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(aqueous ammonia concentration: 19% w/w, liquid–solid ratio: 2.1:1 w/w, holding time: 4.80 h), the 
delignification was more than 60%. After enzymatic hydrolysis, the maximum conversions of cellu-
lose and hemicellulose were 92.5% and 83.4% based on the pretreatment residue, respectively. The 
wheat straw hydrolysate was used to produce ʟ-lactic acid with Thermoanaerobacter sp. DH-217G, 
which obtained a yield of 88.6% and an optical purity of 99.2%. The ammonia–mechanical pretreat-
ment is an economical method for the production of fermentable monosaccharide, providing poten-
tial for further downstream high value-added applications. 
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1. Introduction 
Lactic acid is not only an important monomer for the synthesis of biodegradable plas-

tic polylactic acid (PLA), but it is also widely used in the food, medical, pharmaceutical 
and materials fields [1]. According to the report in [2], the global lactic acid market has 
reached 1845.00 kilotons in 2022 from 750.00 kilotons in 2017, and the global lactic acid 
market sizes are expected to grow at an annual growth rate of 12.8% from 2020 to reach 
USD 2.1 billion by 2025. Currently, both ᴅ-/ʟ-lactic acid are produced from crop starch 
feedstock through microbial fermentation. In view of the cost of using pure sugar and the 
issue of “food and land competition”, the exploration of using non-food feedstock to sup-
plement or replace food crop starch for production of lactic acid is highly desirable [3,4]. 

As an abundant, low-cost source of non-food biomass, lignocellulose is a promising 
candidate for lactic acid fermentation [5]. However, the recalcitrant, complex, and heter-
ogeneous structure and composition of lignocellulosic raw materials make them difficult 
to use directly as a source for biochemical transformation [6]. Hence, the development of 
an efficient pretreatment technology for the deconstruction of lignocellulose is crucially 
important. Numerous strategies such as physical (milling, microwave, ultrasound, and 
extrusion, etc.), chemical (acid, alkali, organic solvents, ionic liquids, and deep eutectic 
solvents, etc.), biological (fungi, bacteria, and archaea, etc.), and physicochemical (hot wa-
ter, steam explosion, ammonia-based, wet oxidation, and carbon dioxide explosion, etc.) 
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-lactic acid fermentation. Under optimal conditions
(aqueous ammonia concentration: 19% w/w, liquid–solid ratio: 2.1:1 w/w, holding time: 4.80 h),
the delignification was more than 60%. After enzymatic hydrolysis, the maximum conversions of
cellulose and hemicellulose were 92.5% and 83.4% based on the pretreatment residue, respectively.
The wheat straw hydrolysate was used to produce
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-lactic acid with Thermoanaerobacter sp. DH-
217G, which obtained a yield of 88.6% and an optical purity of 99.2%. The ammonia–mechanical
pretreatment is an economical method for the production of fermentable monosaccharide, providing
potential for further downstream high value-added applications.
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ogeneous structure and composition of lignocellulosic raw materials make them difficult 
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1. Introduction

Lactic acid is not only an important monomer for the synthesis of biodegradable
plastic polylactic acid (PLA), but it is also widely used in the food, medical, pharmaceutical
and materials fields [1]. According to the report in [2], the global lactic acid market has
reached 1845.00 kilotons in 2022 from 750.00 kilotons in 2017, and the global lactic acid
market sizes are expected to grow at an annual growth rate of 12.8% from 2020 to reach
USD 2.1 billion by 2025. Currently, both
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-lactic acid are produced from crop starch
feedstock through microbial fermentation. In view of the cost of using pure sugar and
the issue of “food and land competition”, the exploration of using non-food feedstock to
supplement or replace food crop starch for production of lactic acid is highly desirable [3,4].

