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Abstract

The bioconversion yield of ethanol from lignocellulosic feedstocks is negatively affected by the unproductive adsorption of
cellulolytic enzymes onto lignin. In this work, soybean protein was used as a lignin-blocking additive, with the aim of improving
the production of ethanol from enzymatic hydrolysates of pretreated sugarcane bagasse. Investigation was made of the effects of
the type of hydrothermal pretreatment process—steam explosion (SE) or liquid hot water (LHW), loadings of solids and
enzymes, and bioreactor type. The addition of soybean protein led to a exceptional 76% increase of glucose released using the
LHW pretreated bagasse, after 24 h of reaction, employing a high-solids loading (15%, w/v) and a low enzyme dosage (5 FPU/g
dry biomass). A significant improvement was also achieved for industrial-like mixing conditions in a bench-scale stirred tank
reactor, increasing the glucose released by 61 and 42% for the LHW and SE processes, respectively. Ethanol production was also
positively affected by the presence of soybean protein, with increases of up to 86 and 65% for the LHW and SE hydrolysates,
compared to the control experiment. Characterization of the sugarcane bagasse after the adsorption of soybean protein, using
Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM), corroborated the higher affinity of the
additive for the LHW bagasse. These findings suggest that soybean protein supplementation during enzymatic hydrolysis by
commercially available enzymes is an effective strategy for achieving higher saccharification yields from hydrothermally
pretreated biomass, hence improving ethanol production.

Keywords Enzymatic hydrolysis - Lignin - Unproductive adsorption - Lignocellulosic biomass - Sugarcane bagasse - Soybean
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Introduction

Lignocellulosic ethanol is an important alternative renewable
energy resource that can contribute to the progressive reduction
of fossil fuel use, which is required for the implementation of a
sustainable bioeconomy. Furthermore, ethanol from lignocellu-
losic feedstocks can make important contributions to rural eco-
nomic development and enhanced sustainability of agricultural
landscapes in both developed and developing economies [1]. In
these ethanol production processes, pretreatment of the biomass
is required in order to overcome the natural recalcitrance of the
lignocellulosic material, increasing its biodegradability by
deconstructing the plant cell wall structure [2, 3].
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Among the different types of pretreatments, hydrothermal
techniques such as steam explosion [4] and liquid hot water
processes [5] have been applied to a wide range of lignocel-
lulosic feedstocks. In these hydrothermal pretreatments, the
water is used at elevated temperature and pressure to modify
the lignocellulosic biomass structure in order to increase en-
zyme accessibility to cellulose and hemicellulose.
Fractionation occurs mainly by cellulose hydration and depo-
lymerization of hemicellulose through the penetration of water
in the plant cell wall structure [6]. These reactions take place
because at high temperature (150-230 °C), the increased ionic
strength of water facilitates acid-base catalyzed reactions [7].

Hydrothermal pretreatments have been considered as an
advantageous, cost-effective, and environmentally friendly
pretreatment processes, since only water is usually used,
which avoids addition of catalysts or chemicals and minimizes
equipment corrosion problems [6, 8, 9]. However, irrespective
of the type of process used, a drawback of the pretreatment
step is related to the formation of inhibitors of the subsequent
biochemical reactions of hydrolysis and fermentation [10].
Considering the catalytic inhibitors derived from the lignin
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fraction, the cellulolytic enzymes can be deactivated/inhibited
by the soluble phenolic compounds derived from lignin deg-
radation [11-15], as well as by the residual solid lignin frac-
tion that remains after the pretreatment process [5, 16—18].

The unproductive adsorption of cellulase enzymes onto
residual lignin in pretreated lignocellulosic biomass de-
creases the enzymatic hydrolysis yield by reducing the
availability of free cellulases [3, 19]. The type of binding
that prevails in this unproductive adsorption process in-
cludes hydrophobic, electrostatic, and hydrogen-bonding
interactions, which can vary according to the enzyme, lignin
properties, and the type of pretreatment [17]. In order to
overcome this problem, the addition of lignin-blocking
agents during the enzymatic hydrolysis constitutes a poten-
tial strategy to improve the efficiency of saccharification
and reduce the amount of enzyme lost in the process [5,
16, 17, 20-23]. Additives such as bovine serum albumin
(BSA), Tween 20 and 80 surfactants, and polyethylene gly-
col (PEG) have been studied for their beneficial effects dur-
ing enzymatic hydrolysis [17, 24, 25].

Alternatively, less expensive additives have been suggested
for lignin blocking, including soybean protein. A recent study
showed that the addition of soybean protein had a positive
effect, with an almost twofold increase in the glucose released
during saccharification of pretreated sugarcane bagasse using
enzymes produced on-site by filamentous fungi [23].
Enzymatic hydrolysis experiments using different substrates
indicated that such improvement observed with the addition
soybean protein was mainly due reduction of unproductive
adsorption of enzymes onto lignin. Another recent study
[26] evaluated the influence of different alternative low-cost
additives in the saccharification of sugarcane bagasse using a
commercial enzymatic cocktail and found that the addition of
soybean protein could also enable a decrease in the reactor
operation time by up to 66%. In order to achieve the same
hydrolysis yield without the soybean additive, the enzyme
loading would need to be increased by 50% [26]. However,
investigation is still needed of the way that the use of soybean
proteins might affect the hydrolysis of pretreated biomass and
the impact of this additive on ethanol production. The eluci-
dation of these issues is of great importance in order to be able
to demonstrate the feasibility of such a strategy for use under
industrially relevant conditions.

