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Study on inhibitors from acid pretreatment of corn
stalk on ethanol fermentation by alcohol yeast

The inhibitory effects of the main inhibitors formed during acid pretreatment of corn stalk were studied
through ethanol fermentations of model substrates and hydrolysates from corn stalk by alcohol yeast.
Experimental results showed that the tested inhibitors had no significant effect on ethanol
fermentations when they were added separately at a concentration according to analysis results from
hydrolysate of corn stalk. However, when they were added as a mixture, the inhibitory effects became
obvious. With the increase of concentration, there was a delay in ethanol productivity. But complete
inhibition was observed at 5.0 g L™ furfural, 10.0 g L™* acetic acid, 7.0 g L™* ferulic acid, and 7.0 g L™*
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p-coumaric acid, respectively. The inhibitory effect decreased in the order: furfural > acetic acid >

ferulic acid > p-coumaric acid > HMF. These results suggest that a high concentration of inhibitor has
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rsc.li/rsc-advances different.

1. Introduction

The threat of imminent global warming coupled with dimin-
ishing crude oil reserves worldwide and rising energy demands
entail the urgent need to replace fossil-based fuels with green
biofuels. Biomass-based fuels, such as bioethanol, provide
a promising alternative, since their energies are already
included in the global carbon cycle, implying a significant
reduction in carbon dioxide release." According to the devel-
opment program for renewable energy in China, biomass
energy resources are composed of the following aspects: agri-
cultural crop straw, waste of forestry and forest product pro-
cessing, energy crops, poultry and livestock manure, municipal
waste, and organic wastewater.>

Lignocellulosic material is a promising alternative energy to
fossil resources because it is the most abundant natural
renewable organic material that exists on Earth and there are
concerns over CO, emissions from fossil fuels.? In many coun-
tries, including Spain, crop straw is a plentiful by-product from
agricultural activities, corn stalk having been selected as the raw
material in the present study.

Lignocellulosic materials are rigid structure consisting of
a carbohydrate polymer matrix (mainly cellulose and hemi-
celluloses).* They are cross-linked and strongly bound to lignin.
This structural complexity, defined as biomass recalcitrance,
severely restricts enzymatic and microbial accessibility.® The
pretreatment technology can make structure of lignocellulose
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a strong negative influence on ethanol fermentation, but the inhibiting abilities of various inhibitors are

loose, and make more cellulose and hemicellulose expose to the
surface.® This will help promote the late hydrolysis saccharifi-
cation.” Investigations of pretreatment methods included
physical method, chemical method, and both combining
methods.® Among these pretreatments, the widely used method
is based on dilute acid. Pretreatment corn stalk with dilute
sulphuric acid can effectively remove hemicellulose and thereby
greatly increased glucose productivity from cellulose
hydrolyzation.

Currently, the production of ethanol heavily relies on the
fermentation of carbohydrates and this biological.>* On the
other hand, some of the compounds formed during pretreat-
ment of lignocellulosic biomass such as sugar decomposition
products and lignin degradation products may have a potential
inhibitory effect on the fermentation process. Inhibitory
compounds in lignocellulosic hydrolysates comprise aliphatic
acids (i.e. acetic), furaldehydes (i.e. furfural and, 5-hydrox-
ymethylfurfural (HMF)), aromatic compounds and extrac-
tives."*> The number and identity of these toxic compounds
varies with the type of the raw material and pretreatment
conditions. Currently an extensive study about the effects of
each pretreatment has been done, but a rare study about the
inhibitory effect with different pretreatment for ethanol
fermentation.

