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Lignocelluloses materials were selected for ethanol production, but certain prob-
lems occurred, such as the hydrolysis and detoxification process. A biological floccula-
tion technology was to apply for the detoxification of acid hydrolyzate of lignocelluloses
materials. Meanwhile chitosan was confirmed as the best biological flocculant which
showed good detoxification effect. In order to reach the optimal detoxification effect, the
Box-Behnken experimental design was carried out. The most important parameters
affecting the efficiency of detoxification are dosage, temperature, reaction time, and pH
of the solution. The optimal parameters were: flocculant dosage of 0.25 g L™!, pH of 4,
reaction time of 10 minutes, and reaction temperature of 41°C. The calculated detoxifica-
tion rate was 78.2 %. Through three confirmation experiments, the practical detoxifica-
tion rate was 78 %, which was close to the theoretical prediction. This model had good
reliability and reproducibility.
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1. Introduction

Ethanol as a kind of clean and renewable
bio-fuel to lessen the fossil fuels consumption has
gained great attention in recent years.! Lignocellu-
loses (crop residues,? cellulose wastes,® municipal
solid wastes* and so on) as the raw materials for
ethanol fermentation can help avoid the food crisis
and larger quantities are acquirable, permitting
large-scale production.’

The lignocellulose material used in this experi-
ment was waste corn straw. In China, a large amount
of waste corn straw is discarded. One way for
changing wastes into valuables is ethanol produc-
tion from waste corn straw. However, the process
was more complex than ethanol production from
starch materials, and some problems such as the de-
toxification of hydrolysate should be solved. The
process of lignocellulose materials to ethanol con-
tains these steps: pre-treatment of lignocellulose, hydro-
lysis of lignocellulose, detoxification of hydrolysate,
fermentation, distillation, and dehydration.

Lignocelluloses can be hydrolyzed by acids
and enzymes. Acid hydrolysis is a common and fast
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method for producing sugars from lignocellulos-
es.>® A number of by-products are formed during
acid hydrolysis, which inhibit the fermentation pro-
cess.”!? Pentoses can be degraded to furfural under
high temperature, and the decomposition of hexoses
can form 5-hydroxymethylfurfural (5-HMF).!:12
Acetate is liberated from hemicellulose hydroly-
sis.!''12 Lignin can be partially dissolved by acid to
form aromatic substances.!*!* Such acid-soluble
lignin substances have the unique peaks under UV
irradiation.

Furfural and other volatile substances can be
removed with heat,"> and acid substances are easy
to remove by neutralization. During the hydrolyzate
concentrated and thermal process, the volatile
furfural was removed, but dissolved aromatic com-
pounds (acid-soluble lignin) were difficult to re-
move.!® The aromatic substances generated from
lignin have a serious impact on the subsequent fer-
mentation process.!” At the same time, the removal
of these substances is much more difficult. Prelimi-
nary experiments in our laboratory showed that
these materials had a stronger inhibitory effect on
fermentation than other materials.!® Corn straw has
high lignin content, so the detoxification process
for the removal of acid-soluble lignin is more im-
portant.
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The detoxification methods of lignocelluloses
hydrolysate including biological, physical, chemi-
cal and combined treatments have been reported in
numerous literatures. To be specific, activated char-
coal treatment,'® alkaline treatment,?*2! thermal fil-
tration,'> biological degradation®? and ion exchange?®
were investigated. Activated charcoal treatment was
proved effective for detoxification because acti-
vated charcoal could remove the lignin degradation
substance from the liquid phase by adsorption.'¢
Sometimes this method was combined with heat
treatment for the coinstantaneous removal of
furfural. However, the use of powdered activated
carbon is likely to cause dust pollution and unsafe
application.?* In general, it is important to identify
the main inhibitors present in the lignocelluloses
hydrolyzate before choosing a suitable detoxifica-
tion method or a sequence of different methods.
The cost of detoxification treatment needs to be
controlled. At the same time, the optimal detoxifi-
cation method should be not only cheap but also
suitable for the hydrolyzate.

