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Abstract
Ethanol is one of the most important platform chemicals that can be produced in a continuous biofilm reactor. The continuous
system can be easily adapted to a biofilm reactor, which is a useful tool for ethanol production by microorganisms. In this study,
two different media (the first medium: acid-pretreated/detoxified and glucose-enriched rice husk hydrolysate; the secondmedium:
acid-pretreated/detoxified and xylose-enriched rice husk hydrolysate) were used for ethanol production in a continuous biofilm
reactor. Bothmedium (1.5 L) were supplemented with 1% (w/v) yeast extract and 2% (w/v) peptone. The dilution rate for the first
medium was between 0.02 and 0.12 h−1, while for the second medium, it was between 0.01 and 0.05 h−1. When the first medium
was used for ethanol fermentation in a continuous system, maximum ethanol productivity of 0.418 g/L/h and maximum biomass
productivity of 0.196 g/L/h were yielded at dilution rates of 0.08 and 0.10 h−1, respectively. As for the second medium for ethanol
fermentation in a continuous system, their values were 0.083 and 0.079 g/L/h at dilution rates of 0.03 and 0.04 h−1, respectively.
Additionally, the yield factors for biomass and ethanol (Y0X/S and Y

0
P/S) were also found to be 0.642 g X/g S and 0.49 g P/g S for

the first medium and 0.254 g X/g S and 0.27 g P/g S for the second medium, respectively. In addition, although cost-effective
ethanol production regarding energy cost and recovery time is desired, the use of the non-enriched sterile and enriched non-sterile
media in a repeated-batch biofilm reactor caused low fermentation kinetics. Consequently, ethanol production was successfully
performed by using Scheffersomyces stipitis in a continuous PCS-biofilm reactor including acid-pretreated/detoxified and
glucose- or xylose-enriched rice husk hydrolysate, which gave higher ethanol concentration compared with subsequent ethanol
fermentation in a repeated-batch biofilm reactor.
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Scheffersomyces stipitis

1 Introduction

The growing population of the world is based on traditional
non-renewable fossil fuels such as oil, woodmass, natural gas,
and coal to meet the growing energy demands that cannot be
met in the near future due to the ongoing depletion of these
reserves. The sudden increase in crude oil prices and the recent
uncertainties regarding its availability have been identified as
the main drivers of alternative clean and cost-effective

sustainable energy. In the face of international, a move away
from traditional fuels and towards a greener future, many ex-
periment laboratories around the world are rushing to find the
next great breakthrough in the development of natural re-
sources, particularly through highly effective ways of discov-
ering biomass as a sustainable alternative raw material. There
are a variety of promising renewable and cost-effective energy
sources such as methane, hydrogen, ethanol, butanol, and
methanol [1]. Agricultural lignocellulosic biomass such as
tea processing waste, rice straw, spent tea waste, wheat straw,
barley husk, oat husk, corn stover, sugarcane bagasse, and rye
straw is the major source of renewable and cost-effective en-
ergy sources. Lignocellulosic biomass, composed of complex
polysaccharides such as cellulose, hemicellulose, pectin, and
non-carbohydrate lignin, is the most abundant potential
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material for the production of biofuels in the world [1–7]. Rice
husk is also a lignocellulosic biomass, which contains 37.07%
cellulose, 31.15% hemicellulose, 22.70% lignin, 9.08% ex-
tractive compounds, and 4.58% moisture [4]. Worldwide, ac-
cording to data in 2017 of the Food and Agricultural
Organization, rice production was about 770 million tons,
20% of which is generated as rice husk. Therefore, rice husk
production on earth was about 154 million tons in 2017. This
information indicates that rice husk is an important by-product
to evaluate in the production of value-added products through
biotechnological processes due to its high carbohydrate com-
position (68.22% cellulose + hemicellulose) [4].

Pretreatment is an important process in the efficient break-
down of lignin barriers to extract cellulosic contents fed to the
hydrolysis step to convert them to simple monosaccharides
such as glucose, xylose, mannose, galactose, and arabinose
[1, 7]. To make the process more effective, pretreatments must
prevent degradation or depletion of carbohydrates, improve
sugar production in the direct or subsequent hydrolysis step,
avoid the formation of compounds that inhibit hydrolysis and
fermentation processes, limit energy demand, and minimize
costs. Pretreatment techniques may include physical (chop-
ping, grinding, irradiation), physicochemical (hot water, steam
burst), chemical (acid and alkali), biological (lignin and man-
ganese peroxidases) pretreatments, or combinations thereof
[8]. Among them, in acid pretreatment, polysaccharides are
severely broken down to monosaccharides by dilute acids
such as HCl, HNO3, H3PO4, or H2SO4. The aim of this meth-
od is tomaximize the conversion of polysaccharides to soluble
sugars, to increase the biomass porosity, and to increase the
hydrolysis of cellulosic fractions to glucose in the next enzy-
matic process [8, 9]. Dilute sulfuric acid pretreatment is wide-
ly used in order to obtain fermentable sugars from renewable
resources, as a higher yield of hydrolysis from lignocellulosic
biomass with H2SO4, compared with other acids are achieved
[9, 10]. In addition to fermentable sugars, inhibitors such as
organic acids, furans, and phenolic substances, which are
known to inhibit the growth of microorganisms, are also pro-
duced during the pretreatment process. This is the main dis-
advantage of the corresponding acid pretreatment process.
Therefore, before fermentation, the acid-pretreated hydroly-
sate should be detoxified in order to effectually convert the
fermentable sugars into ethanol [9, 11]. Physical (vacuum
evaporation), chemical (active charcoal), biological methods
(peroxidase), or combinations thereof are used to remove the
inhibitors in the hydrolysate during the detoxification process.
The efficiency of the detoxification method is based on the
microorganism and hydrolysis method due to the different
degrees of tolerance of the microorganisms to toxic substances
and different degrees of hydrolysate toxicity. Nevertheless, the
raw material and its hydrolysate are also important factors in
selecting the method to be used in detoxification of hydroly-
sate [12, 13]. Recently, the active charcoal detoxification

method, which is a chemical process, has widely been used
to remove inhibitors from the hydrolysates of renewable re-
sources. It was reported that the inhibitors, especially phenolic
substances and lactic acid, were effectively removed from the
hydrolysate of the acid-pretreated renewable resource by ac-
tive charcoal treatment [4]. In another study, it was noted that
5-hydroxymethylfurfural (HMF) and furfural were also effec-
tively removed by this detoxification procedure [5, 6]. Thus,
the active charcoal detoxification method was employed to
remove the inhibitors from the acid-pretreated rice husk hy-
drolysate (RHH) in this study.

