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Abstract Ethanol production from acidic-alkaline pretreated cashew apple bagasse (CAB-
OH) was investigated using separated hydrolysis and fermentation (SHF) and simultaneous
saccharification and fermentation (SSF) processes. First, a screening of Kluyveromyces strains
was conducted by SHF and a maximum ethanol concentration of 24.1 g L−1 was obtained
using Kluyveromyces marxianus ATCC36907, which presented similar profiles when com-
pared to results obtained by a Saccharomyces strain. The effect of temperature on ethanol
production conducted by SHF using K. marxianus ATCC36907 was investigated, and the
maximum ethanol yield (YE/G) was obtained at 40 °C (0.46 g g−1) using a synthetic medium.
In the SHF using CAB-OH hydrolysate, the maximum ethanol concentration obtained was
24.9 g L−1, 5.92 g L−1 h−1 of productivity, and ethanol yield of 0.43 g g−1 at 40 °C. Afterwards,
K. marxianus ATCC36907 was used in the bioconversion of CAB-OH by SSF, and an ethanol
concentration of 41.41±0.2 g L−1 was obtained using 10 % CAB-OH at 40 °C, 150 rpm and
24 h, resulting in a Y E/G of 0.50 gEgG

−1 and an efficiency of 98.4 %, in the process conducted
with cellobiase supplementation. SHF and SSF processes using CAB-OH and K. marxianus
ATCC36907 can be used to ethanol production, but the SSF process required only one step to
achieve the same production.
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Introduction

Lignocellulosic biomass is an abundant and potentially low-cost renewable source. Therefore,
their use allows the production of a valuable biofuel and the utilization of a wide range of
residues from domestic, agricultural, and industrial activities [1, 2]. The conversion of biomass
into biofuels has drawn much attention from the government and researchers, especially
because ethanol is one of the most promising alternatives to conventional petroleum-based
transport fuels [1, 3–7].

Cashew apple is a pseudofruit from the northeastern region of Brazil, and the
cashew agroindustry has an outstanding role in the local economy due to cashew nut
exportation. According to FAOSTAT (Food and Agriculture Organization of the
United Nations) data, Brazil is the fifth largest manufacturer of cashew nuts with
the production of more than 230,000 tons of cashew apple nut with shells in 2011.
On the other hand, the industrial processing of peduncles for juice production results
in 15 % (w/w) bagasse, which represents no commercial value and is one of the major
sources of waste from the Northeast Brazilian agribusiness. These facts, and the
composition of cashew apple bagasse (CAB), 18–21 % of cellulose, 10–19 % of
hemicellulose, 33–35 % of lignin, 6–8 % of extractives, and 1.5–1.6 % of ash [8, 9],
points the raw material as an alternative and inexpensive (<$0.10/kg) lignocellulosic
material for the production of fuel ethanol [10–15].

In general, ethanol production from lignocellulosic biomass comprises the follow-
ing main steps: pretreatment, hydrolysis of cellulose and hemicellulose, sugar fer-
mentation, and, finally, recovery and purification of ethanol to meet fuel
specifications [4]. Among the processes for cellulosic ethanol production, simulta-
neous saccharification and fermentation (SSF) is an interesting alternative due to the
integration of saccharification and fermentation steps. One of the advantages for
using SSF is the simplified process, when compared with separate hydrolysis and
fermentation (SHF). In addition, the inhibition process of the cellulase enzyme by
glucose is avoided, thereby increasing saccharification rate and ethanol yield. How-
ever, the main disadvantage of SSF is the lower efficiency of hydrolysis, which
should be carried out at a lower temperature in order to be compatible with
fermentation, when compared to SHF [5].

In this context, ethanol production at elevated temperatures has received much attention.
Industrial ethanol production mostly employs a mesophilic strain S. cerevisiae at a fermenta-
tion temperature up to 35 °C. Kluyveromyces marxianus is recognized as a thermotolerant
yeast strain; it grows rapidly at temperatures above 40 °C and could be economically explored
for the SSF process [16–18]. In addition, ethanol fermentation at a high temperature is a key
requirement for effective ethanol production in tropical countries where average daytime
temperatures are usually high throughout the year. The advantages of rapid fermentation at a
high temperature are not only a decreased risk of contamination but also a reduction in cooling
costs [16].

