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Abstract
Sweet potato residue (SPR), a by-product of sweet potato starch extraction, is full of starch and cellulose and could be used 
as the starting material for bioethanol production. A novel one-step complex enzyme (including α-amylase, glucoamylase, 
cellulase, hemicellulase, and pectinase) hydrolysis approach was developed to liberate the fermentable carbohydrates present 
in SPR. The effects of pH, amount of enzymes, solid-to-liquid ratio, temperature, and enzyme reaction time on the reducing 
sugar yield were investigated. Experiment results showed that the optimum pH, solid-to-liquid ratio, amount of enzymes, 
enzymatic hydrolysis temperature, and time were 4.5, 1: 7, 0.32 g, 50 ℃, and 6 h, respectively. Under these optimum condi-
tions, the experimental reducing sugar yield reached 65.06% ± 1.62%. Carbohydrate analysis of the enzymatic SPR showed 
that glucose accounted for the largest proportion of fermentable sugars at 58.91% ± 1.25%. In particular, 64.98% ± 0.11% 
of the cellulose was decomposed during the enzymatic hydrolysis. Finally, a concentration of 113.63 ± 1.35 g/L glucose 
was formed from the 17.2% (w/v) SPR substrate, and 46.9 ± 0.61 g/L ethanol was finally produced by an industrial diploid 
Saccharomyces cerevisiae strain at a yield of 27.27% ± 0.30% SPR. The proposed approach has great potential for industrial 
bioethanol production from SPR due to its high productivity, easy manipulation, and environmentally friendly characteristics.
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1  Introduction

Bioethanol is a renewable fuel and can be used in gaso-
line–ethanol blends with 10 to 85% ethanol [1–3]. As one 
of the most promising alternatives to fossil fuels [4, 5], 
bioethanol production heavily relies on first-generation 
bioethanol where the fermentation sugar is derived from 
starch-based crops, such as corn, wheat, and cassava, which 
is relatively mature and widely used in countries around 
the world [6]. However, with the reduction in arable land 
and the increase in grain prices and ethanol consumption, 
the production of bioethanol from grains such as corn may 
cause a serious impact on its economic efficiency. Research-
ers began to focus on the second generation of bioethanol 
with waste or by-products as the main raw material, such 
as wheat straw, corn cobs, rice straw, and cassava starch 
residue. This way, public concerns about ethanol production 
from food sources and the rising price of bioethanol can be 
solved [7]. Therefore, the development of bioethanol from 
nonfood raw materials has become an inevitable trend of 
social development [8].
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Sweet potato is one of the most adaptable and high-yield 
crops in the world, and its annual output has reached approx-
imately 100 million tons in the past decades [9]. China is the 
largest sweet potato producer and can generate more than 71 
million tons of sweet potatoes every year [4]. Sweet potato 
residue (SPR) is the byproduct of extracting starch from 
fresh sweet potatoes by crushing, washing, and filtering and 
mainly consists of starch, cellulose, and pectin [10, 11]. In 
China, most of the SPR cannot be utilized due to its high vis-
cosity, and the utilized SPR is highly perishable and rancid. 
SPR contains abundant polysaccharides and proteins; when 
it turns rancid, it will release methane, the second most com-
mon greenhouse gas whose impact on climate change is 25 
times greater than that of carbon dioxide [12, 13]. Moreover, 
the polysaccharides in SPR can be hydrolyzed into exploit-
able substances, such as monosaccharides and oligosaccha-
rides [14], which can be used for fermentation to produce 
citric acid, lactic acid, and other high value-added products 
[15, 16]. Directly discarding SPR as waste will pose serious 
environmental pollution and reduce the economic value of 
this material.

