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Abstract

This study demonstrates a new biorefinery approach for efficient conversion of rice straw into biomethane and bioethanol. The
main objective of this study was to investigate the production of these two bioenergy products from rice straw through sequential
anaerobic digestion (AD) and fermentation. The mesophilic AD and thermophilic AD of the rice straw were investigated for
biogas production and digestate characterization. Mesophilic and thermophilic AD generated biogas yield of 236.8 and 275.8
L/kgVS, respectively. The mesophilic digestate fiber is better for sequential production of biomethane and bioethanol. Different
acid and alkali pretreatments were investigated for the bioethanol production. Both alkali and acidic pretreatments degraded the
lignocellulose; the alkali pretreatment was more effective than the acidic pretreatment. The changes in the lignocellulose biomass
of the pretreated digestate were investigated by Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD). The
pretreatment with 3% NaOH for 6 h significantly increased the glucose conversion and achieved the highest ethanol production
of 87.13 g/kg dry fiber. The sequential route of AD and fermentation of rice straw enhanced the total gross energy output rate
to 1.468 GJ ton~! day~!. The current research illustrates a revolutionary rice straw-to-energy strategy that will have a massive
effect on the biofuel industry progress.
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1 Introduction

During the last 20 years, the rapid increase in urbanization
and human population growth, which increasing the amounts
of agri-wastes and greenhouse gases that have been released
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into the natural environment cause more emissions, pollu-
tion, and global warming [1]. In addition, the energy demand
also increased dramatically and became one of the massive
environmental challenges as the competition for the natu-
ral resources and the environmental degradation [2]. At the
same time, the need to diversify energy sources to secure our
energy supply has stepped up. Biofuel (i.e., biomethane and
bioethanol) has been commonly accepted as a viable energy
option among such renewable energy sources because of
its general compatible with the existing electricity and heat
applications in current distribution networks [3]. In addition,
the carbon dioxide emitted by those biofuels can also be
considered carbon neutral [4]. Therefore, the world needs
inclusive and sustainable urbanization technologies as a
milestone in the path towards socio-economic development
[3]. The lignocellulose-based biorefinery has been adopted
as a favorable option for enhancing the sustainability of
these transport fuels [1, 4]. In this scenario, to achieve high
energy recovery and zero-waste approach, it is crucial to
consider a link between biomethane and bioethanol from
the crop straw biorefinery.
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Anaerobic digestion (AD) is considered a biorefinery
technology that converts various biowaste streams into
biogas energy and nutrient-rich digestate, while alleviat-
ing environmental pollution associated with the biowaste,
such as odor and greenhouse gas (GHG) emissions [1, 6].
The sustainability of AD technology depends on the abil-
ity to deal with the excessive digestate [5]. That is because
improper handling of digestate would lead to serious envi-
ronmental problems. Therefore, it appears that proper recy-
cling of digestate is a key factor to significantly reduce
environmental problems as a result of direct application to
agricultural soils [6].

Rice straw is the world’s largest cereal crop residue
in many countries. Asia alone contributes for 90% of the
world’s rice supply; China is the largest producer of rice
straw accounting 180-270 million tons annually [7]. Notice-
ably, a large portion of rice straw is still burned in open
fields causing environmental concerns. Moreover, this prac-
tice results in losses of nutrients and increases greenhouse
gas emissions [4]. Therefore, there is a need to develop eco-
friendly technologies for the integrated management of rice
straw in many countries with rapidly growing economies.

Rice straw is a promising feedstock for bioenergy genera-
tion technologies, especially to produce biogas and bioetha-
nol. However, due to its low degradability, a mild pretreat-
ment is required such as mechanical grinding. In addition,
the use of milled rice straw for biogas production without
severe pretreatment was economically feasible [8]. In that
regard, there are some studies that confirmed that AD pro-
cess can be considered as a bio-treatment that converts hemi-
cellulose (pentose sugars) into methane and concentrates
the cellulose in the produced digestate fibers [4, 8]. Moreo-
ver, biomethane from AD of hemicellulose produces more
energy yield than bioethanol from hemicellulose hydrolysis
due to the low conversion rate (less than 80%) of pentose
sugars to bioethanol [9].

