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Abstract

To make full use of cornstalks from biomass waste, a green method for producing high value-added

chemical products like organic acid with nickel oxide (NiO) as a solid oxidant was studied. The results

show that the liquid product contains formic acid, lactic acid, pyruvic acid, oxalic acid and fumaric acid,

etc. The yield of lactic acid was studied primarily. It was found that when the dosage of NiO is 3.5 mmol,

the concentration of NaOH is 3 M, the reaction temperature is 230°C and the reaction time is 3 hours,

the yield of lactic reached 15.3%. In addition, the principles behind the conversion of cornstalks into

organic acid with NiO was preliminary discussed. These results can offer a new method of developing

a sustainable way for the efficient utilization of biomass waste.

Keywords: catalytic oxidation, cornstalks, biomass waste, organic acid

Introduction

Lactic acid is an important chemical product,
which is widely used in food, medicine and industry.
The main industrial methods of production of lactic acid
are synthesis and fermentation, but both of them have
disadvantages. Fermentation consumes grain and has
a long product cycle, while the consumption of fossil
fuels in synthesis not only contributes to greenhouse gas
emissions [1-5], but also exacerbates the energy crisis
[6-8]. In order to make up for the deficiencies of these
two methods and to realize sustainable development,
green production methods need to be explored.

Biomass is a renewable carbon-neutral clean energy
source and can be used as an alternative to traditional
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fossil energy [9-11]. China is capable of producing
about 1.04 billion tons of straw biomass every year
[12], and straw biomass’ utilization prospects are
very broad. The main component of crop straw is
cellulose and lignin, and utilization can be realized
through a variety of technologies [13], such as thermal
degradation and enzymatic fermentation technology.
Insoluble organic compounds such as cellulose become
soluble in high-temperature water (HTW) because
they have large ion products and weak hydrogen bonds
[14-17]. The main hydrolytic products of cellulose in
high-temperature water include erythrose, glucose,
fructose, dihydroxyacetone and oligosaccharides [18].
When metal oxides and alkaline catalysts are added,
the hydrolysates of cellulose can be transformed into
high-value chemical products such as formic acid,
lactic acid and acetic acid [19, 20]. Therefore, compared
with traditional technology for cellulose utilization,
hydrothermal technology has more advantages
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in the production of high value-added chemical
products.

Studies have shown that CuO can convert biomass
such as microalgae and cellulose into organic acids
such as formic acid, acetic acid and lactic acid under
hydrothermal conditions, and that NiO can also convert
cellulose into organic acids such as formic acid,
acetic acid and lactic acid [5, 21, 22]. However, the
present study mainly investigates the reduction effect
of cellulose by NiO under hydrothermal conditions.
The process of cellulose conversion to organic acids
is not deeply studied. And this is also true for the
conversion of straw biomass waste to organic acids.
Therefore, this paper discusses the conversion of
biomass waste containing cellulose or glucose into
organic acids such as lactic acid, a chemical product
with high added value, under hydrothermal conditions,
and obtain the highest yield and optimal reaction
conditions of organic acids, so as to realize efficient
utilization of biomass waste and provide a new green
and environmental protective method for the preparation
of organic acids such as lactic acid.

Experimental
Experimental Materials

The phosphoric acid (>85%), nickel oxide (>98.0%),
formic acid (>98.0%), oxalic acid (>99.5%), fumaric
acid (>99.0%) and pyruvic acid (>98.5%) used in this
experiment were purchased from Sinopharm Chemical
Reagents Co., Ltd. Sodium hydroxide (>96.0%),
concentrated sulfuric acid (95.0%-98.0%), anhydrous
sodium sulfate (>99.8%), sodium chloride (>99.5%)
and methylene chloride (>99.5%) were purchased from
Xilong Scientific Co., Ltd. Methanol (>99.9%) was
purchased from CINC High Purity Solvents (Shanghai)
Co., Ltd. Lactic acid (I M) was purchased from
Sigma Aldrich (Shanghai) Trading Co., Ltd. Corn straw
was taken from the farmland of Lujiang experimental
station of Anhui Agricultural University (Anhui,
China). None of the reagents used in the experiment
were purified.