Because of the presence of C5 (mainly xylose) and C6
(mainly glucose) in the hydrolysate of the pretreated renew-
able resource, value-added products can be produced by fer-
mentation. Ethanol is one of the value-added products that can
be produced from renewable resources, which is called the
second-generation biofuel [14]. Ethanol is employed as raw
material, solvent, and fuel for a great variety of implementa-
tion containing beverages, pharmaceuticals, cosmetics, biofu-
el, chemicals, dye, etc. [14, 15]. Globally, a great majority of
ethanol (90–95%) is produced through microbial fermentation
technology. In the production of ethanol, naturally occurring
yeasts Scheffersomyces stipitis, Candida shehatae, and
Pachysolen tannophilus in nature can be used to more effi-
ciently convert C5 and C6 into ethanol [14, 15]. Among them,
Scheffersomyces stipitis (S. stipitis) is a xylose-fermenting
yeast that promising for large-scale industrial ethanol produc-
tion with high yield (35–44%), because this microorganism
has the ability to convert fermentable sugars in the lignocel-
lulosic hydrolysate into ethanol, resistance to contamination
and thick cell wall [4–6, 16, 17]. Nevertheless, since it is a
Crabtree-negative yeast, the pentose sugars can be converted
into ethanol with high yield at a low oxygen transfer rate [18].
In addition, S. stipitis can be also fermented the pentose sugars
into ethanol under anaerobic conditions, as it has both
n i c o t i n a m i d a d e n i n d i n u k l e o t i d a n d
nicotinamidadenindinukleotidphosphat-specific xylose reduc-
tase cofactor. Therefore, S. stipitis is a gene source for xylose-
nonfermenting microorganisms in genetic engineering [18,
19].

On the other hand, biofilms are natural forms of cell immo-
bilization and can be implemented in bioreactors.
Accordingly, the biofilm reactors can be called the reactors
in which microbial cells are attached on the support materials
to form the biofilms. Biofilm reactors have been applied for
various objectives containing the removal of toxic compo-
nents, bioremediation, wastewater treatment, and water puri-
fication [20, 21]. Nonetheless, in recent times, high value-
added products such as ethanol [22–24], β-mannanase [25],
bacterial cellulose [26], human lysozyme [27], nisin [28],
pullulan [29], succinic acid [30], menaquinone-7 [31], lactic
acid [32], and kojic acid [33] have been manufactured in the
biofilm reactors. Additionally, a continuous system can be
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also easily adapted to plastic composite support (PCS)-biofilm
reactors. Continuous fermentation ensures various advantages
compared with batch fermentation such as constant environ-
mental conditions for biological systems, the elimination of
substrate inhibition, and the reduction of toxicity. Besides, the
microbial growth rate is equal to the dilution rate. Higher
biomass and product productivity can be yielded. However,
contamination and cell washout risk are the main problems for
suspended-cell continuous bioreactors at high dilution rates
[29, 32]. In the literature, there is no study related to ethanol
production from acid-pretreated/detoxified and glucose- or
xylose-enriched RHH in a continuous PCS-biofilm reactor
and the effect of sterilization and enrichment on cost-
effective ethanol production in the repeated-batch PCS-bio-
film reactor containing the best selected medium as a result
of the continuous fermentation. On the other hand, the kinetic
parameters related to both continuous fermentation and
repeated-batch fermentation were also calculated and
interpreted in detail. Therefore, this study will fill the gap in
the literature.

In the present study, there are two purposes. The first goal
was to produce ethanol from acid-pretreated/detoxified and
glucose- or xylose-enriched RHH by S. stipitis in a continuous
PCS-biofilm reactor. For this purpose, two different media
determined in our other study (submitted to another journal)
were employed. The first medium contained 50% (v/v) RHH-
based medium and 50% (v/v) glucose-based medium. The
second medium also included 75% (v/v) RHH-based medium
and 25% (v/v) xylose-based medium (see Section 2.4). Both
media were also supplemented with 1% (w/v) yeast extract
and 2% (w/v) peptone. Besides, to produce low-cost ethanol
regarding energy cost and recovery time, the second goal was
to investigate the effect of medium enrichment and steriliza-
tion on ethanol fermentation in a repeated-batch PCS-biofilm
reactor containing the best selected medium among first and
second media according to the results of the continuous
fermentation.

2 Materials and methods

2.1 Raw materials

Rice husk was obtained from a local rice producer in
Osmancık (a district of Çorum), Turkey. For dilute sulfuric
acid pretreatment, rice husk was grounded by using a
grinder (Tefal, Model GT110838, 180 W, Istanbul,
Turkey) to increase the liberation of the reducing sugars
into the extract. The particle size distribution of the raw
materials was not characterized. Rice husk and its ground-
ed form were stored at room temperature until used for
pretreatment [4].

2.2 Dilute acid pretreatment

An autoclave (Hirayama HG-50, Saitama, Japan) was used for
dilute sulfuric acid pretreatment of the raw materials. The pre-
treatment conditions were 127.14 °C of temperature, 1:10.44
(w/v) of the solid-to-liquid ratio, 2.52% (v/v) of dilute sulfuric
acid ratio, and 22.01 min of implementation time. The reaction
mixture was then cooled to room temperature and filtered
through roughing filter paper to remove solid particles. After
pretreatment, the hydrolysate obtained was stored at + 4 °C until
used for active charcoal detoxification and fermentation [4].

2.3 Active charcoal detoxification

A shaking incubator (CERTOMAT® IS, Goettingen,
Germany) was used for active charcoal detoxification of the
hydrolysate. The detoxification process was performed at
150 rpm of agitation speed and 30 °C of temperature with 2%
(w/v) of active charcoal for 30 min of implementation time.
Subsequently, the active charcoal used was separated with the
aid of a centrifuge (VWR Mega Star 3.0R, Osterode am Harz,
Germany) at 4000 rpm of rotation speed and 20 °C of temper-
ature for 30 min of application time. Then, the supernatant
collected for use in ethanol production in a continuous PCS-
biofilm reactor. Afterward, the pH of the acid-pretreated/detox-
ified and glucose- or xylose-enriched RHH was adjusted to 5.6
by the addition of 8 N NaOH and 4 N HCI [4–6].

2.4 Microorganism and medium

The microaerophilic yeast S. stipitis (ATCC 58785), which
was obtained from the American Type Culture Collection
(Manassas, VA, USA), was used for ethanol production. The
cultivation medium contained 2% (w/v) glucose, 1% (w/v)
yeast extract, and 2% (w/v) peptone in deionized water, and
the conditions were 30 °C for 24 h. Before sterilization, the pH
of the culture medium was adjusted to 5.6 by the addition of
4 N NaOH and HCI. The culture was stored at + 4 °C and
renewed bi-monthly in order to maintain cell viability and
productivity. For long-term storage, the stock culture was kept
at − 80 °C in 20% glycerol. For inoculation, S. stipitis was
cultivated in 250-mL flasks including 100 mL of the cultiva-
tion medium at 30 °C of temperature and 150 rpm of agitation
speed for 24 h of incubation time [4].

