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Preparation of Taraxacum kok-saghyz Rubber and Biofuel Ethanol
Simultaneously by the Yeast Fermentation Process
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ABSTRACT: Taraxacum kok-saghyz (TKS) rubber is considered the
most ideal alternative source of natural rubber (NR). Extracting
rubber from TKS with high quality, low cost, and low pollution is the
basis of commercial development. The TKS roots were subjected to
morphological observation and detailed compositional analysis.
Scanning electron microscopy (SEM) images confirm that rubber .
filaments are physically entangled with plant tissues due to
differences in molecular polarity. Compared with the traditional I

solvent TKS rubber extraction process, a new rubber extraction

process developed in this study, namely, the microbial extraction Cellulase

("ME”) process, is less harmful to the environment and lower in

cost. The "ME” process is divided into three steps: dilute acid . — - .
pretreatment process, enzyme degradation process, and fermentation

process. After each step is completed, the purity of TKS rubber will

gradually increase from 84.8% to 93.8 to 95.5%. The TKS rubber finally obtained fully meets the requirements of the traditional
rubber industry, especially the tire industry. Besides, the yield of biofuel ethanol, a by-product of cellulose fermentation, reaches 2.0S
g/100 g of TKS roots (dry weight), which can effectively reduce the production cost of TKS rubber. In the rubber extraction process,
microorganisms have little effect on the quality of TKS rubber. The results show that the molecular weight and chemical structure of
TKS rubber is very close to NR, so the "ME” process can be used as a new method for large-scale extraction of TKS rubber.
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1. INTRODUCTION

Natural rubber (NR) from Hevea Brasiliense is an important
strategic material, widely used in aerospace, automobile
industry, shipbuilding, rail transportation, and other fields."”
At present, the production and development of NR in the
world are facing many challenges.*~* The global NR-producing
countries are mainly concentrated in the tropical rain forests of
the Asia-Pacific region.”” The land suitable for planting Hevea
trees in the world is limited, which will increase the difficulty of
further increasing the output of natural rubber. Most of the
Hevea trees in the Asia-Pacific region have narrow genetic
genes,”” making their genetic transformation difficult. An

production investment and labor cost of natural rubber, thus
restricting the development of natural rubber.

In response to the series of crises behind the natural rubber
industry, scientists in the field of natural rubber have turned
their attention to the second natural rubber. At present, there
are more than 2500 kinds of plants that can biosynthesize
natural rubber reported in the world, but most of them cannot
be commercially used, and the appearance of TKS rubber has
changed this situation. TKS rubber comes from a plant called
Taraxacum kok-saghyz (TKS)," which contains rubber mainly
distributed in the roots;'®'” in the fresh TKS, the rubber is
present in the lactiferous duct in the form of liquid latex,"®

Hevea tree capable of producing natural rubber latex requires a
cultivation period of 5—7 years.'”
face the risks of natural disasters and insect pests during the
vacuum period when no latex is produced. At the same time,
rubber farmers in natural rubber-producing countries have not
been able to obtain any benefits from rubber trees, causing
many rubber farmers to abandon the cultivation of rubber
trees. However, the tapping time and tapping direction of
Hevea trees are different due to different trees,">™'* so it is
difficult to mechanically operate the tapping work, and it can
only be operated by manual work, which increases the

11
Hevea trees also need to
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while in the dry TKS, the rubber is present in the form of solid
rubber thread.'® TKS rubber has a similar chemical structure to
natural rubber, and its main components are cis-1,4-
polyisoprene. Therefore, TKS rubber is generally regarded as
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Figure 1. Pretreatment experiment operation steps.
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the second natural rubber that can replace natural rubber in
the world.

For the study of TKS rubber, the United States has launched
the PENRA program in 2007, and the European Union (EU)
launched the EU-PEARL program in 2008, but so far, no
extraction technology can produce TKS rubber commercially.
At present, the extraction technology of TKS rubber is the
solvent method, which was established by Elmuradov*’ and
others for the influence of the many nongum components of
TKS in the rubber extraction on the purity of the extracted
rubber.”' The principle of the solvent extraction method is to
use different organic solvents to remove the nonadhesive
components of TKS in sequence and use the good solvent of
the rubber to extract the TKS rubber after the impurity
removal is completed. However, this method consumes a large
amount of organic solvent in the process of gum extraction,
and the organic solvent used in the method not only has a high
cost but also has certain physical harm to the gum extraction
staff, so the method has not yet entered into industrial
production and utilization.

Eskew”” developed a wet milling process for TKS rubber
extraction due to the differences in the density and
hydrophobicity of each tissue component in TKS. The
principle of the wet milling method is that the density of
rubber is lighter than that of water and will float on the water
surface, while the nonglue plant tissue sinks to the bottom due
to water absorption in the water environment, which separates
the rubber in the TKS from the nonglue plant tissue. For the
rubber extracted by this method, there are many impurities,
and in addition to the high economic cost caused by the
consumption of a large amount of water, it also takes a lot of
time cost in the rubber extraction process, so the method is not
yet mature for the production of high-purity rubber. Buranov
and Elmuradov’® proposed the dry-grinding method and
applied for a patent for the shortcomings of wet-grinding in
gum extraction. Compared with the wet grinding method, the
dry grinding method has a similar principle to rubber
extraction. Compared with the wet grinding method, the
rubber purity of the method is improved, which can make the
rubber purity reach 99% and reduce the energy consumption
of water, but the extracted rubber still contains a large amount
of nongum components, such as inulin, which cannot achieve