SPR is rich in carbohydrates, making it a suitable sub-
strate for bioethanol production. Saccharification is one of 
the most important steps in the production of ethanol from 
SPR [17]. Acid-catalyzed hydrolysis allows the release of 
polysaccharides from SPR into monosaccharides, but this 
method will corrode equipment and generate fermentation 
inhibitors [18]. Therefore, efficient enzymatic hydrolysis is 
preferred to obtain fermentable sugars from SPR. Pagana 
et al. [16] gelatinized starch granules in SPR and hydrolyzed 
them into glucose using glucoamylase alone; 83.56% of the 
available starch in SPR was converted into glucose, but the 
glucose from cellulose was not released. Xia et al. [9] used 
mixed enzymes comprising α-amylase, glucoamylase, cellu-
lase, xylanase, and pectinase to hydrolyze SPR in two steps. 
The starch in SPR was initially hydrolyzed into glucose by 
α-amylase and glucoamylase, and the “de-starched” sample 
was pretreated with 1% (w/v) H2SO4, NaOH, or H2O2. Cel-
lulase, xylanase, and pectinase were then added to release 
glucose from cellulose, and the highest cellulose conversion 
of 96.2% was reached after NaOH pretreatment. Although 
the starch and lignocellulose in SPR can be efficiently hydro-
lyzed by the two-step enzymatic hydrolysis, the process is 
time consuming and energy intensive. After pretreatment, 
alkalis reacting with lignocellulose may generate inhibitors, 
which may suppress subsequent microbial fermentation to 
produce ethanol [19].

In this study, the one-step complex enzyme hydrolysis 
method after gelatinization was developed to release fer-
mentable sugars from SPR, where starch and cellulose were 
hydrolyzed simultaneously, and cellulose was not pretreated 
with acid or alkali. The chemical composition of SPR was 
first determined, and the effects of pH, temperature, amount 

of enzymes, solid-to-liquid ratio, and enzyme reaction time 
on the reducing sugar yield were then investigated. The opti-
mal process derived from the single-factor test was also veri-
fied. Finally, the fermentation of the enzymatic hydrolysates 
of SPR to form bioethanol was investigated. The findings 
provide a convenient way to liberate fermentable sugars from 
SPR for bioethanol fermentation.

2 � Materials and methods

2.1 � Substrate, enzymes, and Saccharomyces 
cerevisiae strain growth conditions

SPR was provided by Luoyang Feed Factory of Henan 
Dongfang Zhengda Co., Ltd., China. The dried SPR was pul-
verized, passed through a 60-mesh sieve, and stored at room 
temperature. α-Amylase and glucoamylase were obtained 
from Beijing Aoboxing Biotechnology Co., Ltd. Cellulase, 
hemicellulase, and pectinase were obtained from Shanghai 
Yuanye Biotechnology Co., Ltd. The enzyme activities of 
α-amylase, glucoamylase, cellulase, hemicellulase, and pec-
tinase were 3700, 100,000, 50,000, 20,000, and 500,000 U/g, 
respectively. The S. cerevisiae strain CCTCC M94055 was 
preserved in the laboratory and grown on YPD20 medium 
(10 g/L yeast extract, 20 g/L tryptone, 20 g/L D-glucose, 
and 20 g/L agar as needed). All other chemicals were of 
analytical reagents.

2.2 � Chemical composition analysis of SPR

The contents of starch and cellulose were determined by 
3, 5–dinitrosalicylic acid colorimetric (DNS) and anthrone 
colorimetry, respectively [20–23]. The content of hemicel-
lulose was determined by using the Hemicellulose Content 
Assay Kit (Solarbio). The content of pectin was determined 
by carbazole colorimetry [24]. The contents of ash and pro-
tein were determined following previous reports [25, 26].

