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h i g h l i g h t s

� Inhibitors in lignocellulosic hydrolysates prevent efficient bioconver sion.
� A new method for detoxification of lignocellulosic hydrolysates is presented.
� Sodium borohydr ide treatment detoxifies hydrolysat es by reduction of inhibitors.
� No extra process step required: can be performed as chemical in situ detoxification.
� Indicates difference between inhibition of microbes and of enzymes.
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a b s t r a c t

Addition of sodium borohydride to a lignocellulose hydrolysate of Norway spruce affect ed the ferment- 
ability when cellulosic ethanol was produced using Saccharomyces cerevisiae . Treatment of the hydroly- 
sate with borohydride improved the ethanol yield on consumed sugar from 0.09 to 0.31 g/g, the balanced 
ethanol yield from 0.02 to 0.30 g/g, and the ethanol productivity from 0.05 to 0.57 g/(L � h). Treatment of
a sugarcane bagasse hydrolysate gave similar results, and the experimen ts indicate that sodium borohy- 
dride is suitable for chemical in situ detoxification. The model inhibitors conifer yl aldehyde, p-benzoqui-
none, 2,6-dimeth oxybenzoquinone, and furfural were efficiently reduced by treatment with sodium 
borohydr ide, even under mild reaction conditions (20 �C and pH 6.0). While addition of sodium dithionite 
to pretreatmen t liquid from spruce improved enzymatic hydrolysis of cellulose, addition of sodium boro- 
hydride did not. This result indicates that the strong hydrophilicity resulting from sulfonation of inhib- 
itors by dithionite treatment was particularly important for alleviating enzyme inhibition.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction 

Dwindling oil supplies combined with increased demand sug- 
gest the need for alternative feedstocks for production of fuels,
chemicals, and materials such as plastics. Replacing oil and other 
fossil resources with sustainable and renewable lignocellulosic 
raw materials is therefore an exciting opportunity (Ragauskas
et al., 2006; Lynd et al., 2008; Sims et al., 2010 ). Lignocell ulosic 
raw materials such as wood residues and sugarcane bagasse are 
attractive as feedstock , since they are plentiful and relatively 
inexpensive.

Lignocellulo se, which consists mainly of polymers such as lig- 
nin, cellulose and hemicellulose, is a recalcitrant material that of- 
fers a challenging problem when it comes to conversion to
fermentable sugars. Thermochem ical pretreatmen t, which involves 
high temperature s and use of acids, alkali or other chemicals, is
usually required to make the raw material accessible to hydrolytic 

enzymes such as cellulases and hemicellulas es. Severe condition s
used during pretreatment usually lead to partial breakdown of lig- 
nin and hemicellulose- derived sugars, and result in the formation 
of unwanted by-products that in sufficiently high concentratio ns
inhibit both fermenting microorganism s and cellulose-de grading 
enzymes . Fermentatio n inhibitors include many different com- 
pounds that can be categorized into a few groups, such as aromatic 
(mostly phenolic) compounds , furan aldehydes, and aliphatic acids 
(Larsson et al., 1999 ). Phenolic compounds can also inhibit enzy- 
matic hydrolysis of cellulose (Ximenes et al., 2010 ). Lignocell ulosic 
hydrolysate s contain varying concentrations of inhibitory com- 
pounds depending on the composition of the raw material used 
in the process, and the severity and type of pretreatment used.
There are several ways to counteract problems with fermentation 
inhibitors . The use of resistant fermenti ng microbes or chemical 
or biological treatments for detoxification of slurries and hydroly- 
sates have been investiga ted.