sufficient separation of rubber and nongum plant tissue. This
technology has not developed a comprehensive extraction
technology, and the cost of rubber extraction is too high to
compete with clover rubber. Professor Cornish*® of the United
States discovered a new microbial fermentation method to
extract rubber, namely, a new strain of nematode thermomyces
lanuginosus STm, which produces hydrolases when grown on
different lignocellulosic biomass, including cellulase, xylanase,
inulinase, and pectinase;** these hydrolases can significantly
increase the purity of natural rubber up to 94%.>° However,
the strain is not universal and the cost is high. In addition to
rubber, rubber grass also contains a large amount of nonglue
components, such as inulin. This technology has not developed
a comprehensive extraction technology, and the cost of rubber
extraction is too high, and cannot compete with Hevea rubber.
In this study, we developed a new yeast fermentation method
based on the understanding of the microbial fermentation
method. This method uses the principle of microbial
fermentation to prepare the cellulose components contained
in its roots into biofuel ethanol. The principle of rubber density
difference can separate rubber and nonglue plant tissue,
achieve the purpose of improving rubber purity, and obtain by-
product ethanol at the same time, which has certain additional
economic benefits so that the production cost of rubber
extraction can be reduced, and the extracted TKS rubber has
certain market competitiveness. At the same time, our
extraction process has no organic solvent, which fully meets
the standard of green production and is suitable for large-scale
industrial development. This will be of great significance to the
development of the comprehensive utilization of TKS.

2. MATERIALS AND METHODS

2.1. Chemical Reagents and Materials. Sulfuric acid,
citric acid, sodium hydroxide, and toluene were purchased
from Beijing Chemical Reagent Co., Ltd. (China). Cellulase
and IMX581 yeast were provided by the Microbiology
Laboratory of Beijing University of Chemical Technology.
NR (Standard Chinese Rubber Whole Field) was bought from
Yunnan rubber Co., Ltd. (China).

2.2. TKS Roots. The TKS roots used in the experiment
came from the TKS planting base of the Heilongjiang Academy
of Sciences in China, and its rubber content was distributed
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between 3.72 and 5.04%. The fresh roots of TKS that were
grown in the field for one year were harvested and dried to
form dried roots at room temperature. Dry TKS roots were
frozen in liquid nitrogen. Then, it was left to dry at room
temperature, and finally, the dried TKS roots were ground into
powder with a high-speed universal pulverizer (ZG-HTY-800
g), and the particle size distribution is 0.075 mm ~ 0.4 mm.

2.3. TKS Rubber Extraction Process. 2.3.1. Pretreatment
Process. The basic routes of the pretreatment process are
shown in Figure 1 First of all, the raw dandelion roots were
cleaned and ground with a waring mixer to obtain powdered
raw materials. Then, the dilute acid was added for treatment,
water was added and stirred, and allowed to stand after stirring
for a while. After standing, the crude rubber was collected, the
supernatant was poured out in the container after picking up
the crude rubber, and then, water was added to continue
stirring and sedimentation. The above process was repeated
until the top layer has solid glue again. Then, the remaining
solid—liquid mixture is filtered by suction with a vacuum water
circulation pump to separate the solid precipitate from the
liquid at the bottom of the glass container. The collected solid
precipitate was dried in an oven at 60 °C, and finally, the
desired product was obtained.

2.3.2. Enzymatic Degradation Process. A citric acid—
sodium hydroxide buffer solution with a pH value of 4.8 was
configured. This buffer solution (100 mL), 10 g of solid
precipitate, and 1 g of crude rubber collected after pretreat-
ment were added to a 500 mL Erlenmeyer flask. On the ultra-
clean bench, 2 mL of cellulose was added to the Erlenmeyer
flask, after the Erlenmeyer flask was sterilized at 121 °C for 20
min. The Erlenmeyer flask was moved to a shaking incubator
with a rotation speed of 180 rpm at 50 °C for enzymatic
degradation for 72 h. During the enzymatic degradation, 2 mL
of enzymatic degradation solution was taken every 12 h for the
subsequent determination of sugar concentration. After the
enzymatic degradation was completed, the rubber floating
above the solution was collected. After the bottom residue was
filtered out, the hydrolyzed solution was collected and placed
in a =20 °C refrigerator for the next experiment.

2.3.2.1. Determination of the Concentration of Sugar.
The concentration of sugars was determined by high-
performance liquid chromatography (Dionex ultimate 3000,
Dian Co., Ltd.,, USA). Test instrument: Aminex HPX-87P
column. Test conditions: The mobile phase was 5 mmol/L
sulfuric acid, the flow rate was 0.6 mL/min, the column
temperature was 65 °C, the detector temperature difference
was 50 °C, and the sample volume was 20 uL at each injection.

2.3.3. Fermentation Process. 2.3.3.1. Seed Liquid Culture.
IMXS581 yeast stored in glycerin at =70 °C needed to be
activated before fermentation. First, the YPD medium [Yeast
Extract Peptone Dextrose Medium (1 L)] (composition: 4 mL
of deionized water, 40 mg of yeast, 80 mg of glucose, 80 mg of
peptone) was sterilized at 121 °C for 20 min. After melting the
yeast and glycerin mixture stored at —70 °C, 50 uL was added
to the sterilized YPD medium on the ultra-clean workbench,
and finally, the medium was placed in a shaking incubator at 30
°C for 12 h for shaking.

2.3.3.2. Fermentation. After melting the cryopreserved
enzymolysis solution, 75 mL was poured into a 300 mL
Erlenmeyer flask. Yeast (0.75 g), 1.5 g of glucose, 1.5 g of
peptone, and enzymatically purified rubber were added to the
Erlenmeyer flask. The Erlenmeyer flask was sterilized at 121 °C
for 20 min, and after sterilization, the seed solution that

accounts for 1.5% of the volume of the enzymolysis solution
was added to the Erlenmeyer flask on the ultra-clean
workbench. Finally, the Erlenmeyer flask was transferred to a
shaking incubator at 30 °C, and the rotation speed was
adjusted to 180 rpm for the anaerobic fermentation experi-
ment. During the fermentation process, the fermentation liquid
was taken at regular intervals to determine the growth of yeast
and the concentration of ethanol. After the fermentation was
completed, the purified rubber floating at the interface of the
fermentation liquid was collected.

