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Neutralization is essential to maintain the pH for enzymatic hydrolysis of cellulose followed by fermentation
of biofuels. This study investigated the effect of salts formed during the neutralization on the enzymatic
hydrolysis of cellulosic materials and acetone—butanol—ethanol (ABE) fermentation. The results showed
that the formed Ca-citrate salt considerably decreased the glucose release by 26.9% and 26.1% from
Avicel and sulfuric acid-pretreated hybrid Pennisetum, respectively, which was probably due to the
unproductive adsorption of cellulases by Ca-citrate solids. On the other hand, the formed soluble Na
and Ca salts severely inhibited ABE fermentation, thereby decreasing the ABE concentration from 12.8 g
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Accepted 16th October 2019 L™ to 0-10.7 g L™ in different degrees, but no or slight inhibition was observed when the Ca salts
formed as precipitates. In particular, Ca-sulfate did not show apparent inhibition of both hydrolysis and
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Introduction

Economic growth has naturally led to a rapid rise in energy
consumption worldwide. The increasing demand for biofuels
has been the impetus for research to produce alcohol biofuels
from renewable resources.” Biobutanol with superior fuel
properties is considered as an alternative biofuel.** It could be
produced through acetone, butanol, and ethanol (ABE)
fermentation by Clostridium strains from lignocellulosic mate-
rials such as agricultural and forest residues, and energy
crops.>® Lignocellulose mainly consists of cellulose, hemi-
cellulose, and lignin, which form a complex structure to resist
the chemical or microbial degradation. Thus, the conversion of
lignocellulosic materials to sugars for ABE fermentation is one
of the main technical and economic challenges.

Enzymatic hydrolysis represents the most-efficient method
for conversion of lignocellulosic materials to fermentable
sugars.’ Pretreatment necessarily disrupts the heterogeneous
structure of lignocellulosic materials, removes hemicelluloses
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way to avoid process inhibition in biofuel production from lignocellulosic materials.

and/or lignin, and increases the surface area and porosity of
biomass.'>'* Therefore, pretreatment enhances the enzymatic
hydrolysis of cellulose for biofuels fermentation.”” To date,
a variety of pretreatment technologies have been developed.
Dilute acid and alkali pretreatments are the most widely used
pretreatment processes, which yield higher amounts of digest-
ible substrates for successful enzymatic hydrolysis.*

After dilute acid or alkali pretreatment, a neutralization step
is essential to maintain the required pH for the enzymatic
hydrolysis of cellulosic materials followed by fermentation to
biofuels. Generally, alkalis (i.e., sodium hydroxide, calcium
hydroxide, ammonia, and calcium carbonate) or acids (i.e.,
sulfuric, acetic, and hydrochloric acids) are used to neutralize
the pretreated hydrolysate to pH 5.0 and 6.5 for enzymatic
hydrolysis and fermentation, respectively. However, salts, such
as Na and Ca salts, formed during the neutralization process,
might affect the efficiency of hydrolysis and fermentation.
Several studies have shown that soluble salts, including sodium
sulfate, sodium acetate, and sodium chloride, were toxic to
butanol-producing cultures.**** The presence of soluble salts in
the fermentation medium inhibits the cell growth of fermen-
tation microbes.*®

To the best of our knowledge, few studies discussed the
effect of salts formed after neutralization on enzymatic hydro-
lysis of cellulosic materials. It is also unclear whether insoluble
salts have inhibitory effects on ABE fermentation. This study
simulated the formation process of salts after sulfuric, acetic,
and citric acid pretreatments to investigate the effect of these
salts on enzymatic hydrolysis of cellulosic materials and
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acetone-butanol-ethanol (ABE) fermentation, respectively. The
study will provide a scientific basis for adjusting biomass pro-
cessing conditions to increase the feasibility of biofuel
production from lignocellulosic materials.