Experimental Procedure

All experiments were performed in a teflon lined
stainless steel batch reactor (30 ml, Wuxi Nanfang
Seiko automobile maintenance machinery factory,
China) with an internal volume of 27 mL. Reagents
such as NaOH, NiO, corn straw powder passing
80 mesh sieve (mesh size: 0.18 mm, Zhejiang Shangyu

Table 1. Content of various elements in cornstalks.

Jinding standard sieve factory, China) and water
(10 mL) were added to a sealed reactor. And then
the reactor was put into an oven (DHG-9078A, Shanghai
Jinghong Experimental Equipment Co., Ltd., China)
preheated to the required temperature for reaction.
After the reaction reached the set time, the reactor
was taken out and cooled to room temperature, finally
solid and liquid samples were collected. The liquid
samples were filtered by 0.22 um membrane and were
conducted high performance-liquid chromatography
(HPLC) analysis, and gas chromatography-mass
spectrometry (GC-MS) (Trace GCHITQ 1100, Thermo
Fisher, USA) analysis next. Besides, the solid samples
were conducted X-ray diffractometer (XRD) (XD-2/3,
Beijing puxie General Instrument Co., Ltd., China)
analysis. A fully automatic element analyzer (Vario EL
Cube, German element analysis system, Germany) was
used for element analysis of corn straw.

Product Analysis

The concentration of lactic acid was determined by
a high-performance liquid chromatograph (STI-501,
Sage Technology (Hangzhou, China) Co., Ltd.) equipped
with 2 Shodex KC811 chromatographic columns
in series and UV detector. H3PO4 (0.1%) was used as
the carrier with a flow rate of 1.0 mL/min. The sample
injection volume was 20 pL and column temperature
was 50°C. The liquid samples were analyzed by GC-MS
after esterfying with sulfuric acid-methanol solution
[20]. The solid samples were analyzed by XRD after
washing with water and ethanol and then dried [20].
As for the eclemental analysis of cornstalks, which
was conducted by fully automatic element analyzer,
the sample injection volume was 5 mg, the temperature
was 950°C and detecting time was 90 s. The relative
deviation of C, H and N were <0.1%. Contents of main
elements are shown in Table 1.

The yield of organic acid is defined as the percentage
of the carbon amount of some organic acid in the liquid
mixture to the total carbon amount of the added straw:

carbon amount in lactic acid in liquid mixture after reaction
yield(%) =

X 100%
total carbon amount in added straw !

Results and Discussion

Effect of NaOH Concentration on Cornstalks
Conversion to Lactic Acid

Fig. 1 shows the effect of NaOH concentration on
cornstalks conversion to lactic acid. With the increase

N (%) C (%)

H (%)

C/N C/H

0.862 43.627

5.989

50.611 7.285
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Fig. 1. Effect of NaOH concentration on cornstalks conversion to
lactic acid (3 h, 1.2 g cornstalks, 3 mol/L NaOH).

of NaOH, the yield of lactic acid shows a trend
of increasing at first and then decreasing. When NaOH
is not added, the yield of lactic acid is the lowest,
which is 1.0%. When the concentration of NaOH
increases from 0 to 3 mol/L, the yields of lactic acid
are highest, which is 12.6%. The increment is 11.6%.
But if the concentration of NaOH continues to increase
to 4 mol/L, the yields of lactic acid drop to 8.9%
instead. It means that the presence of alkaline (OH-)
can enhance the oxidation of chlorella to lactic acid in
a certain range. However, if the concentration of
alkaline is too high, the conversion may be inhibited.
Because it has been shown that excessive NaOH
will lead to further degradation of organic acids [10,
23, 24].