Some researchers describe the solid digestate produced
from various types of biowaste and under different condi-
tions. Sambusiti et al. [10] found that the solid digestate
produced from the mesophilic full-scale AD of mixed
biomass contains 17.5% of cellulose, 20.3% of hemicellu-
lose, and 24.1% of lignin after AD. Similarly, Wang et al.
[11] found that the anaerobic digested corn stover contains
25.1% cellulose, 1.1% hemicellulose, and 21.7% lignin after
20 days. Previous studies showed that digestate contains
large amounts of lignocelluloses, mainly cellulose, which
can be further valorized by other appropriate technologies.
In this context, it was recently reported that anaerobic treat-
ment of lignocellulosic biomass and the quality of the pro-
duced digestate fibers have a great potential to be used as
a feedstock for bioethanol production, which significantly
enhances the economic benefits and sustainability of AD
technology [12]. However, due to lignin being concentrated
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beside cellulose fiber in solid digestate, consequently, many
studies have been focused on developing effective pretreat-
ment for solid digestate and enzymatic hydrolysis to enhance
the bioethanol yield [13].

Diverse pretreatment methods have been developed such
as the alkali and acid pretreatments [14, 15]. Dilute alkali
and acid pretreatment has been verified by previous stud-
ies as an effective way to pretreat lignocellulosic biomass,
achieving increased accessibility area and improved conver-
sion efficiency [16, 17]. Therefore, integrated co-production
of biomethane and ethanol has become an attractive pathway
as it could yield additional biofuels and enhance the energy
output. In addition, this strategy provides integrated man-
agement of rice straw, which is consistent with the concept
of circular economy [18, 19]. However, there is still a needs
for research for the co-production of bioethanol- and biom-
ethane-based biorefinery concept from different biomass
materials. To our knowledge, there are few studies on mass
balance and the structural properties of biofibers generated
from sequential AD and yeast fermentation of alkali and acid
pretreated rice straw. Such knowledge might aid in better
understanding the biodegradation mechanism of structural
biofibers produced from sequential AD and fermentation.

Therefore, the present study aimed to investigate the
co-production of biogas and bioethanol from rice straw
through sequential AD and yeast fermentation. In addi-
tion, the effects of alkali and acid pretreatment on diges-
tate fiber and sugar contents were evaluated. Moreover, the
effects of selected pretreatment and enzymatic hydrolysis
on the structure and composition of biofibers were stud-
ied using a fiber analyzer, X-ray diffraction (XRD), and
Fourier transform infrared (FTIR) spectroscopy. Finally,
the gross energy output rate (GEOR) and mass balance
using the sequential route of the AD and fermentation were
estimated.

2 Materials and methods
2.1 Materials

Rice straw (RS) was collected from the agricultural fields of
Huazhong Agricultural University. The collected RS was air-
dried, ground, and passed through a 2-mm aperture standard
screen. The processed RS was stored at room temperature in
sealed plastic bags for further use and analysis. The anaero-
bic inoculum was provided from a biogas plant operated on
the pig manure under mesophilic condition. Prior to thermo-
philic AD test, the inoculum reactor was slowly acclimatized
in a water bath by gradually rising from 30 to 55 °C at a rate
of 2 °C day™!, allowing to progressively enrich thermophilic
bacteria [6]. The characteristics of the rice straw and the
mesophilic inoculum are shown in Table 1.
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2.2 Experimental methods
2.2.1 Anaerobic digestion

AD batch tests were conducted at conditions of mesophilic
(37 °C) and thermophilic (55 °C). The batch experiment was
performed in 1-L reactors. Each reactor contained 50 g (wet
weight) of rice straw and inoculated with 200 g (wet weight)
of inoculum sludge. 700 ml of deionized neutralized water
(pH 7) was subsequently added to adjust the final TS concen-
tration at 7.0%. The inoculum and straw were loaded in each
reactor at a ratio of 2:3 (VS base). The start-up pH value
was adjusted to be 7. The reactors running at the 20-day
hydraulic retention period were considered [4]. The reactors
were tightly closed with rubber septa and screw cap and then
flushed with nitrogen to remove oxygen from the headspace
for keeping anaerobic environment. Reactor containing the
same inoculum ratio in water was used as a control. The
biogas volume was measured by the drainage method, and
the biogas was collected by a 5 mL plastic syringe for the
gas composition analysis. After the end of AD tests, the
raw digestate was centrifuged at 3000 X g to separate the
liquid portion. The solid digestate was washed and dried,
and then the changes in the composition of digestate fibers
were analyzed.