The aim of this study is to investigate the influence of
inhibitors formed during pretreatment corn stalk with different
concentration of sulfuric acid on ethanol fermentation by
alcohol yeast. The different concentrations of inhibitor
compounds (acetic acid, furfural, HMF, p-coumaric acid, and
ferulic acid) were added into a model substrate medium, alone
or in combination, to study their effects on ethanol production.
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2. Experimental

2.1. Materials and chemicals

Raw corn stalk (hereinafter RCS) used in experiments was
provided by Yinchuan Helan Branch of Ningxia, China. It was
cleaned, grinded, and size-reduced to pass a 80-mesh sieve and
kept in an oven at 105 °C prior to pretreatment. National
Renewable Energy Laboratory (NREL) analytical method was
followed to determine raw material composition in terms of
structural carbohydrates and lignin*®. The cellulose (NS50013)
was purchased from Novozymes. Alcohol yeast was obtained
from preservation of our lab. All other chemicals were of reagent
grade. All experiments were carried out in triplicate and average
date was shown.

2.2. Pretreatment of corn straw

RCS was added to different concentrations of sulfuric acid (1%,
3%, 5%, 7%, wt/wt) with 1 : 20 of the solid-liquid. Then they
were reacted at 80 °C in a reaction kettle for 2 hours. After
pretreatment, the slurry was recovered and residual solid was
separated by filtration. Liquid fraction was stored in a refriger-
ation chamber for further treatment. Depending on the exper-
iment, the whole data of hydrolysate inhibitor or just the liquid
fraction (separated by vacuum filtration) were used for
fermentation process. All experiments were conducted in trip-
licate and the results were averaged.

2.3. Fermentation with alcohol yeast

2.3.1. Microorganism and growth culture. Alcohol yeast
was obtained from preservation of our lab in a refrigeration
chamber. Growth culture was composed of 40 g L™" glucose,
10 g L™ peptone, 3.0 g L™ " glycine, 15 g L™ " yeast extract, 0.5 g
L' (NH,),S0,, 2.6 g L' KH,PO,, and 1.0 g L' MgSO,-7H,0.
The inoculum was autoclaved at 120 °C for 30 min. This inoc-
ulum was grown aerobically on a rotatory shaker at 120 rpm and
30 °C for 48 h.

2.3.2. Fermentation with model substrate media. Model
fermentation medium was composed of 40 g L™ glucose, 3.0 g
L' glycine, 5.0 g L™ ' yeast extract, 1.0 g L™ (NH,),S0,,2.5 g L™"
KH,PO,, and 1.0 g L' MgSO,-7H,0. The medium pH was
adjusted to 4.8 and autoclaved at 120 °C for 20 min. Inhibitory
compounds (acetic acid, furfural, HMF, p-coumaric acid, ferulic
acid) were added either individually or as mixtures to the model
substrate medium at a certain concentration according to
analysis result from the hydrolysate of corn straw. Also, the
different concentrations of acetic acid (1.0-7.0 g L™"), furfural
(0.1-5.0 g L"), HMF (0.1-7.0 g L"), p-coumaric acid (0.1-7.0 g
L"), and ferulic acid (0.1-7.0 g L") were added separately to
the medium to determine their effects on the ethanol fermen-
tation. Model fermentation experiments were carried out with
no oxygen supply in sterile 250 mL bottles with cap. Each bottle
was filled with 100 mL of fermentation medium inoculated with
5% (v/v) growth culture.

38410 | RSC Adv, 2020, 10, 38409-38415

View Article Online

Paper

2.4. Analytical methods

2.4.1. High pressure liquid chromatography (HPLC) anal-
ysis. The glucose and acetic acid in the hydrolyzate were
determined by a method of HPLC. The liquid phase fraction was
filtered through a 0.22 pm filter prior to analysis, and then 20 pL
of sample was injected. A HPLC method was carried out using
a Bio-Rad (USA) Aminex® HPX-87H column (300 mm x 7.8
mm, Organic Acid Analysis Column) at 65 °C and 0.005 M
sulfuric acid as a mobile phase (flow rate was 0.6 mL min~"). A
refraction index detector (Shimadzu, Japan) was used for sugars
and acetic acid analysis. The contents of furfural, HMF, ferulic
acid, and p-coumaric acid were determined by a HPLC method
using a diode array detector (Shimadzu, Japan) and an Inert-
Sustain C;g column at 40 °C. Acetic acid (0.5 wt%) and methanol
ratio of 9 : 1 (v/v) at flow rate of 1 mL min~* was used as mobile
phase, the detection wavelength was 280 nm and the injection
volume was 20 pL.