As known, bio-flocculants are harmless to the
environment and humans, indicating their potential
in the replacement of existing chemical flocculants.
Bio-flocculants have been used in detoxification
treatment.>> The goal of this research was to apply a
biological flocculation technology for the detoxifi-
cation of acid hydrolyzate, which could decrease
the concentration of inhibitors caused by hydroly-
sis. Biological flocculant such as chitosan has
strong absorption effect on chemicals like activated
carbon adsorption.?® In Saeed’s (2011) work,?” the
flocculation concept was employed to recover the
dissolved lignocellulosic materials of industrially
produced pre-hydrolysis liquor (PHL) using two
different molecular weights of chitosan. The dose
of flocculant for the detoxification process is usu-
ally small, so the reducing sugar losses are less. The
main purpose of detoxification in the experiment
was to remove the lignin degradation products. The
detoxification effect in this article was represented
by the concentration variation of acid-soluble
lignin.

On the other hand, Tripathi et al.?® used the de-
sign of experiments (DOE) methodology to study
the optimization adsorption parameters. DOE meth-
odology can be applicable for the research of the ef-
fect of different factors, their interactions on de-
toxification performance and formulation character-
istics. The Box-Behnken design is one of the
most efficient and widely used DOE methods.?
Box-Behnken design is a kind of second-order ex-
perimental design method based on three levels and
it can evaluate the non-linear relationship between
indicators and factors. The optimal value of the re-
sponse can be found in the optimal region and the

model of optimized area can also be obtained
through the Box-Behnken design. Through the
Box-Behnken design, it is easy to avoid the experi-
ments performed under extreme conditions from
which unsatisfactory results are often obtained.?°
This paper describes experiments designed to indi-
cate interactions between four factors (dose, pH,
temperature, action time) with respect to their influ-
ences on the detoxification rate by Box-Behnken
methodology.

In this research, the acid hydrolysate after the
optimal detoxification process treatment was used
for the yeast adaptation test in order to determine
whether the detoxification process was effective.
Meanwhile, the most probable detoxification mech-
anism of CTS was also discussed.

2. Materials and methods

2.1 Acid hydrolyzates

The hydrolyzate used in the experiments was
produced from waste corn straw (The corn straw
was obtained form a local farm). First, the corn
straw was cut into lem x 2 cm segment, and
pulverized to obtain a cotton-like form. The raw
material was then mixed with 78.5 % sulfuric acid
at the solid-liquid ratio of 1:2, at temperature of
45-50 °C, and reaction time of 15 minutes. There-
upon, the mixture was diluted to form 4.7 % sulfu-
ric acid solution. This reaction lasted 2 hours at
boiling condition (100 °C). Finally, the precipitate
was removed and the acid hydrolyzates were
formed. The filtrate temperature was 65 °C. The
acid hydrolysate was boiled for 15 minutes to re-
move the volatile compounds and the lost water
was complemented.

2.2 The preparation of bio-flocculants

Chitosan (CTS) flocculant was prepared by
adding chitosan to 10 g L acetic acid solution to
form chitosan solution (10 mg mL™"). Iron-Chitosan
(Fe-CTS) Flocculant was made by adding FeCl, to
the chitosan solution at a Fe/CTS mass ratio of 2,
and then dropping dilute NaOH solution in case of
slow agitation after the solid completely dissolved,
forming a solution with a certain pH value. PASP
(molecular formula: C,H,NO;(C,H;NO;),,.C,H,NO,;
molecular mass: 1000-5000; pH (1 % aqueous so-
lution) = 10-11) was prepared by Beijing Univer-
sity of Chemical Technology.?

2.3 Detoxification of acid hydrolyzate

A certain amount of flocculant was added into
a conical flask containing the acid hydrolyzates,
and treated by NaOH in order to obtain appropriate
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pH, and then the flask was placed in the water bath
(stirred at 100 rpm for 10-30 minutes). After the re-
action, the solution was left to stand for 25 minutes.
Finally, the solution was filtered through filter pa-
per or filter cloth (pore size = 0.12 mm). The con-
centration of acid-soluble lignin in the solution was
measured and the detoxification rate was calculated
as

DR%=@-1OO% (1)
Cl

where DR % is the detoxification rate, C, is the
concentration of acid-soluble lignin in the acid
hydrolyzates before detoxification, and C, is the
concentration of acid-soluble lignin after detoxifi-
cation.