Experimental
Raw materials

The hybrid Pennisetum used as a lignocellulosic material was
provided by the Beijing Research and Development Center for
Grass and Environment, Beijing Academy of Agriculture and
Forestry Sciences, Beijing, China. The raw materials were milled
and sieved through a 80 mesh screen scale. The milled sample
was pretreated with 1% (w/w) sulfuric acid with a solid to liquid
ratio of 1:10 at 121 °C for 1 h in an autoclave (YXQ-LS-504,
Boxun, Shanghai). After pretreatment, the supernatant and
solid were separated by centrifugation at 10 000g for 10 min.
The pretreated solids were washed and oven-dried at 105 °C for
12 h, and then were used for enzymatic hydrolysis. Microcrys-
talline cellulose (Avicel PH-101) was purchased from Sigma
Chemical Co. (St. Louis, MO, USA). The Avicel and pretreated
Pennisetum contained 91.3% and 51.7% cellulose, respectively.
The commercial enzymes Celluclast 1.5 L and Novozyme 188
(Novozymes A/S, Bagsveerd, Denmark) were used as the cellulase
preparations (CEL). Clostridium acetobutylicum DSM 1731 was
obtained from DSMZ, Braunschweig Germany (German
Collection of Microorganisms and Cell Cultures).

Enzymatic hydrolysis

Hydrolysis with 2% (w/v) Avicel and sulfuric acid-pretreated
hybrid Pennisetum was performed in tubes with 3 mL buffer
solution in a shaker with stirring at 200 rpm, 50 °C for 48 h. The
sodium citrate buffer (50 mM, pH 5.0) was used as control. The
citric acid, acetic acid, and sulfuric acid solutions, which were
neutralized with NaOH and Ca(OH), to pH 5.0, respectively,
were also used as buffer for the hydrolysis. Dilute acid
pretreatments are usually performed over a temperature range
of 120 °C to 210 °C, with acid concentration typically less than
4% (w/w) and residence time from a few seconds to an hour in
different types of reactors." Thus, the acids loading, 90 mM and
120 mM, were applied according to the studies, in which
different dilute organic acids were used for pretreatments.'”*°
Prior to the hydrolysis, 22.9 mg protein per g biomass of Cel-
luclast 1.5 L (169.6 mg protein per mL), 18.3 mg protein per g
biomass of Novozyme 188 (187.9 mg protein per mL) were
added to the slurry for enzymatic hydrolysis. After the hydro-
lysis, the samples were boiled for 10 min to stop the enzymatic
hydrolysis and then centrifuged for 10 min at 10 000g. The
supernatant of each sample was collected for glucose analysis.

Enzyme adsorption

The enzyme adsorption experiments were carried out in sodium
citrate buffer (50 mM, pH 5.0) with 1% (w/v) consistency of Ca-
citrate or Ca-sulfate salts. The samples were incubated with 10—
400 mg protein of enzymes per g dry matter for 60 min at 4 °C
with magnetic stirring. After adsorption, the solids and liquids
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were separated by centrifugation at 10 000g for 10 min. The
protein concentration was measured with a BCA protein assay
kit (Beyotime biotechnology, China). The protein adsorbed was
measured by subtracting the protein in supernatant from the
total loaded protein.

Fermentation

Freeze-stored culture of Clostridium acetobutylicun DSM 1731
was inoculated to 50 mL of Reinforced Clostridial Medium?® for
14-16 h. Then, 1 mL of active growing cells was inoculated into
50 mL of sterilized pre-fermentation P2 media prepared in
a 125 mL screw-capped bottle. The pre-fermentation P2
medium contained glucose 30 g L™ and yeast extract 1 g L™ ™.
Before inoculation, 0.5 mL each of the filter-sterilized stock
solution (buffer: KH,PO, 50 g L', K,HPO, 50 g L', ammo-
nium acetate 220 g L; mineral: MgSO,-7H,0 20 g L™*, MnSO,-
‘H,0 1 g L™, FeSO,-7H,0 1 g L™ !, NaCl 1 g L; and vitamin:
para-aminobenzoic acid 0.1 g L™, thiamine 0.1 g L™, biotin
0.001 g L™ ') was added into the P2 media. The culture was
allowed to grow for approximately 16 h at 37 °C before inocu-
lation into the ABE fermentation media.