In this work, the screening Kluyveromyces strains was performed in the SHF
process for ethanol production using an enzymatic hydrolysate of pretreated cashew
apple bagasse (CAB-OH). The influence of temperature on ethanol production by
K. marxianus ATCC36907 was evaluated and based on the results obtained by SHF,
and the SSF process was conducted using 10 % w/v CAB-OH (corresponding at
7.5 % w/v of glucan).

1168 Appl Biochem Biotechnol (2016) 178:1167–1183



Material and Methods

Raw material and Pretreatment

Cashew apple (Anacardium occidentale L.) bagasse (CAB) in natura was donated by the
Jandaia Industry of Juice (Ceará, Brazil). Before the pretreatment step, CAB in natura was
processed as described in a previous work of our research group [15, 19]. It was washed three
times with water, dried at 60 °C for 24 h, milled in boil mill (Model R-TE-350, Tecnal, Brazil),
and selected particles with size of 0.24–0.85 mm.

A two-stage acidic-alkaline pretreatment was proposed. Dilute sulfuric acid pretreatment
was performed in the first stage mainly for hemicellulose removal while the second stage
carried out alkaline (NaOH) pretreatment primarily for delignification. Diluted sulfuric acid
pretreatment was carried out according to [13]: The pretreatment was conducted in autoclave
using 30 % (w/v) solid concentration, 0.6 M H2SO4 at 121 °C for 15 min in loosely covered
flasks. The solid residue (designated as CAB-H) was washed with water until the wash water
reached a pH of 6.0±0.5; it was then dried at 50 °C for 24 h. The alkaline pretreatment was
conducted in autoclave using 7.5 % (w/v) solid concentration, 1.0 M NaOH at 121 °C for
30 min in loosely covered flasks [13]. The solid residue (designated as CAB-OH) was washed
with water until the wash water reached pH of 7.0; it was then dried at 50 °C for 24 h. The
particles retained on 20# to 80# mesh (0.25-0.84 mm) sieve were used for enzymatic
hydrolysis, based in a protocol from the National Renewable Energy Laboratory (NREL) [20].

Compositional Analysis of CAB

Compositional analysis was determined according to the protocol proposed by the
NREL [21, 22] in terms of extractives, glucan, xylan, lignin, and ash.

Enzymes and Enzyme Activity

A commercial enzyme extract, Celluclast 1.5 L, EC. 232-734-4 (Novozymes, Bagsvaerd,
Denmark) was purchased from Sigma-Aldrich (St Louis, Missouri, USA), and β-glucosidase
enzyme (NS 50010, Novozymes, Bagsvaerd, Denmark) was generously donated
by Novozymes (Novozymes, Bagsvaerd, Denmark).

The enzymatic activities of cellulase complex and β-glucosidase were determined
according with the literature [23] at pH 4.8 and 50 °C. Cellulose activity was expressed as 1
FPU—the quantity of enzyme releasing 1 μmol of glucose from blotting-paper Whatman No.
1 for 1 min. β-glucosidase activity was expressed as 1 CBU—the quantity of enzyme
transforming 1 μmol of cellobiose into 2 μmol of glucose per 1 min.

The commercial cellulase preparation had cellulase activity of 128.9 FPU mL−1 and β-
glucosidase activity of 5.63 CBU mL−1. Cellobiase enzyme (NS50010-Novozyme) had β-
glucosidase activity of 266 U mL−1.

Enzymatic hydrolysis of CAB-OH

The saccharification of CAB-OH was performed with a commercial enzyme extract, Celluclast
1.5 L, EC. 232-734-4 (Novozymes, Bagsvaerd, Denmark), according the NREL procedure of
Enzymatic Saccharification of Lignocellulosic Biomass [20] with adaptations: the solid
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concentration used was 16 % (w/v) [13], corresponding to 11.5 % (w/v) glucan, at 45 °C, with
60 FPU/gglucan for 72 h of enzymatic hydrolysis. After the enzymatic of CAB-OH, the solid
was separated by centrifugation (10,000g for 15 min), followed by filtration.

The percentage of glucan digestion was calculated using Eq. 1, and xylan digestion was
defined according Eq. 2:

%digestionGLU ¼ Glucose g⋅L−1� �� volume Lð Þ � 0:90

Glucaninitial gð Þ � 100 ð1Þ

%digestionXYL ¼ Xylose g⋅L−1� �� volume Lð Þ � 0:88

Xylaninitial gð Þ � 100 ð2Þ

In Eqs. 1 and 2, an anhydrous correction factor of 0.88 was used for xylose and a correction
of 0.90 was used for glucose to calculate the concentration of the polymeric sugars cellulose
and hemicellulose, respectively.