During the detoxification process, a small
amount of reducing sugar was absorbed. The loss
rate of reducing sugar was calculated as
S, =8,

s 100 % )

1

LR % =

where LR % is the loss rate, S, is the concentration
of reducing sugar in the acid hydrolyzates before
detoxification, and S, is the concentration of reduc-
ing sugar after detoxification.

2.4 Box-Behnken experimental design

Under different flocculant dosage, temperature,
reaction time and pH, the value of the detoxifica-
tion rate was measured. The best flocculant was
chosen by single factor experiment. Then the
Box-Behnken experimental design of the best
flocculant was carried out.

In the present study, the Box-Behnken ex-
perimental design is applied to investigate and vali-
date adsorption process parameters affecting the
removal of acid-soluble lignin. Flocculant dose
(A: 0.02-0.25 g L"), pH (B: 0-4), reaction time
(C: 10-30 min), and temperature (D: 20-60 °C) are
variable input parameters.

2.5 Culture media and microorganism culture

P. tannophilus 1770, which can ferment xylose
and glucose, was used for ethanol fermentation.'®
The strain was stored in a tube culture at 4 °C. The
Slant culture medium consisted of xylose 20 g L,
(NH,),SO, 5 g L', peptone 5 g L', strain extract
5¢gL! KH,PO, 2 g L', MgSO, - 7TH,0 1 g L,
urea 2.5 g L', and agar 12 g L.

The P. tannophilus after activation was inocu-
lated in the liquid culture medium in aseptic condi-
tion, and carried out under the temperature of 32 °C
at 120 rpm for 48 hours to form the suspended cells

liquid. The liquid medium consisted of xylose
20 g L', (NH,),SO, 5 g L', peptone 5 g L', strain
extract 5 g L', KH,PO, 2 g L', MgSO, - 7H,0
2 g L'" and urea 2.5 g L.

The fermentation medium consisted of hydro-
lyzates, (NH,),SO, 5 g L, strain extract 2 g L,
KH,PO, 2 g L', MgSO, - 7TH,0 2 g L.

2.6 Analytical methods

The reducing sugars were analyzed by the
DNS method.3! The reaction between 3,5-dinitro-
salicylic acid and reducing sugars under heat can
form reddish brown amide within a certain range,
and the color depth of the reaction mixture is
matched with the amount of reducing sugar. Thus,
the colorimetric method could be applied to mea-
sure the sugar content of the sample. The pH was
measured in a pH meter (PHS-3B, Shanghai Preci-
sion& Scientific Instrument Co. Ltd, China). The
optical density (OD) of cell growth at regular inter-
vals was determined at 600 nm using a UV-VIS
Spectrophotometer (TU-1901, Purkinje General In-
strument Co. Ltd, China) throughout the study. The
acid-soluble lignin was measured by ultraviolet
absorption.'® The absorbance values of peaks are
measured and the concentration of acid-soluble
lignin can be calculated.

3 Results and discussion

3.1 The detoxification process
with different flocculants

Many flocculants like aluminum salts, repre-
sented by poly-aluminum chloride (PAC), have
been widely used in industrial fields.3> Meanwhile,
literature reports that these synthetic flocculants
were not easily biodegraded in the natural environ-
ment.>3 In contrast, bio-flocculants are harmless to
the environment and humans, indicating their po-
tential to replace the existing synthetic flocculants.
Flocculants always have a selective absorption
effect on the soluble substances and the hazardous
materials are removed under this absorption effect.
Different flocculants were employed for various
purposes according to their chemical characteristics
and the types of toxins in the solutions.