In this study, two different media that determine
through the repeated-batch fermentations (submitted to an-
other journal) were used for ethanol production in the
continuous PCS-biofilm reactor. The first medium
contained 50% (v/v) detoxified RHH, 50% (v/v) glucose,
1% (w/v) yeast extract, and 2% (w/v) peptone. The second
medium included 75% (v/v) detoxified RHH, 25% (v/v)
xylose, 1% (w/v) yeast extract, and 2% (w/v) peptone
(submitted to another journal). To clarify how the first
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medium composition was prepared, for instance, 50%
(v/v) RHH-based medium contained 750 mL of acid-
pretreated and detoxified RHH including 1% (w/v) yeast
extract and 2% (w/v) peptone, and 50% (v/v) glucose-
based medium contained 750 mL of glucose solution
(15 g of glucose, 2% w/v) including 1% (w/v) yeast ex-
tract and 2% (w/v) peptone. Therefore, 1.5 L of the first
medium included 50% (v/v) RHH, 50% (v/v) glucose, 1%
(w/v) yeast extract, and 2% (w/v) peptone. The second
medium was also prepared in this manner.

2.5 PCS material

The PCS material used in biofilm reactor was generated at
Iowa State University (Ames, IA) by high-temperature extru-
sion in a co-rotating twin-screw extruder (Brabender PL2000,
Model CTSE-V, CW Brabender Instruments, Inc., South
Hackensack, NJ, USA) as defined by Ho et al. [34]. The com-
position of PCS material contained polypropylene (PP) (5%,
w/w), ground vacuum-dried soybean hulls (35%, w/v),
defatted soybean flour (5%, w/v), yeast extract (5%, w/v),
dried bovine albumin (5%, w/v), and salts (2 g/kg of sodium

acetate, 1.2 g/kg of MgSO4·7H2O, and 0.06 g/kg of MnSO4·
7H2O).

2.6 Biofilm reactor configuration

A Sartorius Biostad B Plus stirred tank bioreactor with
twin configuration (Goettingen, Germany) equipped with
a 2-L vessel (1.5-L working volume) was employed to
construct a biofilm reactor by attaching 10 pieces of
PCS material (10.5 mm width and 65 mm long) to the
agitator shaft in a grid-like fashion, with five rows of
two parallel tubes (Fig. 1). The reactor vessel containing
PCS materials was autoclaved at 121.1 °C for 60 min in
deionized water. After the water was discharged, it was
aseptically filled with 1.5 L of the culture medium. The
bioreactor was then incubated at 30 °C and 150 rpm for
24 h to check sterility. The initial leachate solution was
replaced with a fresh sterile medium. For biofilm forma-
tion, a 24-h grown culture of S. stipitis (ATCC 58785)
was used for inoculation at a 1% (v/v) ratio. The fermen-
tation conditions were set to 30 °C, 0.05 gas volume flow
per unit of liquid volume per minute (vvm) (if necessary),

Fig. 1 PCS-biofilm reactor system
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pH 5.6, and 150 rpm (submitted to another journal). The
pH was controlled by the automatic addition of 4 N
NaOH and HCI. Seven repeated-batch fermentations were
performed by changing the medium every 24 h to form
biofilms on the PCS material [24].

2.7 Continuous ethanol fermentation

After the best nutritional compositions (see Section 2.4) were
determined through the repeated-batch fermentation in a PCS-
biofilm reactor (submitted to another journal), continuous eth-
anol fermentations in the same PCS-biofilm reactor were per-
formed at 0.05 vvm (if necessary), 30 °C, pH 5.6, and
150 rpm. The first medium and then the second medium were
evaluated for continuous ethanol fermentation in the PCS-
biofilm reactor. The fermentation medium was continuously
added into the reactor and the fermented broth was continu-
ously collected from the fermenter at the same rate. When the
first and second media were evaluated for continuous ethanol
production, dilution rates were set from 0.02 to 0.12 h−1 and
from 0.01 to 0.05 h−1, respectively. The dilution rates were
assessed to determine optimum biomass and ethanol produc-
tivity (DX and DP, g/L/h, respectively) in a continuous PCS-
biofilm reactor. Fermentations in the first and second media
were started as batch fermentations until late-log phase, and
then, the systems were switched to continuous fermentation
by opening the inlet and outlet pumps at the specified dilution
rates. Samples were taken every 24 h at steady-state condi-
tions and analyzed for biomass, ethanol, and residual sugar
concentrations. Based on the results of the continuous fermen-
tations performed in two different media, the best medium
(first medium) was selected and it was used for subsequent
fermentations in the PCS-biofilm reactor. As a continuation
of this study in the same PCS-biofilm reactor, the effects of
sterile non-enriched medium (SNEM) and non-sterile-
enriched medium (NSEM) on ethanol fermentation were also
investigated in the repeated-batch PCS-biofilm reactor, for
low-cost ethanol production regarding energy cost and recov-
ery time. During the repeated-batch fermentation, the samples
were collected every 2 or 4 h for the first 12 h and every 6 and
12 h for remaining times of fermentation. The collected sam-
ples were stored at 4 °C in a refrigerator.

2.8 Calculation of kinetics in continuous fermentation

The experimental data to be fit to proper mathematical equa-
tions in continuous fermentation were measured in a steady
state. YX/S and YP/S were estimated by using Eqs. (1) and (2),
respectively [35].

YX=S ¼ X
S0−S

ð1Þ

YP=S ¼ P
S0−S

ð2Þ

When the values of 1/YX/S or 1/YP/Swere plotted versus 1/D
values, Y0X/S and Y0P/S, and m were calculated by using
flowing formula (Eqs. (3) and (4)) [35].

1

YX=S
¼ 1

Y 0
X=S

þ mX

D
ð3Þ

1

YP=S
¼ 1

Y 0
P=S

þ mP

D
ð4Þ

Since Y0X/S, Y
0
P/S, mX, and mP are known, (kd)X and (kd)P

were calculated by using Eqs. (5) and (6) [35]. mX and mP are
maintenance coefficients for cell growth and product forma-
tion, respectively.

kdð ÞX ¼ mX � Y 0
X=S ð5Þ

kdð ÞP ¼ mP � Y 0
P=S ð6Þ

Monod kinetic parameters, μmax and KS, can be calculated
by using Lineweaver-Burk plot (Eq. (7)) [35]. When 1/(D+
(kd)X) was plotted versus 1/S, the values of μmax and KS can be
calculated [35].

1

Dþ kdð ÞX
¼ KS

μmax
� 1

S
þ 1

μmax
ð7Þ

In a similar manner, Eq. (8) was used for ethanol formation.
When P was divided by X, Eq. (9) was obtained. If P/X was
plotted versus 1/D, the values of a and β can be easily calcu-
lated [35].

