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Abstract The weak acids, furan derivatives, and phenolic compounds formed during
lignocellulose pretreatment are potential inhibitors of subsequent enzymatic and microbial
processes. In this work, the effects of the steam explosion process on the formation of weak
acids, furan derivatives, and phenolic compounds were explored. The correlations of
different steam explosion conditions and formation kinetics of degradation products showed
that the formation of weak acids and furan derivatives was in the first-order reactions, which
are expressed as A� e�Ea RT= � t . The formation of weak acids and furan derivatives
increases with pretreatment temperature and time. On the other hand, the formation of
phenolic compounds showed typical characteristics of continuous reaction, expressed as
A1 � e�Ea1 RT= A2 � e�Ea2 RT= � t�

. The formation was affected by the active energies in two
stages, temperature and time, and thus existed at extreme value. This work revealed the
formation rules of weak acids, furan derivatives, and phenolic compounds in a steam
explosion process and provided theoretical guidelines for improving the process and limiting
the production of certain inhibitors.

Keywords Detoxification . Kinetics . Biomass . Bioconversion . Corn straw

Introduction

Lignocellulose, which is a complex of cellulose, hemicelluloses, and lignin, only renders
approximately 20 % of its theoretical glucose yield upon subjection to enzymatic hydrolysis
due to its recalcitrance [1, 2]. Therefore, lignocellulose needs to be pretreated to enable the
cellulose to be more accessible to cellulolytic enzymes.

To date, various pretreatment methods have been developed including uncatalyzed steam
explosion [3–5], liquid hot water [6], dilute acid [7], alkali [8], and so on. Steam explosion
has been considered one of the most economical and efficient methods for disrupting
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different lignocellulosic plant materials into major plant components, such as cellulose,
lignin, and hemicellulose [9–12]. Besides, recent review articles have shown that steam
explosion offers several attractive features when compared to other fractionation technolo-
gies: lower environmental impact, lower capital investment, more potential for energy
efficiency, fewer hazardous process chemicals and conditions, possibility of using a large
chip size [13]. However, the hydrolysate contains, in addition to fermentable sugars, a broad
range of compounds, such as weak acids, furan derivatives, and phenolic compounds [14],
some of which present inhibitory effects on the cellulase components and/or are toxic to the
microorganisms used in the fermentation [15–17]. The property, composition, and final
concentration of inhibitors vary with the pretreatment conditions such as temperature, time,
pressure, pH, and redox conditions [18], raw material species (hardwood, softwood, and
herbaceous), and the type and content of catalyst [19–22].

Due to their inhibitory effects on productivity and end-product formation, the inhibitors can
be a limiting factor in the feasibility of biotechnological conversions of lignocellulose [18].
Various researchers have demonstrated the capability to identify and/or quantify sugars and
lignin degradation products resulting from chemical pretreatment of biomass. Fenske et al. [23]
compared aromatic monomers in lignocellulosic biomass dilute acid prehydrolysates. Luo et al.
[20] identified potential fermentation inhibitors in conversion of hybrid poplar hydrolyzate to
ethanol. Palmqvist et al. [14] discussed the generation of inhibitors during degradation of
lignocellulosic materials by dilute acid pretreatment and reviewed the inhibiting mechanisms
of individual compounds on fermentation yield and productivity. Klinke et al. [18] systemat-
ically summarized the different inhibitors formed by pretreatment of lignocellulosic materials
and their inhibition of ethanol production in yeast and bacteria. In Du et al. [24] research, the
effects of varying pretreatment chemistry–feedstock combinations on degradation product
formation and accumulation in biomass hydrolysates were analyzed. But the formation rules
of potential inhibitors in steam explosion process were not reported in one consolidated study.

This work determined the types and concentrations of potential fermentation inhibitors of
hydrolysates under different steam explosion conditions. The monitored compounds were
hydroxymethylfurfural (HMF), furfural, 4-hydroxybenzaldehyde, vanillin, syringic, p-cou-
maric, p-hydroxybenzoic, ferulic, acetic, and formic acids. This range of compounds was
selected based on the previous identification of these analytes as potential inhibitors result-
ing from biomass pretreatment [14, 18]. The formation kinetics of these inhibitors was
studied, and the inhibitor conversion equations, inhibitor conversion relationships, and
temperature and holding time in the steam explosion process were deduced. The under-
standing of these processes may be helpful in predicting inhibitors. This work also provides
theoretical references for limiting the production of certain inhibitors by artificially control-
ling the temperature and holding time in the steam explosion process. Moreover, the
formation of inhibitors in common pretreatments (such as dilute acid and liquid hot water,
among others) was compared with that in steam explosion. This comparison illustrates the
similarities and differences between the inhibitor formations of different pretreatments.

Materials and Methods

Materials

Corn straw (collected from Hebei Province, China) was harvested at maturity in September
2011 and was air-dried at room temperature. All chemicals used in this study were of
analytical grade and purchased from Beijing Chemical Reagent Corp., China.
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Corn Straw Pretreatment by Steam Explosion Technology

One hundred grams of corn straw was cut into 1–2 cm and was steam-exploded at 283, 294,
310, 328, 351, 378, 410, and 471 K for 2, 5, and 8 min separately at 1.5 MPa using mixture
gas of saturated steam and N2 in a 4.5-L batch reactor (Weihai Automatic Control Reactor
Ltd., China).