2.3 � Determination of the enzymatic hydrolysis 
conditions of SPR

The necessity of gelatinization before SPR enzymatic 
hydrolysis was explored. The substrate (10 g of SPR mixed 
with 50 mL of distilled water) was first adjusted to pH 5.0 
and then heated in boiling water for 15 min [27]. The mixed 
enzymes (0.13 g of α-amylase and 0.03 g of glucoamylase) 
were added to facilitate enzymatic hydrolysis at 200 rpm 
and 60 °C for 8 h after the sample had cooled down. The 
samples were heated in boiling water for 5 min to deactivate 
the enzymes. The supernatant was obtained by centrifuga-
tion and subjected to reducing sugar yield analysis [28–30]. 
Three independent replicates were performed.
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The effect of mixed enzyme ratio on the reducing sugar 
yield was studied by applying different mixed enzyme 
ratios following previous reports with some modifications. 
α-Amylase, glucoamylase, cellulase, hemicellulase, and pec-
tinase were mixed in the ratios of 48 U: 300 U: 50 U: 5 U: 5 U 
[9, 31, 32] and 48 U: 300 U: 300 U: 300 U: 800 U [13, 33, 
34]. The amount of mixed enzymes was 0.15 g, and the 
enzymatic hydrolysis reaction was carried out at 50 °C for 
18 h. The resulting enzymatic hydrolysate was subjected to 
reducing sugar yield analysis [9]. Three independent repli-
cates were performed.

2.4 � Single‑factor experiments

Single-factor experiments were conducted to investigate the 
effects of five factors on the reducing sugar yield. In the 
study of a certain factor, the other factors were set to their 
corresponding fixed values, i.e., 5.0 for pH, 50 °C for tem-
perature, 0.15 g for amount of mixed enzyme addition, 1: 5 
for solid-to-liquid ratio, and 6 h for enzymatic hydrolysis 
time. The factors and levels are shown in Table 1. The yield 
of reducing sugar in the enzymatic hydrolysate was deter-
mined by DNS, and the detailed procedure is described in 
the supplementary material. Three independent replicates 
were performed, and the results of all data from the single-
factor experiments were shown in Table S1. “SAS” software 
package (Version 9.2) was used for one-way ANOVA to sta-
tistically analyze the single factor experiments.

2.5 � Carbohydrates and scanning electron 
microscopy (SEM) analysis of the enzymatic 
hydrolysates of SPR

The sugar components in the enzymatic hydrolysates 
were derivatized following the method of Wu et al. with 
some modifications [35, 36] and then determined using an 
HPLC apparatus equipped with an Xtimate C18 column 
(4.6 × 200 mm, 5 μm). In brief, 0.05 M potassium dihy-
drogen phosphate solution (adjusted to pH 6.7 with NaOH 
solution) and acetonitrile were mixed in a ratio of 83: 17 to 
obtain the mobile phase; the flow rate was set as 1.0 mL/min 
at 30 ℃, and the detection wavelength was 250 nm [37, 38].

SEM (Hitachi HT7700) was used to observe the micro-
structure of SPR and saccharified residues. The samples 

were dried to a constant weight and then scanned at an accel-
erating voltage of 3 kV at 1000 × and 5000 × magnifications.

2.6 � Ethanol production from the optimized 
enzymatic hydrolysates

The fermentation broth was obtained by optimal single-
factor enzymatic hydrolysis process and concentrated by 
rotary evaporation at 85 °C. Single colonies of the CCTCC 
M94055 strain were obtained by streaking YPD20 plates 
from frozen glycerol stock, then inoculated in YPD20 liquid 
medium, and incubated overnight at 30 °C and 240 rpm. 
Afterward, 200 μL of the cultures were transferred to fresh 
medium to repeat the above procedure. Upon aerobic growth, 
the CCTCC M94055 cells were obtained by centrifugation at 
12,000 rpm for 10 min, washed twice with sterilized distilled 
water, and inoculated into the SPR enzymatic hydrolysates 
at 0.5 g/L dry cell weigh inoculum. The correlation between 
dry cell weight and OD600 values was reported previously 
[39]. During the fermentation, the samples were taken every 
4 h for OD600 determination and metabolite analysis. Two 
independent replicates were performed, and the results of all 
data from the ethanol fermentation experiment were shown 
in Table S2.