2.3.3.3. Concentration Determination of Ethanol and
Yeast. A gas chromatograph (TRACE1300, Thermo Fisher
Scientific Co., Ltd., USA) equipped with a Porapack Q column
was used to determine the ethanol concentration. The column
temperature was 180 °C, the detection chamber temperature
was 180 °C, the gasification chamber temperature was 180 °C,
and the carrier gas hydrogen flow rate was 30 mL/min. The
ultra-micro spectrophotometer (model N60, Implen Co., Ltd.,
Germany) was used to evaluate the growth of yeast by
measuring the absorbance of the fermentation solution at 600
nm.

2.4. Determination of the Purity and Extraction
Efficiency of TKS Rubber. In this study, toluene was used
as a solvent to determine the purity of crude rubber. The
method was as follows: crude rubber and toluene were mixed
at 70 °C and stirred at 200 rpm for 24 h. TKS rubber was
filtered after completely dissolved. The undissolved material
remaining at 80 °C was dried and weighed in a vacuum oven
(DZF-6030, Shanghai Hecheng Instrument Manufacturing
Co., Ltd,, China). The formula for calculating the purity of
TKS rubber was as follows:

- m
=2 1% 100%
my

m
p=-2

P is the purity of TKS rubber, m, is the mass of crude TKS
rubber, and m, is the mass of the undissolved material.

The extraction efficiency of TKS rubber was defined as the
percentage of the mass of pure rubber and the mass of rubber
contained in the dry TKS root.

2.5. Characterization of TKS Rubber. 2.5.1. Pretreat-
ment Process Statistical Analysis. An orthogonal experiment
was used to analyze the results of the TKS roots pretreatment
process. Latin orthogonal analysis software was used to
perform range calculations and to judge and analyze the
primary and secondary factors that affect the experiment.

2.5.2. Scanning Electron Microscopy. Scanning electron
microscopy (S4800, Hitachi Co., Ltd., Japan) was used to
observe the dry TKS roots, and the test voltage was adjusted to
S kV. The dry TKS roots were put in liquid nitrogen for
freezing. Then, the freeze-dried TKS roots were sliced
horizontally and vertically respectively, and the thickness of
the slices was about 2 mm. SEM was also used to observe the
samples of dry TKS root before and after pretreatment.

2.5.3. Fourier Transform Infrared Spectroscopy. A dry
rubber sample was tested using the ATR test program in an
infrared spectrometer (Tensor 27, Bruker (Beijing) Technol-
ogy Co., Ltd., China). The test conditions were as follows: the
background scan 32 times and the sample scan 32 times. A
series of infrared spectra were collected in the range 400~4000
cm™! with a resolution of 4 cm™.

2.5.4. Nuclear Magnetic Resonance Spectrometry. The 'H
NMR spectrum (AV 400, Bruker (Beijing) Technology Co.,
Ltd., China) was used to analyze the molecular structure of the
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dry rubber. The test conditions were as follows: the sample
concentration is 10 mg/mL, and the scan was performed 400
times with a scan pulse of 4.8 s.

2.5.5. Gel Permeation Chromatography. Rubber (1 mg)
was weighed and dissolved in 2 mL of chromatographic pure
toluene to make a 0.5 mg/mL rubber—toluene solution. GPC
(1260 Infinity, Agilent (Beijing) Technology Co., Ltd., China)
was used to analyze the molecular weight and molecular weight
distribution of the rubber. The test conditions were the
toluene phase as the mobile phase, the flow rate was 1 mL/
min, and the injection volume was 10 yL. The temperature of
the column oven and detector was set to 30 °C.

2.5.6. Differential Scanning Calorimetry. Differential
scanning calorimetry (DSC) (STARe system, METTLER
TOLEDO, Switzerland) was used to detect and analyze the
glass transition temperature of rubber. DSC tests were
performed using 8 mg rubber samples under a nitrogen
atmosphere. The rubber samples were first scanned from 25 to
100 °C at a heating rate of 10 °C/min and held at 100 °C for 5
min to eliminate the thermal history of the samples and then
cooled the sample from 100 to —100 °C at a cooling rate of 10
°C/min and scanned a second time. After a 5 min hold, the
sample was reheated to 100 °C at a heating rate of 10 °C/min
and scanned a third time. The whole process was scanned
three times to get more accurate results.

2.5.7. Thermogravimetry Analysis. A thermogravimetric
analyzer (TG, STARe system, METTLER-TOLEDO Co., Ltd,,
Switzerland) was used to monitor the weight loss of the rubber
under heat, and it could reflect the ingredients and the content
of the rubber. In the nitrogen atmosphere, a 10 mg rubber
sample was raised from 25 to 800 °C at a rate of 10 °C/min
and then stopped.

3. RESULTS AND DISCUSSION

3.1. Dry TKS Root Morphology Observation. The dry
roots of TKS were brown and varied in shape, weight, length,
and width. As shown in Figure 2, their lengths and widths were

Figure 2. Dry TKS roots morphology and rubber drawing
phenomenon.

distributed between 80~200 mm and 30~100 mm. Their
weights are distributed between 10~50 g.24 As an herbaceous
plant, the TKS root was composed of main roots and lateral
roots of different thicknesses. Both main roots and lateral roots
were found to contain rubber, and their content was not
related to the type of root. After the root was broken, there
would be an obvious rubber thread drawing phenomenon.
Dry TKS root was usually composed of three parts from the
inside to the outside: root core, root flesh, and root bark
(Figure 3a). The adhesive force of rubber filaments and plant

tissues is clearly shown in Figure 3b. Increasing the
magnification made it easier to find that as the root bark and
root flesh were separated, the coagulated rubber in the laticifer
connected the two parts. The rubber filaments and the laticifer
cells were separated and were not bonded together (Figure
3c). This was because as a nonpolar molecule (cis-1,4-
polyisoprene), natural rubber was found in plants in the
form of latex in laticifers. Whereas laticifers are composed
primarily of cellulose,'® this polysaccharide with a lar§e
number of hydroxyl groups was a typical polar molecule.”
In the photograph of the longitudinal section of the root flesh
(Figure 3d), it was observed that the rubber filaments are
cylindrical, and the diameter of the rubber filaments was in the
range of 1 to 2 um. In the transverse and longitudinal sections
of the root core (Figure 3e,f), many honeycomb fiber bundle
tubes were visible, but the distribution of rubber filaments was
not found.

