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Abstract In the present work, detoxification treatments based
on advanced oxidative processes (AOPs) aiming to improve
the ethanol production by Pichia stipitis were evaluated. The
experimental design was carried out according to a Taguchi L8

orthogonal array in order to evaluate the influences of pH,
catalyst type (ZnO or TiO2), UVradiation (UVA or UVC), and
oxidant agent (O2 or O3) on aromatic compounds concentra-
tion and fermentation performed. The results showed that
treatment conditions which most contribute to reducing the
toxicity of the hydrolysate in relation to ethanol production
were pH 8.0 and the use of O3 as an oxidizing agent. Within
the region evaluated, there was no difference between the use
of TiO2 or ZnO and or UVA or UVC radiation. The hetero-
geneous AOPs were able to remove above 49 % of the furan,
above 39% of the total phenolic compounds, and 100% of the
low molecular weight phenolic compounds, without affecting
the sugar concentrations in the hydrolysate. Furthermore,
heterogeneous processes have provided relevant increases on
sugars consumption (148 %) and maximum ethanol concen-
tration (154 %) as compared with untreated hydrolysate. In
addition, the AOPs treatment showed advantages such as it
does not generate waste, does not degrade hydrolysate sugars,
and does not lead to loss of hydrolysate volume due to the
treatment. Based on the results, it can be concluded that AOPs

are promising processes for application in hydrolysate treat-
ment to reduce toxicity and consequently improve the
fermentability of lignocellulosic hydrolysates.
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1 Introduction

Hemicellulose is the second major constituent of the lignocel-
lulosic biomass, and its efficient utilization is of fundamental
importance for obtaining an economically viable ethanol pro-
duction from these materials [1]. During the acid hydrolysis
process, several toxic compounds including furans (products
of sugar degradation) and aromatics compounds (products of
lignin degradation) are formed. These compounds can strong-
ly inhibit the microbial metabolism and consequently nega-
tively affect the fermentability of hemicellulosic hydrolysates.
Thus, the detoxification step represents an important strategy
to improve the fermentation processes from hydrolysates [2].

Many methods of hydrolysate detoxification have been
studied with the aim of reducing the concentration of toxic
compounds and thus improve the fermentation process in the
last decades [3–5]. These methods can be separated into
biological, physical, and chemical. The main difference be-
tween these methods is the mechanism of action. For example,
the biological treatments involve the use of enzymes or mi-
croorganisms which act on the hydrolysate toxic compounds,
altering their chemical structures [4, 6], whereas the physical
methods use adsorbent materials, such as activated charcoal
[7], or organic solvents [8], which promote the removal of
toxic compounds from the medium, without changing their
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chemical structures. Regarding the chemical methods, strong
alkalis and acids are generally used aiming to modify pH of
the medium. These procedures lead to a reduction in hydro-
lysate toxicity by precipitation and/or decomposition of the
toxic compounds due to chemical instability of these inhibi-
tors [9, 10]. Many of the detoxification methods based on
physical, chemical, and biological processes may lead to a
considerable reduction in sugar concentration; however, these
sugar losses are undesirable for fermentation purposes
[11–14].

A new alternative for the detoxification of lignocellulosic
hydrolysates is the use of advanced oxidative processes
(AOPs) [15]. AOPs include a wide range of different process-
es which in recent decades have been widely studied in the
treatment of effluents from various industries. Advanced ox-
idative processes can be defined as those methods in which
hydroxyl radicals (HO•) are produced in sufficient quantities
to act as the main oxidizing agent [16]. The hydroxyl radical is
a powerful oxidizing agent that is able to mineralize
biorecalcitrant organic compounds or convert them into bio-
degradable compounds [17]. AOPs have been studied for the
remediation of wastewater rich in lignin derivatives from pulp
and paper industry [18–21]. The hydroxyl radicals have the
ability to degrade toxic and recalcitrant compounds, thereby
reducing their toxicity and enhancing their susceptibility to
biological agents, what increases interest about the possibility
of applying AOPs as a method for reducing the toxicity of
lignocellulosic hydrolysates.

Due to its high reactivity, the hydroxyl radical must be
generated in situ, which may be accomplished with a number
of different processes [22]. Hydroxyl radicals can be generat-
ed as a result of the combination of strong oxidizing agents,
such as hydrogen peroxide and ozone. Ultraviolet (UV) or
visible radiation and catalysts such as metal ions and semi-
conductors can also be used to create hydroxyl radicals [23,
24]. The advanced oxidative processes that use solid catalysts
(such as TiO2 and ZnO) are denominated heterogeneous pro-
cesses, and other processes are known as homogeneous pro-
cesses [25].

The reaction between the hydroxyl radical and organic
molecules present in the environment can be divided into three
different classes according to their reaction mechanisms, such
as the abstraction of hydrogen atoms, electrophilic addition,
and electron transfer (Fig. 1).

The abstraction of hydrogen atoms is a reaction that usually
occurs with aliphatic hydrocarbons. In this reaction, the hy-
droxyl radical oxidizes the organic compound by removing a
hydrogen atom, resulting in an organic radical which reacts
quickly with the oxygen present in the medium, giving rise to
organic peroxide radicals, unstable intermediates which initi-
ate subsequent oxidation reactions (Fig. 1, a).

Electrophilic addition reactions usually occur with unsatu-
rated or aromatic hydrocarbons. The hydroxyl radicals attack

the organic compounds π bonds resulting in the forma-
tion of organic radicals (Fig. 1, b) which reacts quickly
with the oxygen present in the medium, originating
organic peroxide radicals and initiating the subsequent
oxidation reactions.

The reactions of electron transfer occur when the hydrogen
abstraction and radical addition reactions are disadvantaged,
which may be caused by the presence of the halogen in the
molecules or by steric hindrance. In this reaction, the hydroxyl
radical is reduced to hydroxyl anion removing electrons from
the organic compound oxidized and originating an organic
radical (Fig. 1, c).