P ¼ a kdð ÞX þ D
� �þ β

� �

D
� X ð8Þ

P
X

¼ a kdð ÞX þ β
� � 1

D
þ a ð9Þ

On the other hand, DOptimum (Eq. (10)) and SOptimum

(Eq. (11)) were also calculated as follows:

DOptimum ¼ μmax 1−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KS

KS þ S0

r� �
ð10Þ

SOptimum ¼ −KS þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KSð Þ2 þ KSS0

q
ð11Þ

where X is the biomass concentration (g/L), P is the ethanol
concentration (g/L), S0 is the initial sugar concentration (g/L), S
is the residual substrate concentration at constant dilution rate
and fixed conditions in bioreactor, YX/S is the biomass yield (g
biomass/g substrate), YP/S is the ethanol yield (g ethanol/g sub-
strate), Y0X/S is the yield factor for biomass (g biomass/g sub-
strate), Y0P/S is the yield factor for ethanol (g ethanol/g sub-
strate),m is themaintenance energy coefficient,D is the dilution
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rate (h−1), kd is the death constant of microorganisms or the lost
constant of product (h−1), KS is the saturation constant (g/L),
μmax is themaximum specific growth or production rate (h−1), a
is the Luedeking Piret constant (g ethanol/g biomass), β is the
Luedeking Piret constant (g ethanol/g biomass h), DOptimum is
the optimum dilution rate (h−1), and SOptimum is the optimum
substrate concentration (g/L).

2.9 Calculation of kinetics in repeated-batch
fermentation

The following kinetics [5, 6, 36] was calculated using the
experimental data of the repeated-batch fermentation per-
formed to examine the effect of medium enrichment and ster-
ilization on ethanol production (Eqs. (12)–(23)):

ΔX ¼ Xmax–Xmin ð12Þ
ΔP ¼ Pmax–Pmin ð13Þ
ΔS ¼ Smax–Smin ð14Þ
YX=S ¼ ΔX=ΔSð Þ � 100 ð15Þ
YP=S ¼ ΔP=ΔSð Þ � 100 ð16Þ
YP=X ¼ ΔP=ΔXð Þ ð17Þ
QX ¼ dX=dtð Þmax ð18Þ
QP ¼ dP=dtð Þmax ð19Þ
QS ¼ − dS=dtð Þmax ð20Þ
SUY ¼ ΔS=Smaxð Þ � 100 ð21Þ
td ¼ ln2=μx ð22Þ
η ¼ YP=S=51:1

� �� 100 ð23Þ

where ΔX is the biomass production (g/L);ΔP is the ethanol
production (g/L); ΔS is the sugar consumption (g/L), Xmin,
Pmin, and Smin are minimum biomass, ethanol, and sugar con-
centrations (g/L), respectively; Xmax, Pmax, and Smax are max-
imum biomass, ethanol, and sugar concentrations (g/L), re-
spectively; YX/S is the biomass yield (%); YP/S is the ethanol
yield (%); YP/X is the ethanol production per biomass (g
ethanol/g biomass); QX is the maximum growth rate (g/L/h);
QP is the maximum production rate (g/L/h); QS is the maxi-
mum consumption rate (g/L/h); SUY is the sugar utilization
yield (%); td is the doubling time of the yeast (h); μx is the
maximum specific growth rate (h−1); and η is the theoretical
ethanol yield (%).

2.10 Analysis of fermentation broth

2.10.1 Biomass

The optical cell density was measured using a spectrophotom-
eter (ThermoScientific Evolution 201 UV-Vis, Shanghai,

China) at 600 nm. The un-inoculated fermentation broth was
used as a blank. Absorbance (Abs) values measured at 600 nm
were converted to cell concentration by using specific stan-
dard curve, which is y = 0.2639 × Abs600 + 0.0282. Here, y is
the cell concentration (g/L) [37].

2.10.2 Ethanol

The ethanol concentration was determined by using high-
p e r f o rman c e l i q u i d c h r oma t o g r a p h y (HPLC )
(ThermoScientific™, Waltham, Massachusetts, USA)
equipped with a RefractoMax 520 refractive-index detector.
The separation was performed using a Transgenomic
COREGel 87P column (Transgenomic, Omaha, NE, USA,
300 × 7.8 mm2) at 70 °C column temperature and a flow rate
of 0.5 mL/min and a sample volume of 20 μL. 0.01 N H2SO4

was used as a mobile phase. Before analysis, all samples were
diluted 10-fold with ultrapure water (higher than 18.2 MΩ)
and centrifuged (Eppendorf AG 5418, Hamburg, Germany) at
16,873g for 5 min and then filtered through 0.45-μm mem-
brane filters (Macharey-Nagel, Düren, Germany) to remove
the solid particles [3].

2.10.3 Residual sugar

The residual sugar concentration was determined with the 3,5-
dinitrosalicylic acid method [38]. The measurement of absor-
bance at 575 nm was recorded. A calibration curve for the
spectrophotometric measurements (ThermoScientific
Evolution 201 UV-Vis, Shanghai, China) was formed using
a glucose solution. Deionized water was used as a blank.
Absorbance values were converted to residual sugar concen-
tration by using a standard curve, which is y = 60.401 ×
Abs575 + 0.5751. Here, y is the glucose concentration (g/L)
[3].

2.11 Statistical analysis

The data were assessed by using the SAS statistical program
(SAS Institute, Cary, NC, USA). Duncan’s multiple compar-
ison test was employed at a 95% confidence level (p = 0.05).
Values were the average of two replicates (n = 2).

3 Results and discussion

Before this study, the best plastic composite support (PCS)
material for the yeasts S. stipitis (ATCC 58784 and 58785)
was determined; a biofilm reactor was established with the
selected PCS material (Fig. 1), and biofilm formation was
individually carried out for both strains. Additionally, different
medium compositions including RHH and glucose or xylose
at certain ratios were evaluated for ethanol production in the
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constructed PCS-biofilm reactor via repeated-batch fermenta-
tion. After determining the best yeast (S. stipitisATCC 58785)
and carbon source composition in terms of ethanol produc-
tion, the effect of nitrogen sources (peptone, beef extract, and
ammonium nitrate) on ethanol fermentation was examined via
repeated-batch fermentations. Thus, the best medium compo-
sition was determined in terms of nitrogen source as well
(submitted to another journal). Subsequently, using the same
biofilm reactor and the yeast S. stipitis ATCC 58785, contin-
uous ethanol fermentations were performed in the best deter-
mined medium compositions. After the continuous fermenta-
tions, effects of SNEM and NSEM on ethanol fermentation to
determinewhether it is cost-effective fermentation were inves-
tigated via repeated-batch PCS-biofilm reactor. The results are
presented as follows:

3.1 Continuous ethanol fermentation
in the PCS-biofilm reactor

Different dilution rates were assessed for ethanol produc-
tion from acid-pretreated/detoxified and glucose- or
xylose-enriched RHH in a continuous biofilm reactor and
the optimum dilution rate was determined. Continuous
fermentation was performed using both the first medium
and second medium to see the effect of carbon source
composition on ethanol production in a continuous PCS-
biofilm reactor. For the sake of procedure, the dilution rate
should be set to ensure microorganisms enough time to
grow and generate the product at higher rates in continu-
ous fermentation. At higher dilution rates, the cells can be
washed out of the fermenter and as a result of this, the
productivity may reduce [27].