2.4.2. Gas chromatography (GC) analysis. The ethanol
content in the fermentation broth was determined using a GC
method. The liquid phase fraction was filtered through a 0.22
um filter prior to analysis and then 1.0 pL of sample was
injected. A GC method was carried out using a CP-Wax57CB
column (50 m x 0.25 mm x 0.2 pm) at 35 °C keep 5 minutes,
then at the rate of 3.5 °C min~" to 200 °C and keep 5 minutes
(flow rate: 3.0 mL min %)

3. Results and discussion

3.1. Main composition of RCS

In this study, the main compositions of RCS were cellulose
41.13%, hemicellulose 24.43%, acid soluble lignin 10.29%, acid
insoluble lignin 15.83%, ash 2.49%, and extract 5.28%. Wu
et al.** reported that different stalks produced different inhib-
itor content after acid pretreatment due to the different
contents of the main components. Wang et al.*® reported that
furfural and 5-HMF are produced from the depolymerization of
cellulose and hemicellulose to form the dehydration conden-
sation of monosaccharides, while phenolic compounds mainly
come from lignin.

3.2. Composition of hydrolysate from the pretreated RCS

After acid pretreatment, the composition of corn straw biomass
was altered due to chemical depolymerization. The acid treat-
ment mainly hydrolyzed the hemicellulose and partly removed
lignin, which led to the weight loss of RCS. The remaining solid
(mainly cellulose and lignin) was porous and easy to be enzy-
matically digested to glucose.

Inhibitor compounds in water-soluble fraction were
analyzed and given in Table 1. The mainly inhibitory
compounds found in hydrolysates were acetic acid (a typical by-
product from acid hydrolysis), furfural, HMF, and phenolics (p-
coumaric acid and ferulic acid), which were degradation prod-
ucts of lignin. The highest 7.22 mg mL " acetic acid, 2.41 mg
mL~' HMF, and 2.94 mg mL~" furfural were detected with 7%
sulfuric acid pretreatment which go through cycles of depoly-
merization. However, this result does not suggest that the yields

This journal is © The Royal Society of Chemistry 2020
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Table 1 Inhibitor concentration in hydrolysates from corn straw with
different acid hydrolysis

Inhibitors in hydrolysates (g L")

Sulfuric Ferulic
acid (%)  Aceticacid 5-HMF  Furfural p-Coumaric  acid

1 1.235 0.001 0.005 0.014 0.004
3 1.381 0.002 0.026 0.026 0.029
5 1.281 0.006 0.032 0.035 0.050
7 1.444 0.024 0.056 0.028 0.041

of inhibitor compounds always increase with the increase of
acid concentration. For example, the highest 2.93 mg mL™" p-
coumaric acid and 2.86 mg mL " ferulic acid were observed
with 5% sulfuric acid pretreatment. The reason of this may be
that these factors also affect each other.

Inhibitors formed during dilute acid hydrolysis of biomass
include furan aldehydes furfural and 5-hydroxymethylfurfural
(HMF) derived from sugar degradation, acetate from hemi-
cellulose, and a number of aromatic aldehydes and acids from
lignin.'* Table 2 is monosaccharide compositions of the
hydrolyzate from corn after pretreatment with different
concentrations of sulfuric acid. The concentrations of mono-
saccharide decreased with the increases of sulfuric acid
concentration. This result was consistent with a tendency of the
increasing concentrations of furfural and 5-HMF in hydrolysate.

3.3. Effect of inhibitor at a concentration determined from
hydrolysate on fermentation

The presence and concentration of inhibitory compounds can
significantly affect enzymatic hydrolysis and fermentation
processes and thereby decreases the ethanol production. The
performance of alcohol yeast was evaluated on model fermen-
tation media containing inhibitory compounds as well as
glucose as carbon source in this study. The influence of inhib-
itors, individually or as a mixture, was studied in terms of
ethanol production, considering two parameters: ethanol yield
and sugar consumption.