The glucose-rich supernatant, here named hydrolysate, was later used in the fermentation
process for ethanol production.

Microorganism and Inoculum Preparation

The yeast strains used in this work are listed in Table 1. The culture was inoculated on YEPD
agar (yeast extract, 10 g L−1; peptone, 20 g L−1; glucose 20 g L−1; agar 20 g L−1) and incubated
at 30 °C for 48 h. Inoculum preparation was performed in 250 mL Erlenmeyer flasks with a
medium volume of 100 mL of YEPD (yeast extract, 10 g L−1; peptone, 20 g L−1; glucose
20 g L−1). Growth was carried out at 30 °C on an orbital shaker (TE-421, Tecnal, Brazil) for
24 h. After that, cells were centrifuged at 10,000g for 15 min to obtain the initial biomass used
in the fermentation assays.

Fermentation Assays

Fermentation of CAB-OH Hydrolysate

First, Kluyveromyces yeasts screening was conducted in order to evaluate its capability of
ethanol production using CAB-OH hydrolysate, and the results were compared with the
performance of Saccharomyces sp. 1238 strain. For that purpose, experiments were conducted
in 250 mL flasks, at 150 rpm, 30 °C (for all yeasts), pH 4.5–5.0 (same pH for all microor-
ganisms) and 5 g L−1 initial cell concentration. The culture medium used in the SHF was

Table 1 Description and source of yeast cultures used in this study.

Yeast Source

Kluyveromyces marxianus CCA510 Laboratory of Agricultural Microbiology, UFSCar – São Paulo – Brazil.

K. marxianus ATCC36907 American Type Culture Collection (ATCC)

K. marxianus CE025 Laboratory of Microbiology, UFC – Ceará – Brazil.

Saccharomyces sp. 1238 Laboratory of Antibiotics, UFPE – Pernambuco – Brazil.
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prepared by diluting the enzymatic hydrolysate with distilled water up to a glucose concen-
tration of 50 g L−1, which was further supplemented as follows: 5 g L−1 of yeast extract and
1 g L−1 of (NH4)2SO4. It was sterilized at 110 °C for 10 min.

Ethanol Production by K. marxianus ATCC36907 Using a Synthetic Medium and Using
the CAB-OH Hydrolysate After Enzyme Hydrolysis: Influence of Temperature

The influence of temperature (30–50 °C) on ethanol production by the selected yeast in the
previous step was first evaluated using a synthetic medium with a similar composition of the
diluted hydrolysate used in the SHF process. The culture medium was prepared in citrate
buffer at 30 mM and pH 4.5–5.0 with 50 g L−1 of initial glucose, 5 g L−1 of yeast extract, and
1 g L−1 of (NH4)2SO4, and it was sterilized at 110 °C for 10 min. Afterwards, the temperature
that allowed to achieve best results of ethanol production using the synthetic medium was
evaluated using the enzymatic hydrolysate with the same initial concentration of glucose. The
initial biomass concentration was fixed at 5 g L−1 in the all experiments. The culture media
were sterilized at 110 °C for 10 min.

Simultaneous Saccharification and Fermentation

Simultaneous saccharification and fermentation (SSF) processes were conducted in 250 mL
flasks with 10 % w/v CAB-OH (corresponding at 7.5 %w/v of glucan) in 50 mM citrate buffer
at pH 4.5–5.0, supplemented with 5 g L−1 of yeast extract and 1 g L−1 of (NH4)2SO4. The
culture mediumwas sterilized at 110 °C for 10 min. Experiments were performed with an initial
cell concentration (K. marxianusATCC36907) of 5 g L−1, with cellulases from Celluclast 1.5 L
(30 FPU/gglucan). The process was conducted at 40 °C and 150 rpm. Another experiment, at the
same operational conditions, was conducted to evaluate the supplementation of medium with
cellobiases (NS 50010) at 60 CBU/gglucan. The ethanol yield (Y E/G) and ethanol efficiency of
the SSF processes (η ) were calculated as described by Eqs. 3 and 4, respectively:

Y
0

E

.
G
¼ EtOHt g⋅L−1� �

−EtOH0 g⋅L−1� �

Celluloseinitial � Biomass g⋅L−1� �� 1:11
ð3Þ

η
0 ¼

Y
0

E

.
G
x100

0:511
ð4Þ

where EtOHt is the concentration of ethanol at time t, EtOH0 is the initial ethanol concentration,
Biomass is the dry biomass concentration at the beginning of fermentation (g L−1), 0.511 is the
conversion factor for glucose to ethanol, and 1.11 is the conversion factor for cellulose to glucose.