The chemical structure and reactant concentration are de-
termining factors in the predominance of a particular kind of
reaction in the oxidation process of organic compounds [23].
Generally, electrophilic addition reactions tend to occur with
higher reaction rate than abstraction of hydrogen or electron
transfer reactions, mainly in aromatic and unsaturated com-
pounds. Electrophilic nature of the hydroxyl radical can lead
to preferential attack of compounds with aromatic rings and
high electron density [27, 28].

The heterogeneous process of generating hydroxyl radicals
differ from homogeneous process due to the employment of
solid-phase catalysts as used in the heterogeneous
photocatalysis processes. The photocatalysts used in these
processes are usually metal oxides semiconductors with pho-
tosensitive properties [29]. These photocatalysts are usually
employed in the form of a fine suspension or immobilized on
surfaces, and its photoactivation occurs by light irradiation at
wavelengths near UV (300 to 450 nm) [30–33]. The most
widely used photocatalysts in advanced oxidative processes
are TiO2 (in crystalline form anatase) and ZnO, which present
strong photocatalytic activity [34–36].

Fig. 1 Three different kinds of reaction mechanisms between the hy-
droxyl radical and organic molecules: a the abstraction of hydrogen
atoms, b electrophilic addition, and c electron transfer. Figure adapted
from Legrini et al. [26]
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Semiconductors such as TiO2 and ZnO acting as
photocatalysts have two energy regions: a region of higher
energy called conduction band (CB) and a region of lower
energy called the valence band (VB). The interval between
these two regions is called the “band gap,” which represents
the minimum energy required to excite the electron, leading to
his shift from the valence band to the conduction band. Fig-
ure 2 shows a schematic representation of the photoactivation
of a semiconductor particle surface on a photocatalytic pro-
cess with the generation of oxidizing and reducer sites [29,
37].

The generation of the hydroxyl radical in heteroge-
neous photocatalysis process is described in the litera-
ture by various authors such as Hoffmann et al. [29],
Spacek et al. [33], Suri et al. [37], Ziolli and Garden
[38], and Andreozzi et al. [39], among others. The first
step of the hydroxyl radical generation consists in the
photons absorption (hν) with same or greater energy of
the band gap, which leads to electronic excitation, pro-
moting an electron from the valence band to the con-
duction band, resulting in the formation of an electron/
hole pair (e−/h+), generating oxidants (hole), and reduc-
ing sites (electron) on the catalyst surface.

According to Giri et al. [40], the employment of heteroge-
neous AOPs using semiconductors such as TiO2 combined
with ozone, also called catalytic ozonation, may be more
efficient than the conventional processes of heterogeneous
photocatalysis and ozonation.

For the use of AOPs as a hydrolysate detoxification meth-
od, such process should be able to reduce the concentration of
inhibitor compounds while providing little or no change in the
concentration of sugars present.

Within this perspective, it is important to accentuate that
some chemical species present in the lignocellulosic hydroly-
sate such as phenolic compounds and furans from lignin and
carbohydrates degradation, respectively, have aromatic struc-
tures as a common characteristic of their molecules, which
differs from carbohydrates.

Although most studies on AOPs emphasize the
nonselectivity of the hydroxyl radical with organic com-
pounds, currently some authors suggest that molecular struc-
tures with high electronic density, as double bonds and aro-
matic rings, can be oxidized preferentially by such processes
[27, 41].

Promising results with the application of homogeneous
AOPs on rice straw hemicellulosic hydrolysate detoxification
for ethanol production by Pichia stipitis were achieved in an
earlier study developed by this research group [15]. The use of
homogeneous AOPs for the hydrolysate detoxification result-
ed in double the increase of the ethanol volumetric productiv-
ity in the fermentation step. Because of the promising results
achieved with the homogeneous AOPs in previous work, the
present study aimed to evaluate the use of heterogeneous

AOPs for hydrolysate detoxification aiming at improvements
in bioconversion processes using such hydrolysates.

Even under unoptimized treatment conditions, the hydro-
lysate treatments by AOPs showed results comparable to
those obtained by detoxification processes commonly de-
scribed in the literature about fermentation processes improve-
ment. In addition, the AOPs treatment has other advantage as
it does not produce residues, it does not cause degradation of
sugars, and there is no loss of hydrolysate volume due to the
treatment. These results demonstrate that AOPs are a promis-
ing technique for the application on toxicity reduction and
consequent improvement in fermentability of lignocellulosic
hydrolysates. Within this perspective, in the present study the
potential application of the heterogeneous group of advanced
oxidative processes as a detoxification method of rice straw
hemicellulosic hydrolysate was evaluated. Furthermore, fer-
mentative assays in bench bioreactor were carried out to
compare the ethanol production by P. stipitis in fermentations
of the treated hydrolysates.

2 Materials and methods

2.1 Preparation of rice straw hemicellulosic hydrolysate

Rice straw was collected from fields near Lorena City, São
Paulo State, Brazil. The material was naturally dried by the
sun until approximately 10 % moisture content, milled to
attain particles of about 1 cm in length and 1 mm in thickness,
and stored. Hydrolysate was prepared by dilute acid hydroly-
sis as described by Mussatto and Roberto [42]. Rice straw
hydrolysis was performed in a 50-L reactor, heated by electric
resistance and agitated by rotation of the reactor on the own
axis. The reaction was performed at 120 °C for 30 min, 3 rpm,
and the rice straw was submerged with sulfuric acid solution

Fig. 2 Schematic representation of a semiconductor particle: A is the
electron acceptor specie and D is the electron donor specie; VB valence
band, CB conduction band, hν external radiation (UV). Figure adapted
from Hoffmann et al. [29], Suri et al. [37], and Ziolli and Garden [38]
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(100 mg H2SO4/g dry matter) in a 1:10 (grams per milliliter)
dry matter–acid solution ratio inside the reactor. After hydro-
lysis, the residual solid material was separated by centrifuga-
tion and the liquid phase (hemicellulosic hydrolysate) was
submitted to a vacuum concentration process at 65 °C, in a
30-L stainless steel evaporator, aiming to increase the xylose
concentration about 120 g/L. The concentrated hydrolysate
was stored at 4 °C for later use.

