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Phosphomolybdic acid (PMo;,) was used as an electron mediator and proton carrier to mediate biomass
pretreatment for ethanol production and electricity generation from wheat straw. In the pretreatment,
lignin was oxidized anaerobically by PMo,, with solubilization of a fraction of hemicelluloses, and the
PMo, was simultaneously reduced. In an external liquid flow cell, the reduced PMo;, was re-oxidized
with generation of electricity. The effects of several factors on pretreatment were investigated for opti-
mizing the conditions. Enzymatic conversion of cellulose and xylan were about 80% and 45%, respectively,

ﬁeyl"l/(‘;zztljlsl:;losic biomass after pretreatment of wheat straw with 0.25 M PMoy,, at 95 °C for 45 min. FeCl; was found to be an effec-
Prgetre Stment tive liquid mediator to transfer electrons to air, the terminal electron acceptor. By investigating the

effects of various operation parameters and cell structural factors, the highest output power density of
about 11 mW/cm? was obtained for discharging of the reduced PMo; .
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Lignocellulosic biomass has been considered as one of the most

—_— romising renewable feedstock in a biorefinery to produce ener
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and chemicals. Typically, woody biomass contains 40-42 % cellu-
lose, 20-30% hemicelluloses and 25-32 % lignin, whereas agricul-
tural lignocellulose contains approximately 30-40% cellulose,
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20-30% hemicelluloses, and 15-30% lignin (Zhu and Pan, 2010;
Zhao et al,, 2012a). In a typical cellulosic ethanol plant, cellulose
and hemicelluloses are converted to ethanol, while the enzymatic
residue rich-in lignin is burnt in a boiler to produce steam for util-
ity or driving steam turbine for electricity generation (Lynd, 1996).
However, this manner of lignin-to-electricity conversion usually
causes a great loss of exergy, especially for the burning process
(Amirabedin and Mcllveen-Wright, 2013). On the other hand, lig-
nin plays as a physical barrier to limit the accessibility of cellulose
to cellulase enzymes (Zeng et al., 2014), and it also irreversibly and
non-productively adsorb cellulase enzymes, reducing the hydroly-
sis efficiency of cellulose (Akimkulova et al., 2016). Therefore, by
removing lignin from cell wall, cellulose accessibility can be sub-
stantively improved (Ding et al., 2012).

An idea thus comes into the mind that if oxidizing lignin for
biomass pretreatment can be combined with convention of this
biomass to electricity using fuel cell technology, it would
achieve a co-production of biofuel (bioethanol) together with
generation of electricity from biomass as proposed in the previ-
ous work (Zhao et al., 2016). However, the most important
aspect of this integration is to find an efficient catalyst for delig-
nification and electron transfer from biomass (lignin) to the oxi-
dant. Previous works have shown that polyoxometalates (POMs),
particularly phosphomolybdic acid (PMo;;), are good catalyst for
pulp bleaching under both aerobic and anaerobic conditions,
because they generally have higher redox potential than the
lignin structures, so that they can oxidize the lignin, and poten-
tials lower than oxygen, allowing their possible re-oxidation by
oxygen (Gaspar et al., 2007). PMo;, is one of the typical Keggin
type POMs with wide applications (Katsoulis, 1998). Being sim-
ilar to other POMs, PMo;, has distinct properties such as robust
oxidative degradation ability and acidity, and great potential as
an electron reservoir. It has been found that PMo;, can be used
as a good electron mediator in a novel direct biomass fuel cell
that can be directly powered with natural polymeric biomasses,
such as starch, for electricity generation at low temperatures
(Liu et al., 2014a,b; Wu et al., 2016; Zhao and Zhu, 2016). How-
ever, noble metal catalyst such as Pt has to be used to facilitate
the cathodic reaction when air or oxygen is directly used as the
oxidant for discharging of the reduced PMo;,. The obtained
power output is also relatively low. Liquid catalysts such as
POMs also can be used as the electron mediator in the cathode,
which greatly improves the power output (Liu et al.,, 2014a,b;
Zhao and Zhu, 2016). To achieve a high efficiency with practical
application feasibility, the cathodic mediator should be cheap
and easy to re-oxidize by cheap oxidant such as air. In this
work, an integrated process was proposed by coupling biomass
pretreatment to increase cellulose digestibility for bioethanol
production and efficient conversion of lignin to electricity using
PMo;, as the proton and electron mediators in the anode reac-
tions (Fig. 1). Biomass components, especially lignin was oxi-
dized by PMo;, anaerobically and the reduced PMo;;
(PMo12req) Were re-oxidized in a liquid flow fuel cell with elec-
tricity generation. Cheap catalyst such as Fe>* was screened as
the cathodic catalyst to facilitate electron transfer to air (oxy-
gen). Such combination of biomass pretreatment and electricity
generation was firstly proposed in previous work (Zhao et al.,
2016), which was focused on the conception of this integrated
process. The objective of this work was thus to investigate the
effects of several factors on pretreatment and electricity genera-
tion, and optimize the operation parameters in terms of anaer-
obical pretreatment of lignocellulosic biomass (wheat straw)
by PMo;, to improve cellulose hydrolyzability and discharging
of the reduced PMo;, for electricity generation. The obtained
data may serve as a step for further optimizing, evaluating
and intensifying this novel integrated process.