As an abundant, low-cost source of non-food biomass, lignocellulose is a promising
candidate for lactic acid fermentation [5]. However, the recalcitrant, complex, and heteroge-
neous structure and composition of lignocellulosic raw materials make them difficult to use
directly as a source for biochemical transformation [6]. Hence, the development of an effi-
cient pretreatment technology for the deconstruction of lignocellulose is crucially important.
Numerous strategies such as physical (milling, microwave, ultrasound, and extrusion, etc.),
chemical (acid, alkali, organic solvents, ionic liquids, and deep eutectic solvents, etc.),
biological (fungi, bacteria, and archaea, etc.), and physicochemical (hot water, steam explo-
sion, ammonia-based, wet oxidation, and carbon dioxide explosion, etc.) methods have
been studied and are still in development with varying levels of success; furthermore,
the chemical pretreatment was commonly employed in many pilot and demonstration
plants because it is ideal for materials with low lignin content [7–9]. Among them, alkali
pretreatment was an effective targeting-lignin method for lignin removal or modification,
which could break the interlinks between lignin and hemicellulose [10]. Meanwhile, it
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usually causes swelling of the biomass, thus increasing enzymatic digestibility and im-
proving saccharification. However, this method often involves saline wastewater requiring
further treatment, which leads to additional disposal cost and environmental risk [11]. To
address this problem, we developed organic amine [12] or hydrazine hydrate [13] as the
alkali catalyst for pretreatment. However, the high cost of these catalysts can hardly meet
the requirements of commercial applications. Thus, in this study, we try to use cheaper
aqueous ammonia to reduce process costs. However, reported pretreatment methods by
using aqueous ammonia for cooking or soaking still have several drawbacks from a practi-
cal point of view, such as low efficiency of batch processing, high energy consumption at
elevated temperatures, prolonged pretreatment cycles, safety issues under intense pressure
and ammonia recovery [14–16]. Therefore, overcoming these shortcomings was the focus
of this investigation.

Recently, extrusion was emerged as an attractive process for the pretreatment of
lignocellulosic biomass due to its continuous and high processing capacity, low energy
consumption, short residence time, and safety profile [17]. Extrusion promotes structural
changes in lignocellulose through shearing, mixing, and heating, which give some par-
ticular degree of lignocellulose destruction. The mechanical force can lead to an increase
in porosity and specific surface area of lignocellulose, enhancing the accessibility for en-
zymes [18]. Compared to the pure extrusion pretreatment, catalytic extrusion pretreatment,
or combined with the other pretreatment, has proven to be a more efficient method [19–21],
in view of the issues derived from acid catalytic extrusion pretreatment such as generating
inhibitors, equipment corrosion problems [22,23]. In this study, we reported a novel, green,
and effective pretreatment technique by combining the advantages of aqueous ammonia
catalysis and twin-screw extrusion process intensification in one integration process for the
pretreatment of wheat straw. The pretreatment residue was enzyme-hydrolyzed to ferment
lactic acid (Figure 1). The effect of ammonia–mechanical pretreatment was investigated
thoroughly by analyzing the physical and chemical characteristic variations in wheat straw
before and after pretreatment. Furthermore, the produced lignin was also characterized to
evaluate its downstream applications.
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Figure 1. One integration process for the ammonia–mechanical pretreatment of wheat straw: 1. seal
pot for heat preservation; 2. evaporation chambers; 3. condensation chambers.

2. Materials and Methods
2.1. Materials

Wheat straw was obtained from a local farmer in Nanyang, Henan, China. Aqueous
ammonia (NH3·H2O, 25% w/w) was purchased from Maclean (Shanghai, China). Cellulase
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(CTec 2) with an enzyme activity of 260 FPU/mL (filter paper unit) was obtained from
Tianguan Co., Ltd. (Nanyang, China). Thermoanaerobacter sp. DH-217G was obtained from
Hangzhong Dehong Technology Co., Ltd. (Hangzhou, China). The milled wood lignin
(MWL) was isolated from the wheat straw by Björkman’s method [24,25]. The dry wheat
straw was milled in a planetary ball mill at 450 r/min for 5 h and then extracted by a
mixture of 1,4-dioxane and water (96:4, v:v) for 48 h. The crude MWL was obtained by
adjusting the pH of the filtrate to 2.0, which was purified by dissolving it in a mixture
of acetic acid and water (90:10, v:v) and dropping the dissolved solution into cold water.
Then, the precipitated lignin was centrifuged and freeze-dried. It was further purified
by dissolving ii in a mixture of 1,2-dichloroethane and ethanol (2:1, v:v). Then, the lignin
solution was added dropwise into anhydrous ethyl ether. The pure MWL was obtained
by centrifugation and was vacuum oven-dried. To facilitate understanding, in this study,
pretreatment residue stands for the sample after pretreatment, and enzymatic hydrolysis
residue stands for the residue after enzymatic hydrolysis.

2.2. Pretreatment of Biomass

The ammonia–mechanical pretreatment experiments were carried out in the twin-
screw extruder (Figure 1). The wheat straw (20 kg on a dry basis) was chopped into 3–5 cm
to feed the screw, and the prepared aqueous ammonia of different concentrations was
added into the twin-screw extruder for the pretreatment (Section 2 with adjusting the
liquid–solid ratio). The parameters of the twin-screw extruder during the experiments were
as follows: diameter, 34 mm; speed, 200 r/min; feed rate, 20 kg/h; operating temperature,
about 373 K. After pretreatment, the pretreatment residue was placed in the seal pot for
heat preservation and then washed with water and separated by filtration. The obtained
pretreatment residue was used for the composition analysis and enzymatic hydrolysis. The
filtrate and black liquor, through the combined action of evaporation and condensation,
chambers recovered the aqueous ammonia. Water was added and the pH was adjusted to
2 by sulfuric acid to obtain the precipitated lignin. It was then spray dried (Spray greyer,
SP-1500) and named P-lignin. The purity of P-lignin was assessed by the Klason method
with 93.26%.