2.2 Hydrolysate treatment

The rice straw hemicellulosic hydrolysate was submitted to
different treatment conditions by heterogeneous AOPs
(resulting from combinations among: TiO2 or ZnO/UVA or
UVC/O2 or O3). The main characteristic of this group of
AOPs is the presence of solid catalysts (like TiO2 and ZnO).
Experiments were carried out using a Taguchi L8 array
(Table 1), which consisted of eight assays in which the studied
variables were type of catalyst (100 mg/L of TiO2 or ZnO),
radiation (UVA or UVC), oxidant agent (O2 or O3), and pH
(3.0 or 8.0). The levels used at factorial planningwere based in
previous studies performed by this research group and also in
literature. The observed responses were the change in sugar
concentration, the decrease in toxic compounds concentration,
and the fermentability of the treated hydrolysate.

The treatments were conducted in a glass reactor with a
capacity of 150 mL, equipped with water refrigeration and
magnetic stirrer. Irradiation was performed using an ultravio-
let lamp (UVA or UVC) of 4 W of power, which was sub-
merged in the reaction medium through a quartz bulb (Fig. 3).

Ozone (500 mg/L) was produced by conversion of O2 to
O3 by corona effect, by the use of the device Ozone Generator
Ozonebras, Z30 model with an output of 60 W, at a flow rate
of 1 L/min of oxygen. All treatments were carried out for
30 min at a controlled temperature of 30 °C, under conditions
which varied according to experimental design described
hereafter. Before conducting the experimental design, the
concentrated rice straw hemicellulosic hydrolysate had its
pH adjusted to values corresponding to the levels of the
experimental design (pH 8 and 3) with NaOH 10 mol/L.
The precipitate formed after each pH change was removed
by centrifugation (1,000×g for 15 min), and then xylose
concentration in the hydrolysate was adjusted to approximate-
ly 90 g/L.

Aiming a comparison with heterogeneous processes, the
detoxification treatment by homogeneous AOPs was per-
formed as described by Silva et al. [15].

2.3 Fermentative process

Fermentations were carried out in semi-synthetic or hydroly-
sate medium. Before the use of the rice straw hemicellulosic
hydrolysate as a fermentation medium, its pH was changed to
pH 5.5 with NaOH 10 mol/L or H2SO4 10 mol/L as required.
After each change of pH, the hydrolysate was centrifuged at 1,
000×g for 15 min to remove solid residue.

2.3.1 Microorganism and inoculum preparation

P. stipitis NRRL Y-7124 was the microorganism used in the
experiments. Cultures of this yeast were maintained on malt

Table 1 Taguchi L8 experimental array to evaluate the effect of heterogeneous AOPs treatment on toxic compounds removal and fermentability of
hydrolysate

Assay Experimental conditions (Factors and interactions) Responses Sugars variation (%)

Reduction (%) QP (%)b

A B ABa C AC AD D TF LMWPC TPC
pH Catalyst Radiation a Oxidant

E1 2 (8) 2 (TiO2) 2 2 (UVC) 2 2 2 (O3) 40 100 31 49 −1.1
E2 2 (8) 2 (TiO2) 2 1 (UVA) 1 1 1 (O2) 23 43 −6 40 0.1

E3 2 (8) 1 (ZnO) 1 2 (UVC) 2 1 1 (O2) −1 35 7 34 0.8

E4 2 (8) 1 (ZnO) 1 1 (UVA) 1 2 2 (O3) 31 100 39 57 0.5

E5 1 (3) 2 (TiO2) 1 2 (UVC) 1 2 1 (O2) 28 8 −3 3 −0.1
E6 1 (3) 2 (TiO2) 1 1 (UVA) 2 1 2 (O3) 49 54 34 4 −0.8
E7 1 (3) 1 (ZnO) 2 2 (UVC) 1 1 2 (O3) 36 55 36 4 −0.2
E8 1 (3) 1 (ZnO) 2 1 (UVA) 2 2 1 (O2) 19 6 1 4 1.4

TF total furans, LMWPC low molecular weight phenolic compounds, TPC total phenolic compounds
a Columns used in the error estimating
bValues expressed as a percentage relative to the reference value (QP=0.36 g/L·h) obtained in semi-synthetic medium fermentation
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extract agar slants at 4 °C. For fermentations in semi-synthetic
medium, inoculum was prepared by transfer of cells of the
yeast from the maintenance medium to 125-mL Erlenmeyer
flasks containing 25 mL of the medium composed by (in
grams per liter): xylose (20.0), glucose (3.3), arabinose (3.3),
urea (2.3), MgSO4·7H2O (1.0), and yeast extract (3.0). For
hydrolysate fermentations, the inoculum was also prepared in
the hydrolysate, whose sugars concentrations were adjusted
by dilution to (in grams per liter): xylose (20.0), glucose (3.3),
and arabinose (3.3). The inoculated flasks were incubated in a
rotary shaker at 30 °C under stirring at 200 rpm for 24 h. After
this time, the cells were recovered by centrifugation (1,100×g
for 20 min) and resuspended in sterile distilled water in order
to obtain a concentrated suspension of cell which was used as
inoculum.