2. Materials and methods
2.1. Chemicals and biomass materials

Wheat straw (WS) harvested in Shandong province, China,
was used as a representative lignocellulosic biomass. It was
chopped to about 1cm long prior to PMo,, pretreatment. All
chemicals mainly including phosphomolybdic acid (H3PMo0,04o,
PMoy;), H3PO4, H,SOy4, acetic acid, FeCls, Fe;(SO4); and Fe(NOs)s3
were reagent grade and purchased locally. Cellulase (Cellic®
CTec2) was kindly provided by Novozymes (Beijing branch),
which was a multi-enzymes formulation having a determined
cellulase activity (filter paper activity, FPA) of 114.07 FPU/mL.
This cellulase formula also contains xylanase to hydrolyze xylan
of the substrates. The proton exchange membranes (PEMs) used
for discharging of reduced POMs were Nafion®115, Nafion®117
and Nafion®212 (DuPont™, USA). Graphite bipolar plate was pur-
chased from Hunan Jiangnan Graphite Co., Ltd (Changsha,
China).

2.2. PMoq, pretreatment of wheat straw

PMo,, pretreatment of wheat straw were performed in a stir-
red stainless steel autoclave with an electric heating jacket (pre-
treatment temperature >100°C) or in a round-bottom flak
immerged in water bath (pretreatment temperature <100 °C).
Typically, when POM was used for anaerobic delignification,
the temperature and POM concentration used in laboratory
experiments were in the range 100-125°C and 0.05-0.5 mol/L,
respectively (Gaspar et al., 2007). However, in the present work,
since more lignin was present in the raw biomass feedstock, and
thus a broader range of reaction temperature (90-160 °C) was
investigated. In details, 5g of chopped wheat straw was put
in the autoclave or flask followed by addition of 50 ml
0.1-0.25M PMo;, solution and 0-0.15M H3PO4. The pretreat-
ment was performed for 15-60 min. After the pretreatment,
the solid was filtered and the filtrate was analyzed for reduction
degree of PMo1,. The solid was then washed roughly by running
water until neutrality followed by washing with 95% ethanol
and ether successively for twice, respectively, to remove the
residual PMo;, as much as possible. One part of the solid was
dried for chemical component analysis, and the other part was
store at 4 °C for enzymatic hydrolysis.

2.3. Enzymatic hydrolysis of pretreated wheat straw

The solid substrates were incubated at 50 °C, 150 rpm in 50 mM
sodium acetate buffer (pH 4.8) in an air-bath shaker. All experi-
ments were performed in duplicate with 10 mL working volume
at initial solid consistency of 2.5% (g/ml) with cellulase loading of
15 FPU/g solid for 72 h. Sample were withdrawn at regular inter-
vals and diluted for 10 folds to determine cellobiose, glucose and
xylose concentrations. Enzymatic digestibility was characterized
by enzymatic glucan conversion (EGC, %), defined as the percentage
of glucan converted to glucose and cellobiose as the following
equation:

Ce+C.

EGC (%):sx 1.1 xG

x 100% (1)

where Cg and C. are the concentrations of glucose and cellobiose in
the enzymatic hydrolysate, respectively, g/L; s is the initial solid
loading in the system, g/L; Gy, is the glucan content of the substrate.
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Fig. 1. A conceptual integration of PMo;,-mediated biomass pretreatment for ethanol production and electricity generation.

2.4. Semi-simultaneous scarification and fermentation for ethanol
production

Semi-simultaneous scarification and fermentation (sSSF) was
carried out in 25 mL Erlenmeyer flasks with total working volume
of 10 mL with an air shaker incubator at 150 rpm with 5-15% (w/v,
g/mL) solid substrate loading. Other nutrients including 2 g/L
(NH4)2S04, 5¢g/L KHPO4, 5g/L yeast extract, 1g/L MgSO, and
0.2 g/L CaCl, dissolved in pH 5.3 H,SO4 solution was then added
in order to obtain an initial pH of about 5.2-5.4 in the sSSF system.
The mixture was autoclaving at 121 °C for 20 min for sterilization.
After the mixture was cooled down to room temperature, the cel-
lulase enzymes of 20 FPU/g solid were added. The mixture was
then incubated at 50 °C for pre-hydrolysis for 24 h followed by
inoculation of yeast Saccharomyces cerevisiae (Angel Yeast Co.,
Ltd, China) for fermentation for 48 h. Samples were taken every
6, 12 or 24 h for analyzing ethanol and sugar concentrations. The
ethanol yield was calculated according to ethanol concentration
and expressed as the percentage of theoretical maximum ethanol
yield (Chen et al., 2015).

2.5. Assembly of the cell

The strucure of the liquid flow fuel cell was similar to that used
in the previous work (Zhao and Zhu, 2016; Zhao et al., 2016). The
cell is composed of two graphite bipolar plates as anodic and
cathodic electrodes, respectively. The inner side of each bipolar
plate had several 2 mm-wide and 2 mm-deep flow channels with
total active area of 0.7-35.2 cm?. A PEM was sandwiched between
the two bioplar plates to separate the cell into an anode chamber
and an cathode chamer. These biopolar plates and MEA were fur-
ther sandwiched by two acrylic plastic end plates. Silicone rubber
gasket was used between bioplar plate and PEM to prevent leak-
age. The anode or cathode chamber were connected by Teflon
and silicone pipes with external anode and cathode vessels con-
tainning reduced PMo;, and Fe®*, respectively. The anode vessel
worked as a biomass pretreatment rectors. The working principle
of the system are described as follows. In the anode vessel,
chopped wheat straw was pretreated by PMo;, anaerobically, in
which oxidation of lignin was the main oxidative reaction with