2.3. Enzymatic Hydrolysis of Biomass

Wheat straw or pretreatment residue (1 g) was added to 20 mL sodium citrate buffer so-
lution (0.05 mol/L, pH 5.0). Enzymatic hydrolysis was performed with cellulase (20 FPU/g
dry pretreatment residue) at 323.15 K with an agitation speed of 150 rpm on an insulation
shaker for 48 h. Periodically, 50 µL supernatant was taken, and the sugar concentration
was measured during enzymatic hydrolysis. The conversion rate of carbohydrates was
used as the following equation:

YCellulose(%) = (Glu × 0.9)/MCellulose (1)

YHemiCellulose(%) = (Glu × 0.9)/MHemicellulose (2)

YSugars(%) = mSugars/MSugars (3)

where YCellulose and YHemicellulose are cellulose and hemicellulose conversion rate, Glu and Xyl
are glucose (g) and xylose (g) in the hydrolysate, MCellulose and MHemicellulose are the weight
of biomass (g), the value of 0.9 was the conversion factor between glucose and cellulose,
and the value of 0.88 was the conversion factor between xylose and hemicellulose. YSugars
is calculated as the total mass of sugars released from treated and untreated dry biomass,
mSugars is all sugars(g) in the hydrolysate, and MSugars is the sugars of biomass added to
enzymatic hydrolysis.

2.4.
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to use directly as a source for biochemical transformation [6]. Hence, the development of 
an efficient pretreatment technology for the deconstruction of lignocellulose is crucially 
important. Numerous strategies such as physical (milling, microwave, ultrasound, and 
extrusion, etc.), chemical (acid, alkali, organic solvents, ionic liquids, and deep eutectic 
solvents, etc.), biological (fungi, bacteria, and archaea, etc.), and physicochemical (hot wa-
ter, steam explosion, ammonia-based, wet oxidation, and carbon dioxide explosion, etc.) 

Citation: Cao, Y.; Liu, H.; Shan, J.; 

Sun, B.; Chen, Y.; Ji, L.; Ji, X.; Wang, 

J.; Zhu, C.; Ying, H. Ammonia–Me-

chanical Pretreatment of Wheat 

Straw for the Production of Lactic 

Acid and High-Quality Lignin.  

Fermentation 2023, 9, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor: Xiaoqing Lin 

Received: 19 January 2023 

Revised: 10 February 2023 

Accepted: 13 February 2023 

Published: 15 February 2023 

 
Copyright: © 2023 by the authors. 
Submitted for possible open access 
publication under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-
ativecommons.org/licenses/by/4.0/). 

-Lactic Acid Fermentation

Thermoanaerobacter sp. DH-217G was grown anaerobically with nitrogen for 18–24 h
in the seed medium (including the following (g/L): glucose 30, beef extract 2, (NH4)2SO4
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2.75, NaCl 0.1, MgSO4·7H2O 0.7, CaCO3 10) at 328.15 K. The culture was transferred to
20 times of
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-lactic acid production medium, (including the following (g/L): beef extract
5, (NH4)2HPO4 1, (NH4)2SO4 2.75, NaCl 0.1, MgSO4·7H2O 0.7, CaCl2·2H2O 0.25, and
K2HPO4 0.35) with wheat straw hydrolysate (about 90 g/L total sugar) or about 90 g/L
mixture pure sugar as a carbon source, for fermentation. The pH was adjusted to 6.8 by
Ca(OH)2, and the medium was sterilized at 394.15 K for 20 min. The sugars were cold
sterilized by a 0.22 mm filter membrane. Ca(OH)2 was used to modulate the fermentation
process. The D/L chiral purity of lactic acid was assayed by a Megazyme
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-lactic acid were analyzed by high-
performance liquid chromatography (HPLC) (Waters 1525-2414) with an Aminex HPX-87H
column (Bio-Rad, Hercules, CA, USA) and a refractive index detector (RID). There was
a flow rate of 0.6 mL/min with 5 mM H2SO4 as the mobile phase. The recovery of
carbohydrates and delignification used the following equation:

CR(%) = (DWP × CCP)/(DWB × CCR)× 100% (4)

HR(%) = (DWP × CHP)/(DWB × CHR)× 100% (5)

DL(%) = 1 − (DWP × CLP)/(DWB × CLR)× 100% (6)

where CR and HR are cellulose and hemicellulose recovery, and DL is the delignification.
DWP and DWB are the dry weight of pretreatment residues and dry weight of biomass fed
to pretreatment. CCP, CHP, and CLP are the cellulose, hemicellulose, and lignin content
of pretreatment residues. CCR, CHR, and CLR are the cellulose, hemicellulose, and lignin
content of raw.

