 27]. After using catalytic accelerator in hydrolytic
system, it produces the non-hydrolytic strong affinity with
cellulose. During the hydrolysis, the self-aggregation of
the molecular chain of cellulose is partially inhabited. The
hydrolytic ability and efficiency are enhanced. Figure S5
shows the role of catalytic accelerator (namely HECS and
Zr0O,) on enhancing the hydrolytic reactivity of cellulose in
aqueous hydrolytic system. This phenomenon is similar with
the effect of cellulase. The detailed process was exhibited in
our previous researches [11, 26].

The process of the preparation and extraction of the
sugar product from cellulose hydrolysate is summarized in
Figure S6. After the hydrolysis of the treated cellulose in
aqueous system with catalytic accelerator, cellulose hydro-
lysate is firstly separated from the reaction system by fil-
tration. The obtained cellulose hydrolysates are shown in
Fig. 2a and e. A small amount of CaCOj; is added into the
cellulose hydrolysate to remove SO,>~, and then activated
carbon is also used to decolorize the cellulose hydrolysate
for 30 min. Colorless and transparent solutions of sugar
product are obtained (Fig. 2b, f). The decolorized cellulose
hydrolysate is concentrated at 50 °C to obtain a saturated
sugar solution. After that, acetone is dropped into the satu-
rated sugar solution under 100 W ultrasonic treatment for
1 h. Finally, the saturated sugar solution is put in a vacuum
oven at 30 °C for 12 h to obtain solid sugar product (Fig. 2c,
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Fig.2 Two types of sugar
obtained from the aqueous
systems with the catalytic
accelerators of HECS and ZrO,.
Hydrolysate obtained by the
system with HECS (a) and ZrO,
(e); the decolorized cellulose
hydrolysate with HECS (b)

and ZrO, (f); sugar products
extracted from the aqueous
systems with HECS (c, d) and
ZrO, (g, h)

g). The micro-morphology of the sugar products shows as
similar as a polycrystalline structure (Fig. 2d, h).

Figure 3a shows the FT-IR spectra of two kinds of
extracted sugar from different cellulose hydrolysates. It
appears many similar adsorption bands at 3380 cm™!,
2923 cm™!, an 1640 cm™! on the FT-IR curve, which reflects
the stretching vibrations of -OH, —CH, —CHO, and so on
[30]. These main absorption bands are all related to the
characteristic structure of glucose. Furthermore, TH-NMR
and '>C-NMR analyses are, respectively, carried out further
to determine the structure of the extracted sugar products
(see Fig. 3b, ¢, and d and Fig. 3e and f). The sugar products
obtained from the hydrolytic system with HECS and ZrO,
mainly contain glucose only with a very small amount of
impurity. The improvement in the quality of sugar product
will be helpful to promote subsequent transformation and
application.

3.2 Toxicity detection and yeast fermentation
of sugar product

The content of glucose in cellulose hydrolysate is detected
by HPLC. In Fig. 4, without catalytic accelerator, a clear
peak related to the content of glucose and a tiny dispersion
peak concerning with impurity can be found on the HPLC
curve of cellulose hydrolysate. After using HECS and ZrO,
in hydrolytic system, the content of glucose in cellulose
hydrolysates is both increased (see Fig. 4a and b), which is
consistent with the results shown in Fig. 1. After decoloriza-
tion, no matter the hydrolysate produced in the hydrolytic
system with HECS or ZrO,, there does not appear large dif-
ference on the HPLC curve. It shows that the main compo-
nents of cellulose hydrolysate have not changed before and
after decolorization. With the proceeding of concentration,
both the content of glucose and impurity in cellulose hydro-
lysate increase. The glucose content in the concentrated cel-
lulose hydrolysate obtained by the hydrolytic system with
HECS is much higher than the system with ZrO,. By detect-
ing the content of extracted sugar product (see Fig. 4a and
b), it can be further noticed that the amount of impurities

q[‘ &

in the sugar product obtained by the hydrolytic system with
HECS is less than that with ZrO, under the same glucose
content. These results are also consistent with the trend of
influence of the two catalytic accelerators on the hydrolysis
of cellulose to sugar.

Toxicity detection of the sugar products to yeast was
performed with standard glucose solutions of 80 mg/L,
120 mg/L, and 160 mg/L and extracted sugar products,
respectively. Figure 5a shows the growth of yeast after
48 h. The number of yeast in blank control group (without
added sugar product) was 429 + 12. For the sugar product
of hydrolysis with ZrO,, although the amount of sugar pro-
duced by yeast increased, the number of yeast decreased.
With the solution of 160 mg/L, the number of yeast was
297 + 10, and the survival rate of yeast is 69.7%. The number
of yeast was a little lower than the standard glucose group.
However, the number of yeast was significantly increased
by using HECS hydrolysis of sugar products for yeast cul-
ture. The maximum number of yeast was 1288 +37, the sur-
vival rate of yeast is 2.9 times higher than the blank control
group. Tables S1-S3 give the results of statistical analysis. It
reflects yeast numbers of different groups of sugar products
after 48 h fermentation are significant at the 5% significance
level. These results can be attributed to the best quality and
low toxicity of sugar products to yeast obtained by HECS
hydrolysis system. The lower the amount of impurities in
the sugar product (as shown in Fig. 3), the better the yeast
grows during fermentation. Ethanol production from the
yeast culture with the sugar product of cellulose hydrolysis
is examined by GC-MS. As shown in Fig. 5b, the sugar
products obtained from the hydrolytic system with HECS
or ZrO, are fit for the yeast culture to produce ethanol as
similar as the group with standard glucose. And the effect of
ethanol production formed in yeast culture is all higher than
blank control group. These results reflect the low toxicity of
the obtained sugar product to yeast.