ABE fermentation was conducted in a 125 mL screw-capped
bottle containing 50 mL glucose medium, in which the original
glucose concentration was 50 g L™ ". The media containing 90
and 120 mM citric acid, acetic acid, and sulfuric acid were
neutralized with NaOH and Ca(OH), to pH 6.5, respectively. The
media were boiled for 10 min in the water bath and purged with
N2 for 2 min to maintain their anaerobic condition, and then
sterilized at 121 °C for 15 min. Fermentation started at 37 °C
when the media were inoculated into the C. acetobutylicum DSM
1731 culture (10%, v/v). Each of the filter-sterilized stock solu-
tions (buffer, mineral and vitamin) was added to the media
before the inoculation. All fermentations were conducted at
least twice to ensure the reproducibility.

Chemical analysis

The hydrolysis and fermentation samples were analyzed using
nuclear magnetic resonance (NMR). The NMR spectra for
quantification of glucose, butanol, acetone and ethanol were
recorded on an AVANCE 500 DRX NMR spectrometer equipped
with a 5 mm QNP SB probe (Bruker, Billerica, MA, USA). The
above-mentioned compounds were identified from routine two-
dimensional proton-proton and proton-carbon correlated
spectra. Quantitative 1H NMR spectra were collected with water
presaturation (zgeppr) using a 90° pulse angle, 48 dB presatu-
ration power, 40 s relaxation delay, and 16 scans at 300 K. Prior
to the NMR measurements, 200 L of sample liquid was trans-
ferred to a 5 mm NMR tube followed by addition of deuterium
oxide (D,0, 275 L) and 3-(trimethylsilyl)-propionic-d, acid (25 L,
20 mM) in D,O as an internal standard of known concentration.

Calculations

Glucose yields were calculated based on the chemical compo-
sition of Avicel and pretreated HP according to eqn (1). Butanol
and ABE yields were calculated based on the fermentation

This journal is © The Royal Society of Chemistry 2019
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products, and the original and residual glucose concentrations
in fermentation media according to eqn (2).

glucose released (g) x 0.9

. 100
cellulose content in substrates (g) X

1)

Glucose yield (%) =

Butanol or ABE yield =

butanol or ABE concentration (g L™)
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salts did not affect the glucose yields after hydrolysis of both
Avicel and sulfuric acid-pretreated hybrid Pennisetum (Table 1).

Previously, it was reported that in the presence of Na,SO,,
K,S0,, CaSO,, and (NH,),SO, salts, the enzymatic hydrolysis
yields of washed acid-catalyzed steam-exploded corn stover
gradually decreased with increasing salts concentrations.”* The
inhibition degree of CaSO, was the highest at 0.06 M, whereas

Results and discussion
Effect of salts on enzymatic hydrolysis

The hydrolysis of Avicel and sulfuric acid-pretreated hybrid
Pennisetum in Na-citrate (50 mM) buffer as control and in pure
water was conducted (Fig. 1). There were no apparent differ-
ences in glucose concentrations after Avicel hydrolysis between
Na-citrate buffer and water. However, the glucose concentration
with water for hybrid Pennisetum was slightly lower. When the
original citric acid concentration was 90 or 120 mM, the Na-
citrate formed after neutralization by NaOH did not affect
glucose release after hydrolysis. However, Ca-citrate that formed
after neutralization by Ca(OH), decreased the glucose yields of
Avicel and sulfuric acid-pretreated hybrid Pennisetum from
30.6% and 31.8% to 3.7% and 5.7%, respectively (Fig. 1). The
glucose yields of these two materials were inhibited by 26.9%
and 26.1%, respectively, according to the calculation of
decreased percentage of glucose yields compared to control.
The concentrations of salts did not make the differences in
glucose yields. When sulfuric acid and acetic acid were present,
the formed Na-sulfate, Ca-sulfate, Na-acetate, and Ca-acetate