Yields of Inhibitors in Steam-Exploded Material Hydrolysates

Samples of 10 g steam-exploded materials (dry basis) were soaked in 200 mL water at 50 °C
for 2 h and then centrifuged for 20 min at 8,000 r/min at room temperature in a Desk
Centrifuge. The concentrations of furfural, HMF, syringic acid, 4-hydroxybenzaldehyde,
vanillin, p-coumaric acid, p-hydroxybenzoic acid, and ferulic acid in the supernatants were
determined by high-performance liquid chromatography (HPLC; Agilent 1200, American)
using a method similar to that reported by Xiao et al. [25], equipped with a UV detector
(G1314B) at λ280 and Eclipse XDB-C18 column at 30 °C with methanol water acetic acid
(40:59.4:0.6, v/v/v) as the mobile phase at 0.6 mL/min. The concentrations of acetic acid and
formic acid in the supernatants were determined by HPLC using a method similar to that
reported by Laopaiboon et al. [26], equipped with a RI detector (G1362A) and Aminex
HPX-87H column at 65 °C with 5 mM H2SO4 as the mobile phase at 0.5 mL/min. The yield
of each compound was expressed as the mass ratio of that to original dry matter.

Results and Discussion

Identification of Potential Fermentation Inhibitors in Steam Explosion Hydrolysates

The last list of Table 1 shows the quantitative determination of the identified degradation
compounds in the hydrolysates from the steam-exploded corn straw at 471 K for 8 min. The
acetic and formic acids, HMF, and furfural from the hemicellulose degradation of corn straw
were the main compounds present in the hydrolysate, which accounted for 82–96 % of the
total inhibitors. p-Coumaric acid, vanillin, 4-hydroxybenzaldehyde, and syringic acid con-
stituted a large fraction of the lignin-derived compounds in the hydrolysate, which accounted

HMF Furfural

a b

Fig. 1 Effects of temperature and time of steam explosion on the yield of furan derivatives
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for 3–14 % of the total inhibitors. p-Hydroxybenzoic and ferulic acids were both in small
quantities in the hydrolysate, the sum of which accounted for less than 3 % of the total
inhibitors. And vanillic and 4-hydroxybenzoic acids were not detected in the hydrolysate of
steam explosion pretreatment.

Syringic acid 4-Hydroxybenzaldehyde

Vanillin p-Coumaric acid

e f

g h

Fig. 3 Effects of temperature and time of steam explosion on the yield of phenolic compounds

Acetic acid Formic acid

c d

Fig. 2 Effects of temperature and time of steam explosion on the yield of weak acid
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In general, it was observed that the types and concentrations of degradation products
produced during pretreatment were more dependent upon the feedstock utilized than on
the type of pretreatment chemistry employed. However, formation and accumulation of
select compounds was dependent upon both feedstock and pretreatment chemistry [24].
From Table 1, the types of inhibitors observed in corn straw hydrolysates during different
pretreatment technologies were almost the same. The yield of inhibitor differed in various
pretreatments. The yield of the weak acids was highest in the NH3 pretreatment, whereas
the yield of furan derivatives was highest in the dilute acid pretreatment. A few differ-
ences exist between the phenolic compound yield in different pretreatments. Vanillic and
4-hydroxybenzoic acids were not detected in the steam explosion pretreatment, whereas
p-coumaric acid was detected only in the steam explosion pretreatment and not in the
other pretreatments.

Yields of Inhibitors at Different Steam Explosion Conditions

Figures 1, 2, and 3 showed the yield of furan derivatives, weak acids, and phenolic
compounds versus temperature and time during the steam explosion pretreatment. Figures 1
and 2 showed an increase in the yield of furan derivatives and weak acids with increasing
pretreatment temperature and time. The same trend is observed with syringic acid (Fig. 3).
However, the 4-hydroxybenzaldehyde, vanillin, and p-coumaric acids showed typical char-
acteristics of continuous reaction (A½T �k1B½T �k2C , where A denotes original corn straw, B
represents the objective inhibitor, C denotes secondary degradation products, and k indicates
equilibrium constant). Their yield did not have a linear relationship with the pretreatment
temperature T and time t. The yield of the objective inhibitors in these reactions was affected

Table 3 Preexponential factor and activation energy of five model inhibitors

HMF Furfural Syringic acid Acetic acid Formic acid

Preexponential factor A 0.03248 0.2847 0.000072 0.02237 0.008671

Activation energy Ea 18,080.51 30,907.05 8,509.953 8,835.853 7,504.466

Table 2 Equilibrium constant of inhibitors in different temperatures

T (K) Equilibrium constant K×100,000

A����!
T
k B A����!

T
k1 B����!