When the first medium was used in continuous PCS-
biofilm reactor, ethanol and biomass concentrations stayed at
the same around 2.43 g/L and 5.26 g/L at dilution rates of 0.02
and 0.08 h−1, respectively (Fig. 2). But, due to the washout
effect, ethanol concentration decreased from 5.22 to 1.13 g/L
(Fig. 2 and Table 1) and residual sugar concentration increased
from 5.70 to 15.42 g/L when dilution rate increased from 0.08
to 0.12 h−1 (Table 1). On the other hand, the biomass produc-
tivity (DX) was maximum (0.196 g/L/h) at a dilution rate of
0.10 h−1 (Fig. 2 and Table 1). After this point, DX declined to
0.185 h−1. Besides, the ethanol productivity (DP) was maxi-
mum (0.418 g/L/h) at a dilution rate of 0.08 h−1. Subsequently,
DP decreased to 0.204 and 0.136 g/L/h at dilution rates of 0.10
and 0.12 h−1, respectively (Fig. 2 and Table 1). Based on the
results, the optimum dilution rate was 0.08 h−1, which ensured
0.186 and 0.418 g/L/h ofDX andDP, respectively. On the other
hand, while the highest YX/S (0.824 g X/g S) and YP/S (0.604 g
P/g S) were obtained at a dilution rate of 0.12 h−1, their lowest
values (0.20 g X/g S and 0.419 g P/g S) were determined at
dilution rates of 0.08 and 0.10 h−1, respectively (Table 1). In
batch fermentation, specific growth rate (μ = D), maximum

growth rate (QX), and maximum production rate (QP) were
calculated to be 0.08 h−1, 0.13 g/L/h, and 0.24 g/L/h, respec-
tively (submitted to another journal). In continuous fermenta-
tion, the calculated DX and DP were higher than QX and QP.
The results showed that productivity in continuous fermenta-
tion was greater than that of batch fermentation.

After, the second medium was evaluated for continuous
ethanol production in a PCS-biofilm reactor. Figure 3 indi-
cates the ethanol production at different dilution rates in a
continuous PCS-biofilm reactor. Ethanol concentration
remained around 2.88 g/L until a dilution rate of 0.03 h−1

and declined up to 1.60 g/L at higher dilution rates. The max-
imum DP was computed to be 0.083 g/L/h at a dilution rate of
0.03 h−1 (Fig. 3 and Table 1). Besides, the biomass concen-
tration stayed around 2.95 g/L at dilution rates of 0.01–
0.04 h−1. However, due to the washout effect, its value de-
creased to 1.54 g/L at a dilution rate of 0.05 h−1. It was deter-
mined that the highest DX was 0.079 g/L/h at a dilution rate of
0.04 h−1 (Fig. 3 and Table 1). On the other hand, the residual
sugar concentration relatively stable until a dilution rate of
0.03 h−1. After that point, its level increased from 14.81 to
15.99 g/L (Table 1). The results indicated that the optimum
dilution rate was 0.04 h−1. At this point,DX andDPwere 0.079
and 0.082 g/L/h, respectively (Fig. 3 and Table 1).
Additionally, the yield parameters were also calculated
(Table 1). The maximum YX/S (0.254 g X/g S) achieved at a
dilution rate of 0.04 h−1 while its minimum level of 0.202 g X/
g S obtained at a dilution rate of 0.05 h−1 (Table 1). Similarly,
the lowest level of YP/S (0.21 g P/g S) was obtained at a
dilution rate of 0.05 h−1 while its highest value of 0.33 g P/
g S was calculated at a dilution rate of 0.02 h−1 (Table 1). The
best selected fermentation strategy should be compared in the
case of a steady state (D = μ = 0.04 h−1) for batch and

Fig. 2 Ethanol production and productivity at different dilution rates in
continuous biofilm reactor with first medium (50% (v/v) detoxified RHH,
50% (v/v) glucose, 1% (w/v) yeast extract, and 2% (w/v) peptone)
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continuous fermentation parameters. In batch fermentation,
QX andQP were determined to be 0.05 and 0.07 g/L/h, respec-
tively (submitted to another journal). In a continuous system,
they were calculated to be 0.079 and 0.082 g/L/h, respectively
(Table 1). The results showed that the fermentation efficiency
in the continuous system was better than the batch system. As
a continuation of continuous fermentation, since higher results
were achieved by the usage of the first medium compared with
the second medium, the first medium was evaluated for sub-
sequent repeated-batch fermentations. Namely, SNEM and
NSEM of acid-pretreated/detoxified and glucose-enriched
RHH were evaluated for ethanol production in the repeated-
batch PCS-biofilm reactor.

Table 2 shows the kinetics calculated from the data in
Table 1, which represents interesting results. When the first
and second media were evaluated in continuous fermentation,
the values of Y0X/S, mX, Y

0
P/S, and mP can be used to calculate

YX/S and YP/S in continuous fermentation depending on the
change at dilution rate (Eqs. (24)–(27)) (Table 2).

For the first medium

1

YX=S
¼ 1

0:642
þ 0:0646

D
ð24Þ

1

YP=S
¼ 1

0:49
þ −0:0008

D
ð25Þ

For the second medium

1

YX=S
¼ 1

0:254
þ 0:0007

D
ð26Þ

1

YP=S
¼ 1

0:27
þ −0:0074

D
ð27Þ

On the other hand, (kd)X and (kd)p were also specified
as a function of the yield factor and maintenance energy
coefficient, which were introduced into the Lineweaver-
Burg plot. Therefore, when the values of 1/(D+(kd)X)
were plotted versus 1/S, μmax, and KS were calculated
to be 0.772 h−1 and 61.31 g/L for the first medium and
0.00228 h−1 and 16.73 g/L for the second medium
(Table 2). When these values were placed into Eq. (7),
the following equations were obtained (Eqs. (28) and
(29)).

For the first medium

1

Dþ 0:0415
¼ 61:31

0:772
� 1

S
þ 1

0:772
ð28Þ

For the second medium

1

Dþ 0:0018
¼ 16:73

0:00228
� 1

S
þ 1

0:00228
ð29Þ

Additionally, as the values of a and β were estimated
(Table 2), Eqs. (30) and (31) were suggested for product for-
mation in the first and second media as follows.