40
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Fig. 1 Glucose concentrations after enzymatic hydrolysis of Avicel
and sulfuric acid-pretreated hybrid Pennisetum when Na-citrate and
Ca-citrate were present. The 90 and 120 mM represents the
concentration of citric acid originally in the hydrolysis solution.
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original-residual glucose concentration (g L™)

that of (NH,),SO, was the lowest."* The reason was probably due
to that the combination of Ca** and -SH of the cystine residue
in cellulase activity centre inhibited the cellulase activity;
moreover, Ca®", as a divalent metal ion, could have more effect
on the conformation deformation of the cellulase molecular
structure, resulting in inhibition effect on its activity.”> In an
another study, Yu et al. (2010) found that the common cations
of ash (K', Mg**, Ca**, AI>*, Mn**, Fe*", Cu®, and Zn”") all
showed inhibitory effects on cellulase at different levels, except
for the stimulative effects of Ca>* and Mg>* on B-glucosidase.”
The results in this study showed that only Ca-citrate had an
inhibitory effect on the enzymatic hydrolysis of cellulosic
materials. This suggested that the Na* and Ca®" was probably
not the inhibitors for enzymatic hydrolysis of cellulosic mate-
rials by cellulase.

The inhibition of Ca-citrate was probably due to the unpro-
ductive adsorption of enzymes on the Ca-citrate solid particles.
As can be seen, the Ca-citrate decreased the amount of free
enzymes in solution by adsorption (Fig. 2). This result was in
agreement with the study of interactions of enzymes and
CaCO3.** The enzymes' adsorption capacity of Ca-sulfate was
apparently lower than for Ca-citrate, which was probably
because of its slight solubility. The enzyme-binding mechanism
for Ca-citrate has not been studied previously. A clue to its
operative mechanism can be deduced from analogous mecha-
nistic studies of enzyme-lignin interactions.* This unproduc-
tive adsorption could be due to hydrophobic, hydrogen bond,
and electrostatic interactions.”* The enzyme-Ca-citrate interac-
tion mechanisms could be explained by electrostatic and
hydrogen bond interactions because Ca-citrate is generally
considered to present a hydrophilic surface.

Effect of salts on ABE fermentation

When the glucose medium contained 90 mM citric acid origi-
nally, the fermentation after neutralization by Ca(OH),
produced 13.2 ¢ L™ ABE in 120 h, in which 8.3 g L™" was
butanol (Fig. 3A). The butanol and ABE yields were 0.21 and
0.33, respectively (Table 2). The concentrations of acetone,
butanol and ethanol, and yields of these solvents were compa-
rable to the control experiment without any salts. The solvents
yields were also in agreement with previous studies.”**® The
increased concentration (120 mM) of citric acid did not affect

RSC Adv., 2019, 9, 33755-33760 | 33757
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Table 1 Glucose concentrations after enzymatic hydrolysis of Avicel
and sulfuric acid-pretreated hybrid Pennisetum when Na and Ca salts

were present

Glucose yields (%)

Salts Concentrations (mM) Avicel Hybrid Pennisetum
H,O0 — 311 +2.0 25.7 £ 1.3
Na-citrate buffer 50 30.6 + 1.0 31.8 + 0.4
Na-sulfate 90 31.8 £ 1.7 32.2+£0.0
120 279+ 0.7 309+0.4
Ca-sulfate 90 29.3 £ 0.3 32.2 £ 0.0
120 29.1 +£1.5 31.3 £ 0.0
Na-acetate 90 29.1+1.5 31.8+1.3
120 26.4 + 1.7 25.2 + 3.5
Ca-acetate 90 27.6 £1.5 31.3 £ 0.8
120 29.3 £ 0.7 309+ 04

the ABE fermentation. However, C. acetobutylicurmn DSM1731 did
not grow when Na-citrate formed after neutralization by NaOH,
which suggested that Na-citrate inhibited the fermentation.
When Na-acetate and Na-sulfate formed, the butanol and ABE
concentrations and yields after fermentation were apparently
lower than control (Fig. 3B and C and Table 2).