2.3.2 Fermentation medium and conditions

To evaluate the influence of AOPs detoxification treatment on
ethanol production, assays were performed in 125-mL Erlen-
meyer flasks containing 50 mL of the hydrolysate based
medium composed by (in grams per liter): xylose (70.0),
glucose (12.0), and arabinose (12.0) with addition of yeast

extract (3.0 g/L). The flasks were inoculatedwith an initial cell
concentration of 1 g/L and maintained in a rotary shaker at
30 °C, 200 rpm, during 120 h. Fermentation runs were mon-
itored through periodic sampling to determine the cell growth,
xylose consumption, and ethanol production.

Assays were performed in a 2.0-L stirred tank bioreactor
(BIOSTAT B, B. Braun), containing 1.2 L of the following
fermentation media. Hydrolysates treated by AOPs, untreated
hydrolysate, and semi-synthetic media were used as culture
medium. The hydrolysate based medium was composed by
(in grams per liter): xylose (90.0), glucose (15.0), and arabi-
nose (15.0) with addition of yeast extract (3.0). The semi-
synthetic medium was composed by (in grams per liter):
xylose (90.0), glucose (15.0), arabinose (15.0), urea (2.3),
MgSO4·7H2O (1.0), and yeast extract (3.0). After inoculated
with 1 g/L of cells, the fermentation runs were maintained at
30 °C during 96 h. The oxygen transfer condition, kLa close to
5 h−1, was defined in previous work [43]. During the exper-
iments, samples were taken each 12 h for sugars, ethanol, and
cell growth determinations.

2.4 Analytical methods

Glucose, xylose, arabinose, acetic acid, and ethanol concen-
trations were determined by high-performance liquid chroma-
tography (HPLC) in Waters chromatograph equipped with a
refractive index detector and a Bio-Rad Aminex HPX-87H
column (300×7.8 mm). Operation conditions included tem-
perature of 45 °C, 0.005 mol/L sulfuric acid as eluent in a flow
of 0.6 mL/min, and sample volume of 20 μL. The cellular
growth was determined by measuring the fermentation broth
at UV-spectrophotometric absorbance at 600 nm, which was
correlated to a calibration curve (dry weight × optical density).

Furfural, hydroxymethylfurfural, vanillic acid, vanillin, p -
coumaric acid, and ferulic acid were also determined by
HPLC, using an UV detector (at 276 nm) and a ZORBAX
Eclipse Plus C18 column (4.6×100mm and 3.5μm in particle
size) at room temperature, acetonitrile/water/acetic acid at a
ratio of 88:11:1 as the eluent, a flow rate of 0.8 mL/min, and
sample volume of 20 μL. The concentration of total phenolic
compounds was estimated by Folin–Ciocalteau method [44]
using ferulic acid as standard. Ultraviolet spectrum of the
hydrolysate was determined in Hitachi U-2000 spectropho-
tometer, in the range of 500–200 nm, with a pitch of 5 nm
using quartz cuvettes. The determination of the spectrum was
made with hydrolysate diluted with alkaline water (pH around
12), and distilled water used as a blank. The differential
scanning spectra were obtained by determining the profile
scan of the hydrolysate in alkaline media (pH 12), using as
zero the same sample, but in acidic media (pH 2). Ethanol
yield factor (YP/S, grams per gram) was defined as the ratio
between ethanol concentration (grams per liter) and glucose/
xylose consumed (grams per liter). Ethanol volumetric

Fig. 3 Reactor used in the treatments by advanced oxidative process. 1
UV lamp, 2 quartz bulb, 3 O2 or O3 input, 4 magnetic stirring plate, 5
magnetic stirrer, 6 cap of the reactor, 7 water inlet, 8 out of water, 9
hydrolysate
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productivity (QP, grams per liter-hour) was calculated as the
ratio between the ethanol concentration (grams per liter) and
the fermentation time (hours). Cell yield factor (YX/S, grams
per gram) was defined as the ratio between cell concentration
and total substrate consumed (grams per liter).

3 Results and discussion

3.1 Hemicellulosic hydrolysate

The rice straw hemicellulosic hydrolysate was obtained by
dilute acid hydrolysis and concentrated by vacuum evapora-
tion. The hydrolysate used in this studied was characterized by
Silva et al. [15]. The total sugar concentration was approxi-
mately 160 g/L, with a ratio of 6:1:1 of xylose, glucose, and
arabinose. In addition to the sugars, potentially harmful com-
pounds to the fermentation process, such as carboxylic acids,
furans, and phenolic compounds, were also identified. The
hydrolysate contained in (grams per liter): acetic acid 1.96±
0.01, total furans (TF) 0.33±0.01, low molecular weight
phenolic compounds (LMWPC) 0.50±0.03, and total pheno-
lic compounds (TPC) 12.9±0.8.

The hemicellulosic hydrolysate had a high concentration of
phenolic compounds (approximately 12.9 g/L) compared to
acetic acid (approximately 2 g/L) and furan (327 mg/L).
Among the acid-soluble lignin derivatives compounds, the
hydrolysate contained vanillin (28 mg/L), p -coumaric acid
(106 mg/L), vanillic acid (32 mg/L), syringic acid (53 mg/
L), ferulic acid (270 mg/L), and p -hydroxybenzoic acid
(14 mg/L). These compounds have been suggested to be
potential inhibitors to microbial metabolism [45].

3.2 Detoxification treatment

The detoxification process was evaluated in terms of its ability
to reduce the concentration of phenolic compounds (total and
low molecular weight) and furans and to improve the P.
stipitis fermentability of the treated hydrolysates for each
condition assessed.

3.2.1 The effect of treatment on sugar concentration

Aiming to reduce the toxicity of this hydrolysate, different
conditions of heterogeneous AOPs were evaluated (Table 1).
There was no important change in sugars concentration of
after the all treatments (less than 1.5 %). This is a positive
result as compared to the detoxification methods based on
physical, chemical, and biological treatment, which often
result in a considerable reduction in sugars concentration
[11, 12, 14].