Detoxification, which involves different types of treatments of
the hydrolysates have been shown to dramatical ly improve the fer- 
mentabil ity of strongly inhibitory lignocellul osic hydrolysate s
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(Alriksson et al., 2006, 2011 ). The main objection that has been 
raised against detoxification is the need for an additional process 
step that would make the bioalcohol process more costly (Hame-
linck et al., 2005 ). Alriksson et al. (2011) showed that this objection 
does not necessarily hold true, since it was discovered that treat- 
ment with reducing agents, including dithionite and hydrogen sul- 
fite, can greatly improve the fermentabil ity of lignocellulos e
hydrolysate s when added directly to the fermentation vessel in
the presence of the fermenting microorgan ism, Saccharomyces
cerevisiae. Cavka et al. (2011) later showed that detoxification with 
sulfur oxyanions, such as sulfite and dithionite, results in sulfona- 
tion of fermentation inhibitors, a mechanism that also converts 
them to highly hydrophilic charged molecule s. Treatment of ligno- 
cellulosic hydrolysate s with reduced sulfur compounds also has 
positive effects on Escherichi a coli (Nieves et al., 2011 ).

In this study we have investiga ted the effects of sodium borohy- 
dride on lignocellulosic hydrolysate s and we have also used mass 
spectrometry (MS) to study the effects on selected model inhibi- 
tors. Furthermore, the effects were also compared to those of so- 
dium dithionite and sodium hydrogen sulfite, which previously 
were shown to be potent agents of detoxification (Alriksson
et al., 2011 ). As treatment of inhibiting compounds with sodium 
borohydride by necessity will generate other products than the 
sulfonated compounds that were identified after treatment with 
sulfite or dithionite, it is of mechanistic interest to compare the 
efficiency of sodium borohydri de with that of the sulfur oxyanion s.
Furthermore, as is also the case with sulfite and dithionite, sodium 
borohydride is an industria l chemical that can be considered for 
large-scale processes (Rittmeyer and Wietelmann, 2002 ). In addi- 
tion, there is a connection between sodium borohydride and 
dithionite, since sodium borohydri de is used in the production of
dithionite. Thus, both scientific and technical reasons motivate 
the study of the effects of sodium borohydride on lignocellulosic 
hydrolysate s.

2. Methods 

2.1. Pretreatment and hydrolysis of lignocellulo sic raw materials 

The hydrolysate s used in this study were produced from sugar- 
cane bagasse or from chipped wood of Norwegian spruce (Picea
abies). The raw materials were first pretreated thermochemical ly
and the resulting slurries were then converte d by enzymati c
hydrolysis. The liquid fractions obtained after removal of the lig- 
nin-rich solid residues remaining after pretreatmen t and enzy- 
matic hydrolysis are referred to as hydrolysates. The hydrolysate s
thus contain sugars derived from both hemicellulose and cellulose.

The pretreatmen t of bagasse and spruce was performed by SE- 
KAB E-Techno logy in the Swedish biorefinery demonstration plant 
(Örnsköldsvik, Sweden). The bagasse was pretreated in continuous 
mode in a 30-L reactor, which was filled approx. to 50% during 
operation. The pressure was 14 bar (188 �C), and the bagasse was 
impregnate d with SO2 (0.3 kg SO2/h, which corresponds to around 
0.6% SO2/kg of sugarcane bagasse (DW, dry weight)). The residence 
time in the reactor was 10 min, and the resulting pH was 2.1. Un- 
barked spruce wood chips were treated in a continuous mode in
the same reactor, but at a pressure of 18 bar (204 �C). There was 
an addition of 1.2–1.3 kg SO2/h, which corresponds to 1% SO2/kg
of spruce wood chips (DW). The residence time in the reactor 
was 7–8 min, and the resulting pH was 1.4–1.5. After pretreatmen t,
the spruce and bagasse slurries were cooled and stored at 4 �C until 
further use.

The pH of the bagasse slurry was adjusted to 5.3 with a 5 M
solution of sodium hydroxide. The dry-matt er content of the ba- 
gasse slurry was 18.3%. Six 2-L shake flasks were filled with 

950 g of bagasse slurry. The pH of the spruce slurry was also ad- 
justed to 5.3 with a 5 M solution of sodium hydroxide. Four 2-L 
shake flasks were each filled with 950 g of spruce slurry. The 
dry-matt er content of the spruce slurry was 12.1%.