OD600 value was measured using a T2600 UV spectropho-
tometer. The glucose and ethanol concentrations were deter-
mined using a refractive index detector on LC-2030C HPLC 
with a Bio-Rad HPX-87H column. The column was eluted 
at 65 °C with 5 mM sulfuric acid at the flow rate of 0.6 mL/
min [40]. Glucan conversion, glucose to ethanol conversion, 
SPR to ethanol yield, specific growth rates, specific glucose 
consumption rate, and specific ethanol production rates were 
calculated as previously described report [13, 41, 42].

3 � Results and discussion

3.1 � Analysis of the chemical composition of SPR

SPRs from different regions usually have different com-
positions, which affect the choice of enzymes for enzy-
matic hydrolysis. Therefore, the components of the SPR 
were analyzed to determine which helper enzyme needs 
to be added in this study. According to the standard curve 

Table 1   Factors and levels 
used in one-factor-at-a-time 
optimization

Factors Levels

pH 4.0 4.5 5.0 5.5 6.0
Temperature (°C) 40 45 50 55 60
The mixed enzyme addition amount (g) 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Solid-to-liquid ratio (g/mL) 1:4 1:5 1:6 1:7 1:8 1:9
Time (h) 2 4 6 8 10 12 14 16 18 20 22 24
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(Fig. S1, Fig. S2, Fig. S3, and Fig. S4), the dried SPR is 
composed of 51.94% ± 0.55% starch, 18.22% ± 0.47% cellu-
lose, 3.38% ± 0.02% hemicellulose, and 1.66% ± 1.31% pec-
tin. As shown in Table 2, SPR also contains 2.92% ± 0.03% 
protein and 2.23% ± 0.01% ash. In agreement with previ-
ous studies, the SPR is high in starch, cellulose, and pec-
tin but low in hemicellulose. Cellulose, hemicellulose, and 
pectin can cross-link with polymers and intertwine around 
starch, thus forming a complex network that restricts the 
access of hydrolases to substrates [13]. And the addition of 
enzymes such as pectinase and xylanase could help cellulose 
hydrolysis, and there was a synergistic effect between these 
cellulases and pectinases[9]. Therefore, the pectinase and 
hemicellulase were added to expose the starch and cellulose 
to the enzyme molecules [9].

3.2 � Effects of gelatinization on the enzymatic 
hydrolysis of starch in SPR

In the conventional two-step enzymatic treatment of SPR, 
the thermostable α-amylase is added at high temperature 
and gelatinization is carried out simultaneously. However, 
in one-step enzymatic method, cellulase, hemicellulase, and 
pectinase cannot tolerate high temperature. Therefore, the 
SPR sample was gelatinized first, followed by the enzyme 
addition. As shown in Fig. 1, the yield of reducing sugar 
after gelatinization reached 60.79% ± 0.24%, and that with-
out gelatinization was only 30.66% ± 0.56%. These results 
were consistent with a previous report stating that the ther-
mal gelatinization of starch is required to increase substrate 
accessibility and hydrolysis rate [43]. Therefore, gelatiniza-
tion before enzyme addition is necessary.

3.3 � Effect of mixed enzyme addition amount 
on the one‑step enzymatic hydrolysis of SPR

The amount of mixed enzymes has a substantial effect on 
the degree of enzymatic hydrolysis of SPR. Basing on previ-
ous studies, two different enzyme amounts and ratios were 
set, i.e., α-amylase, glucoamylase, cellulase, hemicellulase, 
and pectinase in the ratio of 48 U: 300 U: 50 U: 5 U: 5 U per 
gram of dry SPR matter or 48 U: 300 U: 300 U: 300 U: 80
0 U per gram of dry SPR matter. The final reducing sugar 
yield and cellulose and hemicellulose degradation rates were 
determined under the above two conditions. With an increas-
ing enzyme addition level, the reducing sugar yield was 
increased from 60.94 ± 0.61 to 62.22% ± 0.29% (Fig. 2a). 
In addition, the cellulose and hemicellulose degradation 

rates were remarkably increased from 22.17 ± 0.96 and 
44.67 ± 0.02 to 45.99% ± 0.53% and 55.03% ± 0.19%, 
respectively (Fig. 2b and c). These results indicated that 
increasing the amount of enzyme is beneficial to the deg-
radation of cellulose and hemicellulose. The adjusted ratio 
was chosen for subsequent experiments.