Telli-Okur and Eken-Saraçoglu [11] evaluated the use of
different detoxification methods for the treatment of a

sunflower seed husk hemicellulose hydrolysate, and they
observed significant reductions in sugars concentrations of
due to the employed treatments. Reductions up to 12 % in
the total sugars were seen after overliming treatment, and
reductions up to 20 % when overliming and activated carbon
adsorption were combined. Eken-Saraçoglu and Arslan [12]
also reported significant decreases in the hydrolysate sugars
concentration as result of the overliming treatment and the
combination of overliming and zeolite adsorption, 20 and
50 %, respectively. These authors attributed the sugar loss to
the decomposition at high pH and the zeolites adsorption.
Larsson et al. [14] evaluated various methods of lignocellu-
losic hydrolysate detoxification, including adsorption, and
biological methods such as using fungi. These authors report-
ed reductions of about 26 % adsorption techniques when used
in ion exchange resin. However, the biggest loss of sugars,
about 35 %, occurred after treating the hydrolysate with the
fungus Trichoderma reesei . These studies demonstrate that,
unlike AOP, many of the procedures used for the detoxifica-
tion of lignocellulosic materials hydrolysate may result in the
loss of sugar, which to some extent may result in losses to the
bioconversion process. Besides not causing degradation of
sugars, the AOPs treatment has other advantages such as no
waste production and no loss of hydrolysate volume due to the
treatment as it occurs with adsorption, overliming, and bio-
logical treatments processes.

In the present study, the low influence of the treatments by
AOPs on the carbohydrates concentration may be related to
the molecular structure of the sugars. The hydroxyl radical,
the main oxidizing agent of AOPs, has a higher affinity for
compounds with high electron density regions, such as aro-
matic rings [27, 28], which do not exist in sugar molecules.
This behavior was also observed in previous studies that
evaluated the hydrolysate detoxification by homogeneous
AOPs [15].

3.2.2 The effect of treatment on the concentration of phenolic
and furan compounds

In general, the hydrolysate treatments by heterogeneous AOPs
were able to reduce or completely eliminate many of furans
and LMWPC, and the reduction degree was dependent on the
treatment conditions employed (Table 1). For example, the
greatest reductions at furans concentrations occurred in trials
where ozone was used in the treatment of the hydrolysate (E1,
E4, E6, and E7). In these conditions, reductions between 31
and 49 % on furans concentration were observed. Already in
assays whose treatments were performed in the absence of
ozone (E2, E3, E5, and E8) reductions at furans concentration
has achieved 28 %. It was also found that the furans level was
not only influenced by the ozone presence but also by the pH
value employed during the treatment. Among the treatments
performed in the ozone presence, greater reductions in the
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furans concentration occurred in treatments conducted at pH 3
(E6 and E7), 43% on average, which corresponds to 7%more
than observed in treatments employing ozone in pH 8 (E1 and
E4), 36 % on average.

Similarly to what was observed for furans, ozone was an
important factor in reducing the LMWPC concentration. Re-
ductions between 54 and 100 % in LMWPC concentration
were achieved in the assays in which ozone was present.
Moreover, the removal degree of LMWPC was also influ-
enced by pH value. For example, at pH 3.0 a reduction of
55 % was achieved (assays E6 and E7), whereas at pH 8 the
LMWPC were completely degraded (assays E1 and E4),
suggesting a possible interaction between ozone and alkaline
pH conditions. Such reduction in the LMWPC levels can be
attributed to their partial degradation, caused by the action of
hydroxyl radicals. Phenolic compounds can be degraded by
the action of these radicals. In the first stage, the cleavage of
the aromatic ring can generate intermediate oxidation prod-
ucts, such as aliphatic acids, and in some cases reach the
complete degradation to form CO2 and H2O [46, 47].

In general, the decreases in LMWPC concentrations ob-
served in the treatments performed in the absence of ozone
(assays E2, E3, E5, and E8) were lower than those observed
for the treatments in which O3 was used (assays E1, E4, E6,
and E7). This behavior is probably due to the nature of the
hydroxyl radical generation processes. In the absence of
ozone, its generation process occurs exclusively by the inter-
action of UVradiation on the particles of the catalysts (TiO2 or
ZnO) and therefore is strongly linked to the penetration of
light in the middle [39], which may have been hampered by
high coloring hydrolysate.

The heterogeneous photocatalysis processes carried out in
the absence of O3 (tests E2, E3, E5, and E8), even disadvan-
taged by the high color of the hydrolysate, were able to
provide reductions of up to 28 and 43 % in furans and
LMWPC, respectively, although these decreases were rela-
tively smaller than those observed in the other treatment
conditions evaluated in planning.

Regarding the total phenolic compounds, a similar behav-
ior was observed to those verified with furans and LMWPC.
In fact the highest reductions in total phenolic compounds
concentration (31 to 39 %) occurred in treatments where
ozone was used (E1, E4, E6, and E7). These results confirm
the important influence of the ozone on the degradation of
such compounds. The decrease of the phenolics by heteroge-
neous AOPs can be attributed to partial degradation of these
compounds, resulting from changes in their chemical struc-
tures occasioned by the action of hydroxyl radicals. Phenolic
compounds can be degraded by the action of these radicals,
resulting in the cleavage of the aromatic ring, what leads in a
first stage to the formation of oxidation intermediates, like
aliphatic acids and may in some cases come to complete
degradation to form CO2 and H2O [46–48].

3.2.3 Differential scanning spectrum analysis

In Fig. 4, the analysis of differential scanning spectrum are
shown, as well as the profiles of sugars consumption and
ethanol production by P. stipitis for the hydrolysate untreated
and treated by AOPs.

