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Abstract: Simultaneous saccharification and fermentation (SSF) at high solid loading is a potential
approach to improve the economic feasibility of cellulosic ethanol. In this study, SSF using high loading
of rice straw was assessed using a vertical ball mill reactor. First, the conditions of temperature and
number of glass spheres were optimized at 8% (w/v) initial solids (41.5 ◦C, 18 spheres). Then, assays
were carried out at higher solid loadings (16% and 24% w/v). At 8% or 16% solids, the fermentation
efficiency was similar (ηF~75%), but the ethanol volumetric productivity (QP) reduced from 1.50
to 1.14 g/L.h. By increasing the solids to 24%, the process was strongly affected (ηF = 40% and
QP = 0.7 g/L.h). To overcome this drawback, three different feeding profiles of 24% pre-treated rice
straw were investigated. Gradual feeding of the substrate (initial load of 16% with additions of 4%
at 10 and 24 h) and an inoculum level of 3 g/L resulted in a high ethanol titer (52.3 g/L) with QP of
1.1 g/L.h and ηF of 67%. These findings demonstrated that using a suitable fed-batch feeding strategy
helps to overcome the limitations of SSF in batch mode caused by the use of high solid content.

Keywords: ethanol; simultaneous saccharification and fermentation; rice straw; vertical ball mill
reactor; Kluyveromyces marxianus

1. Introduction

The first-generation ethanol production based on well-established processes from sugarcane
and corn as feedstock will not be able to satisfy the world’s growing energy needs. Lignocellulosic
biomass is then viewed as a key feedstock to provide enough renewable energy for the future [1].
Among the different types of lignocellulosic biomass, agricultural residues including rice straw,
corn stover, wheat straw and sugarcane bagasse have been pointed out as the major feedstock for
ethanol production due to their large availability and high content of polysaccharides (cellulose and
hemicellulose) that can be hydrolyzed into fermentable sugars [2]. The worldwide production of rice
straw, for example, is estimated in approx. 770 million tons per year, considering that 512 million tons
of rice were produced in the period 2019/2020 [3] and 1.5 tons of straw are generated per ton of rice.
In addition to the large availability and significant content of polysaccharides, non-sugar fractions
and wastes generated during the biomass processing could also be converted into valuable products,
adding value within a biorefinery [4]. However, since the technologies required to obtain fermentable
sugars from lignocellulosic feedstock are more complex, the costs of the second-generation ethanol
production are still higher when compared to the first-generation ethanol production [5].
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The process for second-generation ethanol production includes the following steps:
(i) pre-treatment of biomass, (ii) enzymatic hydrolysis, (iii) fermentation and (iv) distillation. However,
for an efficient depolymerization of lignocellulose into fermentable sugars, pre-treatment and enzymatic
hydrolysis steps cannot be evaluated separately since the optimum performance of the enzyme cocktail
will depend on the pre-treatment technology applied [6,7].

In the last decades, many efforts have been made to make the second-generation ethanol production
more economically competitive, including advances in pre-treatment technologies [8], developments
in enzyme technology for cellulose conversion [9] and construction of efficient fermenting yeasts [10].
Nevertheless, there are also several technical obstacles to overcome in order to have a more cost-effective
ethanol production process, which include the development of reactors able to operate with high solids
content, especially during enzymatic hydrolysis [11]. High solid content negatively affects the mass
transfer in enzymatic hydrolysis of cellulosic materials due to the poor mixing of the material and low
mass transfer rate. However, the extent of this limitation depends also on other variables including the
physical and chemical properties of the substrate and mechanical factors such as the type of reactor
and mixing speed [12].

High solid content is one of the pre-requisites to attain a high glucose concentration that in turn
is fundamental to obtain high ethanol titers (above 4% v/v, ~50 g/L). In this way, capital investment
costs can be improved and the energy demand for the distillation step can be reduced, resulting in
significant economic benefits [13,14]. According to Jørgensen et al. [15], to attain high ethanol titers
from lignocellulosic materials it is necessary to process a minimum solid loading of 15% (w/v) dry
matter containing about 60% (w/w) of cellulose. However, to make this a reality, many efforts must
still be directed towards not only the development of efficient pre-treatments, enzymatic cocktail with
high catalytic activity and microorganisms with a high fermentative capacity, since the problems of
mass transfer and mixing during the processing of high biomass solid loading require being solved
properly. Solving mixing problems at high solid loading in conventional bioreactors is a difficult
task. Therefore, to overcome these limitations, new bioreactor configurations have been designed
and tested to make the use of high substrate loading during the bioconversion process feasible [16].
Alterations in the agitation system of the bioreactor have shown an impact on the performance of
simultaneous saccharification and fermentation (SSF) processes. For example, an improvement of 14%
in the production of ethanol from corn stover at high solid loading was obtained when the bioreactor
was equipped with a double helical impeller instead of the common Rushton impeller [17]. In another
study, also employing corn stover at high solids, an increase of about 21% in ethanol production was
reported when the reactor was equipped with a single helical ribbon impeller [18].