Table 3 summarises ethanol concentration, as well as the
concentration of residual sugar obtained in such solution after
60 h of fermentation when inhibitory compounds were added
individually to the model substrate medium with a concentra-
tion according to analysis result from the hydrolysate of corn
straw. As it can been seen in Table 3, the tested compounds in
this concentration mentioned above had a no significant effect

Table 2 The chemical composition (g L™) of the tested hydrolyzate
from corn after pretreatment with different concentration of sulfuric
acid

Sulfuric acid (%) 1 3 5 7
Glucose 25.32 23.21 21.37 18.47
Xylose 40.52 34.45 29.17 24.25
Arabinose 17.41 13.80 10.74 9.64

This journal is © The Royal Society of Chemistry 2020
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on ethanol fermentation. Ethanol content was maintained in
the range of 14-16 g L' and sugar almost was depleted. The
reason of this may be that the contents of inhibitors are low in
hydrolysate (see Table 1).

As compared with the individual effect, obvious inhibition
against ethanol production was observed in medium when they
were added as a mixture, ethanol yield decreased from about
15 ¢ L' to 8 g L' (Fig. 1). When they added together, the
highest ethanol concentration of 8.50 g L™ " was obtained in 7%
sulfuric acid hydrolysate and the lowest ethanol concentration
of 7.50 g L' was obtained in 5% sulfuric acid hydrolysate.
However, this result does not mean that the yields of ethanol
always decrease with the increase of acid concentration. The
highest inhibition effect on fermentation was found in 5%
sulfuric acid hydrolysate. Despite lower concentrations of acetic
acid, furfural, HMF, p-coumaric acid and ferulic found in
hydrolysates from pretreatment, the inhibition effect on
fermentation was higher than that used individually. Wang
et al.'” reported that most of byproducts had no obvious inhi-
bition on the production of ethanol. However, high concentra-
tion of some byproducts in lignocellulose hydrolysate exhibited
a high inhibition on the growth of Lactobacillus orientalis HN-1.
Diaz et al.*® affirmed that acetic acid, formic acid or furfural,
when appearing individually and not in a concentration high
enough to totally inhibit cell growth, exert a positive effect on
ethanol yield. However, these inhibitors had a negative influ-
ence on ethanol yield when they were added together. Yeasts
may suffer stress as a result of high osmotic pressure or high
concentrations of inhibitory compounds and the combination
of these factors can act synergistically, affecting ethanol yields.”

3.4. Effect of high concentration of inhibitor on
fermentation

3.4.1. Acetic acid. Acetic acid is one of the common weak
acids in the hydrolysis of acid-treated straw biomass. It is
produced from hemicellulose during the process of acid
hydrolysis. As shown in Fig. 2a and b, the inhibitory effect
increased with the increasing concentration of acetic acid.
Cellular growth and ethanol production were considerably
affected when the concentration of acetic acid was increased to
3 g L. At the same time, the fermentation lag period was
changed from 24 hours to 48 hours. Complete inhibition of
ethanol production was observed in medium containing 10 g
L~ " of acetic acid and residual sugar yield remained at 40 g L™*
(Fig. 2b). Toquero et al.*® reported that the medium containing
4 g L' of acetic acid displayed almost complete inhibition of
ethanol production with 2.1% theoretical ethanol yield. Bjorling
and Lindman® found complete inhibition of ethanol produc-
tion by Pichia stipitis in synthetic medium containing 3.9 g L™"
acetic acid at pH 4, while Diaz et al.*® observed cellular growth in
fermentations by P. stipitis on 20 g L™ glucose and 15 g L™"
xylose synthetic medium with 6 ¢ L™ of acetic acid, but as far as
ethanol yields are concerned, also reported an increase with
acetic concentration in fermentations performed with 3 and 6 g
L~! of acetic acid. Therefore, there was no significant effect of
low concentration of acetic acid on ethanol production, but