The differential scanning spectrum technique allows to
evaluate the presence of phenolic hydroxyl groups. As can
be seen, the major changes occurred in the spectrum of the
hydrolysates treated in the ozone presence (E1, E4, E6, and
E7) in which reductions were observed at 245, 295, and 350–
400 nm. In addition, the conditions in which the use of ozone
was associated with an alkaline pH, highest decreases in the
differential scanning spectrum were attained (E1 and E4),
especially in the region of 350–400 nm, which relates to the
presence of hydroxyl group conjugated to the carbonyl
through the aromatic ring. In general, the observed changes
indicate a reduction in the number of phenolic hydroxyl
groups present in the hydrolysate as a result of the employed

Fig. 4 Differential scanning spectrum and fermentative profiles of P.
stipitis in untreated hydrolysate (red lines) and treated by AOPs (blue
lines) under different condition of Taguchi L8 experimental array
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treatments, demonstrating that depending on the treatment
conditions AOPs are able to provide changes in phenolic
structures, such as the removal of phenolic hydroxyl or aro-
matic ring cleavage. Such changes were observed only in
some treatment conditions evaluated which demonstrates that
such conditions have a strong impact on decreasing the con-
centration of these compounds.

The greatest reductions in the absorbance at the wavelength
of 245, 295, and 350–400 nm (E1, E4, E6, and E7) were found
in the same assays where the greatest reductions in the con-
centration of total phenolics occurred (Fig. 4). These results
show that the oxidative treatments used have led to changes in
chemical structures, such as aromatic ring cleavage. In fact,
the cleavage of aromatic structures through the use of ad-
vanced oxidative processes are reported in the literature such
as the works of Liu et al. [46] and Zhang et al. [49].

3.2.4 Fermentability of treated hydrolysate

The profiles of sugar consumption and ethanol production by
P. stipitis in untreated rice straw hemicellulosic hydrolysate
and treated by heterogeneous AOPs are shown in Fig. 4. Note
that the yeast was unable to consume sugars and produce
ethanol in the cultivation carried out in hydrolysate treated
under acidic conditions (E5, E6, E7, and E8). These results
showed that treatments involving heterogeneous AOPs in
acidic conditions were unable to improve the hydrolysate
fermentability. Moreover, when the hydrolysate was treated
under alkaline conditions in the presence of ozone (test E1 and
E4), the substrate consumption and ethanol production by
yeast were favored. The maximum ethanol concentration ob-
tained from fermentation of treated hydrolysate in the assays
E1 and E4 were about 15 g/L after 72 h of fermentation. This
result shows that under these conditions, the hydrolysate
detoxification treatment resulted in increase of about 50 %
in ethanol production compared to that obtained with untreat-
ed hydrolysate, about 10 g/L.

In general, the sugar consumption and ethanol production
observed during the fermentations were favored by heteroge-
neous AOPs when used under alkaline conditions. A similar
behavior was also observed in earlier studies for the detoxifi-
cation treatment of rice straw hemicellulose hydrolysate by
homogeneous AOPs [15]. The influence of the treatment pH
value on the hydrolysate fermentability is probably related to
the different mechanisms of hydroxyl radical attack on inhib-
itor compounds at different pH values. Phenolic compounds,
which can act as inhibitors of microbial metabolism, in alka-
line medium form phenolate ions by the dissociation of the
hydroxyl proton from the benzene ring, thereby increasing the
electron density of the aromatic ring, thus favoring its to
oxidation by hydroxyl radical attack, which has electrophilic
nature [27, 50].

Regarding ethanol volumetric productivity, higher values,
between 0.12 and 0.21 g/L·h, were observed in fermentations
of hydrolysates treated under alkaline conditions (E1, E2, E3,
E4). In the hydrolysate treated fermentations employing acidic
pH (E5, E6, E7, E8), the values achieved were lower than
0.02 g/L·h.

The treatment E4 (pH 8/ZnO/UVA/O3) provided the
highest volumetric productivity of ethanol, 0.21 g/L·h. These
productivity represents only 60 % of the value achieved in the
semi-synthetic medium fermentation (0.36 g/L·h). However,
when compared to the QP value obtained for the untreated
hydrolysate, 0.12 g/L·h, this result shows that the treatment
was able to provide a 75 % increase in the ethanol volumetric
productivity. These results demonstrate that hydrolysate de-
toxification by heterogeneous photocatalysis improved the
hydrolysate fermentability and hence the yield of the biocon-
version process under conditions of the assay E4.

3.3 Statistical analysis

We used a statistical analysis to identify the most important
factors to influence the detoxification of rice straw
hemicellulosic hydrolysates by AOPs. In this analysis, we
evaluated the effects of pH (A—pH 3 or 8) and the types of
catalyst (B—TiO2 or ZnO), UV radiation (C—UVA and
UVC), and the oxidizing agent (D—O2 or O3) (Table 1).
The columns AB and AC were used to estimate experimental
error. The observed responses were the percent reduction in
the furans (furfural and HMF), LMWPC, and total phenolics
concentrations, and the changes in the ethanol volumetric
productivity were measured for the fermentation of P. stipitis
in hydrolysates from each treatment.

The statistical significance of the main effects and their
interactions on the different responses were verified using an
analysis of variance (ANOVA) test, presented in Table 2.
According to the ANOVA, the percentages of variation in
the concentrations of furans, total phenolics, LMWPC, and
percent of QP (relative to QP obtained in the semi-synthetic
medium fermentation) showed high correlation coefficients,
above 94 %. Thus, the observed variation can be explained by
the factors that were evaluated.