3.4 � Results of single‑factor experiments

3.4.1 � Effects of pH on the yield of reducing sugar

The effects of pH on the yield of reducing sugar are shown 
in Fig. 3a. With the increase in pH from 4 to 6, the yield 
of reducing sugar increased first and then dropped sharply, 
indicating that the enzymatic hydrolysis of SPR preferred 
an acidic environment [16, 44]. The maximum value was 
observed at pH 4.5. Obviously, pH is a key parameter for 
the enzymatic hydrolysis of SPR.

3.4.2 � Effect of temperatures on the yield of reducing sugar

As shown in Fig. 3b, temperature affected the yield of 
reducing sugar and showed a trend of increasing from 40 
to 50 °C and then dropping from 50 to 60 °C. The opti-
mum temperature of enzymatic hydrolysis of SPR is typi-
cally in the range of 37–90 °C in these studies [9, 13, 16, 
44, 45]. The optimum temperature range of the α-amylase 
and glucoamylase reactions in the study was 50–70 ℃. 
And the optimum temperature ranges of the cellulase, 

Table 2   Chemical composition 
of SPR

Components Starch Cellulose Hemicellulose Pectin Protein Ash

Contents (%) 51.94 ± 0.55 18.22 ± 0.47 3.38 ± 0.02 11.66 ± 1.31 2.92 ± 0.03 2.23 ± 0.01

Fig. 1   Effects of gelatinization on the enzymatic hydrolysis of SPR. 
WOG, SPR without gelatinization. WG, SPR with gelatinization. 
GWOE, SPR was gelatinized but without enzyme addition. **signifi-
cance at P < 0.01
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Fig. 2   Effect of mixed enzyme 
ratio on the enzymatic hydroly-
sis of SPR, where Set A is a 
mixture of α-amylase, glucoam-
ylase, cellulase, hemicellulase, 
and pectinase in a ratio of 
48 U: 300 U: 50 U: 5 U: 5 U and 
Set B is the same mixture at a 
ratio of 48 U: 300 U: 300 U: 30
0 U: 800 U. (a) Reducing sugar 
yield after enzymatic hydroly-
sis. (b) Cellulose degradation 
rates after enzymatic hydrolysis. 
(c) Hemicellulose degradation 
rates after enzymatic hydroly-
sis. **Significance at P < 0.01, 
*significance at P < 0.05

Fig. 3   Single-factor experi-
ments. (a) Effect of pH on 
the yield of reducing sugar 
(P < 0.01). (b) Effect of 
temperatures on the yield of 
reducing sugar (P < 0.01). (c) 
Effect of mixed enzyme addi-
tion amount on the yield of 
reducing sugar (P < 0.01). (d) 
Effect of solid-to-liquid ratios 
on the yield of reducing sugar 
(P < 0.01). (e) Effect of reaction 
time on the yield of reducing 
sugar (P < 0.01)
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hemicellulase, and pectinase reactions in the study were 
40–60 ℃, 30–60 ℃, and 10–55 ℃. It is possible that the 
high temperature is not convenient for the action of pec-
tinase, which, as a helper enzyme, has a significant effect 
on the conversion of glucan in SPRs [13]. Therefore, the 
optimum temperature was selected as 50 °C for the subse-
quent experiments.

3.4.3 � Effect of the amount of mixed enzymes on the yield 
of reducing sugar

Figure 3c shows that with the increase in the mixed enzyme 
addition amount, the yield of reducing sugar increased and 
stabilized at the mixed enzyme addition amount of 0.3 g. 
Increasing the amount of enzyme within a certain range was 
beneficial to increasing the yield of reducing sugar, but an 
excessive amount of enzyme had no positive effect. Simi-
lar to pH, the mixed enzyme addition amount is also a key 
parameter for SPR hydrolysis and 0.32 g was chosen for the 
subsequent experiments.