In summary, through the distribution of rubber in the dry
TKS roots, it could be found that the rubber filaments and the
laticifer would not stick together due to polar differences in
plant tissues (Figure 3c). This was because the rubber
filaments were nonpolar, and the contracted laticifer was
polar. Based on this, it should be very easy to extract rubber
from the roots of TKS. However, the physical entanglement of
rubber filaments and plant tissue increased the difficulty of
separating rubber from the TKS root tissue. When extracting
rubber, the binding force between plant tissue and rubber
needed to be broken, but the adhesion of plant tissue cannot
be avoided. Many small plant tissue fragments attached to the
surface of the rubber filaments (Figure 3d) also confirmed this
phenomenon.

3.2. Chemical Composition Analysis of Dry TKS Root.
The composition of TKS dry roots has been determined in
previous research by our group.”® Soxhlet extraction was used
to determine the content of water-soluble molecules, pigments,
resins, and rubber. The NREL>” (National Renewable Energy
Laboratory) method was used to determine the content of
cellulose, hemicellulose, lignin, and ash. The HPLC (high-
performance liquid chromatography) method™® was used to
determine the content of inulin and to reduce sugar in water-
soluble molecules. In this article, the composition of water-
soluble molecules and hemicellulose has been refined. The
specific determination method was not repeated””** here; only
the results were explained. The proportion of each component
is shown in Table 1. The rubber content accounts for about 4%
of the total weight of dry root.

The average content of water-soluble molecules was 26%,
the content of inulin was approximately 22%, and the content
of reducing sugar was approximately 4%. A large amount of
inulin in the roots of TKS indicated that TKS had huge market
potential in the food and pharmaceutical fields, and the
production cost of TKS rubber would be reduced. The average
content of pigments, resins, and rubbers was 10, 13, and 4%,
respectively. The total amount of lignin and total cellulose
accounted for about 40% of the dry root content, of which the
average lignin content was 20%. The total amount of total
cellulose was about 20%, of which the average content of
cellulose was 13% and the average content of hemicellulose
was 7%. The roots of TKS contained a lot of woody structures,
so weakening cellulose-based plant tissue became one of the
goals of the rubber extraction process below. At the same time,
enriching the cellulose content made it easier to prepare
bioethanol. The average ash content was 4%, which showed
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Figure 3. SEM images of TKS root slices (a, b, and c are transverse slices of a lateral root; b and c are amplification of the root flesh; d is the
longitudinal slice of root flesh; e and f are the transverse and longitudinal slices of the root core, respectively).

Table 1. Chemical

Composition of Dry TKS Root

inulin reducing sugar pigment resin rubber cellulose hemicellulose lignin ash
content 22% 4% 10% 13% 4% 13% 7% 20% 4%
20 18
(a) (b)
sk ~17}
3 3
= =
<16 21
g £
4 -
S
s l4r €
S S
3 314t
st S
= =
© C13f
10
1 L ' L ' 1 L 12 1 'l L 1 1
60 80 100 120 140 160 180 15 30 45 60 75
Temperature (°C) Time (min)
(c) (d)
3 17 317 L
) 3
E s
S 16} Z16}
£ £
= =
g g
§ 15k § 15F
¥ ¥
8 g
2l ERT
C c
13 N . L . . 13 N A N . L
1:5 1:7 1:9 1:11 1:13 0.5 15 2.5 35 4.5

Material-liquid ratios (g/mL)

Figure 4. Pretreatment experiment operation steps.

Acid concentration (%)

that the results in this article were reasonable and the data were

credible.

3.3. Study of the Extraction Process of TKS Latex.
Cellulose was one of the sugar sources for preparing biofuel
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ethanol. The composition analysis above showed that TKS
root contains 13% cellulose and 7% hemicellulose, so ethanol,
a by-product, would be prepared while extracting TKS rubber.
Inulin could also be used as a raw material for ethanol
fermentation, but considering that the value of inulin was
higher than that of ethanol, crude inulin would be directly
extracted as a raw material for purification. This research was
aimed at the extraction of rubber and the fermentation of
cellulose—ethanol, so the purification of inulin would not be
expanded on in this article, and the SEM analysis showed that
the rubber and plant tissues were entangled with each other.
Therefore, the process idea is to first destroy the dense
structure of lignocellulose in TKS through pretreatment so that
the cellulose can be removed from the protection of lignin so
that the exposed cellulose can have a good enzymatic
hydrolysis effect. The purity of the rubber harvested after the
TKS pretreatment is improved and ethanol is prepared in the
process; finally, we can obtain high-purity rubber products and
also harvest the by-product biofuel ethanol. The plant residues
can also be used to make fertilizers to reduce process costs in
rubber production. The established gum extraction process
route is mainly divided into three links, namely, the
pretreatment process of TKS, the enzymatic hydrolysis process,
and the fermentation process.

3.3.1. Pretreatment Process. Studies have shown that dilute
sulfuric acid could break the glycosidic bonds between
hemicellulose. Therefore, dilute sulfuric acid was used to
destroy the dense lignocellulose structure of the root of TKS so
that the fiber bundle skeleton was exposed, which facilitated
the full contact between cellulose and cellulase and increased
the yield of by-product ethanol. Besides, the pretreatment
process can make the root rubber get rid of the binding of
nonrubber plant tissue to the greatest extent.