In this research, four kinds of flocculants were
chosen for the detoxification process including
PASP, PAC, CTS and Fe-CTS. All these flocculants
are bio-flocculants except PAC. The detoxification
process was carried out under same conditions
(pH = 2.5; temperature = 25 °C; reaction time =
10 min) for contrast. As shown in Table 1, the spe-
cies and dosage of flocculants had great effect on
the detoxification rate and the loss rate of sugars.
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Table 1 — Detoxification effect with different flocculants

PASP/ T bR | LR | PAYY L bres | R | ST bres | LR | FECTS DRy | LR
gL gL gL gL

099 10 0 108 279 0 002 4856 0 002 44.06 0
202 1338 0 207 285 0 005  49.41 0 005 467 0

3 19.6 43 303 3579 305 012 5053 08 0.2 47 0
405 418 132 408 5065 487 020 6452 14 020 517 1.7
5.1 4937 1652 499 387 760 025 6387 34 025 569 32
6.2 407 2592 61 3556 1087 030 6376 7.3 030 554 72

By increasing the flocculant concentration, the de-
toxification effect was strengthened because the
probability of adsorption in bridge, and electrical
neutralization was improved. At the same time, the
adsorption of reducing sugar was increased accord-
ingly. Among the four kinds of selective flocculants,
CTS showed the best detoxification rate and the
smallest adsorption of reducing sugar (the mini-
mum dosage). In general, greater flocculant dosages
lead to stronger absorption effect of reducing sugar.
The common flocculant PAC did not show an ideal
effect. The dosage of PASP and PAC was large
(4 g L'-5 g L") in order to attain an optimal de-
toxification rate, and when the dosage was small,
there was no significant adsorption effect, but the
small dosage of CTS and Fe-CTS (0.25 g L") was
already resulting in better adsorption. CTS and
Fe-CTS had a stronger adsorption effect on the
acid-soluble lignin. The possible reason was the
larger number of active groups for adsorption in the
CTS molecules, so the adsorption of acid-soluble
lignin was better than PAC and PASP. CTS was
chosen for the detoxification process and the dos-
age of CTS was less than 0.25 g L™! to diminish the
loss of reducing sugars.

3.2 Box-Behnken analysis

In order to achieve the optimum detoxification
effect, the Box-Behnken experimental design was
carried out in this research. According to prelimi-
nary experiments in our laboratory, the most impor-
tant parameters affecting the efficiency of detoxifi-
cation by CTS, were dose, temperature, reaction
time, and pH of the solution. Experiments were car-
ried out in different combinations of the parameters
to analyze the combined effect of these four factors
using statistically designed experiments. The range
of the parameters is given in the section of Materi-
als and Method. Twenty-nine experiments were em-
ployed in this work in order to evaluate the effects
of the four main independent parameters on the
acid-soluble lignin removal efficiency. A non-linear
regression method was used to fit the second order

polynomial to the experimental data and identify
the relevant model terms. Considering all the linear
terms, square terms and linear-by-linear interaction
items, the quadratic response model can be de-
scribed as:

R=p,+ Zﬁi'xi + E/B;;xizi + Eﬁij'xixj €)

where 3, is the offset term, S, is the slope or linear
effect of the input factor x;, B;; is the quadratic effect
of input factor x; and f; is the linear by linear inter-
action effect between the input factor x; and x;.*3

The results of the R (response) of detoxifica-
tion rate were measured and the measured re-
sponses are listed in Table 2.

Box-Behnken experimental design model sup-
plied a second order polynomial equation to reflect
the relationship with the detoxification rate (R) and
four parameters (A, B, C, and D) according to the
experimental results. The final equation obtained in
terms of actual factors is given below:

R =35.38940 + 11.82583 - 4 — 4.81088 - B —
—0.43206 - C + 0.86272 - D + 23.41250- 4 - B —
—5.78250-4-C—0.95625-4-D —

—0.24237-B-C+ 0.084688 - B- D + @
+ 0.025413 - C- D + 417.19167 - 4> +
+ 0.72298 - B> + 0.017044 - C? — 0.014939 - D?

where R is the DR (detoxification rate %), A is the
flocculant dose in the detoxification process (A:
0.02-0.25 g L"), B is the pH value of the detoxifi-
cation process (B: 0—4), C is the reaction time (C:
10-30 min), and D is the temperature of the detoxi-
fication process (D: 20-60 °C).