Analytical Methods

Scanning Electron Microscopy

The morphology and the physical structure of the CAB, CAB-H, and CAB-OH were observed
by scanning electron microscopy (SEM) using a Philips XL 30 ESEMmicroscope, which was
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operated at 20 kVand 0.7 torr. The samples were coated with gold by electrodeposition under
vacuum prior to analysis.

Sugar, Ethanol, and Inhibitor Concentrations

Samples of the fermented broth were centrifuged at 3000g for 15 min, and the supernatant was
used for sugar, ethanol, and inhibitor (formic acid, acetic acid, furfural, and
hydroxymethylfurfural) analysis by HPLC. A Waters system (Waters, Milford, MA, USA)
equipped with a refractive index Waters 2414 detector and an Aminex HPX-87H column (Bio-
Rad, Hercules, CA, USA) was used. The eluent was 5 mmoL L−1 H2SO4 in MilliQ Water
(simplicity 185, Millipore, Billerica, MA) at 65 °C. A flow rate of 0.5 mL min−1 was used for the
analysis of sugars and ethanol, and 0.6mLmin−1 for inhibitor quantification. Sampleswere identified
by comparing the retention times with those of inhibitors, carbohydrate and ethanol standards.

Statistical Analysis

The results of ethanol production for Kluyveromyces strain and Saccharomyces sp. 1238 were
analyzed for statistical significance by a one-way analysis of variance (ANOVA) at 95 %
confidence level (p<0.05), available in Microcal Origin 8.1 software (Microcal Software Inc,
Northampton. MA. USA).

Results and Discussion

Compositional Analysis of Cashew Apple Bagasse and Physical Structural Changes

Table 2 provides the results of the compositional analysis of CAB in natura, CAB-H, and
CAB-OH. After the diluted acid pretreatment, the remaining solid fraction was separated from
the hydrolysate prior to the alkaline pretreatment. The amount of recovered material
corresponded to 61.38 % of the untreated CAB. The alkaline pretreatment resulted in a solid
recovery of 9.34 % and a reduction of 49 % in the lignin percentage; it was achieved at 17.07±
1.9 %. This lignin reduction has been reported by other authors with lignin content from 24–55
to 20 % after by different alkaline pretreatment (i.e., NaOH, AFEX) of hardwood: [4, 24, 25].
Then, the hydrolysate obtained from alkaline pretreatment step is rich in lignin and the
literature reports that it has potential to replace a significant fraction of petrochemicals if
combined, in the future, with residual lignin produced at the emerging advanced lignocellulose
biorefineries. Other applications for lignin are power/fuel, macromolecules, and aromatic
chemicals [26, 27].

As the pretreatment with NaOH removed part of the lignin from CAB, this resulted in an
accumulation and subsequent increase in the glucan percentage of CAB-OH (71.93 %).
Furthermore, it can be noted in Table 2 that the compositional analysis of CAB results only
in 79.5 % of material content, which can be attributed to the presence of other compounds not
determined, for example, protein. The literature reports [10, 11], for instance, that a range of
3.0–14.0 % (w/w) protein can be found in cashew apple bagasse.

The physical structural changes of CAB, CAB-H, and CAB-OH were imaged on a
scanning electron microscope (Fig. 1 in supplementary data - ESI). As shown in Fig. 1A-
ESI, the texture of CAB in natura appeared irregular and it is probably covered with a wax
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layer commonly found in biomass. After acid pretreatment (Fig. 1B-ESI), many granules
appeared on the surface and they disappeared after the alkali pretreatment of CAB-H (Fig. 1C-
ESI), since the solid CAB-OH became thinner and regular.

Enzymatic Hydrolysis of CAB-OH

Figure 1 shows the sugar concentrations and glucose and xylose yields during the enzymatic
hydrolysis of CAB-OH. An increase in glucose and xylose concentrations, as well as in their
yields along time, is observed. The highest glucose (88.07±3.1 g L−1) and xylose (2.88±
0.4 g L−1) concentrations were obtained after 96 h of enzymatic hydrolysis. The results of the
glucose and xylose yields showed that the enzymatic hydrolysis of CAB-OH led to an increase
in their respective yields, 76.5±1.0 and 68.6±0.7 % after 96 h of hydrolysis.