The four influencing factors of temperature (T), pretreat-
ment time (PT), material-liquid ratio (M/L), and acid
concentration (AC) would be analyzed and optimized in the
pretreatment process. The sample after the pretreatment was
subjected to an enzyme degradation experiment, and the sugar
concentration of the enzymatic hydrolysate was sampled three
times for determination. The average value of the sugar
concentration was used as a criterion for evaluating the effect
of the pretreatment process. The initial conditions of the
pretreatment process were as follows: T = 120 °C, PT = 4§
min, M/L = 1:11 (g/mL), and AC = 2.5%. Each condition was
optimized and analyzed below. Finally, orthogonal experiments
were used to determine the optimal pretreatment process
parameters.

3.3.1.1. Influence and Optimization Temperature. The
initial conditions of this group of experiments were as follows:
PT = 45 min, M/L = 1:11 (g/mL), AC = 2.5%, and the
temperature (T) was set as a variable. The experimental results
are shown in Figure 4a. When the temperature was within
60~150 °C, the sugar concentration of the enzymatic
hydrolysate gradually increased with the increase in temper-
ature. When the temperature exceeded 150 °C, the sugar
concentration in the enzymatic hydrolysate showed a down-
ward trend. This was because TKS roots produced some
substances that inhibited cellulase at high temperatures. When
the temperature was too low, the lignocellulose network
structure in the root of TKS cannot be completely broken, so
the cellulose component cannot be fully degraded and the
sugar concentration was low. Therefore, according to the
results of the single-factor experiment, T = 120~160 °C was

selected as the temperature range of the subsequent orthogonal
experiment.

3.3.1.2. Influence and Optimization Pretreatment Time.
The initial conditions of this group of experiments were as
follows: T = 120 °C, M/L = 1:11 (g/mL), AC = 2.5%, and the
pretreatment time (PT) was set as a variable. The experimental
results are shown in Figure 4b. When the time was within
15~45 min, as the reaction time increased, the sugar
concentration in the enzyme degradation solution gradually
increased. When the reaction time exceeded 45 min, the sugar
concentration showed a slow downward trend. This was
because, as the reaction time prolonged, part of the cellulose
component of the TKS root was decomposed by dilute acid,
which caused the sugar concentration in the enzyme
degradation solution to decrease. Also, if the reaction time
was too short, the root hemicellulose cannot be fully
decomposed and the sugar concentration would be low; if
the reaction time was too long, some cellulose components
would be degraded, which would also reduce the sugar
concentration. Therefore, according to the results of the single-
factor experiment, PT = 30~60 min was selected as the time
range of the subsequent orthogonal experiment.

3.3.1.3. Influence and Optimization of the Material-to-
Liquid Ratio. The initial conditions of this group of
experiments were as follows: T = 120 °C, PT = 45 min, AC
= 2.5%, and the material-liquid ratio (M/L) was set as a
variable. The experimental results are shown in Figure 4c.
When the ratio of material to liquid was lower than 1:9, as the
solution gradually increased, the sugar concentration also
gradually increased. The sugar concentration started to
decrease when the solid—liquid ratio exceeded 1:11. When
the feed liquid was relatively low, the insufficient reaction of
TKS roots with dilute acid would lower the sugar
concentration. Too high a material-to-liquid ratio would also
reduce the sugar concentration because the TKS roots and the
solution might be in full contact, which might lead to the
degradation of some cellulose components. When the material-
to-liquid ratio was greater than 1:9, the difference in sugar
concentration in the enzymatic hydrolysis solution was small,
and too much solution would increase the consumption of
water resources, increasing the amount of wastewater.
Therefore, according to the results of the single-factor
experiment, M/L = 1:5~1:9 was selected as the range of the
subsequent orthogonal experiment.

3.3.1.4. Influence and Optimization of Acid Concen-
tration. The initial conditions of this group of experiments
were as follows: T = 120 °C, PT = 45 min, M/L = 1:11, and
the acid concentration (AC) was set as a variable.”” The
experimental results are shown in Figure 4c. When the acid
concentration was lower than 2.5%, as the acid concentration
increased, the sugar concentration in the enzymatic hydrolysis
solution increased. When the acid concentration exceeded
2.5%, the sugar concentration showed a slow downward trend.
This was because the cellulose component of the TKS root was
removed by excessive acid, which caused the sugar
concentration to decrease. When the acid concentration was
too low, the root reaction was not sufficient, which made the
cellulose components in the lignocellulose network structure
not completely exposed, resulting in a low sugar concentration.
When the acid concentration was too high, it would cause the
degradation of some cellulose components, which also led to a
decrease in the sugar concentration. Therefore, according to
the results of the single-factor experiment, AC = 1~3% was
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Table 2. Orthogonal Experiment Results and Range Analysis®

experimental indicators T (°C) PT (min)

O] 120 30

©] 120 45

® 120 60

©] 140 30

® 140 45

©® 140 60

@ 160 30

160 45

©] 160 60

mean and range of rubber purity K1 87.55 89.57
K2 85.42 85.70
K3 84.22 81.90
R 3.33 7.67

mean and range of sugar concentration K1 13.38 13.44
K2 14.53 13.08
K3 12.94 14.32
R 1.59 1.24

M/L (g/mL) AC (%) rubber purity (%) sugar concentration (g/L)
1:5 1 88.28 10.52
1.7 2 89.33 12.46
1:9 3 84.99 17.1§
1.7 3 87.68 15.56
1:9 1 84.88 13.67
1:5 2 83.69 14.38
1:9 2 92.7§ 14.25
1:5 3 82.88 13.12
1.7 1 77.02 11.45
84.95 83.39 order of impact levels: PT > AC > T > M/L
84.68 88.59
87.54 85.18
2.86 5.20
12.67 11.88 order of impact levels: AC > M/L > T > PT
13.16 13.70
15.02 15.28
2.35 3.40

“Note that K1, K2, and K3 are the average values; R is the extreme difference range.