2.2.2 Digestate pretreatment and enzymatic hydrolysis

Due to the low digestibility of fiber in digestates, the pre-
treatments by NaOH and HCI were selected for fiber in
digestates because it is a cost-effective pretreatment, and it
selectively removes lignin without degrading more carbohy-
drates, thereby enhancing enzymatic hydrolysis [4, 21, 44].
Also, the purpose of pretreatment at mild temperature was to
avoid generating furfural or hydroxymethylfurfural (HMF)
and organic acids, which were considered as inhibitory sub-
stances in most microorganisms for fermentation [4].

The digestate was pretreated by soaking in different con-
centrations of diluted alkali and acid (1% and 3%, v/v) for

Table 1 The characteristics of the rice straw and inoculum

Parameter Rice straw Inoculum
Total solid (TS%) 91.76 +£3.13 8.79+1.2
Volatile solid (VS%) 84.75+0.65 4.58 +1.02
Organic matter (OM%) 83.37+2.4 4948 +0.72
pH ND 7.61+0.28
Cellulose (%) 34.42+0.83 ND
Hemicellulose (%) 28.82+0.39 ND

Lignin (%) 4.11+0.41 ND

ND not detected

6 h and 24 h at a liquid to solid ratio of 1/10 (v/w) at 60 °c.
After pretreatment of solid fiber was separated by filtration
through 0.50-mm pore size sieve and then dried in an oven at
45 ©OC until constant weight. The dried pretreated fiber was
kept in a dry environment for further analysis and enzymatic
hydrolysis test.

The enzymatic hydrolysis was performed in a 500-mL
glass flask; 22.63 g of solid fiber fractions was mixed
with 300 mL acetic acid-sodium acetate buffer (0.2 M, pH
4.8) and 10 mL mixed-enzymes were added; the final solid
concentration was 5% (W/V). The concentration of hydroly-
sis enzymes was 6 X 10* mixed cellulases (B-glucanase U,
cellulose 600 U, and=10x 104xylanase U) and was obtained
from Imperial Jade Biotechnology Co., Beijing, China. Dur-
ing the enzymatic hydrolysis, the samples were shaken under
150 rpm at 50 °C for 48 h. The amounts of hydrolyzed sug-
ars were determined by high-performance liquid chromatog-
raphy (1220 Series Agilent HPLC, USA) equipped with a
Zorbax carbohydrate analytical column (4.6 X 150 mm) and
a refractive index detector. The column temperature was
60 °C with a mobile phase acetonitrile to water (75:25) at a
flow rate of 0.6 mL min~'. Fermentable glucose and xylose
conversion of pretreated fiber were used as an indicator of
the hydrolysis efficiency. The conversion of glucose and
xylose was calculated according to [21] using the following
equations:

Glucose conversion (%) = (Cy % V) 100/(Mg * 1.11)
ey
Xylose conversion (%) = (Cx * V) * 100/(M, * 1.14)

@)
where C, and Cy are the glucose and xylose concentrations,
respectively, in the hydrolyzed slurry (g/L); V), is the hydro-
lyzed slurry volume (L); M, and M, were the mass of cellu-
lose and hemicellulose in the sample (g); and 1.11 and 1.14
were the conversion factor of cellulose and hemicellulose to
equivalent glucose and xylose, respectively.

2.2.3 Ethanol fermentation

The fermentation test was conducted by inoculation with
Saccharomyces cerevisiae (obtained from the Angel Bio-
technology Group in Hubei, China) in a ratio of 1:20 (V/V)
at 37 °C for 48 h [4]. At the beginning and end of this pro-
cess, samples were taken for the analysis of ethanol and sug-
ars. The ethanol produced was distilled from the fermenta-
tion broth at 80 °C using a rotary evaporator. The rest of the
fiber after distillation was separated by filtration through a
0.50-mm pore size sieve and then dried in an oven at 45 °C
until constant weight. The fiber was kept in a dry environ-
ment for further fiber composition analysis.
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2.3 Analytical methods

Total solids (TS) and volatile solids (VS) were measured accord-
ing to standard methods [22]. The samples were dried over night
at 105 °C to determine TS and burned at 550 °C to determine VS.
The biogas composition was determined using GC9790II gas
chromatography with a thermal conductivity detector (TCD),
and 1.5-m stainless steel packed column with SA molecular
sieve and Hayesep Q packed column (Lanzhou Atech Technolo-
gies Co., China). The temperatures of the injector, detector, and
oven were maintained at 55, 100, and 50 °C, respectively. Argon
was used as a carrier gas at a flow rate of 30 mL min~".