On the other hand, a high cellobiose concentration was identified during the hydrolysis of
CAB-OH, i.e., a cellobiose concentration of 52.76±3.5 g L−1 was found at 24 h with a
decrease to 30.34±0.8 g L−1 at the end of process. Cellobiose accumulation during enzymatic
hydrolysis of CAB-OH can be attributed to a deficiency in cellobiases, which is observed in
most of the commercial cellulases complexes available, such as Celluclast 1.5 L
(5.63 CBU mL−1 β-glucosidase). In this case, to reduce the presence of cellobiose, some
authors supplement the cellobiase complex during the enzymatic hydrolysis step, for example
by using Novozymes 188 [28–30]. Inhibitors (HMF and furfural) at concentrations over than
0.001 g L−1 were not detected in the enzymatic hydrolysate.

Wang et al. [31] studied the enzymatic hydrolysis (40 FPU/gcellulose and 70 CBU/gcellobiase)
of coastal Bermuda grass (Cynodon dactylon L.) pretreated with NaOH (0.75 %w/v). Al-
though these authors have supplemented the medium with a cellobiase complex, they obtained

Table 2 Compositional analysis based in dry weight mass of CAB in natura, CAB-H and CAB-OH

Material Extractives (%) Glucan (%) Xylan (%) Lignin (%) Ash (%)

CAB in natura 5.64±0.1 20.91±2.0 16.33±3.0 35.78±0.1 0.88±0.1

CAB-H 0.71±0.1 25.37±1.6 3.72±0.9 56.70±0.1 1.10±0.1

CAB-OH 0.93±0.2 71.93±0.5 8.51±0.1 17.27±1.9 0.99±0.1
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glucose (90.43 %) and xylose (65.11 %) yields closer to the ones obtained in this
work. Haque et al. [6] obtained sugar yields of 87 % after enzymatic hydrolysis of
Miscanthus sinensis, also pretreated with NaOH, and their results corroborated with
the results obtained with CAB-OH.

At the end of the enzymatic hydrolysis, the hydrolysate composition was 88.07±3.1 g L−1

glucose, 30.34±0.8 g L−1 cellobiose, and 2.88±0.4 g L−1 xylose.

Fermentation of Cashew Apple Bagasse Hydrolysate

Before fermentation, the hydrolysate was first diluted with distilled water to an initial
glucose concentration of 50 g L−1, and the potential of Saccharomyces and
Kluyveromyces yeast strains was evaluated for ethanol production by the SHF process.
Figure 2a, b shows the glucose consumption and ethanol production by
Kluyveromyces strains and Saccharomyces sp. 1238. K. marxianus ATCC36907 was
the only strain of Kluyveromyces which consumed all glucose from the enzymatic
hydrolysate, reaching the stationary phase after 4–5 h of fermentation. It was observed
that K. marxianus ATCC36907 consumed all glucose from the hydrolysate after 5 h
of fermentation with a maximum ethanol production of 24.1±0.4 g L−1 and a
corresponding productivity of 4.4 g L−1 h−1.

Saccharomyces sp. 1238 provided a maximum ethanol concentration of 23.4±
0.9 g L−1 after 4 h of fermentation, similar to the ethanol concentration obtained
for K. marxianus ATCC36907, 23.8 g L−1 (at 4 h of fermentation). Other studies with
Saccharomyces sp. 1238 [32] showed that it has the potential to produce ethanol
(23 g L−1) at 34 °C from an enzymatic hydrolysate of sugarcane bagasse (initial
glucose concentration of 59.70 g L−1) after pretreatment by steam explosion followed
by delignification with NaOH.

The lower ethanol production (2 g L−1) was observed in the process using K. marxianus
CCA510. Different results were obtained by Albuquerque et al. [9]. These authors evaluated
the production of xylitol from K. marxianus CCA510, and the authors pointed that the yeast
was able to consume both glucose and xylose to ethanol and xylitol production, respectively.
In addition, the authors obtained 12 g L−1 of ethanol when using acid hydrolysate from cashew
apple bagasse as carbon source.

At present, industrial ethanol production mostly employs strains of S. cerevisiae at
a fermentation temperature around 35 °C. K. marxianus is recognized as a
thermotolerant yeast strain capable of growing at 52 °C. However, some reports in
the literature [17] have cited that lower ethanol productivities were achieved with
K. marxianus when compared to S. cerevisiae. This behavior was not observed in this
work for K. marxianus ATCC36907.