Effect of NiO Concentration on Cornstalks
Conversion to Lactic Acid

As shown in Fig. 2, With the increase of NiO,
the yield of lactic acid shows a trend of increasing at
first and then decreasing too. When the concentration
of NiO increases from 2.5 to 3.5 mol/L, the yields of
lactic acid increased from 13.9% to 15.3%, indicating
appropriate amount of NiO can promote the conversion
of cornstalks to lactic acid. By the XRD analysis
shown by Fig. 3, it is found that only NiO is present
in the solid sample after reaction, confirming
the valence state of nickel oxide does not change
before and after the reaction. In addition, there are lots
of studies indicate that NiO can be used as catalysts
for many organic transformation reactions [25-28].
Therefore, NiO may play an important role as catalyst
in the process of this reaction. It can catalyze corn
straws into lactic acid and other organic acids under
hydrothermal condition.

Fig. 2. Effect of NiO concentration on cornstalks conversion to
lactic acid (3 h, 230°C, 1.2 g cornstalks, 3 mol/L NaOH).

Effect of Reaction Temperature on Cornstalks
Conversion to Lactic Acid

Fig. 4 illustrates the effect of reaction temperature
on cornstalks conversion to lactic acid. With the
increase of temperature, the yield of lactic acid
showed a trend of gradual increase. When the
reaction temperature is 180°C, the lactic acid yield
is 8.3%, when the temperature is increased to 230°C,
the lactic acid yield is 15.3%, which is an increase
of 7.0% compared with 180°C. When the reaction
temperature was increased to 250°C, the lactic acid
yield was 16.6%, which was 8.3% higher than that at
180°C. As the temperature increases, the lactic acid
yield gradually increases. The reason may be that
the increase of temperature promotes the conversion
of corn straw to lactic acid catalyzed by NiO. What’s
more, the main component of corn straws is cellulose.
As the temperature increases, the solubility and

@ NiO
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Fig. 3. XRD pattern of solid sample after the reaction of chlorella
with NiO (3 h, 230°C, 1.2 g cornstalks, 3 mol/L NaOH).
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Fig. 4. Effect of reaction temperature on cornstalks conversion to
lactic acid (3 h, 1.2 g cornstalks, 3 mol/L NaOH, 3.5 mmol NiO).
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Fig. 5. Effect of reaction time on cornstalks conversion to lactic
acid (1.2 g cornstalks, 3 mol/L NaOH, 3.5 mmol NiO).

degradation of cellulose also increase [29]. It can also
be seen from Fig. 4 that when the temperature increases
from 230°C to 250°C, the temperature increases by 20°C,
while the yield of lactic acid increases by only 1.3%.
Therefore, from the perspective of energy utilization,
230°C is the appropriate reaction temperature for
the conversion of corn straw to lactic acid.

Retention time ( min )

Fig. 6. HPLC chromatograms of liquid samples in the presence
of NiO (3 h, 230°C, 1.2 g cornstalks, 1 mol/L NaOH, 3.5 mmol
NiO).

Effect of Reaction time on Cornstalks
Conversion to Lactic Acid

As seen in Fig. 5, With the increase of reaction time,
the yield of lactic acid in the liquid product showed
a trend of increasing at first and then decreasing. When
the reaction time is 1 hour, the yield of lactic acid
is 7.0%. When the time increase to 3 hours, the yield is
increased to 15.3%. The increment is 8.3%. But if the
time is extended to 4 hours, the yield decreased to 10.3%
instead. It can be seen, with the increase of reaction
time in a certain limit, the conversion of corn straws
to lactic acid is promoted. But if the time is too long,
the lactic acid will degrade in high temperature water
[4]. When the rate of lactic acid formation is slower
than the rate of degradation, the yield is decreased [30].