In the present study, soybean protein was used as a lignin-
blocking additive, with the aim of improving the efficiency of
both enzymatic hydrolysis and ethanol production from
pretreated sugarcane bagasse, using a commercial enzymatic
cocktail. Investigation was made of the effects of the type of
hydrothermal pretreatment process (steam explosion or liquid
hot water), loadings of solids and enzymes, and the type of
bioreactor. Additional studies were conducted to elucidate the
nature of the enzyme-substrate interaction and to characterize
the biomass, using FTIR and SEM techniques.
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Materials and Methods
Additive

Soybean protein (soybean protein isolate with 90% protein
content, from Bremil, Rio Grande do Sul, Brazil — sold as a
bulk product) was first evaluated using different concentra-
tions. Considering the initial results (Table 1), the concentra-
tion of soybean protein was fixed at 12% (w/w) per wt of
biomass (on a dry basis) in all the subsequent experiments.
Bovine serum albumin (BSA) (Sigma, USA) at 12% (w/w)
was used for comparison with the effect of soybean protein.

Pretreated Lignocellulosic Biomass

Steam exploded sugarcane bagasse (SE) was kindly donated
by the Sugarcane Research Center (CTC, Brazil). The pre-
treatment was conducted for 20 min at 1667 kPa and
205 °C. Liquid hot water pretreated bagasse (LHW) was pre-
pared in a 5-L reactor (Model 4580, Parr Instruments) using a
10% (w/v) solids loading and application of a temperature of
195 °C for 10 min. Heat up and cool down times were 75 and
30 min, respectively. Pretreatment conditions used here were
based on previous studies for sugarcane bagasse [23, 27-29].
Neither pretreated material was washed after the pretreatment,
and the materials were dried at room temperature.
Determination of biomass dry weights was carried out using
an infrared moisture analyzer (BEL Engineering, Italy).
Chemical characterization of the pretreated bagasses was per-
formed as described previously [30]. The compositions of SE
and LHW, respectively, were (w/w): 41 and 56% glucan; 12
and 6% pentosan; 34 and 29% lignin; and 12 and 4% ash. The
two types of pretreated sugarcane bagasse were sieved, and
the particle size used was dp <1 mm.

Sugarcane Bagasse Enzymatic Hydrolysis

Enzymatic hydrolysis of the pretreated sugarcane bagasse
(both SE and LHW) was carried out under different conditions
in order to evaluate the effect of soybean protein in the sac-
charification process. The commercial enzyme complex
(Cellic Ctec2; 230 FPU/mL) used in the hydrolysis assays
was donated by Novozymes Latin America (Araucaria, PR,
Brazil). Control experiments employed reaction blanks for
both substrates and enzyme loading, in the absence and pres-
ence of soybean protein. The glucose released was measured
using a D-glucose enzymatic assay kit (Labtest, Brazil), and
reducing sugars were determined by the dinitrosalicylic acid
(DNS) assay [31]. All the hydrolysis experiments were per-
formed in triplicate, and the data were calculated as means +
standard deviations.
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Table 1 Soybean protein concentration (%, w/w) including the control
experiment (absence of soybean protein) and glucose released
concentration (g/L) during enzymatic hydrolysis of steam exploded

(SE) and liquid hot water-pretreated (LHW) sugarcane bagasses at 10%
(w/v) solids loading and enzyme dosage of 5 FPU/g dry biomass, at 50 °C
for24 h

Soybean protein SE LHW
concentration (%, w/w)
Glucose released (g/L) % increase Glucose released (g/L) % increase
0 7.20 £ 0.11 - 7.05 £0.12 —
4 7.65 £ 0.09 6 833 +0.18 19
8 8.69 + 0.19 20 12.44 +0.12 77
12 9.20 = 0.04 28 14.09 + 0.02 100
20 9.29 + 0.02 29 14.01 + 0.09 98

Hybridization Incubator

The hydrolysis experiments were carried out for 24 h in 5 mL
tubes placed in a hybridization incubator operated at an agita-
tion speed of 30 rpm. Solids loadings of 10, 15, and 20% (w/v,
dry weight basis) of biomass and enzyme loadings of 5, 10,
and 15 FPU/g dry biomass were used, at 50 °C, in sodium
citrate buffer (50 mM and pH 4.8). The additives (at the con-
centrations described in “Additive”) were diluted in citrate
buffer, before addition of the buffer to the final mixture. For
this set of experiments, the conditions were varied one at a
time. In addition, a set of experiments to evaluate the temporal
profile of enzymatic hydrolysis using the SE and LHW ba-
gasses, in the presence and absence of soybean protein, were
conducted up to 96 h of reaction, under the following condi-
tions: solids loading of 15% (w/v), enzymes loading of 5 FPU/
g dry biomass, and 12% (w/w) of soybean protein. Samples
were withdrawn every 24 h for glucose determination.