In addition to the efficient agitation system, the employment of a fed-batch operational mode,
where biomass, enzyme and/or microorganism are added at different times throughout the process,
can substantially improve the liquefaction of the fibrous suspension, decreasing the viscosity of the
material and consequently reducing mass transfer limitation problems [12].

According to the literature, SSF processes, which combine enzymatic hydrolysis and fermentation
steps in a single reaction vessel, can result in a lower capital cost and lower contamination risk when
compared to the separate hydrolysis and fermentation (SHF) process [19]. SSF also contributes to
reduce the inhibition of cellulolytic enzymes by substrate, since glucose is immediately consumed
by the microorganism [20,21]. However, this operation system requires the use of thermotolerant
microorganisms able to efficiently ferment glucose into ethanol in the range of temperature (40 ◦C to
50 ◦C) considered as optimal for cellulolytic enzymes [2,22].

Our previous study [23] revealed the potential of a non-conventional reactor, namely a vertical
ball mill (VBM) reactor, for use in the enzymatic hydrolysis of alkali-acid-pre-treated rice straw at 8%
(w/v) solid load, as well as in glucose fermentation by a thermotolerant yeast strain (Kluyveromyces
marxianus NRRL Y-6860). The glass beads added to the VBM reactor had an important effect on both
processes, enzymatic hydrolysis and fermentation, but with a positive effect on the conversion of
cellulose and a negative effect on ethanol volumetric productivity. Thus, if the necessary adjustments



Energies 2020, 13, 2090 3 of 17

were made on the levels of the variables for each process (hydrolysis and fermentation), it is expected
to obtain an improved performance of the VBM reactor for use in the conversion of biomass to ethanol,
with also a possibility for application in SSF processes. Taking this into account, the aim of the present
study was to design a SSF process at high solid loading in the VBM reactor. This is the first time a VBM
reactor is used for SSF of biomass. Initially, efforts were done to optimize the operational variables for
SSF in batch mode at solids loading of 8% (w/v). Under the optimized conditions, the effect of high
solid loading on the fermentability of pre-treated rice straw was assessed. Finally, a substrate-feeding
strategy (fed-batch mode) was developed to overcome the major limitation observed when using
high solid loading (24% w/v). At the end, by establishing the most appropriate conditions for the SSF
process at high solid loading in the VBM reactor, this study resulted in one of the highest volumetric
productivities already reported in the literature for second generation ethanol production, with titers
above 50 g/L.

2. Materials and Methods

2.1. Raw Material Preparation

Rice straw was obtained from a local farm (Canas, São Paulo, Brazil) and naturally dried to
a moisture content of about 10% (w/w). The biomass was milled (1 cm length per 1 mm thickness) in
a hammer-mill and stored at room temperature. The pre-treatment of rice straw consisted of an alkaline
step (deacetylation) using 80 mg NaOH/g of biomass, at 70 ◦C and 45 min, followed by a dilute acid step
using 100 mg H2SO4/g deacetylated rice straw, at 121 ◦C for 85 min, as described by Castro et al. [24].
Both treatments were performed in a 50-L batch reactor with a liquid-to-solid ratio of 10:1 (mL/g).
After pre-treatment, the remaining solid material (cellulignin) was washed with water to eliminate
inhibitory compounds present in the slurry, and dried to a 10% (w/w) moisture content to be stored
safely until use in the SSF experiments. The composition of the resulting solid after each pre-treatment
step was determined according to standard protocol [25] and is summarized in Table 1. Assays were
performed in triplicate.

Table 1. Composition (g/100 g, dry matter) of the original (in natura) and pre-treated rice straw used in
this study.

Component Rice Straw in natura Deacetylated Rice Straw Cellulignin

Cellulose 35.3 ± 0.2 43.5 ± 0.2 61.8 ± 0.7
Hemicellulose 23.8 ± 0.4 27.8 ± 0.5 11.1 ± 0.1
Acetyl groups 2.6 ± 0.4 0.07 ± 0.02 0.06 ± 0.01

Total lignin 17.5 ± 0.7 11.5 ± 1.1 17.1 ± 0.3
Insoluble lignin 13.1 ± 0.7 9.1 ± 0.4 16.2 ± 0.6
Soluble lignin 4.4 ± 0.2 2.3 ± 0.3 0.9 ± 0.1

Ashes 11.3 ± 0.1 3.8 ± 0.04 6.0 ± 0.1

2.2. Simultaneous Saccharification and Fermentation (SSF)

SSF experiments were carried out in a 1.5-L vertical ball mill (VBM) reactor made of 316 stainless
steel and equipped with a three flat-disk impeller as previously reported by Castro et al. [23]. All assays
were carried out under agitation of 200 rpm.