For statistical analysis, all terms above 90 % of confidence
level were considered significant. Statistical analysis showed
that for furan decrease, the type of oxidizing agent (D) and the
type of catalysts (B) were significant with confidence level of
95 %, and pH (A) was significant with confidence level of
90 %. For LMWPC reduction, the type of oxidizing agent (D)
and pH (A) were considered significant with a confidence
level of 99 %, and the combination of oxidizing agent and
pH (AD) were significant with a confidence level of 99 %.
Regarding the total phenolics, only types of oxidizing agent
were significant with a confidence level of 99 %. For ethanol
volumetric productivity, type of oxidizing agent (D) and the
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combination of oxidizing agent and pH (AD) was significant
with a confidence level of 90 %. In addition, the pH value (A)
was considered significant with a confidence level of 99 %,
and this is the very significant variable that can explain about
92 % of all the variation for this response. Except for pH
response reduction furans, all these significant variables
showed positive effects on observed responses.

The statistical analysis showed that the reduction of the
inhibitory compounds concentration and ethanol production
increased were favored by use of pH 8 and O3 as an oxidizing
agent. In the evaluated range, there was no important difference
between the use of TiO2 or ZnO and UVA or UVC radiation.

3.4 Fermentation in bioreactor of the treated hydrolysates

In this step, the hydrolysate treated by heterogeneous AOPs in
conditions of assay E4 (ZnO/UVA/O3/pH 8) of this study and
the hydrolysate treated in the conditions selected in previous
work [15] by homogeneous AOPs (Fe+2/H2O2/O3/pH 8) were
used, wherein all the chemical species involved in the hydrox-
yl radical generation are soluble in the reaction medium. For
comparison, fermentations in semi-synthetic medium and un-
treated hydrolysate were also performed.

The cell growth (a), sugars consumption (b), and the ethanol
production (c) by P. stipitis on cultivations in the hydrolysate
treated by heterogeneous and homogeneous AOPs, untreated
hydrolysate, and semi-synthetic medium are shown in Fig. 5.
As can be seen, the yeast was able to grow in all fermentation
media. It was also found that, with the exception of cultivation
in semi-synthetic medium, the yeast showed a lag phase. The
duration of this phase in the treated hydrolysates was approx-
imately of 12 h, which was lower than that observed in untreat-
ed hydrolysate (about 48 h). This result shows a decrease in
hydrolysate toxicity as a result of the reduction of inhibitors
with the employed treatment. In fact, the effect of inhibitor

compounds in the hydrolysate can lead to extension of the lag
phase of cell growth in P. stipitis , when compared to the semi-
synthetic medium fermentation [51, 52].

With respect to sugars consumption (Fig. 5b), in all fer-
mentation media, the yeast completely consumed glucose and
partially consumed xylose according to the cultivation medi-
um. Glucose is preferentially consumed, which was expected,
since the presence of glucose concentrations in the medium
may delay the pentose consumption.

The yeast had higher intakes of sugars in the cultivations
performed in the hydrolysate treated by AOPs, compared to
untreated hydrolysate. In both hydrolysates treated (by homoge-
neous and heterogeneousAOPs), the yeast was able to complete-
ly consume glucose after 36 h, and about 43 and 74 % of xylose
after 96 h, in the cultivations in hydrolysate treated by heteroge-
neous and homogeneous AOPs, respectively. In untreated hy-
drolysate cultivation, the yeast showed a lag phase of 48 h,
followed by complete consumption of glucose after 72 h and a
poor xylose consumption after this period, leaving about 93% of
sugar after 96 h. These results show that the AOPs treatments
were able to improve the assimilation of sugars, compared to the
untreated hydrolysate cultivation.

Similar to sugars consumption, the ethanol production
varied with the culture medium employed. Both types of
treatments by AOPs (heterogeneous and homogeneous) re-
sulted in an increase in ethanol production by yeast, when
compared to that observed in untreated hydrolysate. However,
ethanol concentrations achieved in cultivation carried out in
the treated hydrolysate were still inferior to that achieved in
semi-synthetic medium. In untreated hydrolysate fermenta-
tion, the yeast produced about 5.7 g/L of ethanol after 84 h
of fermentation. The treatment by AOPs provided increases in
ethanol production to 14.5 g/L after 96 h for the heteroge-
neous process and 18.5 g/L after 84 h for the homogeneous
process (Table 3).

Table 2 Analysis of variance of the main effects and of its interaction factor on the responses: reductions concentrations of furans, LMWPC, and total
phenolics, besides the ethanol volumetric productivity by P. stipitis (QP), for the design Taguchi L8

Source of variation Contribution (%)

Furans reduction LMWPC Total phenolics reduction QP (%)a

A – pH 11.8 b 33.3 c 0.0 91.5 c

B – Catalysts 23.6 d 0.1 3.7 0.0

C - Radiation 2.8 0.0 0.1 0.8

AD 0.9 1.0 b 0.0 3.4 B

D - Oxidizing agents 59.0 d 65.3 c 94.8 c 3.7 b

R2 (%) 94.4 99.6 94.8 98.6

a Percentage in relation to that obtained in the semi-synthetic medium fermentation (QP=0.36 g/L·h)
b Significant at 90 % confidence level
c Significant at 99 % confidence level
d Significant at 95 % confidence level
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In general, the hydrolysate treatment by AOPs led to in-
creases in the sugar consumption, cell growth, and ethanol
production and to a reduction in latency stage. In fact, em-
ployment of various types of detoxification treatments, such
as adsorption on activated carbon, “overliming,” and sulfite
addition, among others, lead to considerable improvements in
cell growth, substrate consumption, and ethanol production by
P. stipitis ; however, even after such treatments, latency pe-
riods in cell growth are also observed, which is related to the
presence of potentially inhibitory compounds that were not
fully removed in treatments [51–54].