Stirred Tank Reactor

After the enzymatic hydrolysis conditions had been defined in
the tests employing 5 mL tubes, experiments were conducted
using a homemade stirred tank reactor. Briefly, the bioreactor
had a working volume of 500 mL, internal diameter of 0.085 m,
and total height of 0.140 m and was equipped with two aligned
three-blade elephant ear (EE) impellers with diameters and
spacing between them of 0.040 m and impeller clearance of
0.200 m [32]. Bench-scale saccharification was carried out at
15% (w/v) biomass loading for both pretreated bagasses, with
soybean protein at a concentration of 12% (w/w, dry weight
basis) and an enzyme dosage of 5 FPU/g dry biomass. The
process was performed for 24 h at 50 °C and 400 rpm.

Mechanism of Action of Soybean Protein
Effect of the Additive on Enzyme-Substrate Interactions

Enzymatic saccharification of pure microcrystalline cellulose
(Celuflok 200, Celuflok, Sao Paulo, Brazil) was carried out at

15% (w/v) solids loading and enzyme dosage of 5 FPU/g
biomass, without and with soybean protein or bovine serum
albumin (BSA) at a concentration of 12% (w/w). The experi-
ments were performed for 24 h in 5-mL tubes placed in the
hybridization incubator, at 50 °C and 30 rpm. For all the con-
ditions, the glucose concentration was measured using a D-
glucose enzymatic assay kit (Labtest, Brazil). All experiments
were performed in triplicate, and the data were calculated as
means + standard deviations.

Effect of the Additive on Enzyme Activity

The influence of soybean protein on enzyme activity and sta-
bility was investigated by incubating the enzymes with soybean
protein and citrate buffer for 24 h, prior to the enzyme assay.
The amounts of enzyme, soybean protein, and buffer, as well as
the experimental conditions, were the same as for the enzymatic
hydrolysis using the hybridization incubator (‘“Hybridization
incubator”). Measurements of endoglucanase, (3-glucosidase,
and filter paper activity (FPase) were performed using the meth-
odology of [33]. Xylanase activity was determined as described
by [34]. Cellobiohydrolase activity was measured using Avicel
(microcrystalline cellulose) as the substrate, according to the
method described in [35]. For controls, the enzyme was incu-
bated in buffer solution in the absence of soybean protein. All
experiments were performed in triplicate, and the data were
calculated as means =+ standard deviations.

Biomass Characterization after the Adsorption Experiments

Fourier Transform Infrared Spectroscopy Fourier transform
infrared spectroscopy (FTIR) analyses were used to char-
acterize the chemical composition of the biomass after in-
cubation for 24 h in the presence of soybean protein. The
adsorption experiments employed the hybridization incu-
bator operated under the same conditions used for the en-
zymatic hydrolysis, with 5 mL tubes containing a final
volume of 4 mL. The assays were performed for 24 h, at
30 rpm and 50 °C, with solids loadings of 15% (w/v) of SE
and LHW bagasse, in the presence and absence of soybean
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protein at 12% (w/w). After 24 h, the samples were filtered
under vacuum and the solids were dried at 50 °C for
90 min. A Bruker Vertex 70 instrument fitted with a dia-
mond crystal was operated in attenuated total reflectance
(ATR) mode, in the frequency range 4000—400 cm ', with
resolution of 4 cm ™' and 32 scans.

Scanning Electron Microscopy The morphologies of the SE
and LHW biomasses were analyzed by scanning electron mi-
croscopy (SEM) after enzymatic hydrolysis in the presence
and absence of soybean protein. The adsorption conditions
were the same as those described above for the FTIR analyses.
The samples were attached to aluminum stubs with carbon
tape and were coated with a layer of gold using a Leica EM
SCDO050 sputter coater system. Images of the samples were
obtained as described by [36], using a JEOL JSM-6510 scan-
ning electron microscope. Isolated soybean protein was also
analyzed.

Effect of the Additive on Ethanol Production

The effect of soybean protein on sugar fermentation for
ethanol production was evaluated in experiments carried
out after the enzymatic hydrolysis of SE and LHW in the
presence and absence of the additive. The ethanol fermen-
tations were conducted according to methodology de-
scribed by [37] and adapted by [38]. Briefly, a commercial
strain of Saccharomyces cerevisiae yeast (AB Brasil
Industria e Comércio de Alimentos Ltda, Brazil) was used
at an initial concentration of 25 g/L (dry basis) [38]. The
fermentation medium contained (g/L) KH,PO4 (5.6),
MgSO,4-7H,0 (1.4), yeast extract (6.8), and urea (5.3), at
pH 5.0. The initial glucose concentrations used for the
control SE and LHW hydrolysates (without soybean pro-
tein) were 11.0+£0.5 and 13.2+0.6 g/L, respectively. The
initial glucose concentrations for the hydrolysates of SE
and LHW in the presence of soybean protein were 16.4 +
1.2 and 23.5+ 1.2 g/L, respectively. The incubations were
performed for 10 h at 200 rpm and 34 °C. Samples were
withdrawn every 2 h and were appropriately diluted and
filtered through a 22-um disk filter, prior to analysis. All
the experiments were performed in triplicate, and the data
were calculated as means + standard deviations. The con-
centrations of ethanol (Cg) and glucose (Cg) were deter-
mined by high-performance liquid chromatography
(HPLC), using a Shimadzu SCL-10A instrument. The con-
ditions and equipment employed for these analyses were
the same as those described by [39]. For the ethanol pro-
duction step (at 8 h), the ethanol yield factor relative to
glucose (Yg/G, in ge/gg) was calculated according to Eq.
1 and was then used to calculate the ethanol yield or effi-
ciency (g, in %), relative to the theoretical ethanol yield
factor of 0.511 gg/gg, according to Eq. 2. The volumetric
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ethanol productivity (Pg, in gg/L-h) was calculated using
Eq. 3.
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Statistical Analysis