2.2.1. Enzymes and Microorganism

Cellulase (Cellubrix, Novozymes Corp.) and β-glucosidase (Novozyme 188, Novozymes Corp.)
enzymes were used in all the SSF experiments. The activity of Cellubrix as determined by Adney and
Backer [26] was 30 FPU/mL and β-glucosidase (Novozyme 188) as determined by Wood and Bath [27]
was 920 IU/mL. In this study, the thermotolerant yeast Kluyveromyces marxianus NRRL Y-6860 was used
as described by Castro et al. [23].
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2.2.2. Effect of Process Variables

An experimental design was performed to select the optimum conditions of temperature and
number of glass spheres to use in the SSF in the VBM reactor. The range and levels of the variables
investigated in this study are given in Table 2. The design included three replicates at the central
point to estimate the experimental error. All assays were carried out under agitation of 200 rpm and
initial solid loading of 8% (w/v). The glass spheres (23 mm diameter and 8.16 ± 0.35 g each) were used
as grinding elements and placed above each disk. To achieve the desired temperature, an external
thermostatic water bath was used to recirculate water through the reactor jacket.

Table 2. Experimental range and levels of the independent process variables (number of glass
spheres and temperature) used during the production of ethanol by simultaneous saccharification and
fermentation (SSF) of pre-treated rice straw in a vertical ball mill (VBM) reactor.

Independent Variable Symbol
Range and Levels

−1 0 +1

Number of spheres (units) X1 0 15 30
Temperature (◦C) X2 40 43 46

Initially, 40 g dry mass of pre-treated rice straw were added to the reactor under agitation of
200 rpm. Then, the desired volume of each component (nutrients, buffer, enzymes and cells) was
added to make a final volume of 0.5 L. The medium for SSF process was composed of 1.5 g/L KH2PO4,
1.0 g/L (NH4)2SO4, 0.1 g/L MgSO4·7H2O, 3.0 g/L yeast extract, sodium citrate buffer 50 mM—pH 4.8,
21.5 FPU Cellubrix + 26.5 IU Novozyme188 per gram of glucan, and 1.0 g/L of cells. During the process,
samples were taken at different times for the estimations of glucose and ethanol concentrations.

2.2.3. Effect of Solid Loading in Batch SSF

After optimizing the operational conditions for SSF at 8% (w/v) solid loading in the VBM reactor
(18 spheres; 41.5 ◦C), two higher solid loadings (16% and 24% w/v) were tested in batch mode. Initially,
the desired mass of pre-treated rice straw (40, 80 or 120 g dry matter) was added to the VBM reactor,
previously sterilized (121 ◦C, 20 min) and filled with 18 spheres of glass (6 units in each disk). The reactor
was then fed with the nutrient solution and the temperature was adjusted to 41.5 ◦C under agitation of
200 rpm. After ten minutes of residence time, enzymes, buffer solution and cell-suspension were added
to the reactor. All experiments were carried out with a final volume of 0.5 L to obtain the desired solid
loading (8%, 16% or 24% w/v). The enzymes dosage, nutrients composition and cell concentrations
were the same as described in Section 2.2.2. During the experiments, samples were withdrawn for
glucose and ethanol estimations. Assays were performed in duplicate.

2.2.4. Fed-Batch Strategies

Three fed-batch strategies were evaluated for the SSF process at 24% solid loading (pre-treated rice
straw). All experiments were carried out in the VBM reactor at 41.5 ◦C using 18 glass spheres (6 units
in each disk) and agitation of 200 rpm; however, the solid feeding time, enzyme and cell load varied
in each experiment (Table 3). The final concentration of nutrients was the same as used previously.
Samples were taken at different times for the estimations of the glucose and ethanol concentrations.
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Table 3. Summary of the conditions used for the fed-batch SSF process with the different feeding
strategies of pre-treated rice straw in the VBM reactor under optimized conditions (41.5 ◦C, 18 glass
spheres) at 200 rpm.

Parameters
Fed-Batch Strategies

FBS-1 FBS-2 FBS-3

Initial solid loading (%, w/v) 8 16 16
Feeding number (load %, w/v) 2 (8) 1 (8) 2 (4)

Feeding time (h) 16 and 36 24 10 and 24
Total solids (%, w/v) 24 24 24

Cellubrix loading (FPU/gglucan) 21.5 14.3 14.3
Novozyme 188 loading (IU/gglucan) 26.5 17.6 17.6

Initial cell concentration (g/L) 1.0 1.0 3.0

2.3. Parameters Calculation

From the experimental data of glucose and ethanol concentrations, the parameters of the SSF
process were calculated according to the equations shown in Table 4. The calculations were based on
the total glucose available in the form of glucan present in pre-treated rice straw and on the theoretical
ethanol yield.

Table 4. Equations used for calculation of the parameters in the SSF process.

Parameter Symbol Unit Equation

Ethanol yield
(g ethanol/g glucose
available in biomass)

YP/S g/g YP/S = EM×V
G×MS× fc

Fermentation efficiency
(ethanol yield/theoretical

ethanol yield)
ηF % ηF =

YP/S
Y∗P/S
× 100

Ethanol volumetric
productivity

(ethanol concentration/time)
QP g/L.h QP = EM

t

Hydrolysis efficiency
(g glucose/g glucose
available in biomass)

ηH % ηH =
[(EM× fe)+GR]×V

G×MS× fc
× 100

EM = maximum ethanol concentration (g/L); V = aqueous phase volume in SSF (L); G = glucan fraction in dry
biomass (g/g); MS = dry weight of biomass (g); f c = 1.11 (conversion factor of glucan to equivalent glucose);
Y*P/S = 0.511 (theoretical ethanol yield from glucose); t = time correspondent to the maximum ethanol concentration
obtained in SSF; f e = 1.955 (conversion factor of ethanol to glucose); GR = residual glucose (g/L).