Fiber composition was determined in the studied sub-
strates using a fiber analyzer (ANKOM A2000i, USA) by
measuring the neutral detergent fibers (NDF), acid detergent
lignin (ADL), and acid detergent fibers (ADF) according to
Soest et al. (1991) [23]. This technique allows to divide fiber
components into cellulose “CEL” (ADF-ADL), hemicellu-
loses “HEM” (NDF-ADF), lignin (ADL), and neutral deter-
gent soluble fraction “NDS” (1-NDF). Detailed protocols
can be found at the website of ANKOM Technology (http://
ANKOM.com/09_procedures/procedures.shtml). FTIR was
examined by Nicolet Avatar 330FT-IR (Thermo Electron
Corporation, Boston, MA, USA). The recorded spectra were
in the range from 4000 to 500 cm™'. Crystallinity, a physical
property expressed as crystallinity index (Crl), was exam-
ined by measuring X-ray diffraction (XRD) using a powder
X-ray diffractometer (Bruker D8 Advance, Germany) with
Cu Ka radiation at 40 kV and 40 mA [24]. The samples were
scanned in the 20 range of 0-80° at a rate of 10°/min, and
the Crl was calculated according to Eq. (3):

Iam)/IOOz * 100 (3)

where Iy, is the crystalline diffraction intensity of the 002
peak at 20=22.5° and [, is the amorphous zone diffraction
intensity of 20 =18°.

Ethanol concentrations in the fermentation process were
also determined by the gas chromatograph (GC97901I,
equipped with a KB-Wax column, oven temperature at 130
°C, FID (flame ionized detector) at 250 “C, injector tempera-
ture at 250 °C, and nitrogen as the carrier gas).

Crl = (Ipp, —

2.4 Statistical analysis

Samples from each replicate were collected randomly; all
experiments were carried out in three replicates; and the
results were represented as the mean + standard deviation
(SD). SPSS 19.0 statistically evaluated the experimental
data using the one-way variance analysis (ANOVA). The
Fisher least significant difference (LSD) was estimated at
probability level (P) <0.05 to perform pair comparisons
of the means of each parameter.
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3 Results and discussion
3.1 Biogas production

Figure 1 illustrates cumulative (1a) and daily (1b) biogas
production during mesophilic (37 °C, 6%TS) and thermo-
philic (55 ©C, 6%TS) anaerobic digestion. The thermophilic
AD showed a relative increase in daily and cumulative
biogas production as compared to the mesophilic AD. The
daily biogas yields were decreased to less than 5 L kg~'VS
after 20 days of digestion. After 20 days of digestion, the
cumulative biogas yields of mesophilic and thermophilic AD
were 236.8 and 275.8 L kg~!VS, respectively, lower than
that recorded by Elsayed et al. [4] who indicated biogas
yield of 286.9 L kg~! VS from NaOH pretreated rice straw
under mesophilic digestion. However, this result agreed with
Riggio et al. [25] who reported that the cumulative biogas
production of thermophilic digestion was higher than that
of mesophilic by 20%. The technical digestion time (Tg) is
the time required to produce 80% of total biogas yield. Ty,
can be used to indicate the rate of biogas yield and the bio-
digestibility of the substrate [4]. The AD in the present work
lasted up to 20 days; the Ty, values for AD of thermophilic
and mesophilic were 13 days and 12 days, respectively.
These results indicate that the both AD of thermophilic and
mesophilic of rice straw were digested in a shorter time. In
addition, the curves of biogas yield of mesophilic and ther-
mophilic AD showed a mono-phasic shape with no diauxic
growth, which indicates that there was no further degrada-
tion of slowly biodegradable organic fractions. The highest
recorded biogas yield by thermophilic AD is attributed to
improve holocellulosic fiber digestion. Despite the relative
increase in biogas from thermophilic AD, it does not usu-
ally compensate the amount of energy inputs and operating
costs, in addition to the fact that performance of a thermo-
philic anaerobic reactor at industrial scale is unstable due to
inhibition occur [25]. In addition, the mesophilic digestate
showed a high cellulose retention (28.62), while in lignin
content (3.44%), it would be better to reserve cellulose fiber
for next ethanol production. Therefore, mesophilic AD of
rice straw is better in terms of economic biogas production
and cellulose retention; thus, the choice of mesophilic AD
was adopted as the first step in biorefining route of rice straw.