Figure S. SEM images of dry TKS roots before and after pretreatment (a is before pretreatment, b is after pretreatment).

selected as the acid concentration range of the subsequent
orthogonal experiment.

3.3.1.5. Analysis and Optimization of the Results of
Orthogonal Experiments. According to the processing results
of the single-factor experiment above, sugar concentration and
crude rubber purity were used as experimental indicators to
carry out a four-factor and three-level orthogonal experiment.
The results are shown in Table 2.

The results of the orthogonal experiment and range analysis
of the TKS root pretreatment process are shown in Table 2.
The primary and secondary order of the influencing factors of
rubber purity was PT > AC > T > M/L, which showed that the
best process parameters for rubber purity were T = 120 °C, PT
= 30 min, M/L = 1.9, and AC = 2%. The primary and
secondary order of the influencing factors of sugar concen-
tration was AC > M/L > T > PT, which showed that the best
process parameters for sugar concentration were T = 140 °C,
PT = 60 min, M/L = 1:9, and AC = 3%. The optimal
parameter combinations corresponding to the two exper-
imental indicators were inconsistent, so the comprehensive
balance method was used to determine the optimal value of
each factor. When the temperature was T = 120 °C, the purity
of rubber was increased by 2.49% compared with that when T
= 140 °C, and the sugar concentration was decreased by 7.91%
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compared with that when T = 140 °C. The decreased sugar
concentration was much greater than the increased rubber
purity, so T = 140 °C was determined as the optimal
temperature. Comparing the two average values, the pretreat-
ment time was the primary factor affecting the purity of the
rubber and the second factor affecting the sugar concentration,
so PT = 30 min was selected as the best pretreatment time.
The effect of the material-liquid ratio was the same for the two
experimental indicators, so M/L = 1:9 was selected as the best
material-liquid ratio. AC = 2 and 3% were the best acid
concentration parameters under the two experimental
indicators. The acid concentration was the primary factor
that affected the sugar concentration and the second factor that
affected the purity of the rubber, so AC = 3% was selected as
the optimal acid concentration. The process of alkaline
pretreatment was mentioned in Cornish’s article: roots were
washed, cut into small pieces (20—40 mm), and dried in a 4
°C oven. TKS roots (50 g) were mixed with 500 mL of 10%
NaOH (pH 7) and boiled in a water bath at 100 °C for 35 min
to loosen the lignocellulosic components and extracted the
inulin. In the orthogonal experiment, the ratio of solid to liquid
and the concentration of sugar were explored, and a more
suitable pretreatment method was obtained, which improved
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the extraction yield and purity, which was also one of the
innovations of this study.

In summary, the optimal pretreatment process parameter
combination of TKS roots was determined as T = 140 °C, PT
=30 min, M/L = 1:9, and AC = 3%. The final rubber purity of
the best pretreatment process was 90.1%, and the rubber
extraction efficiency was between 65.2 and 75.7%. Compared
with the traditional solvent method, the rubber purity of the
pretreatment process needs to be further improved.

3.3.1.6. SEM Observation of Pretreatment Samples. The
SEM photographs before and after pretreatment are shown in
Figure 5. The dense lignocellulose structure of the TKS root
was destroyed after pretreatment, leaving the fiber bundle
skeleton contained inside exposed. Therefore, the enzymatic
degradation effect would be significantly improved after the
pretreatment process, and it was also beneficial to the
purification of crude rubber.

3.3.2. Analysis and Optimization of the Enzyme
Degradation Process. Crude rubber and solid residues were
obtained after the pretreatment process was completed. The
main components of crude rubber include rubber and plant
tissues attached to the rubber, which were mainly composed of
lignocellulose. Considering that cellulase had a degrading effect
on plant tissues, the solid residue and crude rubber were
further degraded to purify the crude rubber and ferment to
prepare sugar liquid. Cellulase mainly acted on cellulose and
hemicellulose in crude rubber and cellulose in solid residues. In
the enzyme degradation experiment, the sugar concentration in
the enzyme degradation solution was measured at intervals.

Figure 6 represents the change curve of the sugar
concentration in the enzyme degradation solution over time.
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Figure 6. Relationship between glucose concentration and enzyme
degradation time.

Within 0—24 h, the enzyme degradation time increased
significantly with the increase of sugar concentration; when the
enzyme degradation time reached 24 h, the sugar concen-
tration reached the maximum. When the enzyme degradation
time exceeded 12 h, the sugar concentration almost tended to a
stable state, and the sugar concentration had a slight downward
trend with the extension of the enzyme degradation time. This
might be due to the degradation of some monosaccharides
produced during the enzymatic hydrolysis process, resulting in
a slight decrease in sugar concentration. Therefore, due to time
cost considerations, 12 h was considered the best time for the
enzyme degradation process, which would also greatly shorten
the time for TKS rubber extraction. After measurement, the
purity of TKS rubber was up to 93.8%, which was 4.1% higher

than the pretreatment process. This was because cellulase had
a degrading effect on impurities and the impurities in crude
rubber were shaken off in an aqueous environment, resulting in
increased rubber purity. The TKS rubber floating on the
surface of the enzyme degradation solution was collected and
dried and weighed. Compared with the pretreatment process,
the yield of the TKS rubber prepared by the enzyme
degradation process increased by 2.1%. This was because the
small amount of rubber embedded in the solid residue was
released during the enzymatic degradation process.