Independent replicate data of all enzymatic hydrolysis and eth-
anol fermentation assays were expressed as means + standard
deviations. Mean comparisons were performed by the Tukey’s
test (p < 0.05) using the software Origin 8.0 (Originlab, USA).

Results and Discussion

Effects of Soybean Protein in the Enzymatic
Hydrolysis of Pretreated Sugarcane Bagasse
at Different Solids Loadings

Firstly, enzymatic hydrolysis of the two hydrothermally
pretreated sugarcane bagasses (SE and LHW) was performed
in the presence of different concentrations of soybean protein,
using a pretreated bagasse solids loading of 10% (w/v) and an
enzyme dosage of 5 FPU/g dry biomass (Table 1). A positive
effect of the use of soybean protein was observed in enzymatic
hydrolysis of both pretreated lignocellulosic materials, with
the released glucose concentration gradually increasing with
increase of the soybean protein concentration up to 12% (w/
w). Comparing the two types of pretreated bagasse, the most
significant positive effect of the addition of soybean protein
was found for the enzymatic hydrolysis of LHW, with a 100%
increase in glucose released, in the presence of soybean pro-
tein at 12% (w/w). In the case of SE, the increase in glucose
released was only up to 28%, using the same soybean protein
concentration, when compared to the control experiment with-
out soybean protein. The difference observed between the two
hydrothermally pretreated bagasses in the response to the ad-
dition of soybean protein could be attributed to the physical
and chemical natures of these materials, especially in terms of
the type and/or content of lignin, and its properties after the
pretreatment process. Although both processes are able to im-
prove the accessibility of enzymes to cellulose, the amounts
and characteristics of the resulting fibers can vary [6, 7]. For
instance, during the hydrothermal processing, lignin and
lignin—hemicellulose linkages can undergo degradation, par-
tial depolymerization, and re-localization [6-9], thus affecting
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the degree of unproductive adsorption of enzyme onto the
remaining lignin.

Recent studies have concluded that operating the enzymat-
ic hydrolysis process at high-solids concentrations such as 15
or 20% (w/v) is required in order to ensure economic feasibil-
ity at an industrial scale [24, 40]. Therefore, in the next step of
the study, an evaluation was conducted using soybean protein
(at 12% w/w) for the enzymatic hydrolysis performed at high-
solids loadings (Fig. 1). For the three solids loadings tested
(10, 15, and 20% w/v), there were positive effects of the addi-
tive for both SE (Fig. 1a) and LHW (Fig. 1b). Despite the
higher glucose concentrations achieved using the higher solids
loadings, the increase in the yield of glucose released with the
addition of soybean protein was most evident using a solids
loading of 10% (w/v) (Fig. 1¢). An improvement of 100% was
obtained using LHW pretreated bagasse at 10%, while a 76%
improvement was achieved for a solids loading of 15%, which
is still very promising. In the case of SE, the improvements in
enzymatic hydrolysis performance in the presence of soybean
protein were statistically similar (according to Tukey’s test)
for solids loadings of 10 and 15% (w/v) (Fig. 1c).

It should be noted that when high-solids loadings are used,
the conversion of cellulose is negatively affected by factors
such as mass transfer, lignin adsorption, inhibition caused by
bioproducts released in the pretreatment, and end-product in-
hibition by sugars released during the enzymatic hydrolysis
process [41]. Itis especially likely that mass transfer limitation
could have occurred in the enzymatic hydrolysis at 20% (w/v)
solids concentration, due to mixing difficulties caused by the
initial viscosity of the material at high-solids loading. On the
other hand, the use of high lignocellulosic biomass solids
loadings in the enzymatic hydrolysis can be advantageous,
due to increase of the final glucose concentration. Therefore,
the subsequent experiments were performed using a solids
loading of 15% (w/v) for both types of hydrothermally
pretreated sugarcane bagasse.