3.2 Effects of the pretreatment and enzymatic
hydrolysis on the digestate fiber

3.2.1 Fiber composition
For the purpose of ethanol fermentation, the pretreat-

ment and enzymatic hydrolysis were conducted to the
digestate fibers. The main aim of the pretreatment and
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the enzymatic hydrolysis processes is increasing the solu-
ble sugar contents that can be converted into bioethanol
biochemically [26, 44]. Pretreatment can be performed
with dilute acid or alkali at low temperatures, but it takes
a relatively long time. The pretreatment conditions were
dilute acid or alkali, at mild temperature 60 ‘C, which can
effectively avoid the extreme corrosion and less dangerous

crrrrrrrrrYrvrrvrrrrrrrvrvrTrti
56 7 8 9 10 11121314 1516 17 18 19 20
Time (d)

compared to the concentrated acid/base at high tempera-
ture [27]. Diluted concentrations (1% and 3%) of NaOH
and HCI were used with different soaking times (6 h and
24 h) in the pretreatment process.

Regarding the composition, the main objective of the
pretreatment process is separating of structural linkages
between lignin and holocellulose fractions, which increases
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the surface fiber and decreases the degree of crystallinity.
Figure 2 illustrates the lignocellulose contents after pre-
treatment and enzymatic hydrolysis. Both alkali and acidic
pretreatment degraded the lignocelluloses; however, the
alkali pretreatment was more effective than the acidic pre-
treatment. The alkali pretreatment solubilized lignin and
hemicellulose fractions; however, the average alkali effect
was less than that of acidic pretreatment on the cellulose
solubilization. These results agreed with Sarbishei et al.
[28], who found that alkali pretreatments are more effec-
tive for lignin solubilization, but have minor cellulose and
hemicellulose solubilization than acidic pretreatment. The
3%NaOH/24 h showed the best solubilization in cellulose,
hemicellulose, and lignin fractions. Although dilute acid
pretreatment is possible to remove almost 100% hemicel-
luloses, it is not effective in dissolving lignin, just disrupt
lignin and increase the susceptibility to enzyme [29]. It can
be noticed that NaOH treatment separates the structural
linkages between lignin and holocellulose, making cellu-
lose and hemicellulose easily utilized by enzymatic attack
leading to improved sugar production [30, 31]. Reduction
in holocellulose ratio results in increase in the relative pro-
portion of lignin (not increase in lignin content). Holocel-
lulose (cellulose and hemicellulose) content from alkaline
pretreatment at 3% for 6 h represented 37.91% and 22.23%,
respectively, which was significantly decreased after enzy-
matic hydrolysis to 26.35% and 11.15%. However, the opti-
mum conditions for pretreatment do not necessarily mean
the most effective conditions for enzymatic hydrolysis.

3.2.2 X-ray diffraction

The XRD is used to study the crystalline structure of rice
straw and to determine the crystalline cellulose phase.
The cellulose crystallization is a significant factor during
the lignocellulosic digestion [4, 32, 33]. Table 2 summa-
rizes the crystalline index calculated from X-ray diffrac-
tion profiles showing the peaks in both crystalline and
amorphous zones. Although the intensities of both zones
decreased during pretreatment and enzymatic hydrolysis,
the crystalline zone was clearer than the amorphous zone.
We could see that the effects of acid and alkali pretreat-
ment on the intensities of diffraction in both zones are
different. In pretreatment, the effect in the crystalline
zone is more distinct than that in the amorphous zone. As
shown in Fig. 3a, the amorphous zone is near to 18°(20),
while the crystalline zone is near to 22.59(26). The Crl
value of the rice straw was 32.6%. Both alkali and acid
pretreatments for 24 h increased Crl to be 44.6% and
67.7%, respectively. This may be due to the removal of
hemicellulose and lignin in the amorphous region. Boukir
et al. (2019) [33] referred that the cellulose crystallinity is
affected by the percentage of the lignin and hemicellulose
in the amorphous region, and the reduction in the crystal-
line fraction is directly correlated with the reduction in
the crystallite size parameter. The enzymatic hydrolysis
decreased the Crl to be around 30%; this indicated that
lignocellulosic material was hydrolyzed and changing in
the crystal structure of cellulose.