2.4. Analysis

The concentrations of glucose and ethanol were determined by high-performance liquid
chromatography (HPLC) using an Agilent 1260 Infinity HPLC system equipped with a Bio-Rad
Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA) coupled with a refractive index detector at
45 ◦C. Sulfuric acid (0.005 M) was used as a mobile phase at a flow rate of 0.6 mL/min. For analysis,
the samples were diluted with deionized water and filtered through Sep Pak C18 filters (Millipore).

2.5. Statistical Analysis

Design expert (version 6.0 by Stat-Ease, Inc., Minneapolis, MN, USA), Statgraphics® (Centurion
XV by Statpoint Technologies, Inc., The Plains, VA, USA) and Statistica (version 10.0 by Statsoft, Inc.,
Tulsa, OK, USA) software were used for statistical and graphical analyses of the experimental data.
The most important effects of the independent variables on the target responses were determined by
the Pareto chart. The statistical significance of the models was determined by analysis of variance
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(ANOVA) and their proportion of variance was given by the multiple coefficient of determination,
R2. The optimum levels of the variables were obtained by graphical analysis based on the criterion
of desirability.

3. Results and Discussion

3.1. Effect of Operational Variables on SSF Process in the VBM Reactor

In our previous study, the use of glass spheres in the VBM reactor for enzymatic conversion
of pre-treated rice straw was demonstrated to improve the cellulose digestibility, while the glucose
fermentation by K. marxianus was affected by the mechanical impact [23]. The present study is the first
time the VBM reactor was used for SSF of biomass. Initially, an experimental design was proposed to
optimize the levels of temperature and number of spheres to be used in the SSF of pre-treated rice
straw at 8% (w/v) in batch mode. As can be seen in Table 5, the responses varied widely according to
the experimental conditions used (YP/S from 0.28 to 0.41 g/g and QP from 0.51 to 1.64 g/L.h).

Table 5. Experimental conditions and results of batch SSF in the VBM reactor at 8% loading of
pre-treated rice straw containing 61.8% ± 0.7% (w/w) of glucan.

Run
Independent Variable Responses

Number of Spheres (Units) Temperature (◦C) Maximum Ethanol (g/L) QP (g/L.h) YP/S (g/g) Residual Glucose (g/L)

1 0 40 19.45 1.14 0.35 1.14
2 30 40 21.29 1.64 0.39 1.64
3 0 46 17.31 0.60 0.32 0.60
4 30 46 15.40 0.51 0.28 0.51
5 15 43 21.27 1.52 0.41 1.52
6 15 43 21.16 1.41 0.39 1.41
7 15 43 21.57 1.54 0.39 1.54
8 15 40 20.93 1.61 0.38 1.61
9 15 46 19.28 0.64 0.35 0.64

The lowest values of ethanol production (<20 g/L), QP (<0.7 g/L.h) and YP/S (<0.35 g/g) were
obtained in the experiments performed at the highest temperature (46 ◦C, assays 3, 4 and 9). It is also
interesting to note that the highest ethanol yield (~0.40 g/g) and volumetric productivity (~1.6 g/L.h)
were obtained at the lowest temperature (40 ◦C) regardless of the number of spheres used (15 or 30 units,
assays 2 and 8). Such results indicate that both variables may negatively affect the fermentation process.
However, their contribution, individually and in combination, can be better evaluated by statistical
analysis, as follows.

The Pareto charts in Figure 1A,B with the standardized effects of the variables and a confidence
level of 90%, reveal that the linear effect of temperature was highly significant for both responses, QP and
YP/S, followed by the quadratic effect of temperature and then by the number of spheres. The negative
signal of both variables corroborates with the previous direct analysis of the data. The Pareto charts
also show significant interaction effects between the variables, with a negative signal indicating that
the simultaneous decrease in the levels of temperature and number of spheres do not improve the
responses, as it would be expected considering their individual effects. On the other hand, the negative
signal of the quadratic terms indicates the existence of a maximum point for QP and YP/S in the range
of the experimental values evaluated.
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Figure 1. Pareto charts for the effects of the number of spheres (X1) and temperature (X2) on ethanol
volumetric productivity (A) and ethanol yield (B) from simultaneous saccharification and fermentation
(SSF) experiments of pre-treated rice straw in the VBM reactor.