PMo1; being reduced to form reduced PMo, (PM012req) and a frac-
tion of hemicelluloses was also hydrolyzed. Due to the hydrolysis
of hemicelluloses and oxidative delignification, the pretreated solid
was susceptible to enzymatic saccharification and fermentation for
ethanol production. Electrons and protons transferred from lignin
to PMo; as shown in Eq. (2). Heat or light can be used to accelerate
the reaction. In the anode chamber, PMo;.eq released electrons
and protons, and was re-oxidized to PMo;, which was further recy-
cled to anode vessel for biomass pretreatment. In the cathode
chamber, mediator such as Fe>" obtained electrons to form the
reduced mediator, such as Fe?*. In the cathode vessel, the Fe?*
was further re-oxidized to Fe3*, which achieved transfer of electron
to final oxidant such as air (oxygen). Corresponding reactions of
the process can be described as following Eqs.:

In anode vessel : Lignin — H, + PMo;

— Oxidizedlignin + H, — PMO012req (2)
In anode chamber : H, — PM013;eq¢ — PMo0;; +ne~ +nH" 3)
In cathode chamber : Fe*" + e~ — Fe?* (4)
In cathode vessel : O, + 4Fe*" + 4H" — 2H,0 + 4Fe*" (5)

In this integrated process, the pretreatment is a “charging” pro-
cess in which electrons transfer from biomass component, mainly
lignin, while in the liquid flow fuel cell the re-oxidation of PMo13eq
is a “discharging” process to produce electricity. Therefore, this
integrated process not only achieves a pretreatment of lignocellu-
losic biomass to increase cellulose digestibility for sugar and
bioethanol production, but also achieves a direct conversion of bio-
mass, particularly lignin, to electricity at low temperatures (Zhao
et al., 2016). In the experiments, for investigating the effects of sev-
eral factors on “charging” and “discharging” processes, separately,
WS was first pretreated using PMo;,, and the reduced PMo;, solu-
tion was filtered from the slurry and pumped into the cell for elec-
tricity generation.
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2.6. Discharging of reduced PMoq>

After filtration from the slurry of PMo;,-biomass mixture, the
reduced PMo,, solution and liquid catalyst (Fe*) were continously
circulated from anode or cathode vessels, respectively, at a flow
rate of 10-100 mL/min by a peristaltic pump. The vessels were
immersed in a water bath heated to a desired temperature of
25-90 °C. The cathode vessel was supplied with air or pure oxygen
as final electron acceptor from a pressurized cylinder by Teflon
pipes to reoxidize Fe?* to Fe3*. An external resistance of 2 Q was
loaded between the cathode and anode graphite felts. Voltage on
the external resistance and current were determined by a VICTOR
V(8245 Multimeter (Shenzhen City Health Station Victory Tech-
nology Co., Ltd, China) and CHIG660E Electrochemical Workstation
(Shanghai Chenhua Instrument Co., Ltd, Shanghai, China).

2.7. Analytic methods

2.7.1. Chemical compositions of wheat straw and pretreated solid

The main components of raw wheat straw and pretreated solids
were determined according to NREL'’s Laboratory Analytical Proce-
dure. The monosaccharaide (glucose, xylose and arabinose) con-
centrations were determined by Shimadzu (Tokyo, Japan) HPLC
(LC-10AT) system quipped with an Aminex HPX-87H column
(Bio-Rad, Hercules, CA, USA) and a differential refraction detector
using 5 mM H,SO4 as an eluent at flow rate of 0.8 ml/min.

2.7.2. Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopic analysis was performed using a Thermo Sci-
entific Nicolet iN10 FTIR Microscope (Thermo Nicolet Corporation,
Madison, WI) equipped with a liquid nitrogen cooled MCT detector.
Acetone-dried samples were embedded in KBr pellets with an
approximate concentration of 1 mg/100 mg KBr. Scans were con-
ducted at 400-4000 cm™!. Before data collection, background scan-
ning was performed for correction.

2.7.3. Crystallinity analysis

The crystallinities of wheat straw and pretreated solid were
determined by X-ray diffraction (XRD) using XRD-6000 instrument
(Shimadzu, Japan). The X-ray diffractograms were recorded from
diffraction angle (26) of 5° to 50° at a scanning speed of 5°/min
with Ni-filtered Cu Kot radiation (y = 1.54 A) at 40 kV and 40 mA.
The crystallinity index (Crl) was calculated using the following
expression: Crl = (Ipoz — Iam)/loo2 x 100%, where Igg; is the intensity
of peak at a 20 angle of ~22.6° and I, is the scattering intensity of
amorphous fraction at a 26 angle of ~18.3°.

2.7.4. Determination of polarization curves, reduction degree of PMo;5,
Fe?* concentration and Faraday efficiency

The polarization curves were determined by measuring volt-
ages generated by the fuel cell when it was loaded with a variable
external resistance from 1 to 10,000 Q, and the current density was
calculated by Ohm law. The output power density was then calcu-
lated by voltage and current density (Kim et al., 2004).

The reduction degree (RD, %) of PMo,, was defined as the per-
centage of formed Mo>" on the total Mo formed by complete
reduction of Mo®". It should be noted that 1 Keggin structure of
PMo;; can accept 8 electrons though there are 12 Mo atoms in a
Keggin structure (Zhang et al., 1990). Complete reduction of
PMo,, was obtained by using excessive ascorbic acid. Standard
curve thus can be established between Mo®* concentration and
absorption at 860 nm (Zhao et al., 2016).

Fe?* concentration was determined by phenanthroline method
(Tamura et al., 1974).

Faraday efficiency (gf) was calculated by the following the fol-
lowing Eqn.:

& = Qdischarge (6)

B QPMO]Z

where Qpischarge 1S the experimental charge quantity accepted by
Fe3* to form Fe?*, and Qpmo12 is the charge quantity released by
reduced PMo,; calculated by spectrophotometry.