Table 3 shows the parameters of ethanol yield (YE/G), efficiency (%), and productivity at
maximum ethanol concentration of fermentation for K. marxianus ATCC36907, K. marxianus
CE025, K. marxianus CCA510, and Saccharomyces sp. 1238. At a significance level of
99.5 %, the results of ethanol yields (YE/G) for K. marxianus ATCC36907 and Saccharomyces
sp. 1238 were not significantly different.

According to the results, K. marxianus ATCC36907 shows potential for ethanol production
similar to the Saccharomyces strain evaluated here. Therefore, the influence of temperature on
ethanol production by K. marxianus ATCC36907 was investigated, aiming further studies of
its potential in the SSF process.
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Table 3 Ethanol yield, efficiency, and productivity using enzymatic hydrolysate from CAB-OH at 30 °C and
150 rpm

Yeast Maximum ethanol concentration
Pmax (g L−1)a

Productivity
QP (g L−1 h−1)

Yield Ethanol
YE/G (g g−1)

Efficiency
(η, %)

K. marxianus ATCC36907 24.13±0.30a 4.45 0.39±0.02 76.32±0.03

K. marxianus CE025 13.91±0.15b 1.85 0.37±0.01 72.41±0.01

K. marxianus CCA510 2.38±0.32b 0.25 0.18±0.01 35.23±0.02

Saccharomyces sp. 1238 22.45±1.12b 3.55 0.40±0.01 78.28±0.01

aMaximum ethanol concentration obtained at 5 h of bioprocesses
bMaximum ethanol concentration obtained at 6 h of bioprocesses
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Influence of Temperature on Ethanol Production by K. marxianus ATCC36907

Figure 3 shows the influence of temperature on glucose (Fig. 3a) and ethanol (Fig. 3b)
concentrations during the growth of K. marxianus ATCC36907. Glucose consumption was
only weakly influenced by temperature. Glucose was exhausted after 5 h of fermentation at the
temperatures of 30 ºC and 35 °C,while at higher temperatures there was no glucose after 3 h and
4 h for fermentation. It represents an improvement around 20 % of fermentation time. Based
on the results of biomass, μmax was calculated and the value was applied to the linearized
Arrhenius equation (see supplementary material – Fig. 2 ESI). The value obtained for the
constant frequency was 40.45, and the activation energy was 14.50 kJ mol−1 with an
adjustment coefficient (R2) of 0.927. The literature reports (Reeves, 2004) the kinetic analysis
of K. marxianus used sweet potato waste as substrate in temperatures of 40 ºC, 45 ºC, and 50 °C.
The author obtained activation energy value of 133.05 kJ mol−1 with an adjustment coefficient (R2)
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of 0.893. This result may be attributed by the complexity of raw material that influenced the
yeast growth when compared with the synthetic media used in this work.

Figure 3b presents the ethanol profiles at the different temperature studied. It can
be noted that they are similar, and the yeast was capable of producing ethanol at 40, 45, and
50 °C, achieving maximum concentrations of 24.9 g L−1, 24.3 g L−1, and 23.4 g L−1, respectively.
In addition, it was observed that ethanol productivity (see Table 4) increased with increasing
temperatures.

Some authors [33] studied the effect of temperature on ethanol production by K. marxianus
CECT 10875 at 40–44 °C using a synthetic medium containing glucose supplemented with
5 g L−1 of yeast extract and salts. The authors found that, within the temperature range studied,
the temperature did not significantly influenced ethanol production. The authors also obtained
a maximum ethanol concentration of 21–22 g L−1 and ethanol yield of 86 %, which is similar
to the values obtained in this study.

Table 4 shows the results of fermentation parameters after temperature variation.
The values of YE/G indicate that the temperature range studied (30–50 °C) did not
have a significant influence on ethanol yields (0.45 g g−1 to 0.46 g g−1), nor on the
fermentation efficiency (88–90 %). However, according to Table 4, the productivity of
ethanol was influenced by temperature, and maximum productivity was obtained at
40 ºC and 50 °C, 3.96 g L−1 h−1. It is noteworthy that ethanol yields and efficiency at
40 °C were higher than at 50 °C. Furthermore, yields were close to the maximum
theoretical value of YE/G (0.511 g g−1).