Effect of Soybean Protein in Enzymatic Hydrolysis
Using Different Enzyme Dosages

Enzymatic hydrolyses of the SE and LHW pretreated sugar-
cane bagasses were performed at 15% (w/v) solids loadings, in
the absence and presence of 12% (w/w) soybean protein,
using different enzyme dosages (5, 10, and 15 FPU/g dry
biomass) (Fig. 2). For both SE (Fig. 2a) and LHW (Fig. 2b),
the results showed that for an enzyme dosage of 5 FPU/g
biomass with additive, the glucose concentration was equiva-
lent to that obtained using an enzyme dosage of 10 FPU/g
biomass in the absence of soybean protein. Therefore, addi-
tion of 12% (w/w) soybean protein enabled the enzyme dosage
to be reduced by half, while still achieving similar or even
higher saccharification efficiency.
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Fig. 1 Effect of soybean protein (12%, w/w) on enzymatic hydrolysis of a
SE and b LHW with different solids loadings (10, 15, and 20%, w/v), at
50 °C for 24 h, using commercial enzyme at 5 FPU/g dry biomass, and ¢
the increase of glucose released (%) for the two types of pretreated
sugarcane bagasse hydrolyzed in the presence of the additive. Different
letters indicate a significant difference (Tukey’s test, P < 0.05)
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(Tukey’s test, P <0.05)
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In terms of percentage, the increases in glucose released
using the pretreated bagasses in the presence of soybean protein
were greater using smaller enzyme dosages, such as 5 and 10
FPU/g dry biomass (Fig. 2c). Use of these enzyme loadings and
addition of soybean protein resulted in significant increases in
glucose release for both types of bagasse, compared to the
controls. The gains achieved with the use of soybean protein
in the enzymatic hydrolysis were similar for these two enzyme
dosages (5 and 10 FPU/g biomass), according to Tukey’s test,
with values of around 30 and 84% for SE and LHW, respec-
tively. As expected, the gain achieved using the soybean protein
as an additive decreased as the enzyme loading increased, since
the proteins and enzymes present in the cellulolytic enzymatic
cocktail itself would act as lignin-blocking proteins. This
showed that there was a limit to the improvement in glucose
yield due to the addition of soybean protein, with the enhance-
ment being favored by low enzyme loadings, in agreement with
previous findings concerning the addition of BSA [42].

In previous studies, saccharification was performed with
pretreated wheat straw and different enzyme dosages (5 and
10 FPU/g solids), in the presence of 0.5% (w/w) fatty alcohol
ethoxylate surfactant as an additive. The results showed that
the use of surfactant at this concentration enabled the enzyme
dosage to be substantially reduced, while maintaining the ef-
ficiency of the enzymatic hydrolysis process [43]. Ko et al. [5]
used BSA to block the hydrophobic lignin surface of
pretreated wood biomass and also found that glucose yields
increased in the presence of the additive, at a relatively low
enzyme loading of 4.7 mg protein/g biomass. Therefore, the
present findings were in agreement with previous studies
showing that the use of additives enable the use of low en-
zyme dosages and improve the performance of saccharifica-
tion of pretreated lignocellulosic biomass.

Time Profile of Enzymatic Hydrolysis in the Presence
of Soybean Protein

In the previous set of experiments, the effect of soybean protein
in the enzymatic hydrolysis of SE and LHW was only investi-
gated for a 24-h period. In order to evaluate the action of the
additive during a longer period, the time profile of the hydroly-
sis reaction was followed during 96 h (Fig. 3a). The most evi-
dent positive effect of soybean protein addition was observed in
the first 24 h for both SE and LHW (Fig. 3b). For the later
periods analyzed, the addition of soybean protein had smaller
effects on the enzymatic hydrolysis of both pretreated materials.
This indicated that the soybean protein had a fairly high affinity
for lignin and that the adsorption occurred at the beginning of
the reaction, when most of the positive effect was observed.
Similar to these results, the addition of BSA in the enzy-
matic hydrolysis of pretreated eucalyptus was found to be
most effective in the first 24 h [42]. In another study, the
effects of the additives BSA and Tween 80 were evaluated
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Fig. 3 Effects of soybean protein at 12% (w/w): a on the kinetics of
enzymatic hydrolysis of the SE and LHW bagasses for 96 h at 15%
(w/v) solids loading and enzyme dosage of 5 FPU/g dry biomass and b
on glucose release (%), as a function of time, during hydrolysis of the two
pretreated sugarcane bagasses

in the enzymatic hydrolysis of pretreated bagasse for 24 and
72 h [44]. It was found that the enhancement of glucose yield
with use of the additives decreased as the hydrolysis time was
extended from 24 to 72 h, especially for higher enzyme load-
ings. The results obtained in the present work corroborated the
earlier findings that the positive influence of additives oc-
curred mainly in the first 24 h of enzymatic hydrolysis.

Enzymatic Hydrolysis of Pretreated Sugarcane
Bagasse with Soybean Protein Using a Bench-Scale
Reactor

In order to demonstrate the positive effect of the soybean
protein as an additive at higher solids loading, using an agita-
tion system more representative of industrial conditions, the

enzymatic hydrolysis of SE and LHW was performed at 15%
(w/v) solids loading in a 0.5-L stirred tank reactor equipped
with two three-blade elephant ear (EE) impellers. Experiments
carried out in stirred tank reactors provide homogeneity and
shear conditions that are more representative of industrial pro-
cesses [45]. In order to enable comparison, the loadings used
were the same as those employed in the flask experiments,
with enzyme dosages of 5 FPU/g dry biomass and 12% (w/
w) of soybean protein, in hydrolyses performed for 24 h.