3. Results and discussion

3.1. Pretreatment of wheat straw by PMo(the “charging” process) to
increase cellulose enzymatic digestibility

3.1.1. Effects of various factors on pretreatment

Biomass pretreatment is a prerequisite step to improve the cel-
lulose digestibility for a biorefining system to produce various
derivative products (Zhu and Pan, 2010; Zhao et al., 2012b). Partic-
ularly, the presence of lignin in cell wall has been found to be an
important structural factor protecting cellulose fiber from degrada-
tion (Zeng et al., 2014). Various delignification processes have been
employed as a biomass pretreatment to increase cellulose accessi-
bility such as alkaline saponification (Kim et al., 2016), oxidative
delignification (Singh et al., 2014), solvent extraction (Zhao et al.,
2009) and sulfite pulping (Zhu et al., 2009). However, most of the
oxidants used in the oxidative pretreatment, such as Os, H,0,,
NaClO,, are not recyclable or easily regenerated. POMs have been
employed as catalysts for oxygen pulping of pulps for several dec-
ades (Gaspar et al., 2003). Nevertheless, very few research works
have been found in literatures for POM pretreatment of biomass
to increase cellulose digestibility. Actually, POM is very promising
to use for biomass pretreatment (Zhao et al., 2016), because POM is
a strong acid and oxidant and can achieve a simultaneous hydrol-
ysis of hemicelluloses and oxidative delignification. The acidity,
oxidizing ability and redox properties of POM can be easily tailored
by changing the composition of the Keggin units (Kozhevnikov,
1998), and the reduced POM can be regenerated by other oxidants
with higher redox potential. Different PMo;, concentrations were
used to pretreat wheat straw under various conditions as shown
in Supplemental data Table S1. Runs 1-16# is an orthogonal array
design (Taguchi design) to investigate the effects of pretreatment
temperature (T, °C), PMo;, concentration (Cppmoiz, M), time
(t, min) and external addition of H3PO,4 (Cyspos, M) On pretreatment
efficacy. Corresponding leverage profiles of different factors on var-
ious response variables including solid yield (SY, %), glucan content
(Gin, %), Xylan content (Xi,, %), lignin content (Lig, %), degree of delig-
nification (DD, %), solubilizations of glucan (Sg;;) and xylan (Sx,),
enzymatic glucan conversion (EGC, %) and reduction degree of
PMo;; (RD, %), are shown in Fig. 2A-D. Temperature demonstrated
very significant effects on pretreatment as shown in Fig. 2A. SY
decreased with increase in temperature from 100-160 °C mainly
due to the solubilization of polysaccharide and lignin. Significant
solubilization of glucan and xylan were observed, especially at high
temperature, which could be as high as about 100% at 160 °C. How-
ever, DD contrarily decreased with increase in pretreatment tem-
perature, and the same tendency was observed for the EGC. For
example, the average DDs at 100, 120, 140 and 160 °C were
62.8%, 53.6%, 41.8% and 28.1%, and corresponding EGCs@24 h were
83.0%, 76.8%, 56.8% and 41.1%, respectively. This was probably due
to the condensation of lignin that usually takes place under a
strong acid condition. The cellulase formula used in the present
work also contained xylanase, and therefore, hydrolysis of xylan
was also observed in the enzymatic hydrolysis process. The xylan
conversion was in the range of 40-90% depending on pretreatment
conditions, and showed the same tendency with that of EGC. In
terms of the RD of PMo;,, the optimal temperature was 140 °C.
At high temperatures such as 160 °C, decomposition of PMo;;
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Fig. 2. Leverage profiles of different factors on various response variables during PMo,, pretreatment of wheat straw and corresponding enzymatic digestibility of pretreated
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might take place which reduced the RD. A direct evidence for this
conclusion was the increase in ash content of the pretreated sam-
ples at high pretreatment temperature. It was determined that the
average ash content of the pretreated solid increased from 10.4 and
9.4% at 100 °C and 120 °C to 16.2% and 26.0% at 140 °C and 160 °C,
respectively. Statistical analysis indicated that T was the most
important factors showing very significant effects on the response
variables (P = <0.0001-0.0013), while Cppo12 also showed very sig-
nificant influence on SY (P=0.0058) and Sxj, (P=0.0182). Other
factors generally showed non-significant effects (P> 0.05), which
also can be demonstrated from Fig. 2A-D that most of the response
variables showed just minor changes with the increase in the levels
of these factors. The highest RD and EGC were found at Cppjo12 Of
0.20-0.25 M, t of 30-45 min and Cy3po4 of 0.05-0.1 M.

The time courses of enzymatic hydrolysis of pretreated sub-
strates by orthogonal array design shown in Fig. 2E indicated that
the glucan of pretreated substrates generally could be quickly
hydrolyzed within 24 h; however, prolonging hydrolysis time
showed no further increase in the EGC. Samples obtained at
100 °C (#1-4) and 120 °C (#5-8) majorly showed much higher
digestibility than those obtained at 100 °C (#9-12) and 120 °C
(#13-16). These experimental results indicated that PMo;, pre-
treatment of wheat straw should be conducted at lower tempera-
ture, in order to minimize the solubilizations of glucan and lignin
condensation. Therefore, experiments were further performed at
lower temperatures (90 and 95 °C) with 0.1-0.2 M PMoy, as run
#17-23 shown in Supplemental data Table S1. The results showed
that SY increased and Sg, and Sy, were dramatically reduced;
however, DD and RD were also greatly reduced, but EGC was only
somewhat decreased compared with those obtained at higher tem-
peratures. Lower PMo,, concentration resulted in even a slight
increase in EGC as shown in run #21-23 of Table S1 and Fig. 2F.
However, the RD of PMo,, decreased with PMo;, concentration,
which is not beneficial for electricity generation to obtain a high

power output in the liquid flow fuel cell. Therefore, with an inte-
grated consideration, the optimal condition of PMo;, pretreatment
of wheat straw was selected as 95 °C, 0.25 M PMo;, concentration,
45 min pretreatment time with 0.1 M of external addition of
H3POy4.