For testing the hypothesis on the parameters of
the Model, ANOVA is a statistical technique that
subdivides the total variation in a set of data into
component parts associated with specific sources of
variation.** ANOVA for second-order equation in
this model is presented in Table 3.
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Table 2 — Box-Behnken experimental design and results of detoxification rate

Run ‘ Std ‘ A/Flocculant dose B/pH C/Reaction time D/Temperature R1/DR
26 1 0.15 2 20 40 50.5
15 2 0.15 0 30 40 61.71
25 3 0.15 2 20 40 47.5

6 4 0.15 2 30 20 35.87
28 5 0.15 2 20 40 52.94
10 6 0.25 2 20 20 48.48

2 7 0.25 0 20 40 50.8

9 8 0.05 2 20 20 422
27 9 0.15 2 20 40 51.95
11 10 0.05 2 20 60 52.87
14 11 0.15 4 10 40 58.31
16 12 0.15 4 30 40 49.85
12 13 0.25 2 20 60 51.5

3 14 0.05 4 20 40 54.64

4 15 0.25 4 20 40 72.22
22 16 0.15 4 20 20 33.64
17 17 0.05 2 10 40 47.48
29 18 0.15 2 20 40 46.87
13 19 0.15 0 10 40 50.78

7 20 0.15 2 10 60 46.1
23 21 0.15 0 20 60 51.32

8 22 0.15 2 30 60 54.02
18 23 0.25 2 10 40 66.32
21 24 0.15 0 20 20 48.71

5 25 0.15 2 10 20 48.28
20 26 0.25 2 30 40 50.61

1 27 0.05 0 20 40 51.95
24 28 0.15 4 20 60 49.8
19 29 0.05 2 30 40 54.9

According to the rule of ANOVA, a large value
of F indicates that most of the variation in the re-
sponse can be explained by the regression equation,
and probability values (p values) less than 0.05 are
considered to be statistically significant.>> The re-
sult of variance analysis indicated that the second
order polynomial equation adequately represented
the actual relationship between the response (detox-
ification rate) and the parameters (dosage, pH, reac-
tion time and temperature). At the same time, the F
value for this model was large. The Model F-value
of 4.39 implied the model was significant. There

was only 0.45 % chance that a “Model F-Value”
this large could occur due to noise. Values of
“Prob > F less than 0.0500 indicated that the
model terms were significant. In this case A, D,
AC, CD, A2, D? were significant model terms. Val-
ues greater than 0.1000 indicated that the model
terms were non-significant. The “Lack of Fit F-value”
of 3.72 implies the Lack of Fit was not significant
relative to the pure error. There was a 10.84 %
chance that a “Lack of Fit F-value” this large could
occur due to noise. Non-significant lack of fit was
good. Adeq Precision measures the signal to noise
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Table 3 — ANOVA for response surface quadratic model

Source Sum of Squares df Mean Square F Value p-value Prob > F Remark
Model 1299.32 14 92.81 4.39 0.0045 significant
A-A 107.34 1 107.34 5.07 0.0409 significant
B-B 0.85 1 0.85 0.04 0.8442 not significant
C-C 8.86 1 8.86 0.42 0.528 not significant
D-D 195.46 1 195.46 9.24 0.0088 significant
AB 87.7 1 87.7 4.15 0.0611 not significant
AC 133.75 1 133.75 6.32 0.0248 significant
AD 14.63 1 14.63 0.69 0.4196 not significant
BC 93.99 1 93.99 4.44 0.0535 not significant
BD 459 1 459 2.17 0.1629 not significant
CD 103.33 1 103.33 4.88 0.0443 significant
A2 112.9 1 112.9 5.34 0.0366 significant
B2 54.25 1 54.25 2.56 0.1316 not significant
C2 18.84 1 18.84 0.89 0.3613 not significant
D2 231.62 1 231.62 10.95 0.0052 significant
Residual 296.15 14 21.15
Lack of Fit 267.42 10 26.74 3.72 0.1084 not significant
Pure Error 28.73 4 7.18
Cor Total 1595.47 28

ratio. A ratio greater than 4 was desirable. The ratio
of 8.996 in this model indicated an adequate signal.
This model can be used to navigate the design
space.