3.4.4 � Effect of solid‑to‑liquid ratios on the yield of reducing 
sugar

Figure 3d shows that the yield of reducing sugar increased 
significantly from the solid-to-liquid ratio of 1: 9 to 1: 7 and 
reached the highest value at 1: 7. The yield of reducing sugar 
gradually increased with the combination of the substrate 
containing the enzyme molecules in a certain concentration 
range. However, when the concentration exceeded a certain 
range, the high substrate content prevented the enzyme mol-
ecules to combine with the substrate or the substrate became 
an inhibitor; as a result, the yield of reducing sugar gradually 
decreased [46, 47]. The solid-to-liquid ratio 1: 7 was chosen 
for the subsequent experiments.

3.4.5 � Effect of enzymatic hydrolysis time on the yield 
of reducing sugar

As shown in Fig. 3e, the yield of reducing sugar exhibited an 
upward trend when the enzymatic hydrolysis time was in the 
range of 2–6 h and then stabilized with the increasing reac-
tion time. This finding can be attributed to the low content of 
polysaccharides in SPR in the subsequent enzymolysis [46]. 
Therefore, the effect of prolonged enzymolysis time on the 
yield of reducing sugar was not evident in the subsequent 
enzymolysis. The optimum reaction time was selected as 6 h 
for the next experiments.

3.5 � Verification test

Under the optimum conditions of pH 4.5, solid-to-liquid 
ratio 1: 7, amount of mixed enzymes 0.32 g, enzymatic 
hydrolysis temperature 50 ℃, and time 6 h, the values of 
the yield of reducing sugar was 65.06% ± 1.62%, which was 
higher than the enzymatic hydrolysis at optimum values of 
one-factor experiments (62.79% ± 0.64%). Table 3 sum-
marized effects of various enzymatic hydrolysis approach 
on the reducing sugar yield, cellulose degradation rate, and 
hemicellulose degradation rate. After one-factor experi-
ments optimization, one-step enzymatic hydrolysis method 
achieved the highest reducing sugar yield (65.06) and cel-
lulose and hemicellulose degradation rates (64.98% and 
62.13%, respectively). Meanwhile, the SEM analysis of 
SPR before and after enzymatic hydrolysis showed that the 
round globular starch granules disappeared after the com-
plex enzyme treatment and cellulose was still partially pre-
sent (Fig. 4). The results showed that 51.94% of the starch in 
SPR was completely hydrolyzed, while the glucose content 
in the enzymatic hydrolysate of SPR was 58.91% (Table 4), 
indicating that only a small part of the cellulose was com-
pletely hydrolyzed to glucose.

Table 3   The reducing sugar 
yield and cellulose and 
hemicellulose degradation rates 
of SPR subjected to different 
processes

Set A, the solid-to-liquid ratio was 1: 5, pH was 5, and the mixed enzyme addition amount was 0.15  g, 
and the enzymatic hydrolysis was carried out at 50 ℃ for 18 h. The mixed enzymes were composed of 
α-amylase, glucoamylase, cellulase, hemicellulase, and pectinase in the ratio of 48 U: 300 U: 50 U: 5 U: 5 U.
Set B, the solid-to-liquid ratio was 1: 5, pH was 5, and the mixed enzyme addition amount was 0.15  g, 
and the enzymatic hydrolysis was carried out at 50 ℃ for 18 h. But the mixed enzymes were composed of 
α-amylase, glucoamylase, cellulase, hemicellulase, and pectinase in the ratio of 48 U: 300 U: 300 U: 300 U
: 800 U.
Set C, the solid-to-liquid ratio was 1: 7, pH was 4.5, and the mixed enzyme addition amount was 0.32 g, 
and the enzymatic hydrolysis was carried out at 50 ℃ for 6 h.