The results suggested that the Na salts had a severe inhibi-
tory effect on ABE fermentation by C. acetobutylicum DSM1731
and the order of the inhibitory effect was Na-citrate > Na-acetate
> Na-sulfate. The inhibition of soluble Na salts was in accor-
dance with the previous studies. Ezeji et al. (2007) reported that
ABE concentrations decreased by 4.5 ¢ L™ " and 6.5 g L' when
Na-acetate (13.3 ¢ L™ ') and an additional Na-sulfate (8.9 ¢ L")
were present in the fermentation medium.™ Thus, a mixture of
salts could be more toxic than a single salt. As reported previ-
ously, C. beijerinckii P260 produced less than 2.59 g L™' ABE
from alkaline peroxide-treated wheat straw hydrolysate without
detoxification.* After the removal of salts using electrodialysis,
however, the ABE concentration increased to 22.17 g L™ ".*° The

120.0
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100.0 ©  Ca-sulfate E
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40.0 - - o %

20.0
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Q
o
0.0 O T T T -
0.0 1.0 2.0 3.0 4.0 5.0
CEL Loading (mg/mL)

Fig.2 Adsorption of cellulase preparation (CEL) by Ca-citrate and Ca-
sulfate.
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presence of these inhibitors might affect microbial cell growth
and inhibit the glycolytic and fermentative enzymes, which are
essential to central metabolic pathways.*

When Ca-acetate and Ca-sulfate formed after neutralization
by Ca(OH),, increased concentrations and yields of solvents
were obtained after fermentation compared to that with Na salts
(Fig. 2B and C and Table 2). Similarly to Ca-citrate, Ca-sulfate
produced comparable concentrations and yields of solvents to

16.0

(A) Citrate
= Butanol T

L == ABE T

14.0 4
12.0 1
10.0 1
8.0 1

6.0 1

Concentrations of solvents (g/L)

B) Acetate
12.0 1 ‘T‘ &

10.0 4
8.0 1
6.0 1

4.0 1

o il

14.0

Concentrations of solvents (g/L)
-

(C) Sulfate
12.0 1 T

10.0 1
8.0 1
6.0 -

4.0 1

ol N

Na-90 Na-120 Ca-90 Ca-120

Concentrations of solvents (g/L)

Control

Fig. 3 Concentrations of butanol and ABE after glucose fermentation
by C. acetobutylicum DSM 1731 when (A) Na-citrate and Ca-citrate, (B)
Na-acetate and Ca-acetate, and (C) Na-sulfate and Ca-sulfate were
present in the medium. The 90 and 120 mM represents the concen-
tration of citric, acetic, and sulfuric acid originally in the fermentation
media.
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Table 2 Concentrations of acetone, butanol and ethanol, and yields of butanol and ABE after glucose fermentation by C. acetobutylicum DSM
1731 when Na and Ca salts were present in the media. The 90 and 120 mM represents the concentration of citric, acetic, and sulfuric acid

originally in the fermentation media

Products (g L")

Glucose (g L™) Yields (g g7)

Salts Concentration (mM) Acetone Butanol Ethanol ABE Original Residual Butanol ABE
Control 0 3.4£02 8.4 £ 0.4 1.1 £ 0.1 12.8 £ 0.6 499 £ 04 7.7 £1.7 0.20 0.30
Ca-citrate 90 3.7+£0.2 7.8+ 0.4 1.0 £ 0.1 12.4 + 0.6 43.9 £ 0.0 6.3 £1.7 0.21 0.33
120 3.9 £0.3 8.3 £ 0.5 1.0 £ 0.0 13.2 £ 0.8 45.6 £ 1.0 3.3 £3.0 0.20 0.31
Na-acetate 90 0.5 £ 0.0 1.0 £ 0.1 0.2 £ 0.0 2.0 £0.2 49.0 £ 0.0 30.3 £2.2 0.05 0.11
120 0.8 £ 0.2 0.9+ 0.3 0.3 £ 0.1 1.9 £ 0.5 48.0 £ 0.0 30.6 £ 3.9 0.05 0.11
Ca-acetate 90 2.4 +0.1 3.7+0.3 0.5 + 0.0 6.7 £ 0.4 46.0 £ 0.0 19.1 £ 0.1 0.14 0.25
120 3.0 £ 0.6 3.6 £ 0.0 0.5 + 0.0 7.2 £ 0.6 47.0 £ 0.0 18.6 £ 5.4 0.13 0.25
Na-sulfate 90 0.7 £ 0.0 2.3 +£0.2 0.3 £ 0.0 3.3+0.2 50.7 £ 0.4 32.0 £0.9 0.12 0.18
120 0.5 £ 0.0 1.4 £ 0.0 0.2 +£ 0.0 2.1+0.1 49.1 £ 1.5 35.0 £ 0.6 0.10 0.15
Ca-sulfate 90 2.5+ 0.2 7.4 +£0.1 0.8 £ 0.0 10.7 £ 0.2 474 £ 0.2 8.0 £ 0.9 0.19 0.27
120 2.2 £ 0.0 6.6 £ 0.2 0.7 £ 0.0 9.5 £ 0.2 422 £1.5 73+1.4 0.19 0.27