3.3.3. Fermentation Process. 3.3.3.1. Determination of
Yeast Growth. To explore the influence of rubber on ethanol
yield during fermentation, a separate enzymatic degradation
solution (TY1) and an enzymatic degradation solution added
with rubber (TY2) were selected as fermentation substrates.
The enzyme degradation liquid and rubber are both collected
in the enzyme degradation process and the fermentation
conditions of the two substrates were the same. The growth of
yeast in the two fermentation solutions was measured at
intervals. The growth of yeast is shown in Figure 7a With the
increase in fermentation time, the concentration of yeasts in
the two fermentation solutions increased significantly and
decreased slightly in the later stages of fermentation. The
growth rate of yeast in TY1 was higher than that in TY2. This
was because rubber had an inhibitory effect on the growth of
yeasts, resulting in more severe conditions for yeast activities.

3.3.3.2. Extraction of Rubber and Preparation of Ethanol.
The change curve of ethanol content with fermentation time is
shown in Figure 7b. Within 24 h of fermentation, the ethanol
concentration stabilized, which also indicated that 24 h can be
used as the best fermentation time. The ethanol content in the
late fermentation period decreased significantly, which might
be due to the volatile nature of ethanol that caused the ethanol
in the fermentation bottle to volatilize during sampling and
determination. Or because in the late fermentation stage,
ethanol was consumed as a nutrient by the life activities of
yeast, resulting in a decrease in ethanol content. According to
calculations, the highest yield of ethanol in the rubber
extraction process was 2.05% (100 g of TKS dry roots
produced 2.05 g of ethanol).

After fermentation, the purity of the harvested rubber can
reach up to 95.54%, which was improved compared to the
purity of the rubber harvested by the enzyme degradation
process. Considering that the lignocellulose doped in rubber
cannot be decomposed by yeast, this slight increase might be
caused by two reasons. There were fine particles at the bottom
of the flask used in the fermentation process, which might be
caused by the mechanical vibration. This led to an increase in
the purity of the rubber. The second reason was that as Figure
7b shows, after 36 h of fermentation, the ethanol content in
TY2 was higher than that in TY1. Figure 6 also shows that the
growth rate of yeast in TY1 was much higher than that in TY2.
This indicated that in the late fermentation stage, the
nonrubber components in the rubber were consumed by the
life activities of yeasts, increasing rubber purity. To verify this
statement, the enzymatically degraded rubber was placed in
deionized water for the same time as the fermentation solution
with rubber added in a shaking incubator. The results showed
that the highest rubber purity in deionized water was 94.03%,
which was lower than the rubber purity in the fermentation
solution. Therefore, this explanation can be established in
theory, but its mechanism has not yet been proven.
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Figure 7. (a) Growth of yeast in TY1 and TY2 with fermentation time and (b) curves of ethanol concentration with fermentation time in TYI and

TY2.

Figure 8. TKS rubber and its SEM images.
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3.3.4. Observation of the Appearance of TKS Rubber. The
TKS rubber prepared by the ME process is shown in Figure 8a.
The surface of the rubber was black with a few impurities. To
further understand the form of accumulation of these
impurities, the TKS rubber was subjected to scanning electron
microscopy (SEM). As shown in Figure 8b, a large number of
micron-sized fine particles were predominantly widely
distributed on the surface of the rubber. These impurities are
mainly composed of fine lignocellulosic structures embedded
in the rubber in the form of particles. Similar to black liquor
(BL), the main components of impurities are lignin, cellulose,
and hemicellulose,” and some phenolics can cause blackening
of dandelion rubber during processing.’® Although these
impurities decreased the purity of the rubber, small-sized
agro-industrial residues have been shown to reinforce the
rubber in terms of mechanical properties.”’ Thus, microscopic
impurities were used as fillers, which might also improve the
mechanical properties of TKS rubber and increased its value in
use.

3.3.5. Optimized Route of the TKS Latex Extraction
Process. A complete rubber extraction process was established
and drawn in Figure 9 and named microbial extraction process,
ME process in “brief”. The enzyme digestion and extraction
process of TKS rubber had been mentioned and developed in
many studies. However, related research involving the analysis
and optimization of process-influencing factors was not
common. Divided into three subprocesses, the "ME" process
comprehensively analyzed and optimized multiple factors
affecting rubber purity. Besides, the extraction of by-products

24193

had also been preliminarily explored in this article, to provide
ideas for future research, while saving the cost of industrial
production.

In summary, the optimized process conditions of "ME” were
determined, and the optimal parameters of the pretreatment
process are T = 140 °C, PT = 30 min, M/L = 1:9, and AC =
3%. The optimal processing time of the enzyme degradation
process and fermentation processes were 12 and 24 h,
respectively. Satisfying the above conditions can make the
rubber purity and ethanol yield reach 95.54 and 2.05%,
respectively, which may promote the industrial development of
TKS rubber extraction.

3.4. Characterization of TKS Rubber. 3.4.1. Compara-
tive Analysis of Molecular Weight and Molecular Weight
Distribution. As shown in Table 3, the molecular weights of
TKS rubber and commercial natural rubber were measured.
The test results showed that the TKS rubber extracted by the
"ME" process had a similar or higher molecular weight and
molecular weight distribution index to natural rubber. This
indicated that the operations included in the "ME” process,
such as root smashing, dilute acid treatment, enzyme
degradation, and fermentation, had little adverse effects on
the quality of rubber. Therefore, the TKS rubber obtained by
this process was considered to have a certain use value.

3.4.2. Comparative Analysis of the Molecular Structure of
TKS Rubber. The TKS rubber and NR extracted by the ME
process were tested by FTIR spectroscopy. As shown in Figure
10, the FTIR spectra of the two rubbers showed similar
characteristic bands. Among them, 835*% cm™! was the
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Figure 9. Optimized "ME" process route.

Table 3. Molecular Weight of TKS Rubber and Natural
Rubber

samples M, (x10°) M, (x10°) M,/M,
TKS rubber 1.88 1.42 1.34
NR 1.80 1.40 1.29

Absorbance Units

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wave numhcr(cm")

Figure 10. FTIR spectrum of TKS rubber and Hevea.

characteristic vibration peak of natural rubber skeleton
stretching. The deformation vibration peak of the —CHj,
group was 1380°° cm™!. The bending vibration peak of
—CH, was 1450°* cm™. The stretching vibration peak of the
C=C double bond was 1663** cm™, all of which showed the
characteristics of cis-1,4-polyisoprene. By analyzing the groups
represented by the above characteristic peaks, it can be

considered that the structures of the two rubber were basically
the same and the extracted product was indeed TKS rubber.