To estimate the responses as a function of the variables, an ANOVA was performed and the
statistical significance of the quadratic models was evaluated by the F-test (Table 6). The F-values,
66.41 and 9.72 for QP and YP/S respectively, imply that the models are significant. In addition,
no lack-of-fit was observed and the coefficient of determination presented a high value for both
responses (R2 = 0.94 for YP/S and 0.99 for QP), demonstrating that the greatest proportion of variance is
accounted by the models. Therefore, the variations of YP/S and QP, in the experimental region studied,
can be expressed according to Equations (1) and (2), where YP/S is the ethanol yield (g/g); QP is the
ethanol volumetric productivity (g/L.h), and X1 and X2 are the coded values for the number of spheres
and temperature, respectively:

YP/S = 0.39 − 0.028 X2 − 0.030 X1
2
− 0.032 X2

2
− 0.020 X1X2 (1)

QP = 1.49 + 0.10 X1 − 0.44 X2 − 0.15 X1
2
− 0.36 X2

2
− 0.15 X1X2 (2)

The contour plots described by the quadratic models for YP/S and QP (Figure 2A,B, respectively)
show that the interaction between the variables presented an elliptical shape indicating an optimum
region for each response. The maximum value predicted for QP (1.68 ± 0.16 g/L.h) can be achieved
using number of spheres equal to 25 (X1 = 0.69) and a temperature of 40.8 ◦C (X2 = −0.74), whereas the
maximum value of YP/S (0.40 ± 0.03 g/g) can be obtained using 18 spheres (X1 = 0.17) and a temperature
of 41.5 ◦C (X2 = −0.50).
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Table 6. Analysis of variance (ANOVA) of the quadratic models for ethanol yield and volumetric
productivity in batch mode SSF of pre-treated rice straw in the VBM reactor.

Source
Ethanol Yield (YP/S) Ethanol Volumetric Productivity (QP)

SS df F-Ratio p-Value SS df F-Ratio p-Value

Model 0.0130 5 9.72 0.0452 a 1.7600 5 66.41 0.0029 a

X1 0.0000 1 0.00 1.0000 0.0420 1 7.94 0.0668
X2 0.0048 1 18.06 0.0239 a 1.1616 1 219.5 0.0007
X1

2 0.0012 1 4.50 0.1240 0.0310 1 5.86 0.0941
X2

2 0.0012 1 4.51 0.1237 0.1599 1 30.21 0.0119
X1·X2 0.0016 1 6.00 0.0917 0.0870 1 16.45 0.0270

Residual 0.0008 3 0.0159 3
Lack of Fit 0.0005 1 4.00 0.1835 b 0.0061 1 1.24 0.3814 b

Pure Error 0.0003 2 0.0098 2
Total (Corr) 0.0140 8 1.7730 8

R2 = 0.94 R2 = 0.99

SS: sum of squares; df: degrees of freedom. a Significant at 95% confidence level; b Not significant at 95%
confidence level.
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(X1) and temperature (X2) from SSF experiments of pre-treated rice straw in the VBM reactor.
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Comparing the contour plots for the ethanol yield (Figure 2A) and volumetric productivity
(Figure 2B), it is possible to visualize a common region where both responses can be maximized.
To select an optimum operational condition able to provide the highest values for both fermentation
parameters, the desirability criterion tool was used. The contour plot for the desirability function
(Figure 2C) shows that the region where both responses can be maximized consists in using a number
of spheres between 15 and 26 and temperature ranged between 40 ◦C and 42 ◦C. The program indicated
an optimal condition within this region (X1 = 0.17 and X2 = −0.50), which corresponded to 18 spheres
and 41.5 ◦C. Under these conditions, the desirability model predicts an ethanol yield of 0.40 g/g and
volumetric productivity of 1.64 g/L.h. Assays to validate these conditions were performed and revealed
a close agreement between the values predicted by the model and those obtained experimentally
(21 ± 0.8 g/L of ethanol after 14 h—YP/S of 0.38 g/g and QP of 1.50 g/L.h).

These results of ethanol production by SSF under the optimized conditions in the VBM reactor
represented an important improvement when compared to the ethanol titers and yields previously
observed by Castro and Roberto [28], using a solids content of 8% w/v from dilute-acid-pre-treated rice
straw employing the same yeast strain (K. marxianus NRRL Y-6860). The authors obtained a maximum
ethanol titer of 11.55 g/L (YP/S = 0.24 g/g and QP of 1.44 g/L.h) using Erlenmeyer flasks. The gains
obtained in the present study can be attributed to two factors: (1) the use of the VBM reactor under
the optimized conditions and (2) the strategy used for rice straw pre-treatment in the present study
(deacetylation followed by dilute acid).

3.2. Effect of Solid Loading in Batch SSF

After optimizing the operational conditions for batch SSF in the VBM reactor (18 spheres, 41.5 ◦C)
at 8% (w/v) of biomass, assays were carried out at increased solid loading in order to obtain higher
ethanol titers at the end of the process. Figure 3 shows the ethanol and glucose concentrations
throughout the SSF experiments performed with 8%, 16% and 24% (w/v) solid loadings.
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As can be seen in Figure 3A, the ethanol concentration was almost doubled (from 21.0 to 41.3 g/L)
when the solid content was increased from 8% to 16%, indicating that the ethanol production was
proportional to the content of solids used for the process. However, increasing the solid loading to
24% (w/v) resulted in a marked reduction of the ethanol production, achieving 33.7 g/L after 48 h.
This decrease could be explained by an incomplete glucose uptake by the cells (Figure 3B). In fact,
the glucose profile during the batch SSF at 24% solid loading reveals a considerable accumulation of
this sugar after 48 h (around 40 g/L), which was maintained until 96 h, suggesting a loss of cellular
viability. In addition, taking into account the experimental data of ethanol production and residual
glucose after 48 h at 24% (w/v) solid loading, the glucose released during enzymatic hydrolysis was
estimated at 106 g/L, which is a value lower than the theoretical value (165 g/L) calculated from the
glucan available in the pre-treated rice straw. Thus, it is possible to infer that both processes, glucan
digestibility and glucose fermentation, were limited by the high solid loading.