For the first medium

P
X

¼ 0:7096� 0:04796ð Þ 1
D
þ 0:7096 ð30Þ

Table 1 The kinetics of continuous ethanol fermentation in PCS-biofilm reactor with first medium and second medium at different dilution rates

Kinetics First medium (S0 = 17.29 g/L): dilution rate (D, h−1) Second medium (S0 = 23.62 g/L): dilution rate (D, h−1)

0.02 0.04 0.06 0.08 0.10 0.12 0.01 0.02 0.03 0.04 0.05

S (g/L) 6.85 5.88 7.07 5.70 12.42 15.42 14.61 14.54 14.81 15.82 15.99

1/S (L/g) 0.146 0.170 0.141 0.175 0.081 0.065 0.0684 0.0688 0.0675 0.0632 0.0625

X (g/L) 2.39 2.72 2.29 2.32 1.96 1.54 1.98 2.00 1.82 1.98 1.54

DX (g/L/h) 0.048 0.109 0.137 0.186 0.196 0.185 0.020 0.040 0.055 0.079 0.077

YX/S (g X/g S) 0.229 0.238 0.224 0.200 0.402 0.824 0.220 0.220 0.207 0.254 0.202

1/YX/S (g S/g X) 4.37 4.19 4.46 5.00 2.48 1.21 4.55 4.54 4.84 3.94 4.95

1/D (h) 50.00 25.00 16.67 12.50 10.00 8.33 100.00 50.00 33.33 25.00 20.00

1/(D + kd)X (h) 28.40 18.11 13.30 10.50 8.68 7.40 100.66 50.16 33.41 25.04 20.03

1/(D + kd)P (h) 52.63 25.64 16.95 12.66 10.10 8.40 147.72 59.63 37.36 27.20 21.38

P (g/L) 5.33 5.45 5.03 5.22 2.04 1.13 2.88 3.00 2.75 2.05 1.60

DP (g/L/h) 0.107 0.218 0.302 0.418 0.204 0.136 0.029 0.060 0.083 0.082 0.080

YP/S (g P/g S) 0.511 0.478 0.492 0.450 0.419 0.604 0.320 0.330 0.312 0.263 0.210

1/YP/S (g S/g P) 1.96 2.09 2.03 2.22 2.39 1.65 3.13 3.03 3.20 3.80 4.77

P/X (−) 2.23 2.00 2.20 2.25 1.04 0.73 1.45 1.50 1.51 1.04 1.04

S0 initial sugar concentration, S residual substrate concentration, X biomass concentration, DX productivity for biomass, YX/S biomass yield, kd the death
constant of microorganisms or the lost constant of product, P ethanol concentration, DP productivity for ethanol, and YP/S ethanol yield
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For the second medium

P
X

¼ 1:0581� 0:00446ð Þ 1
D
þ 1:0581 ð31Þ

So what do the equations do (Eqs. (24)–(31))? Namely,
Eqs. (24)–(27) can be used in the estimation of YX/S and YP/S
in a continuous PCS-biofilm reactor at a certain dilution rate.
For instance, by using Eq. (24), the values of YX/S can be
calculated as 0.35 and 0.45 g X/g S at dilution rates of 0.05
and 0.1 h−1 when using the first medium for fermentation,

respectively. Therefore, to obtain more information about the
kinetic-metabolic nature of continuous fermentation, these
equations can be used. Similar calculations can be also made
for Eqs. (30) and (31). On the other hand, Eqs. (28) and (29)
can be employed to calculate the residual substrate concentra-
tion in a continuous PCS-biofilm reactor at a given dilution
rate. For instance, the residual substrate concentrations can be
estimated to be 8.24 and 13.76 g/L at dilution rates of 0.05 and
0.1 h−1 when the first medium was used for continuous fer-
mentation, respectively. Thus, an idea of how the residual
substrate concentration is in continuous fermentation in a
PCS-biofilm reactor can be obtained. Therefore, it can be un-
derstood at which dilution rate the substrate is not consumed
in continuous fermentation.

In addition, the values of DOptimum and SOptimum were also
estimated by using Eqs. (10) and (11), respectively (Table 2).
For the first medium, these values are normally acceptable
since they are in the dilution range used in continuous fermen-
tation and are compatible with the residual sugar concentra-
tion in continuous fermentation. However, for the second
medium, they are not compatible with the residual sugar con-
centration and the dilution range used in the continuous fer-
mentation. Such that, this result suggests that continuous fer-
mentation should be performed on the second medium at a
very low dilution rate.

This was the first report on continuous ethanol production
from acid-pretreated/detoxified and glucose- or xylose-
enriched RHH by the yeast S. stipitis in the PCS-biofilm re-
actor. However, similar studies are available in the literature.
Kunduru and Pometto [39] produced ethanol by using
Z. mobilis and S. cerevisiae in the continuous packed-bed
biofilm reactor with PP or PCSs for 60 days. Maximum eth-
anol productivities of 536 g/L/h (39% yield) and 499 g/L/h
(37% yield) were achieved with Z. mobilis on PP and PCSs of
soybean hull-zein, respectively. For Z. mobilis, 50% ethanol
yield and 96 g/L/h ethanol productivity were obtained at a
dilution rate of 1.92 h−1 for soybean hull-zein PCSs.
However, ethanol yield and productivity stayed at 32% and
76 g/L/h when PPs were used as support materials, respective-
ly. For S. cerevisiae, the ethanol productivity and yield were
76 g/L/h and 45% on PCS at a dilution rate of 2.88 h−1, re-
spectively. PP support biofilm reactors were discontinued be-
cause of the bioreactor plugging by the cell mass accumula-
tion. It was also specified that the shape of the used support
material was responsible for bioreactor plugging due to exten-
sive biofilm development on the PCSs. Maximum productiv-
ities of 5 g/L/h in the suspended cell fermentation were
yielded with a yield of 24% and 25% with S. cerevisiae and
Z. mobilis at a dilution rate of 0.5 h−1. The authors also report-
ed that washout performed in the suspended cell continuous
fermentation at a dilution rate of 1.0 h−1. To sum up, they
stated that biofilm reactors outperformed the suspended cell
reactors with 15- to 100-fold higher productivities and with

Table 2 The calculated parameters from results in continuous biofilm
reactor with first and second media

Parameters First medium Second medium

Y0X/S (g X/g S) 0.642 0.254

mX (g X/g S h) 0.0646 0.007

(kd)X (h
−1) 0.0415 0.0018

μmax (h
−1) 0.772 0.00228

KS (g/L) 61.31 16.73

Y0P/S (g P/g S) 0.49 0.27

mP (g P/g S h) − 0.0008 − 0.0074

(kd)p (h
−1) − 0.00039 − 0.00197

a (g P/g X) 0.7096 1.0581

β (g P/g X h) 0.00646 0.00266

DOptimum (h−1) 0.09 0.00081

SOptimum (g/L) 8.11 9.25

Y0 X/S yield factor for biomass, mX maintenance energy coefficient for
biomass, (kd)X the death constant of microorganisms, (μmax)X maximum
specific growth rate, KS saturation constant, a and β Leudeking Piret
constants, Y0 P/S yield factor for ethanol, mP maintenance energy coeffi-
cient for ethanol, (kd)P the lost constant of product, DOptimum optimum
dilution rate, and SOptimum optimum sugar concentration