Commer cially available preparations of cellulase and cellobiase 
were added to the slurries. The cellulase preparation, which was 
from Trichoderma reesei ATCC 26921, had a stated activity of 700 
endoglucan ase units (EGU)/g (Sigma–Aldrich, Steinheim, Ger- 
many) and the loading was 319 EGU/g of solids (DW). The cellobi- 
ase preparation, Novozym e 188, had a stated activity of 250 
cellobiase units (CBU)/g (Sigma–Aldrich) and the loading was 
23 CBU/g of solids (DW). After addition of enzymes, the slurries 
were incubated with shaking (Kuhner Lab-Therm LT-X, A. Kühner
AG, Birsfelden, Switzerland ) at 45 �C and 110 rpm for 72 h.

After hydrolysis, the slurries were centrifuged (Allegra X-22R,
Beckman Coulter, Brea, CA, USA) at 4500 g for 10 min at a temper- 
ature of 4 �C. The pH of the liquid fractions, the hydrolysates, was 
adjusted to pH 2.0 with a 12 M solution of HCl. The hydrolysate s
were stored at �80 �C until further use.

The monosaccharid e content of the bagasse hydrolysate was:
85.3 g/L glucose, 18.8 g/L xylose, 3.4 g/L mannose, 1.4 g/L arabi- 
nose, and 0.7 g/L galactose. The bagasse hydrolysate containe d
7.7 g/L acetic acid, 4.5 g/L furfural, and 0.7 g/L HMF. The monosac- 
charide content of the spruce hydrolysate was 84.4 g/L glucose,
13.7 g/L mannose, 8.0 g/L xylose, 2.0 g/L galactose, and 1.9 g/L 
arabinos e. The spruce hydrolysate containe d 4.3 g/L acetic acid,
2.0 g/L furfural, and 1.7 g/L HMF.

2.2. Treatmen t of hydrolysates 

The treatment of the lignocellulos ic hydrolysate s was per- 
formed in a similar way as the treatments performed with sul- 
fur-contai ning reducing agents in previous studies (Alriksson
et al., 2011; Cavka et al., 2011 ). Prior to the treatments, the pH
was adjusted to 6.0 with a 5 M solution of sodium hydroxide.
The treatment of the hydrolysate s was performed in 30 mL glass 
vessels equipped with magnetic stirrer bars and placed on a mag- 
netic stirrer plate (IKA-Werke, Staufen, Germany ) at room temper- 
ature (20 �C). Sodium borohydride (fine granular for synthesis,
P98%, Sigma–Aldrich) was added as a powder directly to each of
the vessels in different concentratio ns and allowed to react during 
20 min. All treatments and experiments were performed in
duplicates .

2.3. Concentrati on experiments 

Experime nts with different additions of sodium borohydride to
lignocellulos ic hydrolysates were performed in order to investigate 
if the sodium borohydride had any positive effect on the fermen- 
tablity of these lignocellulos ic hydrolysate s. Twenty-four and a half 
milliliter of hydrolysate were transferred to 30-mL glass vessels 
with magnetic stirring, two drops of anti-foam were added to
countera ct surface tension, and the sodium borohydride was then 
added directly to the vessels. The concentrations of sodium boro- 
hydride that were used were based on the total amount of HMF 
and furfural in each of the hydrolysate s, and set to correspond to
concentr ations ranging from 0.1 to 1 furan aldehyde equivalents .
For the experiment with bagasse hydrolysate the concentratio ns
studied were 7, 15, 23, 31, 39, 47, and 55 mM. For the spruce 
hydrolysate , the concentratio ns were 4, 10, 16, 22, 28, 34, and 
40 mM.

2.4. Effect on S. cerevisiae and time of addition 

Experime nts with glucose in 50 mM sodium citrate buffer, pH
6.0, were performed to investigate the effects, positive or negative,
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