Based on the results of the temperature study in synthetic medium, ethanol production from
K. marxianus ATCC36907 was evaluated using the enzymatic hydrolysate from CAB-OH at
40 °C, prepared as described in 2.6.1 and 2.6.2. Figure 4 shows the results of glucose and
ethanol concentrations obtained from enzymatic hydrolysate fermentation at 40 °C. As seen in
the results obtained from the synthetic medium, there was no glucose after 4 h of fermentation.
The maximum ethanol concentration obtained was 24.9 g L−1, 5.92 g L−1 h−1 of productivity,
and ethanol yield of 0.43 g g−1.

Other authors [14] evaluated the influence of temperature (30–40 °C) on ethanol produc-
tion by K. marxianus CE025 using a hydrolysate obtained from the acid pretreatment of
cashew apple bagasse (CAB). The initial sugar concentration (glucose+xylose) was
53 g L−1. The best results of ethanol yield were obtained at 30 °C, with the highest ethanol
concentration of 12.36 g L−1, productivity of 0.26 g L−1 h−1, and YE/G and 0.42 g g−1. The
YE/G obtained by these authors was closer than the results from this study at higher
temperatures of fermentation.

Table 4 Influence of temperature on ethanol yield, efficiency, and productivity during fermentation using
synthetic medium by K. marxianus ATCC36907 at 150 rpm

Temperature
(°C)

Productivity
QP (g L−1 h−1)

Ethanol Yield
YE/G (g g−1)

Efficiency
(%)

30 3.09 0.45 88.06

35 2.95 0.45 88.06

40 3.96 0.46 90.02

45 3.41 0.46 90.02

50 3.96 0.45 88.06
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Similar results were achieved by other authors [34], when studying ethanol pro-
duction by K. marxianus CECT 10875 using steam exploded barley straw. In the SHF
process at 42 °C, the authors obtained the highest ethanol concentration of 23 g L−1

at 24 h with 56.4 g L−1 of initial glucose. Pessani et al. [35] performed studies using
the SSF process at 37–45 °C and obtained better results at 45 °C with the K.
marxianus IMB3 strain. The authors obtained the highest ethanol concentration and
yield of 23 g L−1 and 86 %, respectively.

Ethanol Production by K. marxianus ATCC36907 by Simultaneous Saccharification
and Fermentation

The results regarding ethanol concentration and sugars (glucose, xylose, and cellobi-
ose) after SSF of CAB-OH using cells of K. marxianus ATCC36907 at 40 °C and
cellulase at 30 FPU/gglucan are shown in Fig. 5a. A higher ethanol concentration
(25.56±0.9 g L−1) was obtained after 48 h of fermentation, with a productivity of
0.53 g L−1 h−1. The efficiency (η ) of ethanol production was 60.66 %. It can be seen
that glucose and cellobiose accumulated during the process, approximately 2.5 g L−1

and 10 g L−1 remained at the medium at 72 h, respectively. Cellobiose concentration
(12.61±0.5 g L−1) was maximal at 48 h of fermentation, while at 72 h the concen-
tration decreased to 9.88±0.1 g L−1. Cellobiose accumulation indicates the inhibition
of cellulases, which reduced the performance of the reaction. This process influenced
glucose production and negatively affected the Y E/G value (0.31). The present results
corroborate with the obtained results for other study, which used different raw
lignocellulosic materials and microorganisms, but the same strategy (SSF process),
i.e., wheat straw [36], barley straw [34], Kanlow switchgrass (Panicum virgatum var.
Kanlow) [37].

Since the commercial complex Celluclast 1.5 L is deficient in cellobiases (5.63 CBU/mL),
the SSF process was conducted with cellobiase supplementation (60 CBU/gGLUCAN) and the
results are show in the Fig. 5b and Table 5. Cellobiose accumulation did not observe during the
process and residual glucose concentrations in the fermentation medium were below 2 g L−1

after 24 h. A higher ethanol concentration (41.41±0.2 g L−1) was obtained after 24 h of
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fermentation, with a productivity, yield and efficiency of 1.73 g L−1 h−1, 0.50 gE.gG
−1, and

98.4 %, respectively (Table 5). These results are higher than the obtained without cellobiase
supplementation.