With the understanding of low toxicity of the sugar prod-
uct to yeast, the cellulose hydrolysate directly obtained from
the hydrolysis of cellulose is used for yeast fermentation.
Six sugar solutions were, respectively, prepared. Among
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Fig.3 FT-IR, '"H-NMR, and
BC-NMR spectrum of standard
glucose and sugar product
extracted from the cellulose
hydrolysate. FT-IR spectra a

of the sugar product extracted
from the hydrolytic system

with HECS and ZrO,; '"H-NMR
spectra of b standard glucose, ¢
the sugar product extracted from
hydrolytic system with HECS,
d the sugar extracted from
hydrolytic system with ZrO,;

Absorbance

and 3C-NMR spectra of e the
sugar product extracted from
hydrolytic system with HECS; f

(a) (b)
;l‘()ll
Sugar (HECS) i .
110 i ! _—
Sugar (Zr0O,) ]
§e gy
3
Standard glucose
4000 3500 3000 2500 2000 1500 1000 500 55 50 45 40 35 30 25 20 15
Wavenumber (cm'l) ppm

the sugar product extracted from
hydrolytic system with ZrO,.
'H-NMR (400 MHz, D,0):

8 5.12 (a-H1), 4.55 (B-H1),

3.81 (a-H6), 3.80 (B-H4), 3.75
(a-HS5), 3.72 (a-H3), 3.64
(a-H4), 3.60 (p-H6), 3.44
(B-H3), 3.38 (a-H6’), 3.36
(B-H6’), 3.30 (a-H2), 3.29
(B-H5), 3.11 (p-H2). 3C-NMR
(400 MHz, D,0): 8 92.0 («-C1),
95.9 (B-C1), 71.5 (a-C2), 74.1
(B-C2), 72.7 (a-C3),75.9 (p-C3),
71.4 (a-C4,p-C4), 69.5 (a-C5),

()

2 Ol

.L 1.1

69.6 (B-C5), 60.7 (4-C6), 60.6 55 50
(B-Co)
(e)
HO'
100 9 80 70 60
ppm

them, cellulose hydrolysate-1 (32.88 g/L), cellulose hydro-
lysate-2 (42.45 g/L), and cellulose hydrolysate-3 (70.31 g/L)
are obtained by after simple concentration and decoloriza-
tion with activated carbon of primary hydrolysate. Cel-
lulose hydrolysate-4 (32.28 g/L), cellulose hydrolysate-5
(53.09 g/L), and cellulose hydrolysate-6 (76.80 g/L) are
prepared by only simple concentration of primary hydro-
lysate. Standard glucose solution marked with glucose
solution-1 (27.16 g/L), glucose solution-2 (44.23 g/L), and
glucose solution-3 (61.28 g/L) and treated cellulose are also
prepared for comparison. Impurities (including formic acid,
levulinic acid, and 5-hydroxymethylfurfural produced by
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side reaction) produced during the hydrolysis of cellulose
to sugar are also characterized. From Figure S7, only small
amount of impurities can be detected in all the 6 groups
of cellulose hydrolysate. It will not produce large toxicity
to yeast as narrated above. Figure 6 shows the changes of
glucose concentration and ethanol production of yeast fer-
mentation. From Fig. 6a, it can be found almost all the glu-
coses in the 9 samples including cellulose hydrolysates and
standard glucose solutions have been fermented and trans-
formed within 12 h during yeast fermentation. These results
reflect the 6 groups of cellulose hydrolysate have low content
of toxic substances and are suitable for yeast fermentation
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Fig.4 HPLC analysis of cel-
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culture to prepare ethanol. As we know, on basis of the
metabolic process of Saccharomyces cerevisiae, the highest
yield of ethanol in theory is 51%. Through the measure-
ment and calculation of the actual ethanol yield obtained by
fermentation of cellulose hydrolysates in Fig. 6b, the actual

ethanol yield of decolorized hydrolysate can reach 97.8% of
the theoretical yield. And the actual ethanol yield of non-
decolorized hydrolysate is 83.1% of the theoretical yield.
Both the ethanol yield is equal to the actual yield level of
standard glucose solution (~92.6%).

@ Springer



4350

Biomass Conversion and Biorefinery (2023) 13:4343—-4351

By the toxicity detection and yeast fermentability, it
clearly demonstrates the ability and function of catalytic
accelerator in promoting the highly selective catalytic con-
version of cellulose to glucose in low acid aqueous system.
By use of the low acid system with catalytic accelerator,
it easily achieves the hydrolysis of cellulose to and yeast
fermentation to glucose. In comparison with the prepara-
tion of ethanol from cellulose catalyzed by enzyme [31,
32], the route of preparing ethanol from cellulose shown in
this paper avoids the relatively complex culture, screening,
and preserving process of enzymes and bacteria to a certain
extent; it shows the characteristics of being simpler, easier
to operate, and even better potential economy.

4 Conclusion

By use of hydroxyl-enriched carbon sphere as a catalytic
accelerator, cellulose was hydrolyzed in low acid aque-
ous solution. Cellulose conversion and TRS yield reached
95.7% and 90.9%, respectively. And the yield of glucose is
up to 73.6%, which was significantly higher than that of the
hydrolysis in pure acid solution. On the basis of that, sugar
products with high glucose content can be easily extracted
from cellulose hydrolysates. Toxicity test to yeast shows the
quality of the sugar products was good and suitable for yeast
fermentation to produce ethanol. After 12-h fermentation,
the glucose in both the decolorized and non-decolorized cel-
lulose hydrolysates achieves fully conversion. It exhibits a
high actual ethanol yield of the theoretical yield, which is
equal to the actual yield level of standard glucose solution.
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