The glucose released during enzymatic hydrolysis of SE
and LHW increased by 42 and 61%, compared to enzymatic
hydrolysis without soybean protein (Fig. 4). These saccharifi-
cation efficiency values achieved using the stirred tank reactor
were in agreement with the results obtained using shake
flasks. However, the conditions of the experiments in the re-
actor could be further optimized considering parameters such
as the agitation velocity and the type of solids feeding (such as
fed-batch mode). Adjustment of fed-batch solids feeding con-
ditions has been shown to considerably improve the enzymat-
ic hydrolysis of pretreated sugarcane bagasse in reactors using
commercial enzymes [32, 39, 46].

These results confirmed the previous finding that the positive
effect of the use of soybean protein as an additive was more
significant for LHW, compared to SE. Liquid hot water pretreat-
ment is a hydrothermal treatment that does not require rapid
decompression [47], while steam explosion combines mechani-
cal forces and chemical effects, with the biomass being treated
with saturated steam at high pressure, followed by reduction of
the pressure and an explosive decompression [10, 48]. Therefore,
the observed differences could be attributed to the physical and
chemical natures of the pretreated materials, especially in terms
of the type and/or content of lignin, and its properties after the
pretreatment process, as previously observed by [43].

50

Control - Soybean protein

40
"
20—.
0 ]
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Type of pretreatment

Glucose concentration (g/L)
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Fig. 4 Effects of soybean protein at 12% (w/w) on the enzymatic
hydrolysis of the SE and LHW bagasses in a bench-scale reactor for
24 h at 500 rpm and 50 °C, using a solids loading of 15% (w/v) and
enzyme dosage of 5 FPU/g dry biomass
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In order to further elucidate the mechanism associated with the
positive effect of soybean protein during biomass saccharification,
three sets of experiments were conducted to elicit (1) the role of
soybean protein in enzyme-substrate interaction, (2) the role of
soybean protein in the enzymatic activity of cellulases, and (3) the
sites for adsorption of soybean protein onto the biomass.

Mechanism of Soybean Protein Action
Effect of the Additive on Enzyme-Substrate Interactions

In order to confirm the role of soybean protein as a lignin-
blocking additive, a set of enzymatic hydrolyses was carried
out using pure microcrystalline cellulose (Celuflok), which is
a substrate that is virtually free of lignin. The Celuflok was
hydrolyzed in the absence and presence of soybean protein or
BSA at 12% (w/w). The amounts of glucose released during
the enzymatic hydrolysis of Celuflok were similar for the con-
trol condition (25.0+ 1.0 g/L), the use of soybean protein
(25.8£0.5 g/L), and the use of BSA (28.5+0.4 g/L). These
results indicated that the observed positive effect of soybean
protein was probably related to the prevention of unproductive
enzyme adsorption, by blocking of the lignin present in the
pretreated biomass, as reported previously by [23]. Other stud-
ies have reported the positive effect of BSA as a lignin-
blocking additive in enzymatic hydrolysis processes [49, 50].

Effect of the Additive on Enzyme Activity

The effects of soybean protein on enzyme activity and stability
were evaluated using measurements of EGase, (3-glucosidase,
FPase, CBH, and xylanase in the absence and presence of the
additive (Fig. 5). Enzyme stability was measured by pre-
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Fig.5 Effect of addition of soybean protein on the stabilities of EGase, [3-
glucosidase, FPase, cellobiohydrolase, and xylanase, compared with the
control (absence of soybean protein), after 24 h at 50 °C and 30 rpm
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incubating the enzymes and soybean protein for 24 h, prior to
the enzyme assay. Enzyme activities were measured at the be-
ginning of the assay, immediately after combining the enzymes
with the soybean protein and the substrate. The residual activity
was determined as the percentage activity remaining after 24 h.
The results showed that the addition of soybean protein led to
no improvements in enzyme activity or stability, compared to
the control experiments (without soybean protein). The activi-
ties of endoglucanase and [3-glucosidase remained stable after
24 h of incubation at 50 °C, without and with soybean protein,
whereas the activities of FPase, CBH, and xylanase decreased,
reaching 50% residual activity for xylanase.

Investigation of the mechanisms according to which addi-
tives affect enzyme stability during enzymatic hydrolysis pro-
cesses has shown that some additives, such as surfactants, act to
reduce the contact of enzymes with the air-liquid interface,
which could be one of the reasons for improved saccharification
of lignocellulosic raw materials [18, 51, 52]. However, the pres-
ent findings indicated that soybean protein did not improve the
activities and stabilities of the enzymes that were evaluated.

Biomass Characterization After the Adsorption
Experiments

Comparison was made of the FTIR spectra (Fig. 6) and SEM
images (Fig. 7) of the pretreated sugarcane bagasses hydro-
lyzed in the presence and absence of soybean protein. These
experiments were performed in the absence of enzymes.
Table 2 highlights some assignments of the signals obtained
in the FTIR analysis, especially in the lignin band regions. The
discussion of FTIR analysis was based on variations in the
relative intensities of component bands [53].