Fig.2 The effects of pretreat-
ment and enzymolysis on 80 -
the mass fractions of the rice
straw, digestate, and different 70
pretreated fibers. 60

50

40

Mass fractions (%)

20

10
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digestate after AD &
NaOH 3% 6h [E

NaOH 1% 6h [E
NaOH 1% 24h
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B Cellulose
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Table 2 The crystalline Different stages Location, deg  Intensity, Cps  20=18°peak Crl, %

1rfdex cglculated from X-ray intensity, Cps

diffraction profiles
Rice straw 22.58 1354 912 32.64
Biogas digestate 22.58 660 464 29.7
Pretreatment: 1% HCI for 24 h 22.56 802 569 29.05
Pretreatment: 3% HCI for 24 h 22.52 1191 634 46.77
Pretreatment: 1% NaOH for 24 h 22.52 562 353 37.19
Pretreatment: 3% NaOH for 24 h 22.54 641 355 44.62
Enzymatic hydrolysis: 1% HCI for 24 h 22.5 703 439 37.55
Enzymatic hydrolysis: 3% HCl for 24 h 22.52 699 497 28.9
Enzymatic hydrolysis: 1% NaOH for24h  22.54 702 490 30.2
Enzymatic hydrolysis: 3% NaOH for24h  22.52 696 482 30.75

3.2.3 Fourier transform infrared spectroscopy

FTIR spectra can illustrate the structural changes and
component decomposition of lignocellulosic materials
and can support the XRD results. A shown in Fig. 3b, the
transmittance spectra of the FTIR are studied in range
from 4000 to 400 cm™'. The peak at 3400 cm™! indi-
cated to the —OH stretching band of hydroxyl that was
associated to the cellulose. It is reported that the —-OH
peak was slightly increased and broadened as a result of
pretreatment and enzymatic hydrolysis, indicating weaker
intra- and intermolecular hydrogen bonding which leads
to lower crystallinity as a result of partial degradation
of hemicellulose and lignin. The peak at 2900 cm™! was
detected in the digestate sample, and it indicated the
absorption peak of C—H stretching vibrations, confirming
the breaking down of intermolecular hydrogen bonding
between cellulose and hemicellulose and the generation of
CH, [34]. The peak at 1637 cm™! represented the stretch-
ing vibrations of C =0 bonds, which is the characteristic
functional group of ortho-substituted aryl skeleton. This
indicated the acetic acid and aldehyde generation during
the pretreatment and enzymatic hydrolysis. The pretreat-
ment and enzymatic hydrolysis changed the transmittance
peak at 1565 cm™!'which is an indication of the change in
the aromatic skeletal vibration of lignin [34]. The change
in peak 1415 cm™' which is associated to the -CH, bend-
ing vibration indicated the change in the aromatic ring
vibration of lignin [35]. The hydrolysis of lignocellulosic
compounds causes changes in the peak of 1063 cm™! that
indicated C—O-C asymmetrical stretching of cellulose
and hemicellulose [36].

3.3 Mono-sugar conversion

To evaluate the pretreatment of digestate fibers with
dilute HC1 and NaOH, the rare enzymatic hydrolysis of

fiber and the glucose and xylose conversion are measured
and calculated. As shown in Fig. 4, the pretreatment with
3% NaOH for 6 h achieved the highest glucose conversion
of 58.66%, while the glucose conversion of 17.12% with
acid pretreatment at 1% HCI for 24 h. The glucose conver-
sion was increased with increasing alkali concentrations
and pretreatment times; however, increasing the pretreat-
ment time of 3% NaOH from 6 to 24 h, the glucose con-
version decreased to 48.56%. This may be attributed to
the formation of furfural and 5-hydroxymethyl furfural
(HMF) compounds during the hexose degradation [4, 44].
These compounds inhibit the yeast growth, and hence,
the bioethanol yield decreases [37]. In addition, diluted
HCI pretreatment under mild temperature was not able
to hydrolyze the lignocellulose efficiently; therefore, the
lignocellulose fractions cannot be hydrolyzed easily by
the enzyme [21].