3.1.2. Semi-simultaneous scarification and fermentation for ethanol
production

Semi-simultaneous scarification and fermentation (sSSF) of
PMo,,-pretreated substrates were further performed at solid load-
ings of 5%, 10% and 12.5%, respectively for ethanol production as
shown in Fig. 3. Higher glucose concentration could be obtained
at higher solid loading. After pre-hydrolysis for 24 h, glucose con-
centrations reached 20.4, 36.8 and 47.0 g/L at 5, 10 and 12.5% solid
loadings, corresponding to 87.9, 79.3 and 81.1% of theoretical yield,
respectively. After inoculation with S. cerevisiae, glucose concentra-
tion quickly decreased to less than 1 g/L within 12 h, and ethanol
concentration generally reached the maximum of 9.92, 18.3 and
229 g/L, respectively, corresponding to 84.0, 77.5 and 77.6 of
theoretic yields based on the cellulose in the pretreated substrate.
By-product such as glycerol and acetic acid were detected in the
fermentation broth, which consumed a part of the carbon source.
Moreover, glucose was also consumed for cell growth to
accumulate biomass. The above results indicated that the
pretreated substrates showed good fermentability for ethanol
production, and the obtained ethanol titer was similar to or even
higher than those of reported works using dilute acid pretreatment
and batch fermentation (Saha et al., 2005; Kim et al, 2011;
Morikawa et al., 2014). This is mainly attributed to the good enzy-
matic digestibility of pretreated substrates because sugar release
generally is the rate limiting step for SSF. However, it should be
noted that in the present work, PMo;, pretreatment could be per-
formed under mild condition (95 °C) but achieved a good cellulose
conversion (~80%). Nevertheless, conventional dilute acid
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Fig. 3. Time courses of Semi-simultaneous scarification and fermentation of PMo1,-
pretreated substrates for ethanol production.

pretreatment is usually performed at >140 °C, in order to remove a
great part of hemicellulose and significantly modify lignin struc-
ture with lignin melting, migration and redistribution in cell wall
(Chen et al., 2016). In this work, removal of hemicellulose were
achieved by PMo;, pretreatment with simultaneous removing a
part of lignin, thus greatly improving cellulose accessibility,
because delignification under mild condition has been proved to
be effective to improve cellulose hydrolysability (Ding et al.,
2012; Chen et al., 2016).

3.1.3. Structural features of pretreated substrates

To further understand the mechanism of PMo,, pretreatment to
improve cellulose digestibility, the structural features of the pre-
treated substrates were analyzed by SEM, FTIR and XRD as shown
in Supplemental dada Fig. S1. Clear cell wall structure was
observed for the raw wheat straw (Fig. S1-A) with compact and
non-porous surface morphology (Fig. S1-B). After PMo,, pretreat-
ment, the cell wall structure was destructed to form fine fibers
with length less than 500 pm (Fig. S1-C). The substrate surface
became much coarser with porous structure (Fig. S1-D), and there-
fore the specific surface area was greatly increased. Sphere sub-
stance was also observed, which might be produced by
condensation of lignin and its re-precipitation on the fiber surface
(Zhao et al., 2016; Donohoe et al., 2008). FTIR spectra (Fig. S1-E)
confirmed the removal of hemicellulose (xylan) since the band at
1720 cm~2 which is ascribed to the acetyl groups of hemicelluloses
or to the ester linkage of caboxylic streching group of ferulic acid
(Morikawa et al., 2014) disappeared. The band at 1506 cm 2 that
is attributed to the aromatic skeletal vibrations of lignin became
weaker, illustrating the removal of a fraction of lignin. No more dif-
ference was found in other bands, indicating that no new chemical
groups were formed during PMo,, pretreatment. XRD diffrac-
tograms (Fig. S1-F) demonstrated that PMo,, pretreatment did
not alter the cellulose crystalline polymorph, and the pretreated
substrates showed a typical diffractogram of natural cellulose (Cel-
lulose I). This phenomenon was the same as those observed in
many other pretreatment such as dilute acid pre-hydrolysis, steam
explosion and organosolv pretreatment (Zhao et al., 2009, 2012b).
The Crl was calculated as 38.8% for the raw wheat straw and 50.8%
for the pretreated sample. This increase in Crl was mainly caused
by removal of amorphous fractions of cellulose and lignin and
hemicelluloses, as usually found in many of other pretreatment
processes (Zhao et al., 2012a; Chen et al., 2016).

The above results indicated that PMo,, pretreatment resulted in
both delignification and removal of hemicelluloses. As found in