In order to assess the relative contribution of each process (saccharification and fermentation)
on the overall limitation of SSF in batch mode, the efficiency of hydrolysis (ηH) and the efficiency
of fermentation (ηF) were compared at different solid loadings. The results revealed that ηH and ηF

values were similar (approx. 75%) at 8% and 16% solid loading, while the QP value decreased by 24%
(from 1.50 to 1.14 g/L.h) (Table 7). However, when the solid loading was increased from 16% to 24%
(w/v), the ηH was reduced by 15% (from 75% to 64%), while ηF and QP decreased by 46% and 31%,
respectively. These findings clearly show that at 24% (w/v) solid consistency the microbial system was
more impacted than the enzymatic system, suggesting that the metabolic activity of the yeast cannot
be sustained under this condition. In fact, considering that the pre-treated material (cellulignin) used
for SSF was washed with water to eliminate the inhibitory compounds present in the slurry, and its
cellulose composition was significantly increased after pre-treatment, compared to the other fractions
(Table 1), it was expected to have suitable conditions for a good performance of the cellulolytic enzymes
during hydrolysis. Regarding the fermentation performance, it is important to highlight that HPLC
analysis revealed that degradation compounds from sugars (hydroxymethylfurfural and furfural) and
lignin (phenolic compounds), as well as acetic acid, which are toxic to microorganisms [29], were not
found in the composition of the hydrolysates. This fact allows concluding that an insufficient mass
transfer was probably the main problem affecting the yeast performance when high solid loadings
were used.

Table 7. Parameters of the batch SSF in the VBM reactor under the different solid loadings of pre-treated
rice straw.

Solid loading * (%) EM (g/L) QP (g/L.h) GR (g/L) ηH (%) ηF (%) ηH
ηF

8 21.0 1.50 0.00 75 75 1.00
16 41.3 1.14 1.40 75 74 1.01
24 33.7 0.70 39.6 64 40 1.60

* glucan content of 61.8%, EM = maximum ethanol concentration, QP = ethanol volumetric productivity, GR = residual
glucose, ηH = hydrolysis efficiency, ηF = fermentation efficiency.

Based on the above data, the ideal solid loading in batch SSF in the VBM reactor was found to be
about 16% (w/v), which is very close to the value of 15% (w/w) reported by Varga et al. [30] in batch
SSF experiments performed in 0.5 L flasks using pre-treated corn stover as a substrate. According to
those authors, increasing the solids content to 20% (w/w) led to a significant reduction in the ethanol
yield (from 78% to around 5%) due to insufficient mass transfer. In fact, mass transfer problems play
a critical role on overall SSF effectiveness at high solid loading [31,32]. However, the extent of process
limitation is dependent on the various factors including the characteristics of biomass, the reactor
configuration as well as operational conditions used. In this context, the evaluation of the different
configurations of mechanically stirred reactors concomitant to the use of the fed-batch mode has been
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pointed out as an attractive strategy to overcome the rheological problems observed in SSF process at
high biomass loadings [12,33–35].

3.3. Evaluation of Fed-Batch Strategies

In the present study, the fermentation efficiency during SSF using pre-treated rice straw as
a substrate in the VBM reactor was 75%, 74% and 40% for the solid contents of 8%, 16% and 24% (w/v),
respectively (Table 7). Such results demonstrate that for this reactor configuration it is possible to
operate efficiently up to 16% (w/v) of solid loading in batch mode. However, the ethanol concentration
obtained using this solid content was 41.3 g/L, which is still below the feasible reference values for
distillation. According to Nguyen et al. [14], achieving ethanol titers higher than 50 g/L is important
to reduce energy demands for ethanol recovery, thus obtaining significant savings in operating and
capital costs.

An alternative to circumvent the inherent limitations of SSF with high solid contents is the
conduction of the process in a fed-batch mode. This process configuration allows a controlled feed
of biomass during the reaction. Since the substrate is continuously hydrolyzed, a sensible reduction
in the viscosity of the medium is observed, which in turn favors the enzymatic and fermentative
processes. Thus, in order to improve the ethanol production from K. marxianus from pre-treated rice
straw, different strategies of fed-batch SSF at 24% (w/v) total solid loading were investigated.