the control when the original sulfuric acid concentration was
90 mM (Fig. 3C and Table 2). The Ca-sulfate had slightly
inhibitory effect when the original sulfuric acid concentration
was 120 mM. However, Ca-acetate caused a decrease in the
concentrations and yields (Fig. 3B and Table 2). The results
suggested that Ca-acetate inhibited ABE fermentation. The
different responses between the Ca salts were possibly due to
their different solubility: ie., Ca-citrate, Ca-sulfate and Ca-
acetate salts were insoluble, slightly soluble, and soluble,
respectively. Thus, most Ca-citrate and Ca-sulfate salts were
precipitates on the bottom of the broth, which could not inhibit
the ABE fermentation. Together with the results of enzymatic
hydrolysis, we concluded that the completely insoluble salts
formed during the neutralization process would inhibit the
enzymatic hydrolysis of cellulosic materials; however, the
soluble salts were inhibitors for the following ABE
fermentation.

Process conditioning

The inhibitors for enzymatic hydrolysis of cellulosic materials
and the following ABE fermentation can be broadly divided into
two groups: (1) process inhibitors, which include different sugar
and lignin degradation compounds, and the salts formed by
acid-base reactions during pretreatment and neutralization
processes; and (2) inherent inhibitors, which include mono-
saccharides and oligosaccharides, and butanol.****** Different
detoxification methods, including lime, evaporation, peroxidase,
adsorption using ion exchange resins, activated charcoal, and
biological, have been used previously to reduce the process
inhibitors associated with pretreatment and neutralization.”
However, process conditioning, e.g., selecting suitable pretreat-
ment and neutralizing reagents and their proper concentrations,
is a relatively simple method to avoid inhibition with salts in
successful biofuel production from lignocellulosic materials.

A variety of acids have been investigated for pretreatment,
such as sulfuric, oxalic, citric, acetic, and tartaric acids.”° The
pretreated solids are usually separated from the liquid for the
following hydrolysis using the buffer solutions. However, the

This journal is © The Royal Society of Chemistry 2019

separation and addition of buffer solution would increase the
processing cost. Thus, direct neutralization for enzymatic
hydrolysis and fermentation could improve this problem, and
correspondingly, the inhibitory effect of formed salts must be
considered. In this study, it seemed that the salts formed during
the neutralization could be also used as the buffer solution for
the enzymes, and some of the salts did not show inhibition on
ABE fermentation. Sulfuric acid has been most widely used
because it is inexpensive and effective. As shown in this study,
the Ca-sulfate formed during sulfuric acid neutralization by
using Ca(OH), as the neutralizing reagent did not inhibit the
enzymatic hydrolysis of lignocellulosic materials, and also it
had little inhibitory effect for ABE fermentation. Thus, the
sulfuric acid as the pretreatment reagent and the Ca(OH), as the
neutralizing reagent would be good option for process condi-
tioning of biobutanol production from lignocellulosic mate-
rials. Certainly, it would be of interest to further investigate the
neutralization process after pretreatment with other acids using
different alkalis.

Conclusions

The Ca-citrate salt formed during neutralization had a severely
inhibitory effect on cellulose hydrolysis, which was probably
because of the adsorption interaction of cellulases on Ca-citrate
solids. The soluble Na-citrate, -acetate and -sulfate inhibited
ABE fermentation, but the insoluble Ca-citrate or slightly
soluble Ca-sulfate did not. Interestingly, the Ca-sulfate did not
show apparent inhibition on both hydrolysis and fermentation.
The different inhibition capacities of the formed salts were
probably due to their different solubilities. Thus, selecting
suitable pretreatment and neutralization reagents is an alter-
native way to reduce inhibition with salts during the process of
biofuel production from lignocellulosic materials.
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