Table 5 Parameters obtained in the SSF processes conducted at 40 °C and 150 rpm by Kluyveromyces
marxianusATCC 36907 using 10 % CAB-OH loading (corresponding at 7.5 % glucan from CAB-OH): A—SSF
process without cellobiase supplementation; B—SSF process with cellobiase supplementation (60 CBU/gglucan)

SSF process Maximum ethanol concentration
Pmax (g L−1)

Ethanol Yield
YE/G

(g g−1)

Productivity
QP (g L−1 h−1)

Efficiency
(%)

A 25.56±0.9a 0.31±0.0 0.53±0.0b 60.66±0.0

B 41.41±0.2b 0.50±0.0 1.73±0.0c 98.41±0.4

a Parameter calculated at 48 h of SSF process
b Parameter calculated at 24 h of SSF process
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Mass Balance

Figure 6 shows a flowchart with the different processes (SHF and SSF) evaluated in this study.
After the pretreatment stage, the glucan was recorded to be 15.57 g after acid pretreatment and
6.72 g after alkali pretreatment, per 100 g of the original starting material. After acid
pretreatment, almost 22 g of total sugars were recovered, which has been reported as potential
substrate for ethanol and xylitol production [9, 13, 15]. Rocha et al. [13], for instance, reported
a maximum ethanol concentration of 10.0 g L−1 in a 4 L bench-scale bioreactor using S.
cerevisiae. Albuquerque et al. [9], using K. marxianus CCA 510, produced both ethanol and
xylitol, reaching a concentration of 11.89±0.34 g L−1 and 6.76±0 28 g L−1, respectively.

Comparing the results of ethanol yield after SHF and SSF processes (Fig. 6), it can be seen
that the amount obtained by SSF (27.8 Kg/ton CAB from SSF using 7.5 % glucan, corre-
sponding at 10 % CAB-OH) was closer (but higher) than the one obtained for SHF (22.1 Kg/
ton CAB). Nevertheless, the SSF system required lower initial concentrations of enzyme and
cellulose when compared to SHF, which turns SSF an interesting alternative to produce
ethanol from CAB-OH. Moreover, the hydrolysate obtained from alkali pretreatment step is

Liquid fraction Solid fraction 

Acid pretreatment (H2SO4) 
30% solids, 0.6 M, 121 °C, 15 min 

CAB 100 g (DM)

Glucan                       20.91 
Xylan                         16.33 
Lignin                        36.88 
Extractives                  5.64

Alkali pretreatment (NaOH) 
7.5% solids, 1.0 M, 121 °C, 30 min 

Acid hydrolysate (g)

Glucose                        9.69 
Xylose                          8.16 
Arabinose                    3.78 
Acid acetic                   0.91 
Acid formic                 0.97 

CAB-H 61.38 g

Glucan                       15.57 
Xylan                           2.28 
Lignin                        34.80 
Extractives                  0.44

CAB-OH 9.34 g

Glucan                         6.72 
Xylan                           0.79 
Lignin                          1.61 
Extractives                  0.09    

2.78 g ethanol = 
27.80 Kg/ton CAB 

K. marxianus ATCC36907  
40 °C, 8 h 

Enzymatic hydrolysis (11.51% glucan)  
60 FPU/gglucan, 45 °C, 72 h 

Enzymatic hydrolysate (g)

Cellobiose                        1.77 
Glucose                            5.14 
Xylose                              0.13    

2.21 g ethanol = 
22.10 Kg/ton CAB 

SHF process SSF process

10% glucan 

30 FPU/gglucan, 60 CBU/gglucan, 
K. marxianus ATCC36907, 40 °C, 80 h

Fig. 6 Mass balance for the pretreatment, enzymatic hydrolysis, and ethanol fermentation for SHF and SSF
processes with K. marxianus ATCC36907
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rich in lignin, which can be further processed for the production of power/fuel, macromole-
cules, and aromatic chemicals [28, 29].

Conclusion

The results of the present study show that the enzymatic hydrolysate from the acidic-alkaline
pretreated cashew apple bagasse is an alternative glucose source for ethanol production by K.
marxianus strains. Among the yeasts studied, K. marxianus ATCC36907 exhibited promising
results of ethanol production at different temperatures by SHF process. In this case, the highest
ethanol production was obtained at 40 °C corresponding at a concentration and yield of
24.9 g L−1 and 22.1 Kg/ton CAB, respectively. In the SSF process using CAB-OH at 40 °C,
the ethanol yield achieved was 27.8 Kg/ton CAB with a concentration of 41.41 g L−1 using
10 % CAB-OH. The SHF and SSF processes demonstrated to be promising alternatives for
CAB-OH application in second-generation ethanol production by K. marxianus ATCC36907.
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