3.4 Ethanol production

The diluted alkali and acid pretreatment methods were
adopted to enhance the bioethanol production from meso-
philic digestate of rice straw. Figure 5 shows the ethanol
production from the different pretreatments of digestate.
The ethanol production from alkali pretreatment was sig-
nificantly higher than that with acid pretreatment. The
highest ethanol production was 87.13 g/kg dry fiber at
pretreatment: 3% NaOH with 60 °C for 6 h. The second
best yield was achieved at pretreatment: 3% NaOH for 24
h that accounted 72.1 g ethanol/kg dry fiber. The possible
reason for this could be that alkaline reagent degrades the
lignin and hemicellulose, giving access to the cellulose
fiber [4, 21]. In addition, NaOH reagent is more help-
ful for cellulose hydrolysis than HCI reagent. This could
explain the higher glucose conversion at alkali pretreat-
ment compared with acid pretreatment. In this context,
Saccharomyces cerevisiae prefer glucose as carbon source
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than xylose [38—40]. Therefore, the glucose conversions
are the key factor of the bioethanol production from lig-
nocellulose. The recorded ethanol yield from digestate
fiber in the present study was similar with that reported
by others [4, 13]. This demonstrated that cellulose was
effectively recovered from mesophilic digestate of rice
straw using dilute alkali pretreatment at 3% NaOH with
60 °C for 6 h, which is a significant finding in sequen-
tial AD and fermentation.

@ Springer
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3.5 Energy recovery and mass balance analysis

The mass balance is shown in Fig. 6; the 50 g of rice
straw contained 45.88 g of total solid (TS) and was
composed of 17.21 g cellulose, 14.41 g hemicellulose,
2.06 g lignin, 0.61 g ash, and 11.59 g other compo-
nents. The rice straw was used as substrate with 17.58 g
sludge for the AD process. The cellulose content was
decreased; 48.16 g solid digestate was produced from
the AD and was composed of 16.75 g cellulose, 11.75 g
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Fig.4 The glucose and xylose
conversion of digestate fiber
after pretreatment: 1% and 3%
NaOH for 6 h and 24 h. and :
1% and 3% HCl for 6 h and

24 h. The same small letter in
the same series refers to insig-
nificant differences (at P <0.05)

Monosugars conversion (%)

1% 24h | 3% 6h | 3% 24h
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Fig.5 The bioethanol production from digestate fiber after pretreatment: 1% and 3% NaOH for 6 h and 24 h. and: 1% and 3% HCI for 6 h and
24 h. The same small letter in the same series refers to insignificant differences (at P <0.05)

hemicellulose, 1.95 g lignin, 2.56 g ash, and 15.65 g
other components, respectively. The alkali pretreatment
solubilized 45.12% of the solid digestate TS; this may
be due to formation of gases such as CO, [41]. The 3%
NaOH/6 h hydrolyzed the solid digestate into pretreated
fibers that were composed of 12.93 g cellulose, 4.18 g
hemicellulose, 0.77 g lignin, 1.35 g ash, and 7.20 g
other components, respectively. Dilute alkali facilitate
the enzymatic hydrolysis action by disrupting the ester

bonds cross-linked in the cell wall matrix and remov-
ing acetyl groups in the digested fiber [27, 42]. The
enzymatic hydrolysis resulted in the conversion of the
fiber content, cellulose, and hemicellulose into mono-
sugars (9.54 g glucose and 2.68 g xylose). MacLellan
et al. (2013) [12] assumed that the carbohydrate contents
of the pretreated fiber were converted efficiently by the
enzymatic hydrolysis, and the stover-to-manure ratio of
40:60 was able to produced 17.3 g L™! and 6.2 g L™! of
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Fig.6 Mass balance diagram during the anaerobic digestion, pretreatment, enzymatic hydrolysis, and yeast fermentation processes

glucose and xylose, respectively, and the fiber quality
among different stover-to-manure ratios was indicated
by carbohydrate conversion [12]. The mono-sugars were
converted into bioethanol through the fermentation pro-
cess. The pretreated digestate (26.34 g) was used to pro-
duce 4.19 g ethanol. Therefore, the ethanol yield in this
study is 87.1 g/kg dry fibers.