Proposed Mechanism for the Conversion
of Cornstalks to Lactic Acid with NiO

The main components of cornstalks are cellulose
and lignin, and cellulose can be hydrolyzed into
glucose monomer under the chemical action of alkali
or acid. HTW has acid-base catalysis [14], so cellulose
is first hydrolyzed to glucose, and then glucose can
be catalyzed by NiO to transform into lactic acid
under alkaline hydrothermal conditions (Table 2), with

Table 2. the yield of lactic acid from the conversion of glucose and o-methoxyphenol respectively.

Entry Substrate Reaction time (h) Lactic acid yield (%)
1 glucose 3 21.4+£3.6
2 o-methoxy-phenol 3 7.1+0.1

Reaction conditions:3 h, 230°C, 10 ml H20, 3 mol/L NaOH, 3.5 mmol NiO. glucose: 1.3 g; o-methoxy-phenol: 0.7 g.
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Fig. 7. GC-MS chromatograms of samples after esterfying with sulfuric acid-methanol solution (3 h, 230°C, 1.2 g cornstalks, 1 mol/L
NaOH, 3.5 mmol NiO) The GC-MS chromatographic peaks are not calibrated and only qualitative information is given (The chemical

structure and names before esterification).
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Fig. 8. HPLC analysis of liquid phase products of guaiacol
oxidation catalyzed by NiO (guaiacol: 0.5 mol/L, NiO:

a lactic acid yield of 21.4%. The presence of lactic acid
is detected by HPLC analysis of the liquid samples
after the reaction (Fig. 6). In addition, there also are
organic acids such as oxalic acid, pyruvic acid, formic
acid and fumaric acid. Furthermore, lactic acid is also
detected in GC-MS analysis after the liquid samples
esterfying with sulfuric acid-methanol solution
(Fig. 7). As can be seen from Table 2, when guaiacol
is used as the reactant, lactic acid and other organic
acids are also detected in the liquid products after
the reaction (Fig. 8). According to the product analysis
and the existing research results [15, 20, 22, 31-36],
a possible reaction path for the conversion of straw
to lactic acid catalyzed by nickel oxide was proposed
(Fig. 9). As to cellulose, initially, it is hydrolyzed to
cellobiose and then glucose under alkaline conditions.
Subsequently, glucose is decomposed to three-
carbon glyceraldehyde and dihydroxyacetone with
NiO, which are isomerized by the Lobryde Bruyn-

3.5 mmol, NaOH: 1.0 m, 230°C, 3 h). Alberda van Ekenstein (LBAE) transformation.
HO HO 0
OH / 0
Hydrol, . ; NiO
y rolysis 0 NiO _— o NiO 0 >
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HO OH OH
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Fig. 9. Proposed Pathways of the Conversion of cornstalks into lactic acid with NiO.
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Then, the isomers lose water to form pyruvaldehyde
Finally, pyruvaldehyde undergoes a benzilic acid
rearrangement to form lactic acid. As to lignin, it is
easily depolymerized to guaiacol monomer under alkali
hydrothermal conditions, followed by degraded to lactic
acid based on our previous report.

Conclusions

We have demonstrated that, in the cornstalks
conversion into lactic acid with NiO as solid oxidant
under hydrothermal condition, the conversion rate can
be improved by fitting appropriate concentration of
NaOH and NiO, reaction temperature and time. Under
the optimal conditions, the lactic acid yield can reach
15.3%. Moreover, we give a proposed mechanism
for the conversion of cornstalks to lactic acid with
NiO. The investigations of cornstalks conversion into
lactic acid have great significance in the resource
utilization of rural straw biomass waste and green
production of high value-added chemical products.
This method of producing lactic acid is more efficient
than the traditional fermentation method, and saves
more energy than using fossil energy to produce lactic
acid. Therefore, it is a promising production method.
At the same time, the organic acid produced can directly
prepare organic snow melting agent without separation,
which has higher added value and is more conducive to
the application of this method in large-scale industrial
production.
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