Fig. 3 Ethanol production and productivity at different dilution rates in
continuous biofilm reactor with second medium (75% (v/v) detoxified
RHH, 25% (v/v) xylose, 1% (w/v) yeast extract, and 2% (w/v) peptone)
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higher percentage yields for S. cerevisiae and Z. mobilis in
continuous ethanol fermentation, respectively [39]. Demirci
et al. [40] produced ethanol by using S. cerevisiae in a stirred
tank biofilm reactor. The support material made of 40% soy-
bean hulls, 5% soybean flour, 5% yeast extract-salt, and 50%
PP mixture was selected and used in continuous and repeated-
batch fermentation in various media containing lowered nitro-
gen concentration with selected PCS. During continuous fer-
mentation, S. cerevisiae gave 2–10-fold higher ethanol pro-
duction in the PCS-biofilm reactor than the PP control. The
yeast used generated 30 g/L ethanol on PCS with ammonium
sulfate medium in repeated-batch fermentation, whereas PP
control generated 5 g/L ethanol. Accordingly, increased pro-
ductivity in a cost-effective medium yielded beyond conven-
tional fermentation using the PCS-biofilm reactor design. On
the other hand, when the nitrogen-free medium was used in
the PPS-control bioreactor, S. cerevisiae cells washed out of
the fermenter, whereas ethanol production in the PCS-biofilm
reactor was 3 g/L with a productivity of 1.44 g/L/h at a dilu-
tion rate of 0.48 h−1. When the ammonium sulfate medium
was used in the PPS-control reactor, no ethanol was produced
by the yeast; however, the ethanol production was 9.1 g/L
with a productivity of 4.37 g/L/h in the continuous PCS-
biofilm reactor at a dilution rate of 0.48 h−1 [40]. Similarly,
the free and immobilized S. cerevisiae cells were used for
continuous ethanol production from pineapple cannery waste
and reported that the maximum productivity of 42.8 g/L/h was
achieved at a dilution rate of 1.5 h−1 with the immobilized
cells, while it was 3.75 g/L/h at a dilution rate of 0.15 h−1 with
the free cells. Thus, the volumetric ethanol productivity of the
immobilized cells was 11.4-fold higher than the free cells [41,
42]. In another study, the acid-pretreated and detoxified bam-
boo was used to produce ethanol in the continuous system by
S. cerevisiae KF-7. The fermentation was performed at 33 °C,
pH 4, and a dilution rate of 0.3 h−1 for 18 days. It was found
that the ethanol production, the fermentation yield, and the
productivity were 27.2 g/L, 47%, and 8.2 g/L/h, respectively.
It was reported that the process is effective for production of
fuel ethanol from bamboo [43]. Purwadi and Taherzadeh [44]
investigated the performance of serial bioreactors in rapid
continuous ethanol production from acid-pretreated spruce
hydrolysate using immobilized S. cerevisiae cells at different
dilution rates of 0.22, 0.43, 065, and 0.86 h−1. It was reported
that the immobilized cells in a continuous stirred tank biore-
actor consumed 75% and 54% of the initial fermentable sugars
at dilution rates of 0.43 and 0.86 h−1. It was determined that
the ethanol yields from the hydrolysate ranged from 0.41 and
0.48 g P/g S. It was also found that the specific and volumetric
ethanol productivities were 1.13 g/g/h and 5.98 g/L/h for the
single fermenter and 0.98 g/g/h and 5.98 g/L/h for the serial
fermenter at a dilution rate of 0.86 h−1 [44]. Microorganisms
play an important role in the production of ethanol from lig-
nocellulosic material. A compelling problem in rice bran

bioconversion is the presence of toxic inhibitors in the ligno-
cellulosic acid hydrolysate. In a study, various Z. mobilis
(ZM4, TISTR 405, 548, 550, and 551) grown under biofilm
or planktonic modes were employed to investigate the biocon-
version of rice bran hydrolysate and ethanol production effi-
ciencies. Z. mobilis strains attached on the plastic surfaces and
microscopic analysis showed that Z. mobilis ZM4 rapidly im-
proved homogeneous biofilm structures within 24 h, while
other Z. mobilis strains improved heterogeneous biofilm struc-
tures. The metabolic activity of Z. mobilis ZM4 grown as a
biofilm was also greater than the same strain grown
planktonically, as measured by ethanol production from rice
bran hydrolysate (13.40 g/L vs. 0.43 g/L, respectively). The
potential to increase ethanol production by using bacterial
biofilms in the bioconversion of a readily available and nor-
mally unusable low-value by-product was indicated with this
study [45]. On the other hand, the lab-scale packed-bed bio-
film reactor was designed to ferment rice straw with a multi-
stage continuous process [46]. Z. mobilis ZM4 and TISTR
551 were analyzed under continuous processes with optimal
dilution rates of 37.8 and 13.5 h−1 for ethanol production
efficiencies in biofilm reactors, respectively. It was reported
that, under steady-state condition, YP/S of ZM4 biofilms was
0.17–0.19 g P/g S (33.33–37.25% theoretical yield), whereas
TISTR 551 biofilm reactor yielded 0.35–0.47 g P/g S (68.63–
92.16% theoretical yield). Based on the results, it was stated
that biofilm reactors are ideal for large-scale production appli-
cations [46]. Besides, high value-added products such as
pullulan [29], lactic acid [32], succinic acid [30], human lyso-
zyme [27], butanol [47], and ethanol [39, 40] were also suc-
cessfully produced in continuous biofilm reactors. The com-
mon characteristics of all of them were obtained higher yield
values than control fermentation by using a biofilm reactor.
Consequently, a continuous PCS-biofilm reactor was success-
fully used for ethanol production from acid-pretreated/detox-
ified and glucose- or xylose-enriched RHH by the yeast
S. stipitis (ATCC 58785), especially with glucose enriched.

3.2 Effect of enrichment and sterilization on ethanol
fermentation in the PCS-biofilm reactor

The first medium gave better results in the continuous PCS-
biofilm reactor compared with the second medium. Therefore,
the effect of enrichment and sterilization on ethanol produc-
tion in the repeated-batch PCS-biofilm reactor was examined
in the first medium. Namely, for cost-effective ethanol produc-
tion regarding energy cost and recovery time, SNEM and
NSEM were assessed, respectively. The kinetics and fermen-
tation curves were given in Table 3 and Fig. 4a and b, respec-
tively. When the results in Table 3 were examined, SNEM
generally gave higher results than NSEM. Such that, the
values ofΔS, ΔP, YP/S, YP/X, QS, QP, μX, and SUY calculated
from the fermentation of SNEM were 3.32-, 7.50-, 2.45-,
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12.88-, 6.0-, 2.25-, 1.88-, and 3.50-fold higher than NSEM
(Table 3). Although the microbial cell concentration was 1.68-
fold more than SNEM, SUY of the sugars in NSEM stayed at
8.08%, which means that 91.92% of sugars in the medium
were not consumed by the yeast. Therefore, the values of
ΔP, YP/S, YP/X, QS, QP, and μX were considerably lower than
those of SNEM (Table 3). In conclusion, even if the fermen-
tation medium is enriched, sterilization is essential for being
an efficient fermentation process of this study. Therefore,
SNEM was more successful than NSEM. However, it con-
cluded that both SNEM and NSEM are unsuitable for low-
cost ethanol production through repeated-batch fermentation
in a PCS-biofilm reactor owing to the recovery time and low
energy requirement.