The gross energy output rate (GEOR, as GJ ton™! day™!)
of the mesophilic anaerobic digestion of rice straw and
bioethanol production from the digestate after different

treatments is shown in Table 3. GEOR of biomethane and
bioethanol from each treatment was determined based on the
corresponding higher heating value (HHV) multiplied by
bioethanol or biomethane productivity. The HHV of biom-
ethane and bioethanol were 35.9 kJ L™'and 26.7 MJ kg~!,
respectively [43]. The biomethane generated from the
mesophilic anaerobic digestion of rice straw was 11.84
L kg~'dw day~!'. The GEOR of the generated biometh-
ane was 0.4251 GJ ton~! day™'. The GEOR of bioethanol
(GEORgy) was higher than that of biomethane (GEOR gy

Table 3 The gross energy

Treatment Productivity GEOR (GJ ton~'dw)
output rate (GEOR) from
mesophilic anaerobic digestion Biomethane (L~ Bioethanol® (kg =~ GEOR’ypry ~ GEORgry;  GEOR,,
of rice straw and bioethanol kg~'dw day™") kg~ !dw day™!)
production after different
pretreatments Control 11.84 Na 0.4251 na 0.4251
NaOH 1%, 6 h 11.84 0.024065 0.4251 0.643 1.068
1%, 24 h 11.84 0.026355 0.4251 0.704 1.129
3%,6h 11.84 0.03907 0.4251 1.043 1.468
3%, 24 h 11.84 0.03607 0.4251 0.963 1.388
HC1 1%, 6 h 11.84 0.00858 0.4251 0.229 0.654
1%, 24 h 11.84 0.01272 0.4251 0.340 0.765
3%,6h 11.84 0.01289 0.4251 0.344 0.769
3%, 24 h 11.84 0.00724 0.4251 0.193 0.618

na; not applied. GEOR g1y, GEOR gy, and GEOR,,,, biomethane, bioethanol, and total gross energy out-

put rate, respectively

#The bioethanol productivity was the bioethanol yield/fermentation time (2 days)
®The GEORypryy Was the biomethane yield #35.9 kJ L™
“The GEORy; Was the bioethanol yield *26.7 MJ kg™!
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Table 4 Comparison of

: > Anaerobic digestion Pretreatment Methane pro- Ethanol produc- Reference
blomethane and bioethanol ' duction [g/kg] tion [g/ke]
production based on raw feeding
substrate Rice straw 0.75 g 03/g-TS [1]
37 C, 7% TS, 24 days Soaking aqueous ammonia 136 78

(26-28%) 50 C, 6 h

55C, 7% TS, 24 days 165 70

55C, 17% TS, 17 days 120 96

55C, 17% TS, 24 days 142 65

Swine manure:corn stover 2% NaOH, 130 C, 2 h [2]

20-80 139 35

46-60 152 40

80-20 112 48

Rice straw 3% NaOH, 60 °C, 6 h 110 87.13 This study
37 °C/6%TS

due to the shorter time of bioethanol production compared
to the anaerobic digestion. The alkali pretreatment groups
had higher GEORgy than the acid pretreatment groups.
These results supported the higher bioethanol productivity
of alkali pretreated that merits the advantage of alkali over
the acid pretreatment. The highest bioethanol produced was
0.03907 kg kg~'dw day~! and the highest GOER ethanol of
1.043GJ ton™! day~! achieved with pretreated digestate at
3%NaOH for 6 h. The bioethanol production increased the
net energy output. Therefore, the sequential route of AD
and fermentation of rice straw enhanced the total GEOR
to 1.468GJ ton~! day™'. These results emphasized the fea-
sibility of the recycling of the anaerobic digestate of rice
straw for bioethanol production and positive gross energy
rate. In addition, sequential route of AD and fermentation
is compared to data in previous literature shown in Table 4,
suggesting that similar methane and ethanol production
was achieved. This is beneficial to have such information
for practical application of the two-stage conversion of rice
straw biomass to biomethane and bioethanol.

4 Conclusion

The present study demonstrated that mesophilic digestate is
better in sequential production of biomethane and bioetha-
nol. Most of the cellulose and hemicellulose in digestate
fiber can be retained for bioethanol production after alkali
pretreatment at 3% NaOH for 6 h. The alkali pretreatment
of digestate fiber achieved the glucose conversion of 58.66%
and increased the bioethanol yield of 87.1 g/kg dry fiber.
The sequential route of AD and fermentation of rice straw
enhanced the total GEOR to 1.468 GJ ton™! day~!. There-
fore, the present study suggested application of sequential
production of biomethane and bioethanol as an eco-friendly

route for the integrated management of rice straw for effec-
tive utilization of organic carbon in the second-generation
lignocellulosic biofuel feedstocks.
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