previous work (Zhao and Zhu, 2016) on structure change of lignin
oxidized by PMo;,, the hydroxyl group content was reduced
whereas the carbonyl group content increased. Both condensation
and depolymerization takes place during the PMo;, oxidation of
lignin. Significant increase in weight-average molecular weight
(M,y) was observed for the oxidized kraft lignin, from 3350 (kraft
lignin) to 10,080 (oxidized lignin) (Zhao and Zhu, 2016). This result
further corroborated that the decrease of DD at high temperature
was attributed to lignin condensation. Low-molecular weight phe-
nol derivatives such as benzoic acid, p-hydroxy benzaldehyde,
vanillin, acetovanillone, vanillic acid, veratraldehyde, veratric acid,
syringaldehyde, acetosyringone, and 2,6-dimethoxy-p- benzo-
quinone were identified in the solution as degradation products
(Bujanovic et al., 2010). However, complete oxidation of lignin to
CO, and water by PMo, oxidation is impossible under the pre-
treatment condition used in the present work since some non-
phenolic moieties are difficult to oxidize by PMo;,. These lignin
degradation and modification definitely was beneficial to expose
cellulose surface for enzymatic hydrolysis. However, it should be
noted that PMo,; are also strong acids and may result in a signifi-
cant removal of hemicelluloses. Phosphoric acid was also used in
the pretreatment which might also contribute to the increase in
cellulose digestibility. However, a control experiment was per-
formed with the same phosphoric acid concentration (0.25 M) at
95 °C for 45 min. This pretreatment removed about 65% of the
hemicelluloses, but the obtained pretreated substrates only
showed about 35% enzymatic glucan conversion. Moreover, Zhou
et al. (2015) found that pretreatment of wheat straw with 5wt%
(about 0.5 M) sulfuric acid at 120 °C for 1 h obtained an EGC of
55% at a cellulase loading of 20 FPU/g solid, which was still much
lower than that obtained by PMo;, pretreatment. These results
indicated that the improvement of cellulose digestibility by
PMo;, pretreatment was mainly due to the deconstruction of cell
wall caused by delignification as well as removal of hemicelluloses
simultaneously, thus increasing the substrate surface area for cel-
lulase binding. However, delignification seemed to be more impor-
tant to exposing cellulose.

3.2. Electricity generation by re-oxidation of reduced PMo; in liquid
flow fuel cell

3.2.1. Effects of operational parameters

The obtained reduced PMo;, (0.2 M with addition of 0.36 M
H5;PO,) was discharged in a liquid flow fuel cell. Various discharg-
ing conditions were investigated to optimize the power output as
shown Fig. 4. As reported in previous works (Zhao and Zhu,
2016), when air or O, is directly used for discharging, a noble metal
such as Pt is required as a catalyst. Moreover, air or O, cathode
usually suffers from the limitation of mass transfer because of
the reaction taking place in a gas-liquid-solid tri-phase system.
Therefore, direct use of air or O, as a cathodic oxidant in such a lig-
uid flow fuel cell is usually of low efficiency. Using POM liquid cat-
alyst such as H3PMo0304 (Zhao and Zhu, 2016) and
Hi,P3Mo5V;0g5 (Liu et al,, 2014a,b) could greatly improve the
power density. In the present work, a much cheaper liquid catalyst,
i.e. Fe®*, was used as an electron carrier in cathode. More impor-
tantly, the reduced product of Fe>*, namely Fe?* is very easy to
re-oxidize by air or oxygen.

The cell reactions can be simply expressed as Egs. (7)-(9) when
Fe?* is used as an electron mediator in cathode (Zhao et al., 2016):

Anode half — cell reaction : Mo®* — Mo®" + e, E® =0.50V  (7)
(Bard et al., 1985)
Cathode half — cell reaction : Fe** + e~ — Fe?", E° =0.77V  (8)
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Fig. 4. Effects of various factors on discharging of reduced PMo.. (A) Effects of FeCl; concentration at 70 °C with 1.5 cm? electrode active area; (B) Effects of flowrate with
3.12 cm? electrode active area; (C) Effects of temperature with 0.7 cm? electrode active area; (D) Effects of H* concentration in cathode solution at 80 °C with 0.7 cm?
electrode active area; (E) Effects of different ferric salts 80 °C with 0.7 cm? electrode active area; (F) Effects of ventilation with air or oxygen at gas flow rate of 10 ml/min.

Total cell reaction: Mo>* +Fe*" — Mo®" 4+ Fe*" E®, =

The Nernst equation of the total cell potential (Erc) is:

[Fe2+MM06+]

RT
_F® _ S|
Erc = Ene =7 In [Fe*'|[Mo™]

0.77-0.50=0.27V

9)

(10)

Eq. (10) indicates that the cell potential is influenced by reac-
tion temperature, ratio of [Fe*'] to [Fe?*] and [Mo®'] to [Mo>*].
Increasing temperature, Mo>" concentration in anode solution
and Fe** concentration in cathode solution is beneficial to enhanc-
ing cell potential. As shown in Fig. 4A, FeCl; concentration indeed
showed a significant effect on power density of the cell. The P,axS
were 1.62, 1.97, 3.84 and 3.60 mW/cm? at FeCl; concentration of
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Fig. 5. Effects of several structural factors of the cell on discharging of reduced PMo,. (A) Effects of active area at 60 °C; (B) Effects of active area at 75 °C; (C) Effects of PEM
type with active area of 0.7 cm?; (D) Effects of PEM type with active area of 3.12 cm?.

0.2, 0.4, 0.8 and 1.0 M, respectively. Corresponding open circuit
voltages (OCVs) were determined in the range of 0.47-0.58 V. Flow
rate also showed a significant impact on the power output. As
shown in Fig. 4B, the power density increased with temperature,
and the highest Pn.x reached 5.66 mW/cm? at a flowrate of
100 ml/min (the maximum flow rate of the pump used). It was
probably because that increasing flow rate could facilitate the con-
tact between the solution and electrodes (graphite bipolar plate) to
accelerate electron transfer. However, more importantly, as we
found in the experiments, increasing flow rate could make the
temperature of the cell chamber closer to that in the external ves-
sel. For example, when a cell with electrode active area (EAA) of
3.12 cm? was used in the experiments, the temperature of cell
chamber increased from 75 °C at 10 ml/min flow rate to 90 °C at
100 ml/min when the external vessels were kept at 95 °C. There-
fore, the effects of temperature on discharging were further inves-
tigated at a constant flow rate (100 ml/min). As shown in Fig. 4C,
power density was dramatically improved as temperature
increased. A Ppax of 11 mW/cm? with OCV of 510 mV could be
obtained at 90 °C of cell chamber temperature. Addition of external
H* in cathode solution did not improve the power density as
shown if Fig. 4D. This is reasonable because H" is not involve in
the cell reactions as shown in Eqgs. (7)-(9). Contrarily addition of
1M H" (as HCl) somewhat decreased P, This might be due to
the decrease of proton concentration difference between anode