RSC Adv, 2020, 10, 38409-38415 | 38411
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Table 3 Effect of individually inhibitor concentration found in hydrolysates on ethanol fermentation
Final ethanol concentration (g L") Final sugars concentration (g L")
Sulfuric acid concentration Sulfuric acid concentration

Fermentation time (h) 1% 3% 5% 7% 1% 3% 5% 7%
Acetic acid 0 0 0 0 0 40 40 40 40

12 12.97 13.63 12.80 10.58 5.86 4.64 5.81 14.08

24 15.57 14.80 15.02 14.07 0.11 0.10 0.22 0.65

36 16.23 15.07 15.28 14.34 0 0 0 0

60 16.32 15.32 15.25 14.30 0 0 0 0
Furfural 0 0 0 0 0 40 40 40 40

12 11.36 10.08 12.42 10.89 8.75 10.52 12.38 9.54

24 13.83 13.41 14.65 14.92 0.42 1.15 0.20 1.00

36 14.70 14.57 15.03 14.97 0 0 0 0

60 15.02 14.58 14.99 14.88 0 0 0 0
5-HMF 0 0 0 0 0 40 40 40 40

12 13.75 11.15 10.53 10.52 7.58 8.58 10.22 12.65

24 14.71 15.32 14.89 13.75 0.30 0.40 0.64 1.00

36 15.31 15.43 14.93 14.84 0 0 0 0

60 16.30 15.59 15.29 14.83 0 0 0 0
Ferulic acid 0 0 0 0 0 40 40 40 40

12 11.50 11.18 9.99 9.69 8.44 10.23 9.61 9.49

24 14.42 15.05 13.98 13.86 0.63 0.97 1.39 1.13

36 15.12 15.37 14.63 14.07 0 0 0 0

60 15.11 15.27 15.33 14.81 0 0 0 0
p-Coumaric 0 0 0 0 0 40 40 40 40

12 10.44 10.18 9.87 9.86 17.49 9.99 1.53 10.39

24 14.79 12.83 13.96 13.91 1.09 1.35 0.81 1.57

36 14.80 14.01 13.99 14.41 0 0 0 0

60 14.85 14.09 13.94 14.46 0 0 0 0

higher concentration had a stronger effect on the yield of
ethanol. When 6 g L™" of acetic acid was added in hydrolysate,
ethanol yield was reduced by 50.83%.?* In this study, there was
a delay on ethanol productivity when the concentration of acetic
acid was more than 3.0 g L™, but complete inhibition was
observed at 10.0 g L " acetic acid. This result was similar to the
investigation of Wang et al.,** who reported that 5 g L™ of acetic

10 4 = 1% Sulfuric acid
® 3% Sulfuric acid
4 5% Sulfuric acid
v 7% Sulfuric acid v z
8 4 T . L |
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= & )
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34
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Fig.1 Effect of inhibitor as a mixture found in hydrolysates on ethanol
fermentation.
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acid had an obvious inhibition effect on glucose and xylose
fermentation, 10 g L™ of acetic acid completely inhibited the
cell growth of Kluyveromyces marxianus and ethanol production.

The organic acid molecules are dissociated and by the
simple diffusion into cells, increase the H' concentration within
the cell membrane. This leads to the ATP to not normally be
generated by destroying the membrane potential, and eventu-
ally causes the cell growth to slow or die.*

3.4.2. Furfural and HMF. Both furfural and HMF are the
main inhibitors of aldehyde in lignocellulosic hydrolysate. As
can be seen from Fig. 2c—f, the ethanol fermentation was not
obviously affected when the concentrations of furfural and HMF
were 0-2 ¢ L' and 0-3 g L™, respectively. However, there was
an obvious inhibition effect on ethanol fermentation and
fermentation period become longer delay with 3 g L™' of
furfural and 5 g L™ of 5-HMF. At this time, the consumption of
sugar becomes slow. With the increase of inhibitor concentra-
tion, complete inhibition of ethanol production was observed in
medium containing 5 g L™ " of furfural. In comparison, the
inhibition effect of HMF was not greater than that of furfural.
When the concentration of furfural and HFM was 2 g L™, the
inhibition rate was 38.8% and 13.2%, respectively. This result
was in agreement with the investigation of Sun et al.*®

3.4.3. p-Coumaric acid and ferulic acid.
compounds, such as ferulic acid, p-coumaric acid, syringalde-
hyde, and vanillin, mainly come from lignin and its derivatives.