3.3 Effect of various parameters
on detoxification rate

According to the Box-Behnken experimental
design and the results of detoxification rate, the
variational effect of different factors on detoxifica-
tion rate is plotted in Fig. 1. For example, in
Fig. 1a, the points mean the DR value in four same
experimental conditions (flocculant dose: 0.15 g L!;
pH: 2; reaction time: 20 min; temperature: 40 °C).
With the increase of bio-flocculant dose, the detoxi-
fication rate was rising also, but in order to dimin-
ish the loss of reducing sugars the dosage of CTS
should be less than 0.25 g L-!. The detoxification
rate did not change significantly by the progres-
sively increased reaction time and pH of the solu-
tion. The optimal temperature was 40 °C.

With the increasing temperature, the probabil-
ity of inter-collision among colloidal particles, toxic

impurities molecules, and CTS molecules was im-
proved, and the flocculation was accelerated with
more precipitation formation.’® However, when the
water bath temperature was too high, the stability of
flocculant decreased. In this research, the acid
hydrolyzate was strongly acidic and in order to
avoid the large consumption of alkali, the pH was
controlled from O to 4. The detoxification rate did
not change significantly in this range. Under acidic
conditions, the chitosan molecules and hydrogen
ions combined to form cations, and easily formed
adsorption bridging, so the impurities gathered and
settled down. In our experiment, pH of 4 was pref-
erable considering the proceeding fermentation pro-
cess (fermentation pH of 4.0-4.3). In a short time,
the reaction reached equilibrium, so the prolonga-
tion of reaction time did not improve the detoxifica-
tion effect.

The single-factor test described the relationship
between a single factor and the detoxification rate.
In order to study the performance of various factors
on the detoxification effect, the interaction of multi-
ple factors on the detoxification effect was ana-
lyzed.
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Fig. 1 — Effect of different factors on the detoxification rate

3.4 Effect of bio-flocculant dosage (A)
and reaction time (C)

To study the interaction effect of bio-flocculant
dose (A) and reaction time (C) on detoxification,
experiments were carried out by varying bio-floc-
culant dose from 0.02 to 0.25 g L' under different
reaction time from 10 to 30 minutes. The result
is shown in Fig. 2 through Box-Behnken experi-
mental design. At fixed C (for example: 10 minu-
tes), the detoxification rate improved with an in-
crease in bioflocculant dosage (A) for the adsorp-
tion was increased with higher concentration of
flocculant, but when the C was prolonged (for
example: 30 min), the detoxification rate decreased
slowly to a certain limit with the increasing bio-
flocculant dosage (A) and then it remained almost
constant; at the same time, the effect of A on the de-
toxification rate was not obvious. During the long
contact and stirring time, the flocculating constitu-
ent was easily destabilized and this phenomenon
occurred especially when the concentration of
flocculant was high (the prepared flocculating parti-
cle was large).
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Fig. 2 also shows that at particular A (for ex-
ample: 0.05 g L), the detoxification rate increased
with an increase in C, because a certain contact
time was demanded in the flocculation reaction.
However, when the A was increased (for example:
0.25 g L), the detoxification rate decreased with

67
61.75
56.9
51.25

46

30.00

1500 T
10,00 005

C.C

Fig. 2 — 3D response surface graph for bioflocculant dos-
age (A) and reaction time (C) for bio-flocculation
detoxification system
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an increase in C, because the forming floccules
were damaged with overlong stirring time.