T
k2 C

HMF Furfural Syringic
acid

Acetic
acid

Formic
acid

4-Hydroxybenzaldehyde Vanillin p-Coumaric
acid

283 0 0 0 0 0 ND ND NE

294 1.4175 0.1282 0.1716 54.121 40.362 NE NE NE

310 2.5487 0.1782 0.3102 75.113 48.223 NE NE NE

328 5.5625 0.2747 0.3767 95.090 55.503 NE NE NE

351 7.3464 0.3756 0.4049 104.073 60.865 NE NE NE

378 15.7729 1.560 0.4558 136.177 76.905 NE NE NE

410 18.5933 6.5619 0.5995 193.248 111.833 NE NE NE

471 20.3367 8.7330 0.7743 206.693 119.887 NE NE NE

A original corn straw, B objective inhibitors, C secondary degradation products, NE not expressed
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by k1/k2 and time t. From the Arrhenius equation k ¼ A� e
�Ea
RT , k was affected by Ea and T.

Thus, the yield of the objective inhibitors was A1 � e
�Ea1
RT A2 � e

�Ea2
RT � t

.
, in which the

extremum exists at a given T or t.
Sun and Chen [27] found that some lignin and carbohydrates formed the lignin

recondensation and/or LCC during the drying process of fiber. Under severe enough
pretreatment conditions, the cleaved linkages of hemicellulose and lignin form other
linkages, i.e., lignin recondensation [28, 29]. Lignin recondensation or LCC formed
may be the reasons for the yield of 4-hydroxybenzaldehyde, vanillin, and p-coumaric
acids not having a linear relationship with the pretreatment temperature T and time t
but first increasing then dropping.

As shown in Fig. 3, when the pretreatment time t was less than 5 min, the yield of 4-
hydroxybenzaldehyde increased with temperature. However, when t was 8 min, the yield
initially increased, then decreased, and finally reached the maximum at 328 K. At the
same pretreatment time t, the yield of vanillin increased with temperatures from 283 to
351 K but remained unchanged at temperatures higher than 351 K. Moreover, when
pretreatment time t was longer than 2 min and temperature was higher than 351 K, the
yield of vanillin showed a downward trend. As pretreatment time t increased, the yield of
p-coumaric acid increased at temperatures from 283 to 328 K. However, the yield of p-
coumaric acid decreased at temperatures higher than 328 K. The yield of p-coumaric acid
at 5 min was larger than that at 8 min. This difference may be due to the larger k1/k2 of
p-coumaric acid at 8 min than that at 5 min.

Dynamic Parameters and Yield Equations of Inhibitors in Steam Explosion Process

Table 2 shows the equilibrium constants of the objective inhibitors at each temperature level.
From Figs. 1 to 3, the yield of HMF, furfural, syringic, acetic, and formic acids was positively
correlated with pretreatment time and temperature. Thus, an equilibrium constant exists in each
compound for each temperature level. The formations of 4-hydroxybenzaldehyde, vanillin, and
p-coumaric acids were continuous reactions, and their yield was affected by several factors;
thus, their equilibrium constants were difficult to express and not calculated in this work.

Table 5 Yield equations of five
model inhibitors Yield (Y) (T temperature, K; t time, min)

HMF Y ¼ 0:03248� e
�2;174:7

T � t

Furfural Y ¼ 0:2847� e
�3;717:47

T � t

Syringic acid Y ¼ 0:000072� e
�1;023:57

T � t

Acetic acid Y ¼ 0:02237� e
�1;062:8

T � t

Formic acid Y ¼ 0:008671� e
�902:63

T � t

Table 4 Arrhenius equations of
five model inhibitors Arrhenius equation

HMF K ¼ 0:03248� e
�2;174:7

T

Furfural K ¼ 0:2847� e
�3;717:47

T

Syringic acid K ¼ 0:000072� e
�1;023:57

T

Acetic acid K ¼ 0:02237� e
�1;062:8

T

Formic acid K ¼ 0:008671� e
�902:63

T
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According to the equation, In k ¼ In A� Ea
RT , the k versus 1/T plot would yield an

activation energy Ea and pre-exponential factor A. Tables 3 and 4 show the dynamic
parameters and Arrhenius equations of the five model inhibitors, respectively.

Table 5 shows the yield equations of HMF, furfural, syringic, acetic, and formic acids.
The yields of the inhibitors could be associated directly with the time and temperature of the
steam explosion pretreatment. Thus, the yields of inhibitors could be predicted and calcu-
lated before the actual determination, even before the steam explosion experiment.

Conclusions

The purpose of this work was to understand better the formation rules of potential fermen-
tation inhibitors and the quantitative relation of the yields of inhibitor and pretreatment
conditions. This information provides theoretical references for limiting the production of
certain inhibitors by controlling the pretreatment temperature and time.

The analysis of the formation kinetics of ten fermentation inhibitors in the steam-
exploded material hydrolysates showed that the formation rules of weak acids, furan
derivatives, and phenolic compounds were different. The formation rules of weak acids
and furan derivatives were first-order reactions, whereas those of phenolic compounds were
continuous reactions. A more thorough mechanistic understanding of the formation of
phenolic compounds formation in steam-exploded material hydrolysates is therefore needed.
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