Natural rubber contains non-isoprene components such as
proteins and lipids. The main absorption peaks of the infrared
spectrum of protein in natural rubber were at 3280, 1630, and
1540° cm™", which are the vibrational absorption of N—H
bonds, amides I and II, respectively. A shift of the amine
absorgtion band was observed in the two rubber around
3350°° cm™!, which coincided with the stretching vibration
peak of —OH in water molecules. The amide I peak in TKS
rubber shifted to around 1663 cm™, which overlapped with
the C=C stretching vibration absorption peak. The amide II
band at 1540 cm™ in TKS rubber was observed. In the lipid
absorption region of natural rubber, the 1711°° cm™ bands
were associated with carboxyl groups; the second carbonyl
stretching band 1743** cm™ was related to ester groups. The
lack of protein and phospholipid peaks in the commercial NR
might be caused by too little content. This was because NR
was prepared by acid coagulation, and some proteins and lipids
may be lost with the wastewater, so the remaining content was
not enough to be measured by spectroscopy. In short, the
difference between the two infrared spectral information bands
had no significant effect on the structure and properties of TKS
rubber, which made the extracted TKS rubber have a certain
commercial value.

"H NMR spectra of TKS rubber and NR are shown in Figure
11 The cis —CH; peak, —CH, peak, and —CH peaks in the two
rubbers successively appeared at the chemical shifts of 1.75,
2.05, and $.15 ppm, respectively,”” which indicated that the
basic structure of TKS rubber was consistent with NR, and its
molecular chain contained CPI structural units. The peak
shapes of the two rubbers were similar. Compared with NR,
there was little difference between the two, which was the
same. Also, it can be seen from the FTIR and NMR analysis
that the ME process would basically not damage the molecular
structure of the rubber and negatively affected the performance
of the TKS rubber.

3.4.3. Thermal Properties of TKS Rubber. TKS rubber and
NR were tested by TGA and DSC to determine their thermal
properties. Figure 12a shows the TG curves of the two rubbers.
TKS rubber and NR started to decompose at about 230 and
250 °C, respectively. When the temperature was around 380
°C, the decomposition rate of the two reached the maximum.
The thermal decomposition of the two ended almost
simultaneously when the temperature was about 500 °C.
During the whole process, the decomposition rate of TKS
rubber was lower than that of NR. This was because the
impurities in TKS rubber made the structure of TKS rubber
denser than NR, which made the decomposition of TKS
rubber more difficult. It can be seen from the figure that part of
the weight loss of TKS rubber had occurred before the weight
loss of NR. This was because nonrubber components such as
lignin and resin remained inside the rubber. After the
decomposition was complete, the ash content of TKS rubber
was significantly higher than that of NR, which was because the
impurities contained in it had more inorganic components.

The DSC heating curve of the two rubbers is shown in
Figure 12b. For these two samples, the glass transition
temperatures (Tg) measured by DSC were similar to about
—60 °C. In short, the decomposition process and glass
transition temperature of TKS rubber are the same as those of
NR, which also showed that TKS rubber and natural rubber
have similar thermal properties. The lower T, might be
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Figure 12. TGA curve (a) and DSC heating curve (b) of TKS rubber and Hevea.
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beneficial to the application of TKS rubber at low temper-
atures.

3.4.4. Mechanical Properties of TKS Rubber. Figure 13
shows the stress—strain curves of TKS rubber and NR. In both
vulcanized and unvulcanized NR, the mechanism of SIC was
thought to be that the short chains between the network
crosslinking points are fully stretched and become the oriented
crystal nuclei. The coiled chains around them were then
partially aligned parallel to the nucleus to form a highly
oriented crystallite.**~** Unlike NR, unvulcanized TKS rubber
did not exhibit the SIC phenomenon. When both rubbers were
purified with acetone under the same conditions and
vulcanized, TKS rubber exhibited mechanical properties and
SIC comparable to NR. The reason for the inability of raw
TKS rubber to exhibit SIC might be that it did not form a
natural cross-linked network and cannot form an oriented
nucleus. Besides, TKS rubber had very high elongation at
break, good processability, and soft texture, so it was very
suitable for snow tire manufacturing.
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4. CONCLUSIONS

The morphological characteristics of TKS dry roots were
studied. As a result, it was found that many tiny plant tissue
debris adhered to the rubber at the roots, which was one of the
difficulties in limiting the improvement of rubber purity. The
chemical composition of TKS dried roots was determined. The
results showed that inulin was the main water-soluble
substance of TKS roots, accounting for 22% of the dry root
mass, and lignocellulose was the most abundant impurity
(40%). Cellulose was the substrate to produce biofuel ethanol
by fermentation, so the microbial extraction process ("ME”
process) that simultaneously produces ethanol was proposed
to be optimized. The final purity of TKS rubber can reach
95.54%, and the productivity of ethanol can reach about 2.1%.
The purity of the rubber obtained by this process was relatively
high, and it is considered that it can effectively reduce the
finished products of industrial production. The performance of
the rubber harvested by the "ME” process was characterized.
The results showed that the molecular weight of TKS rubber
reached the commercial NR molecular weight standard and its
chemical structure and thermal properties were close to NR,
which could replace NR to a certain extent. There were still
lignocellulosic impurities with a particle size of micrometers in
the rubber, and these impurities were used as fillers to have
little effect on rubber quality. In the future, more diverse TKS
rubber extraction technologies needed to be developed to
make more effective use of impurities such as inulin and
lignocellulose.
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