3.5 Effect of pH (B) and reaction temperature (D)

To study the effect of pH and reaction tempera-
ture on toxicant removal, experiments were carried
out by varying pH from 0 to 4, and 7 from 20 to
60 °C. The results are plotted in Fig. 3. This figure
clearly shows that at any fixed pH, the toxicant re-
moval increased with an increase in reaction tem-
perature up to a certain limit, and then it remained
almost constant or slightly decreased. An increase
in detoxification rate with temperature can be at-
tributed to the enhancement of intraparticle trans-
port pore diffusion. The adsorption reaction with
CTS and the toxicant is an exothermic process gen-
erally, so the temperature is not too high for this re-
action.

— —

D. D E\]Ev]\\ L
E 2000 000

Fig. 3 — 3D response surface graph for pH (B) and reac-
tion temperature (D) for bio-flocculation detoxifi-
cation system

Fig. 3 also shows that at particular D (reaction
temperature), with an increase in B (pH), the detox-
ification rate did not change obviously. The detoxi-
fication process proceeded in acidic conditions all
along. However, when the reaction temperature was
increased, the pH of the reaction solution should
have been increased, because CTS was partially
dissolved in the low pH solution and the loss of
bio-flocculant would cause a decrease in detoxifica-
tion rate. Figure 3 could prove this conclusion. At
fixed D (for example 60 °C), the detoxification rate
improved with an increase in B (reaction pH).

3.6 Selection of optimal experimental
conditions and optimum detoxification effect

The aim of this work is to remove a maximum
amount of acid-soluble lignin with lowest possible
bio-flocculant. Through the optimization design of
the Design Expert 7.0, the optimal experimental

conditions were obtained and the theoretical detoxi-
fication rate was calculated. The optimal parameters
were: flocculant dosage of 0.25 g L', pH of 4, re-
action time of 10 minutes and reaction temperature
of 41 °C. The calculated detoxification rate was
78.2 %. In three confirmation experiments, the
average detoxification rate was 78 %,which was
close to the theoretical prediction. This model had
good reliability and reproducibility. It was also
showed that the Box-Behnken model was suitable
to optimize the experiments for the detoxification
process.

The influence of flocculants on cell growth
was considered in this experiment. The fermenta-
tion medium was synthesized from the detoxified
hydrolyzate of which the reducing sugar content
was 27.42 g L™!. The P. tannophilus was inoculated
in the fermentation medium. The growth curves of
the yeast in different detoxified hydrolyzates are
shown in Fig. 4. The cells concentration was repre-
sented by OD600 and the fermentation medium was
diluted 15 times. The growth of S. cerevisiae was
similar with P. tannophilus. As shown in Fig. 4, A
represented the growth curve of P. tannophilus in
the hydrolysate detoxified by CTS, and B repre-
sented the growth curve of P. tannophilus in the
hydrolysate by the common liming detoxification
treatment. The result showed that the adaptability
of P. tannophilus in the hydrolyzate detoxified by
CTS was better and after 18 hours the P. tanno-
philus went into a stable phase. The growth rate of
P. tannophilus in the hydrolyzate detoxified by CTS
was faster. In addition, the hydrolyzate detoxified
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Fig. 4 — Growth curve of P. tannophilus (4 represented the
growth curve of P. tannophilus in the hydrolyzate detoxified by
CTS; B represented the growth curve of P. tannophilus in the
hydrolyzate by the common liming detoxification treatment,
and C represented the growth curve of P. tannophilus with no
detoxification)
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by bio-flocculation treatment can reach the growth
requirement of P. tannophilus. It was also showed
that the bio-flocculation detoxification process was
feasible.