Phenolic

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Concentration of ethanol and residual sugar with inhibitor: (a) and (b) acetic acid; (c) and (d) furfural; (e) and (f) 5-HMF; (g) and (h) p-
coumaric; (i) and (j) ferulic acid.

higher than that of p-coumaric acid. A concentration of 5 g L™*
of p-coumaric acid had no obvious effect on ethanol fermenta-
tion, but 3 g L™ of ferulic acid exhibited a significantly effect on

Fig. 2g-j summarize the effect of p-coumaric acid and ferulic
acid on ethanol fermentation and residual sugar. From the
chart it can be seen that the inhibitory effect of ferulic acid is

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 38409-38415 | 38413
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Fig. 3 Concentration of ethanol and residual sugar using batch
feeding.

ethanol fermentation and the fermentation lag period become
longer delay. When the concentrations of p-coumaric acid and
ferulic acid were 7 g L', the fermentation was completely
inhibited.

Dae et al.>® founded that the inhibition rates of 1 g L™ " of p-
coumaric acid, ferulic acid, syringaldehyde, and vanillin on
Clostridium beijerinckii growth were 74%, 70%, 3% and 22%,
respectively, with little or no butanol. Thus it can be seen that
there are some different results obtained from various experi-
mental strategy. This attributes to the discrepancy of species or
the tolerance of different alcohols. Phenolic compounds have
a strong inhibition on the growth of bacteria, which may be due
to the combination of phenolic substances and the hydro-
phobic sites of bacteria, and then enhances the fluidity of cell
membrane, which leads to severe cellular content spillover.””
When the concentration of phenolic substances is relatively
low, the fluidity of cell membrane can be reduced by increasing
the content of saturated fatty acids in the cell membrane, so as
to counteract the toxic effect of phenols against bacteria.

3.5. Effect of inhibitor compounds on fermentation with
fed-batch

In order to increase the final substrate concentration while
avoiding the increase of viscosity, fed-batch culture was used in
the fermentation process in this study. Based on the initial
model substrate medium concentration and inhibitor concen-
tration that obtained from corn straw hydrolysates with 7% acid
pretreatment, an additional substrate with the same concen-
tration was added during the first 24 h and 48 h of fermenta-
tions. The results are shown in Fig. 3. The alcohol content
increased gradually along with the constant consumption of
sugar. The final ethanol concentration after 60 h of fermenta-
tion increased to more than 17 g L ™" in all fed-batch experi-
ments when the glucose source were almost exhausted. In this
study, fed-batch fermentation produced the highest amount of
ethanol yield, at 17.5 g L™ ". Ethanol content increased by 59.5%
as compared to the first feeding.
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Yang et al.”® found that the alcohol content increased by
19.3% in two times feeding with Pichia yeast M4. The fed-batch
strategy can alleviate the high viscosity problem caused by high
dry matter concentration, which is essential for generation of
high ethanol amounts. Approximately 90% of ethanol was
produced during the first 48 h of fermentation. From a process-
economy aspect, it may be desirable to further shorten this
residence time.*

4. Conclusions

Inhibitor compounds from RCS play an important role in
ethanol production based on fermentation strategies. As
regards the results from acid hydrolysis and fermentation of
RCS, the ethanol concentrations obtained from the model
substrate medium that inhibitor compounds were added indi-
vidually were higher than those that were added as a mixture.
When the tested inhibitors were used together, however, they
negatively affected ethanol yield. The inhibitory effect
decreased in the order: furfural > acetic acid > ferulic acid > p-
coumaric acid > HMF. Fed-batch fermentation produced
a higher amount of ethanol yield as compared with disposable
feeding.
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