By comparing the fermentative behavior of P. stipitis on
untreated hydrolysate, it can be seen that homogeneous AOPs
was superior to the heterogeneous treatment. Due to the var-
iations observed for QP and QS for the different fermentation
media, the conversion factor of substrate to product (YP/S)
slightly varied, showing values between 0.28 and 0.31 g/g.
On the other hand, the ethanol volumetric productivity was
strongly affected by the presence of inhibitors showing values
varying from 0.07 to 0.32 g/L·h.

Although better results have been achieved in the fermenta-
tion carried out in the semi-synthetic medium, both heteroge-
neous and homogeneous hydrolysate treatments have provided
substantial increases compared to the values observed for culti-
vation in untreated hydrolysate. Furthermore, the increases in
substrate consumption and ethanol volumetric productivity dur-
ing cultivation on treated hydrolysates by homogeneous AOPs
was double that achieved by heterogeneous AOPs treatment.

Among the AOPs evaluated, the homogeneous processes
provided the best results in the hydrolysate detoxification.
This result may be attributed to the nature of the processes.
In the heterogeneous processes, the main mechanism of action
is the photocatalysis, wherein the hydroxyl radical is generat-
ed by the action of light radiation on the particle surface of the
semiconductor, in this way the light penetration is an impor-
tant factor [39], which probably was strongly affected by the
intense color of the hydrolysate.

The use of AOPs as a hydrolysate detoxification treatment
showed similar results to those obtained by detoxification
processes commonly described in the literature [51–54]. For
example, Roberto et al. [52] evaluated the ethanol production
by the yeast P. stipitis NRRL-Y-7124 from sugar cane bagasse

Table 3 Fermentative parameters of the P. stipitis cultivation on semi-
synthetic medium (SM), untreated rice straw hemicellulosic hydrolysate
(UH), and hydrolysate treated by AOPs homogeneous (HTA) and het-
erogeneous (HTB)

Parameters SM HTA HTB UH

Initial substrate (g/L)a 102 101 93 98

Substrate consumption (%) 83 68 52 21

Glucose consumption (%) 100 100 100 100

Xylose consumption (%) 79 62 43 4

Fermentation time (h) 84 84 96 84

Time lag phase (h) 0 12 12 48

Ethanol concentration (g/L) 26.6 18.5 14.5 5.7

QS (g/L·h) 1.01 0.82 0.50 0.24b

QP (g/L·h) 0.32 0.21 0.15 0.07 b

YP/S (g/g) 0.31 0.29 0.31 0.28 b

YX/S (g/g) 0.16 0.16 0.11 0.21 b

P/S (%) 61 57 61 55

aGlucose and xylose
b Referring only to the glucose consumption

0

2

4

6

8

10

12

14

16

0 12 24 36 48 60 72 84 96

C
el

ls
 (

g/
L)

Time (h)

0

5

10

15

20

25

30

0 12 24 36 48 60 72 84 96

E
th

an
ol

 (
g/

L)

Time (h)

0

20

40

60

80

100

0 12 24 36 48 60 72 84 96

S
ug

ar
s 

(g
/L

)

Time (h)

a

b

c

Fig. 5 Cell growth (a), sugars consumption (b), and ethanol production
(c) by yeast P. stipitis NRRLY-7124, from semi-synthetic medium (line
with open circle) rice straw hemicellulosic hydrolysate untreated (line
with letter x) and hydrolysate treated by AOPs homogeneous (line with
open square) and heterogeneous (line with open triangle)
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hemicellulosic hydrolysate treated by adsorption on activated
carbon. During fermentation of detoxified hydrolysate, the
yeast showed a lag phase of 20 h and a maximum ethanol
concentration of 24 g/L after 72 h. The ethanol volumetric
productivity was 0.35 g/L·h, which represents about 60 %
achieved in the semi-synthetic medium. Despite increased
lag phase, and lower productivity, the conversion factor of
substrate to product (0.35 g/g) was not affected by the inhib-
itory effect observed in the treated hydrolysate.

In this study, the detoxification treatment by AOPs allowed
to ferment in hydrolysate medium with high concentrations of
sugars (about 100 g/L xylose and glucose). Even under these
conditions, the fermentative parameters of conversion of sub-
strate to product, ethanol volumetric productivity, were similar
to those reported in the literature for usual detoxification pro-
cesses. However, in the majority of studies on ethanol produc-
tion by P. stipitis from hemicellulose hydrolysates, total sugars
concentrations employed are less than 60 g/L [3, 10, 14,
54–57], which is probably related to effects of inhibition caused
by higher concentrations of toxic compounds. It is worth noting
that the use of sugars concentrations in the fermentation medi-
um in the range of 80 to 100 g/L is essential for obtaining high
concentrations of ethanol from fermented broth and thus for the
economic viability of the distillation step [58, 59]. Therefore, in
this study, an important improvement was accomplished—the
bioconversion process of hemicellulosic hydrolysate to ethanol
employing high concentrations of sugars.

4 Conclusions

The results obtained in this work proved the effectiveness of
AOPs as a detoxification method of rice straw hemicellulosic
hydrolysate since these treatments were able to provide important
improvements on ethanol production by P. stipitis . Additionally,
the AOPs treatment did not reduce the sugar concentration or
volume of hydrolysate and there was no waste generation during
the process, which are important advantages over other tradition-
al methods for hydrolysate detoxification. Under selected condi-
tions for heterogeneous treatment (100 mg/L ZnO; 500 mg/L O3

in the presence of UVA at pH 8.0) and homogeneous treatment
(50 mg/L Fe+2; 1000 mg/L H2O2, 500 mg/L O3 at pH 8), the
ethanol production increases about 154 and 224 %, respectively,
in relation to the fermentation of untreated hemicellulosic hydro-
lysate. These results support the great potential of this treatment
for applications as a detoxification method of lignocellulosic
hydrolysates for bioconversion processes.
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