3.7 The detoxification mechanism
and ultraviolet spectrum analysis

Lignin consists of a phenol structural unit and
with stable polymer structure. The acid-soluble
lignin composition is very complex due to the
lignin structure is very complicated. The acid-solu-
ble lignin contained p-hydroxybenzoic acid, vanillic
acid, p-hydroxybenzaldehyde, vanillin, syringal-
dehyde and other substances.’” These substances
are inclusive of the hydroxyphenyl structural unit
(phenol). During the process of acid hydrolysis, the
lignin macromolecules were decreased to small
molecules and did not change its basic structure.
There are many phenyl and C = O double bonds in
the structure of acid-soluble lignin, and according
to the UV absorption spectra, benzene and charac-
teristic absorption were at 205 nm and 280 nm.
Furfural structure also contains a large number of
C = O double bonds, and the absorption peak at
280 nm is from C = O double bonds. Therefore, if
we choose the 280 nm as the characteristic peak,
there would be an impact on the amount of mea-
surement results. On the basis of its characteristic
absorption spectrum, we can use the UV detector to
measure acid-soluble lignin content at 205 nm. The
UV spectrum figures of hydrolysate before and
after detoxification are shown in Fig. 5. The
hydrolyzate was diluted firstly to avoid the interac-
tion of different composition under too high con-
centration.

As shown in Fig. 5, A represented the UV
spectrum of hydrolyzate before detoxification, and

05-
04
0.3

0.2 4

0.0 4

1 1 I I
200 250 300 400
wavelength/nm

Fig. 5 — UV spectrum of hydrolyzate before and after de-
toxification

B represented the UV spectrum after detoxification.
After detoxification, the absorption peaks were
weakened significantly, and the detoxification pro-
cess reached a good effect. This conclusion was
similar with Saeed (2011).?7 In their research, CTS
can remove the dissolved lignocellulosic materials
and furfural.

According to the results of the experiment, the
most probable detoxification pathway of CTS for
the removal of acid-soluble lignin was the adsorp-
tion between the chitosan molecules and the
acid-soluble lignin. As we know, there are a large
number of amino active groups in the chitosan mol-
ecules. In acidic conditions, the -NH;" was formed
from amido and then the hydrogen bonds effect was
generated between phenolic hydroxyl (or hydroxyl)
and —NH,". Complex macromolecular structures
were produced, and eventually the compound was
precipitated. PASP was prepared by polyconden-
sation of amido and carboxyl from aspartic acid,
and the number of amino active groups was less
than CTS in the molecules. That is why the detoxi-
fication effect of PASP was poorer than CTS. This
mechanism can also explain the conclusion of part
3.1 in this manuscript. At the same time, this re-
search also provided a new method for the removal
of phenolic compounds in solution.

Another most commonly used technology for
the hydrolysis of lignocellulose is enzymatic hydro-
lysis following diluted-acid pretreatment. The
hydrolyzate after pretreatment also needs detoxifi-
cation. In this case, CTS might also work to remove
toxins from hydrolyzate after the diluted acid pre-
treatment.

4. Conclusions

In this research, a biological flocculation tech-
nology was applied for the detoxification of acid
hydrolyzate, which could decrease the concentra-
tion of inhibitors caused by hydrolysis. The main
purpose of detoxification in the experiment was to
remove the lignin degradation products. The detoxi-
fication effect in this article was represented by the
concentration variation of acid-soluble lignin.

CTS was chosen as the bio-flocculant. In order
to reach the optimal detoxification effect, the
Box-Behnken experimental design was carried out.
The most important parameters affecting the effi-
ciency of detoxification by CTS, are dose, tempe-
rature, reaction time and pH of the solution. The
optimal parameters were: flocculant dosage of
0.25 g L', pH of 4, reaction time of 10 minutes,
and reaction temperature of 41 °C. The calculated
detoxification rate was 78.2 %. In the three confir-
mation experiments, the average detoxification rate
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was 78 %, which was close to the theoretical pre-
diction. The adaptability of P. tannophilus in the
detoxification hydrolysate was good and after 18
hours the P. tannophilus went in stationary phase.

According to the results of the experiment, the
most probable detoxification pathway of CTS for
the removal of acid-soluble lignin was the adsorp-
tion between the chitosan molecules and the acid-
soluble lignin. In acidic conditions, the -NH;" was
formed from amido and then the hydrogen bonds
effect was generated between phenolic hydroxyl (or
hydroxyl) and —NH;*. Complex macromolecular
structures were produced; eventually the compound
was precipitated.
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