Similarly, the ethanol was produced from non-sterile carob
extract by immobilized S. cerevisiae in batch and fed-batch
fermentation. It was reported that, in fed-batch system, both
suspended and immobilized cells yielded the same maximum
ethanol concentration of 62 g/L at an initial substrate concen-
tration of 300 g/L and feeding rate of 167 mL/h. The maxi-
mum ethanol productivity of 4.4 g/L/h was achieved both
suspended and immobilized cells at a substrate concentration
of 300 g/L and feeding rate of 334 mL/h. In repeated-batch
fermentation, it was reported that the immobilized cells gave
greater ethanol concentration than the suspended cells [48]. In
another study, non-sterile carob extract was used for ethanol
production in a rotary shaker. It was found that maximum
ethanol concentration and sugar utilization yield were 71 g/L
and 95% at the 12th hour of the fermentation, respectively
[49]. Clementz et al. [50] performed ethanol fermentation
from non-sterile and non-enriched carrot must by using
immobilized S. cerevisiae in batch fermentation. It was stated

that the values of ethanol concentration, ethanol yield, and
productivity were determined to be 29.9 g/L, 40.9%, and
7.45 g/L/h, respectively. It was reported that these values were
similar to those registered when free cells were used. In a
similar manner, Germec et al. [23] studied on the ethanol
production from non-sterile-enriched and non-sterile non-
enriched carob extract media by S. cerevisiae in PCS-biofilm
reactor. It was found that YP/S,ΔP, and QP were calculated to
be 33.76%, 18.46 g/L, and 1.56 g/L/h and 38.14%, 19.57 g/L,
and 1.15 g/L/h, respectively. Thus, significant results were
obtained from the non-sterile carob extract. On the other hand,
the efficient ethanologenic microorganisms can be fully ex-
plained based on values for fermentation performance vari-
ables such as ethanol production and tolerance (> 40 g/L),
genetic stability, inhibitor tolerance, growth rate, osmotic
stress tolerance/more acidic pH/higher temperature values,
productivity (> 1 g/L/h) and yield (> 90% theoretical), and

Fig. 4 Ethanol production from non-enriched sterile (a) and non-sterile-
enriched (b) media in biofilm reactor

Table 3 Kinetics of fermentations in PCS-biofilm reactor with non-
enriched sterile and non-sterile-enriched media

Kinetics SNEM NSEM

ΔS (g/L) 4.75 ± 0.14a 1.43 ± 0.42b

ΔP (g/L) 1.35 ± 0.26a 0.18 ± 0.10a

ΔX (g/L) 0.65 ± 0.05b 1.09 ± 0.05a

YP/S (%) 28.28 ± 4.64a 11.53 ± 3.61a

YX/S (%) 13.67 ± 0.65a 82.30 ± 20.67a

YP/X (g P/g X) 2.06 ± 0.24a 0.16 ± 0.08b

QS (g/L/h) 0.54 ± 0.00a 0.09 ± 0.01b

QP (g/L/h) 0.18 ± 0.01a 0.08 ± 0.04a

QX (g/L/h) 0.07 ± 0.01a 0.16 ± 0.02a

μX (1/h) 0.15 ± 0.01a 0.08 ± 0.01a

td (h) 4.69 ± 0.39a 9.35 ± 1.44a

SUY (%) 28.32 ± 0.21a 8.08 ± 2.09b

η (h) 24 24

η fermentation time. Different letters in the same row indicate statistically
significant difference between mean values (n = 2) (p < 0.05)
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specificity range [14]. Depending on this explanation, further
research is needed to produce cost-effective ethanol from lig-
nocellulosic hydrolysates, to minimize the effect of toxic in-
hibitors on fermentation and to maximize productivity.
Consequently, however, as in similar studies in the literature
and as in our study, the fermentation efficiency decreased in
the non-sterile or non-enriched medium.

4 Conclusions and future directions

In the study, acid-pretreated/detoxified and glucose- or
xylose-enriched RHH were evaluated for ethanol production
in a continuous PCS-biofilm reactor and were assessed to
examine the effect of medium enrichment and sterilization
on cost-effective ethanol production in repeated-batch biofilm
reactor. The use of a continuous PCS-biofilm reactor with first
and second media showed a positive effect on ethanol produc-
tivity, biomass productivity, and yield factors. Dilution rates of
0.10 and 0.08 h−1 in the first medium resulted in the highestDX

and DP (0.196 and 0.418 g/L/h, respectively) compared with
batch fermentation (0.13 and 0.24 g/L/h, respectively (submit-
ted to another journal)). Similarly, when the second medium
was evaluated for ethanol production in the continuous sys-
tem, maximum DX and DP (0.079 and 0.083 g/L/h), which
were higher than those of batch fermentation (0.05 and
0.07 g/L/h (submitted to another journal)), were yielded at
dilution rates of 0.04 and 0.03 h−1, respectively.
Additionally, the yield factors (Y0X/S and Y0P/S) were 0.642 g
X/g S and 0.49 g P/g S in the first medium and 0.254 g X/g S
and 0.27 g P/g S in the second medium, respectively. In addi-
tion, the enrichment and sterilization of the medium played a
significant role in the ethanol fermentation in the PCS-biofilm
reactor, which resulted in highly lower kinetics. Consequently,
it indicated that ethanol can be successfully produced from
acid-pretreated/detoxified and glucose-enriched RHH in a
continuous PCS-biofilm reactor. Further studies are required
to improve the bioreactor design for large-scale industrial bio-
productions. Besides, ethanol production from the hydroly-
sates (detoxified or non-detoxified) of the cheap and abun-
dantly available renewable resources such as wheat straw,
tea processing waste, spent tea waste, sugarcane bagasse,
and corn stover would be also performed in a continuous
biofilm reactor in the future. The conditions such as medium
composition, initial substrate concentration, pH and pH
shifting, temperature, agitation speed, oxygen supplementa-
tion, or aeration would be also optimized by using optimiza-
tion methods such as Box-Behnken, Central Composite,
Plackett-Burman, and Taguchi Designs. On the other hand,
as the biofuel industry generates waste that potentially impacts
the environment and human health, the environmental sustain-
ability aspects of this industry should be carefully and serious-
ly assessed. In line with this need, more advanced engineering

methods and indicators are being developed and applied to
decide on biofuels production and usage ways. Among these
developed methods, emergy, life cycle assessment, energy,
and exergy are the most common. These methods are prom-
ising for the quantitative and qualitative appraisement of bio-
fuel production and consumption systems and will, therefore,
aid the biofuels industry to further advance [51].
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