and cathode chambers which reduced the proton transfer across
the PEM. However, it should be noted that H" take part in the reac-
tion of re-oxidation of Fe?* to Fe3* by oxygen as shown in Eq. (5).
Therefore, addition of some external H* might be beneficial to
the regeneration of Fe>* by ventilation of air or oxygen in cathode
vessel.

Ferric salt species also showed significant impacts on discharg-
ing at the same Fe3* concentration (0.8 M), as shown in Fig. 4E
(Zhao et al., 2016). Fe(NOs3); obtained the highest power density
(729 mW/cm~2) followed by FeCl; (7.04 mW/cm~2), while
Fe,(S0,); showed the poorest power output (4.86 mW/cm 2).
However, when Fe(NOs); was used, NO3 played as an oxidant
and took part in the cathodic reaction with formation of some
derivative products. Therefore, it is not a suitable electron media-
tor for discharging, and FeCl; is the most promising candidate.

As aforementioned, ventilation of air or oxygen in cathode ves-
sel to re-oxidize Fe?" to Fe** might improve the power output. As
shown in Fig. 4F, P, indeed was somewhat improved by ventila-
tion of air or oxygen, with P, increased from 8.47 mW/cm? to
8.80 mW/cm? with air and 8.95 mW/cm? with oxygen, respec-
tively. After discharging for 3 h, the Fe?* concentration in cathode
vessel was 0.50 M, compared with 0.37 M with ventilation of air
and 0.32 M with oxygen, respectively. It indicated that by continu-
ously ventilating air, the power density indeed could be improved,
and electron could be finally transferred to oxygen. However, as
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found in the experiments, in a continuous operation of a cell with
50 ml anode and cathode solution at EAA of 0.7 cm? and 35.2 cm?
and respectively, I, deceased from 74 and 167 mA at the begin-
ning of discharging to 55 and 94 mA, respectively, after 3 h opera-
tion, even if biomass fuel was fed every 1 h. This reduction of
power output was because that the rates of “charging” (pretreat-
ment) and re-oxidation of Fe?" by air was lower than that the “dis-
charging” (re-oxidation of PMoj, in the cell). Therefore, the
pretreatment (charging process), re-oxidation of Fe?* by air and
ratio of electrode solution volume to EAA have to be further inten-
sified and optimized to improve the stability of power output.

3.2.2. Effects of cell structural factors

Cell structures such as electrode active area (EAA) and PEM type
are also important factors affecting the power output. As shown in
Fig. 5A and B, EAA demonstrated very significant impacts on power
and current density. At 60 °C, as EAA increased from 1.5 cm? to
35.2 cm?, Pmax decreased from 2.45 to 0.28 mW/cm? while Lo
(output current at external loading of 2 Q) increased from
38.6mA to 65.0mA. At 75°C, Pn.x decreased from 6.02 to
0.39 mW/cm? with lq increasing from 39.5 to 71.0 mA. This result
indicated that small EAA could obtain high power density, while
large EAA was beneficial to achieving high output current. PEM is
another important structural factor influencing electricity genera-
tion. Three commercial PEMs, namely Nafion®115, Nafion®117
and Nafion®212 were compared as shown in Fig. 5C and D. These
PEMs have different thickness (212-50 pm, 115-127 pm and
117-183 um, respectively) with different resistance. The thinnest
PEM (212) showed the highest P, (8.00 mW/cm) at a relative
small EAA (3.12 cm?), while the thickest PEM (117) showed the
lowest (3.82 mW/cm?). However, at a small EAA (0.7 cm?),
Nafion®115 and Nafion®212 demonstrated similar Py (9.62 and
10.80 mW/cm?, respectively), while Nafion®117 showed much
lower Py (5.26 mW/cm?). Therefore, Nafion®212 is a preferred
PEM for PMo,, regeneration and electricity generation in the liquid
flow fuel cell. By determining the changes of RD in anode solution
and Fe?* concentration in cathode solution after discharging for 3 h
(without ventilating air into the cathode vessel), the Faradaic
efficiency was calculated to be as high as 97%.

Wheat straw 100 g

Pretreated straw 60 g

The above results corroborated that PMo,; is a good candidate
for mediating biomass pretreatment and electricity generation.
This is majorly attributed to the special properties of PMos.
PMo; has acidity and thus can promote the hydrolysis of hemicel-
luloses and cleavage of lignin intramolecular linkage for fragmen-
tation. PMoy, also has strong oxidation ability to degrade lignin.
Compared with commonly used oxidants such as H,0, and
hypochlorous acid, PMo;, can be easily regenerated and recycled,
and the re-oxidation of reduced PMo;, in a liquid flow fuel cell
(or redox flow cell) indeed generates electricity simultaneously
as demonstrated in the present work. Moreover, in the present
work, Fe>* was used as a mediator in cathode, which is much
cheaper than POM as a candidate for mediating electron transfer
(Zhao et al., 2016). More importantly, the Fe** can be easily regen-
erated by oxidation of the Fe?" at low temperature using air or oxy-
gen. By optimizing the operation parameters and cell structures, a
highest Pp.x of about 11 mW/cm? were obtained. However, it
should be noted that the cell device used in this work was just a
simple one, and the electrode used was just graphite bipolar plate.
The power density would be further improved by more parameter
optimization and cell structure development, especially the elec-
trode material.