—— SEB —— SEB + Soybean protein
—— LHW —— LHW + Soybean protein
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Fig. 6 FTIR spectra of the SE and LHW bagasses after enzymatic
hydrolysis in the absence and presence of soybean protein at 12% (w/w)
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Fig. 7 SEM images. a Isolated
soybean protein. SE after
enzymatic hydrolysis b in the
absence and ¢ in the presence of
soybean protein. LHW after
enzymatic hydrolysis d in the
absence and e in the presence of
soybean protein. The
magnification and scale bars are
provided in each micrograph

The main features of these spectra could be attributed to the
natural components of lignocellulosic biomass: cellulose, hemi-
cellulose, and lignin. The similarity among the spectra indicated
that the pretreatment methods applied did not differ greatly in
terms of their effects on the structure of the sugarcane bagasse
(Fig. 6). However, certain characteristic bands related to the
structural components of the biomass can be used to identify
structural modification of lignocellulose after conversion pro-
cesses [54—56]. Bands at 1265 and 1123 cm™" were reported as
characteristic of the lignin fraction of sugarcane bagasse [57,

58]. Intense bands for SE and LHW at 1770 and 1638 cm !
(Table 2) corresponded to carbonyl groups whose presence in-
creases the unproductive adsorption of cellulases onto lignin
[59]. The intensities of these signals decreased after the addition
of soybean protein, possibly due to interaction between the
additive and lignin, which would lead to reductions of unpro-
ductive enzyme adsorption. The addition of soybean protein
appeared to decrease the intensities of bands at 3346 and
1335 cm™', characteristic of the lignin fraction of sugarcane
bagasse [43, 59] and corresponding to O—H stretching

Table2 Relative band intensities and signal assignments in the FTIR spectra of the SE and LHW bagasses hydrolyzed in the absence and presence of

soybean protein

Band positions (cm_l) Assignments Band intensities
SE SE + soybean protein LHW LHW + soybean protein

3346 O-H stretching vibration of OH groups 0.96 0.94 0.99 0.93
1770 Unconjugated carbonyl stretching of lignin 1.05 1.03 1.14 1.08
1638 Conjugated carbonyl stretching of lignin 096  0.80 1.14 1.06
1335 R-OH of lignin 0.99 0.98 0.99 0.97
1265 Guaiacyl C-O units 0.99 0.98 1.02 0.98
1215 Guaiacyl ring deformation 1.00 0.99 1.01 0.99
1123 C-H deformation in syringyl units 0.95 0.93 0.98 091
1032 C—H deformation in guaiacyl and syringyl units 0.79 0.76 0.87 0.81
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vibrations of aromatic and aliphatic —OH groups. These fea-
tures were suggestive of the interaction of hydrophobic moie-
ties of the soybean protein with hydrophobic groups of the
lignin that became exposed after the pretreatment. Bands at
1215 and 1032 cm™, ascribed to the guaiacyl ring, were more
intense for LHW, compared to SE, indicative of greater unpro-
ductive adsorption for this type of pretreated bagasse (LHW). It
has been reported that lignin with a higher guaiacyl content
adsorbs a greater quantity of cellulase enzymes [17]. Here, the
presence of soybean protein during the enzymatic hydrolysis
resulted in decreased intensities of these bands, for both types of
bagasse, which could be another indication of interaction be-
tween the additive and the lignin present in the biomass.
Physical insights into the structural changes that occurred
during the enzymatic hydrolysis in the presence and absence
of soybean protein were obtained using SEM (Fig. 7).
Micrographs were acquired at different magnifications, in ran-
domly selected regions of the SE and LHW materials.
Representative images are provided in Fig. 7a—e, showing the
microstructural and morphological features of isolated soybean
protein and the pretreated bagasses after enzymatic hydrolysis
in the absence and presence of soybean protein. The surface of
the soybean protein was smooth and globular (Fig. 7a). Images
of the SE bagasse after enzymatic hydrolysis without and with
soybean protein are shown in Fig. 7b, c, respectively.
Characteristics of sugar cane bagasse pretreated using steam
explosion (Fig. 7b) include reductions of particle size, fiber
length, and cellulose crystallinity, while surface area, porosity,
and cellulose accessibility are increased [10, 60]. Figure 7c
shows soybean protein close to the SE bagasse fibers (indicated
with black arrows). The surface of the soybean protein
remained globular, but with roughness due to adhered material.
The morphology of the LHW bagasse after enzymatic hy-
drolysis in the absence and presence of soybean protein is
illustrated in Fig. 7d, e. The interfibrillar porosity (indicated
by the black arrow in Fig. 7d) was a consequence of partial
removal of the hemicelluloses, allowing observation of paren-
chyma and perforations in the vascular bundles [54, 61].
Condensation reactions of lignin molecules also occur during
pretreatment, leading to the formation of spherical lignin drop-
lets (with diameters of ~ 1-10 pm) on the cell wall surface [5].
As in the case of hydrolysis of the SE bagasse (Fig. 7¢), soy-
bean protein was observed very close to the fibers, with ad-
hered materials present on the surface (Fig. 7¢). The SEM
images corroborated the positive results observed when soy-
bean protein was added during the enzymatic hydrolysis.