SPR enzymatic 
hydrolysis

Reducing sugar yield (%) Cellulose degradation 
rates (%)

Hemicellulose 
degradation rates 
(%)

Set A 60.94% ± 0.61% 22.17% ± 0.96% 44.67% ± 0.02%
Set B 62.22% ± 0.29% 45.99% ± 0.53% 55.03% ± 0.19%
Set C 65.06% ± 1.62% 64.98% ± 0.11% 62.13% ± 0.02%



15859Biomass Conversion and Biorefinery (2024) 14:15853–15862	

1 3

3.6 � Carbohydrates analysis of the enzymatic 
hydrolysis products of SPR after one‑factor 
experiments optimization

Carbohydrate analysis was conducted to determine which type 
of sugar is present in the enzymatic hydrolysis product of 
SPR. As shown in Table 4, the glucose content far exceeded 

that of other sugars at 58.91%. Small amounts of other sugar 
types were also found, such as galactose and mannose. The 
content of hemicellulose in SPR was not high, and only some 
parts of the hemicellulose were degraded by one-step enzy-
matic method. Hence, the content of pentose, including xylose 
and arabinose, derived from hemicellulose was low.

3.7 � Production of ethanol from enzymatic 
hydrolysates by CCTCC M94055 anaerobic 
fermentation

Carbohydrate analysis of the enzymatic hydrolysates of 
SPR revealed its potential use as an ethanol fermentation 
substrate. Hence, the industrial diploid yeast strain CCTCC 
M94055 was used to ferment SPR hydrolysates to directly 
produce ethanol without adding any nitrogen source or other 
nutrients. Table 5 shows that the initial glucose concentra-
tion after enzymatic hydrolysis was 113.6 g/L. All the glu-
cose was completely utilized within 28 h, and the ethanol 
concentration finally reached 46.9 g/L, corresponding to the 
SPR to ethanol yield of 27.27%. Kinetic parameters dur-
ing CCTCC M94055 anaerobic fermentation are shown in 

Fig. 4   Scanning electron microscopy (SEM) of SPR (a, b) and saccharification residue (c, d) from SPR; (a, c) 1000 × and (b, d) 5000x

Table 4   Analysis of sugar components in SPR enzymatic hydro-
lysates after one-factor experiment optimization

Components Content of components in 
samples (g/100 g SPR)

Mannose 0.19 ± 0.03
Ribose 0.10 ± 0.21
Rhamnose 0.11 ± 0.01
Glucuronic acid 0.48 ± 0.39
Galacturonic acid 0.10 ± 0.41
Glucose 58.91 ± 1.25
Galactose 0.43 ± 0.12
Xylose 0.09 ± 0.15
Arabinose 0.32 ± 0.12
Fucose 0.03 ± 0.01
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Fig. 5. The glucan conversion and glucose to ethanol con-
version were 84.45% and 68.43%, respectively, both were 
higher than the previous report [13].

4 � Conclusion

In this study, a one-step enzymatic hydrolysis approach for 
SPR was developed. The effects of the initial pH, tempera-
ture, amount of enzymes, solid-to-liquid ratio, and enzyme 
reaction time on the reducing sugar yield were systematically 
investigated. Single-factor experiments revealed that the 
optimum pH, temperature, amount of enzymes, solid-to-liq-
uid ratio, and enzyme reaction time were 4.5, 50 °C, 0.32 g, 
1: 7, and 6 h, respectively. Under these optimized conditions, 
the yield of reducing sugar reached 65.06% ± 1.62%. Maxi-
mum bioethanol concentration and SPR to ethanol yield of 
46.9 g/L and 27.27%, respectively, were achieved by fer-
menting the SPR enzymatic hydrolysate. The one-step enzy-
matic hydrolysis method developed in this study provides a Ta
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Fig. 5   Ethanol production from optimized enzymatic hydrolysates by 
CCTCC M94055 strain
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convenient way to release fermentable sugars from SPR for 
bioethanol production.
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