3.3. Mass balance of the integrated process

Based on the above experimental results, a mass balance for the
integrated process can be made as shown in Fig. 6. After pretreat-
ment, 60% of the wheat straw was recovered as solid phase, with a
cellulose recovery of 78% and DD of 61%. 69% of xylan was also sol-
ubilized during pretreatment. When the pretreated substrates was
used for fermentable sugar production by enzymatic hydrolysis,
22.5g glucose plus 5.4 g xylose could be obtained from 100 g
raw wheat straw, corresponding to 58.3% and 21.0% of theoretical
glucose and xylose yields from wheat straw. After fermentation,
ethanol yield of 11 g/100 g wheat straw was obtained, correspond-
ing to 55.8% of theoretical yield from the raw feedstock. The used
PMo;, concentration (0.20-0.25 M) was much higher than conven-
tional dilute acid pretreatment (typically less than 0.1 M), in order
to achieve a good power output in the liquid flow fuel cell.

Enzymatic residue 34.6 g

-35.1 g glucan -25.3 g glucan -4.8 g glucan
-23.4g xylan -11.9g xylan -7.0 g xylan
-21.1 g lignin -13.7 g lignin -13.7 g lignin
-6.8 g ash ERE . -6.1 g ash -6.1 g ash
-13.6 others il -3 g others -3 g others
I (Charging process) > Recycle to
(0.25 M PMo,, 0.1IM Solid Solid pretreatment
H;PO,, 95°C)
* Liquid Liquid
Air Re-oxidati F tati
10ml/min e-oxidation ermentation
(Disharging process) 172e21~15nentlable sugars 28.0'g (Ethanol production)
(0.8 M FeCls, 90°C, 3h) i & glucose (8 mg yeast seed/g solid
. D BpI0se substrate, 35°C, 12h)
\/
10 mW electricity
(48300 coulombs of electric charges 11 g ethanol
during 3h discharging)

Fig. 6. Mass balance of the integrated process for ethanol production and electricity generation.
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However, the solubilized fraction and hydrolyzate also can be oxi-
dized by PMo1, to yield PMo1,.eq. 10 mW electricity corresponding
to transfer of 48,300 coulombs of electric charges was obtained. In
the experiments, when an external resistance load was 2Q, the
average current during discharging was about 100 mA, thus the
energy capacity obtained was about 300 mAh for the liquid flow
cell.

Although this integrated process can achieve a co-production
of ethanol and electricity generation, there is still a great space
to improve the efficiency. In an ideal scenario, cellulose and
hemicellulose are converted to sugars while lignin to electricity.
Theoretically, from 100g of wheat straw used in this work,
38.6 g glucose, 25.7 g xylose and 21.1 g lignin could be obtained.
If the lignin is completed oxidized to CO, and water, there would
be about 3.6 mol electrons transferring to the oxidant, corre-
sponding to 350000 coulombs of electric charges. However, in
this work, the ethanol yield was 11 g per 100 g wheat straw with
transfer of 48,300 coulombs of electric charges as shown in the
mass balance calculation. The relatively low ethanol yield was
mainly due to the solubilization of polysaccharides during
PMo;, pretreatment, causing loss of sugars for fermentation.
However the hydrolyzate may be also oxidized by PMO;
(Sarma and Neumann, 2014), which contributed to electricity
generation. The efficiency of lignin-to-electricity was not high
enough mainly because under the pretreatment condition some
lignin structure cannot be oxidized by PMo;, (Zhao and Zhu,
2016).

It also should be noted that in the experiments, the pretreated
substrates must be washed with water or even with ethanol and
ether to recover most of the PMo;, and remove the residual
PMoy; in the pretreated solid, because PMo;, as an acid and oxi-
dant is detrimental to enzymatic hydrolysis and fermentation of
pretreated substrates. However, using solvent for washing would
increase the pretreatment cost, though the volatile solvents can
be easily recovered by evaporation. Compared with conventional
pretreatment process such as dilute acid hydrolysis and steam
explosion, this pretreatment would be too expensive. However,
in a large-scale process, multi-stage counter-current water wash-
ing can be used to recover PMo, and remove its residue in the pre-
treated solid as proposed by Weinstock et al. (1996) for
environmentally-benign bleaching of kraft pulp. An external wet
oxidation of not fully-discharged PMoi5.eq can be performed at
higher temperature and under O, pressure, in which the dissolved
organic compounds can be converted completely to CO, to reduce
COD of the effluent (Weinstock et al., 1996). Therefore, to further
improve the efficiency of the process, more works should be done
to study the kinetics of the pretreatment process, the dynamics of
the discharging, developing cell apparatus as well as process
design and energy efficiency analysis. A carbon element mass bal-
ance also should be done to trace the “carbon footprint” of this
integrated process.

4. Conclusion

PMo,, and ferric iron are good mediators to achieve an integra-
tion of biomass pretreatment for ethanol production and efficient
conversion of biomass components, especially lignin, to electricity.
Significant solubilization of polysaccharide and condensation of
lignin were observed at pretreatment temperature higher than
140 °C, while the highest cellulose enzymatic digestibility was
obtained at 100-120°C. The reduced PMo;, could be well re-
oxidized in a liquid flow fuel cell with generation of electricity
simultaneously. FeCl; was an effective liquid mediator to transfer
electrons to air, with a Ppax of about 11 mW/cm? under the optimal
discharging conditions.
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