For all the fed-batch strategies evaluated (Table 3), the ethanol production was improved
concomitantly to the decrease of glucose accumulation (Figure 4A,B). When compared to the batch SSF
at 24% (w/v) solid loading, the first fed-batch SSF strategy (FBS-1) showed a small increase in ethanol
production (from 33.7 to 36.7 g/L) and a lower glucose accumulation (from 45.0 to 32.2 g/L) at 48 h.
The strategy FBS-1 started with 8% solids and after 18 and 36 h, the reactor was fed with an additional
8%, making up a total load of 24% (w/v). It is worth mentioning that all the enzyme load (21.5 FPU +

26.5 IU/g glucan) was added at the beginning of the process, leading to an excess of enzyme when the
reaction started, which could explain the high glucose accumulation and modest ethanol improvement.
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The second strategy of fed-batch SSF (FBS-2) was designed to start with 16% (w/v) solid loading
and only one feeding of 8% solids after 24 h, and a lower enzyme load (14.3 FPU + 17.6 IU/g glucan) than
FBS-1. By using this strategy, ethanol production reached 46.8 g/L at 48 h (Figure 4A), corresponding
to an improvement of 39% and 28% when compared to the batch and fed-batch (FBS-1) processes,
respectively. Glucose accumulation in FBS-2 was also lower than in FBS-1, reaching 12 g/L at the end
of the reaction (Figure 4B).

Based on the previous results, a third strategy of fed-batch SSF (FBS-3) was proposed, starting
with 16% (w/v) solid loading and after 10 and 24 h the reactor was fed with an additional 4% (w/v)
of substrate. The enzyme loading was the same used as in FBS-2 (14.3 FPU + 17.6 IU/g glucan),
but the initial cell concentration was increased from 1.0 to 3.0 g/L. As shown in Figure 4, the FBS-3
strategy resulted in the highest ethanol concentration (52.3 g/L) and the lowest glucose accumulation
(only 6.0 g/L) after 48 h. These results corresponded to an improvement of 55% in ethanol production
and a reduction of 85% in glucose accumulation when compared to the batch SSF process at 24% (w/v)
solid loading. In addition, the value of ethanol concentration achieved in FBS-3 (52.3 g/L) was above
the minimum requirements to make the distillation process economically feasible.

Table 8 summarizes the results of the batch and fed-batch SSF processes under different strategies
using pre-treated rice straw at 24% (w/v) solid loading in the VBM reactor. As can be seen, all the
fermentation parameters were increased when the process was performed in fed-batch compared to
batch mode, being observed an improvement of 40% in ηF values and 10% in ηH when the FBS-3
strategy was used. It is interesting to note that the FBS-3 resulted in a ηH/ηF ratio close to 1, indicating
that the desirable balance between the saccharification and fermentation processes were achieved
under these conditions.

Table 8. Comparison of the batch and fed-batch SSF in the VBM reactor at 24% (w/v) final loading of
pre-treated rice straw.

SSF Experiments EM (g/L) QP (g/L.h) GR (g/L) ηH (%) ηF (%) ηH
ηF

Batch * 33.7 0.70 39.6 64 40 1.60
FBS-1 * 36.7 0.80 32.2 63 44 1.43
FBS-2 ** 45.3 0.90 12.9 67 58 1.15
FBS-3 ** 52.3 1.10 6.0 71 67 1.06

* glucan content of 61.8%; ** glucan content of 57.2%; EM = maximum ethanol concentration, QP = ethanol volumetric
productivity, GR = residual glucose, ηH = hydrolysis efficiency, ηF = fermentation efficiency.

In order to assess the saccharification profile of pre-treated rice straw at 24% (w/v) solid loading in
fed-batch mode, experiments of enzymatic hydrolysis (EH) under the conditions of the FBS-3 strategy
were carried out. As can be seen in Figure 5, the profile of glucan digestibility was similar for both
processes (SSF and EH) up to 10 h, achieving at this point a glucose concentration of about 55 g/L
(ηF = 36%). However, after this time, the performance of SSF was superior, and at the end of 48 h
the cellulose conversion reached 72%, corresponding to an increase of 15% when compared to the
enzymatic hydrolysis (61%). This improvement can be attributed to the lower sugar inhibition effect,
since under FBS-3 conditions, a low level of glucose (around 5.0 g/L) was observed after 24 h and this
level was maintained until the end of the process (Figure 4B). These results of hydrolysis efficiency
are in agreement with that of Du et al. [12] who reported similar values (59%) in fed-batch process
in a tank-rotating reactor at 20% (w/w) pre-treated corn stover and enzyme loading of 10 FPU/g dry
matter. However, in Du’s work, the final cellulose conversion was observed at 72 h; while the time
in the present study was shorter (48 h). According to the authors, advanced enzymes formulations
including more endoglucanases, which provide dramatic reductions in the viscosity of lignocellulosic
slurry, might be used to facilitate the mass transfer at high solid loading.
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The SSF findings of the present study are also advantageous when compared to separate hydrolysis
and fermentation (SHF) for ethanol production. In fed-batch enzymatic hydrolysis, for example,
the maximum glucose concentration was 92.3 g/L (Figure 5), which in turn could be theoretically
converted into 47.1 g/L ethanol. This value is 10% lower than the ethanol concentration (52.3 g/L)
obtained in the fed-batch strategy FBS-3.
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Finally, a global analysis of the results obtained in the present study compared to the current
literature on ethanol production by SSF in fed-batch mode using different biomass types at high
solids content ([17,31,33,36–39]—Table 9) revealed that the strategy proposed here is very promising.
As can be seen, Zhao et al. [36] and Zhang et al. [17] achieved the highest ethanol titers (80.0 and
84.7 g/L) using pre-treated sugarcane bagasse and corncob, respectively. However, the global time
of their processes was 120 and 96 h, respectively, giving an overall ethanol volumetric productivity
of approximately 0.70 g/L.h. This productivity value was about 45% lower than that obtained in the
present work (1.1 g/L.h) using pre-treated rice straw in the VBM reactor. Only the overall process
efficiency obtained in the present study (67%) can still be improved. In order to do that, efforts will be
directed at increasing the enzymatic conversion of cellulose and consequently, the ethanol production.
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Table 9. Comparison of fed-batch simultaneous saccharification and fermentation experiments using different pre-treated feedstocks for ethanol production at high
solid loading.