Effect of the Additive on Ethanol Production
In order to examine the influence of soybean protein in the
alcoholic fermentation process, the hydrolysates obtained af-

ter saccharification of SE and LHW without and with 12% (w/
w) soybean protein, at 15% (w/v) solids loading and with an
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enzyme dosage of 5 FPU/g dry biomass, were fermented by
Saccharomyces cerevisiae (Fig. 8). The results showed a pos-
itive effect of soybean protein on the fermentation efficiency.
For the SE bagasse hydrolysates obtained without and with
addition of soybean protein, 5.2+0.3 and 8.6 0.1 g/L etha-
nol were obtained, respectively, after 8 h of fermentation (Fig.
8a), representing an increase of 65% in ethanol production
when the soybean protein was used. For LHW, use of the
additive resulted in an increase of 86% in ethanol production
after 8 h (Fig. 8b), with ethanol values of 6.5+0.2 and 12.1 £+
0.1 g/L for the hydrolysates produced without and with the
addition of soybean protein, respectively. These results show
that the addition of soybean protein to the saccharification
reaction of sugarcane bagasse lead to a higher amount of glu-
cose released, which in turn contributed to increase the pro-
duction of ethanol as well. Interestingly, the improvement
achieved in terms of the ethanol production was higher than
the one expected when taking into consideration only the
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Fig. 8 Ethanol fermentation efficiencies for hydrolysates obtained after
saccharification of a SE and b LHW hydrolyzed in the absence and
presence of soybean protein at 15% (w/v)
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difference in the initial glucose concentration values for the
conditions with and without the soybean protein. A possible
explanation for such favorable effect of soybean protein on
ethanol fermentation could be possibly related to the use of the
remaining soybean protein in the medium as a nutrient source
by the yeast [62, 63]. Another hypothesis is that the soybean
protein would be also contributing to minimize the negative
effect of yeast fermentation inhibitors that could possibly be
present in the biomass hydrolysates.

Determination of the ethanol yield (ng, as % of the theo-
retical yield factor) and the volumetric ethanol productivity
(Pg, in g/L-h) also provided useful information for evaluation
of the processes of ethanol production from the different types
of pretreated bagasse hydrolysate obtained in the absence and
presence of soybean protein (Table 3). In terms of ethanol
yield, no significant differences were observed among the
SE and LHW hydrolysates. However, differences in the vol-
umetric ethanol productivity (Pg) were observed between the
controls and the SE and LHW hydrolysates produced in the
presence of soybean protein. The highest productivities were
achieved for the hydrolysates from SE and LHW with soy-
bean protein, with Pg values of 1.1 and 1.5 g/L-h, respectively.
Compared to the controls (without soybean protein), the vol-
umetric ethanol productivities were around 65 and 86% higher
for the hydrolysates of SE and LHW with soybean protein,
respectively. Overall, the results showed that the use of soy-
bean protein had a remarkable positive impact on ethanol
fermentation, as well as probably also being used as a nutrient
source by the yeast.

In addition to that, it is important to emphasize the relative-
ly lower market price of soybean protein, mainly in compar-
ison to the cellulolytic enzymatic cocktails. In fact, soybean
protein is reported to be one of the cheapest proteins available,
with a market price of around US$1.25/kg of protein [64].
Furthermore, in biorefineries in which sugarcane and soybean
would be used as feedstock to obtain biofuels and other prod-
ucts, the soybean protein would be readily available on-site as
a bioproduct. Such approach could potentially contribute to
make the application of soybean protein in the lignocellulosic
biomass conversion process not only economically feasible

Table 3  Ethanol yield (ng, in % of theoretical yield factor) and
volumetric ethanol productivity (Pg, in g/L-h) after 8 h of alcoholic
fermentation of pretreated sugarcane bagasses hydrolyzed in the
absence and presence of soybean protein

Biomass hydrolysate Mg (%) Pg (¢/L-h)
SE 93 0.7B
SE + soybean protein 100 1.1A
LHW 96 0.8B
LHW + soybean protein 100 1.5A

Different capital letters indicate significant difference (Tukey’s test,
P<0.05)

but also environmentally beneficial to the overall process,
since higher sugar concentrations in the hydrolysis step will
lead to reduced energy demands, thus supporting further
techno-economic and environmental assessments towards its
implementation in a biorefinery context.

Conclusions

The use of soybean protein as an additive during high-solids
processing of hydrothermally pretreated sugarcane bagasse
resulted in remarkable improvements in both the enzymatic
hydrolysis and fermentation steps. Addition of soybean pro-
tein at 12% (w/w) improved glucose release up to 76% during
enzymatic hydrolysis with high-solids loadings (15%, w/v).
The apparent mechanism of action of the soybean protein
was that it functioned as a lignin-blocking additive in the
enzymatic hydrolysis. Furthermore, the presence of soybean
protein increased the production of ethanol from the SE and
LHW hydrolysates by 65 and 86%, respectively. These find-
ings are relevant for the development of lignocellulosic etha-
nol processes, since soybean protein can be used as a cost-
effective alternative additive that benefits the enzymatic hy-
drolysis and alcoholic fermentation steps.
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