Feedstock Pre-Treatment Solids (% w/w) Enzyme Load Yeast Strain and Inoculum Reactor Type Operational Conditions Fermentation Parameters Ref.

Rice straw Alkali/Acid 19 14.3 FPU Cellubrix and 17.6 IU
β-glucosidase Novozyme 188/g glucan

K. marxianus
NRRL Y-6860 (3 g/L)

1.7-L vertical ball
mill reactor 41.5 ◦C, 200 rpm, 48 h

EM = 52.3 g/L
QP = 1.1 g/L.h

ηF = 67%
This work

Spruce Not informed 20 7.5 FPU CellicCTec2/g solid S. cerevisiae Thermosacc®

(5 g/L)
3.6-L reactor (Infors

HT-Labfors) 35 ◦C, 400 rpm, 96 h
EM = 40.0 g/L

QP = 0.42 g/L.h
ηF = 53%

[31]

Sugarcane bagasse Acid-catalyzed steam 22 15 FPU CellicCTec2/g solid S. cerevisiae Thermosacc®

(0.02 g cell/g solid)
2-L reactor (Biostat
B. Braum Biotech) 35 ◦C, 500 rpm, 120 h

EM = 65.4 g/L
QP = 0.45 g/L.h

ηF = 85%
[33]

Sugarcane bagasse Formalin 20 10 FPU /g solid S. cerevisiae CICC 31014
(10% v/v)

150-mL
Erlenmeyer flasks 37–38 ◦C, 150 rpm, 120 h

EM = 80.0 g/L
QP = 0.67 g/L.h

ηF = 83%
[36]

Wheat straw Acid-catalyzed steam 20 10 FPU CellicCTec2/g solid S. cerevisiae KE-6-12A
(0.02 g/g solid)

3.6-L reactor (Infors
HT-Labfors) 35 ◦C, 400 rpm, 72 h

EM = 57.3 g/L
QP = 0.79 g/L.h

ηF = 66%
[37]

Corn stover Acid-catalyzed steam 20 7.5 FPU CellicCTec2/g solid S. cerevisiae dry baker yeas
T(3 g/L)

2-L reactor
(Infors AG) 35 ◦C, 144 h

EM = 53.4 g/L
QP = 0.74 g/L.h

ηF = 75%
[38]

Barley straw Hydrothermal 25 10 FPU Celluclast 1.5L/g solid and 5 IU
Novozyme 188/FPU

S. cerevisiae CECT-1170
(10 mL)

250-mL
Erlenmeyer flasks 35 ◦C, 120 rpm, 96 h

EM = 51.7 g/L
QP = 0.54 g/L.h

ηF = 77%
[39]

Corncob Acid/Alkali 25 22.8 FPU GC220/g glucan S. cerevisiae
(5.0 g/L)

6-L reactor (Biostat
B. Braum Biotech)

Pre-hydrolysis (50 ◦C, 24 h)
Fermentation (37 ◦C, 96 h)

EM = 84.7 g/L
QP = 0.70 g/L.h

ηF = 79%
[17]

EM = maximum ethanol concentration, QP = ethanol volumetric productivity (calculated from the maximum ethanol obtained divided by the total time of the process including
pre-hydrolysis stage); ηF = fermentation efficiency.
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4. Conclusions

This study demonstrated that the vertical ball mill (VBM) reactor, equipped with an adjustable
flat-disk impeller and operated with glass spheres as shear agents, can be effectively used for processing
lignocellulosic biomass at high solid loading. In this study, the optimal conditions of temperature and
number of spheres for SSF process in the VBM reactor using pre-treated rice straw and K. marxianus
were established. SSF operation in fed-batch mode was an efficient strategy for ethanol production
from pre-treated rice straw at high solid loading (24% w/v). The selected fed-batch SSF strategy (FBS-3)
resulted in a 1.6-fold increase in the ethanol titer compared to the batch mode (from 33.7 to 52.3 g/L) after
48 h, which represented an important advance for industrial-scale application. Furthermore, the data
revealed that the limitation of SSF in fed-batch mode is more related to the incomplete hydrolysis of
cellulose than to the ability of the yeast to convert glucose into ethanol. Considering the whole process
of cellulose conversion into ethanol (enzymatic hydrolysis and fermentation), this study resulted
in one of the highest volumetric productivities with titers above 50 g/L reported in the literature
for second generation ethanol production. The data obtained in the strategy FBS-3 will be used for
economic analysis studies considering the application of rice straw for ethanol production within the
biorefinery context.
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