2.6. Characterization of Wheat Straw and Lignin
2.6.1. Microstructure Analysis

The samples were freeze-dried by a freeze dryer (LABCONCO, 2.5 Free Zone, Kansas,
Missouri, USA), then surface-sprayed with gold, which was performed with an E-1010
nozzle for 20 s and examined by scanning electron microscope (SEM) (FEI Quanta 200 FEG
SEM at 2 kV).

The crystalline structure of wheat straw and pretreatment residues were determined
by X-ray diffraction (XRD) (Rigku ultima IV, Tokyo, Japan), which was scanned from 10◦ to
40◦ at a speed of 5◦/min. The crystallinity index (CrI) was calculated by Equation (7):

CrI(%) = (I002 − Iam)/I002 × 100% (7)

where I002 is the spectral intensity for the crystalline portion of biomass at 2θ of 22.5◦, and
Iam is the spectral intensity for the amorphous portion of biomass at 2θ of 18.7◦.

2.6.2. Ultimate Analysis

The C, H, N, and S of lignin samples were performed by a Carbograph Autoanalyzer
(Fison Carlo Erba EA 1110, Thermo Flash & Carlo Erba Analyzers, Marlton, NJ, USA).

2.6.3. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) analysis of lignin samples was performed by a
TENSOR27 (Bruker, Leipzig, Germany) which was scanned from 4000 to 500 cm−1, at a
resolution of 2 cm−1, with 32 scans per sample.
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2.6.4. Two-dimensional 1H-13C Heteronuclear Single Quantum Coherence (HSQC)
NMR Spectroscopy

Two-dimensional HSQC NMR spectra were acquired on a Bruker AVANCE 400 MHz
spectrometer, and about 90 mg of lignin samples was dissolved in 0.5 mL DMSO-d6. 1H:
spectral width 5000 Hz, sample size 1024, relaxation time 1.5 s, accumulation 64 times; 13C:
spectral width 18,000 Hz, sample size 256, hydrocarbon coupling constant 145 Hz [27].

2.6.5. The Radical Scavenging Activity of Lignin

The radical scavenging activity of lignin samples was performed by a DPPH (2,2-
diphenyl-1-picrylhydrazyl) kit (Shanghai Acmec Biochemical Co., Ltd., Shanghai, China).
The results were expressed as TRAS% (radical scavenging activity) and calculated based
on the following equation:

TRAS% =
{
[A0 − (ASample − AContrast)]

}
× 100% (8)

where A0 is the absorbance of the bank that does not have a lignin sample, ASample is the
absorbance of the lignin sample, and AContrast is the absorbance of the contrast.

2.7. Experimental Design and Statistical Analysis

A response surface methodology (RSM) based on Box–Behnken design (BBD) was
applied to study the effect of the process, using statistical software (Design expert 10.0.1,
Stat-Ease, Inc, Minneapolis, MI, USA). The independent variables were: X1, aqueous
ammonia concentration (5–25%, w/w); X2, liquid–solid ratio (1:1–3:1 (w/w)); X3, holding
time (2–6 h). The BBD design was created for 17 experiments with five replications at
the center point, as shown in Table S1. The independent variables and their interactions
through the regression analysis were optimized, and the second-order polynomial model
was fit with the following equation:

Y = β0 + ∑3
i=1 βiXi + ∑3

i=1 βiiX2
i + ∑3

i<j XiXj (9)

where Y is the cellulose or hemicellulose conversion at the end of enzymatic hydrolysis,
β0 is the constant, and βi, βii, and βij are the linear, interaction, and quadratic coefficients,
respectively. Xi and Xj are the independent variables (i and j range from 1 to k, k = 3).

Analysis of variance (ANOVA) was conducted to determine the significance of the
regression coefficients and goodness of fit. The coefficient of determination (R2) showed a
relationship with the experimental and predicted values, and the individual effects of the
independent variables on the responses were illustrated by the three-dimensional surface
plots. The factor has significant differences when p < 0.05.

3. Results and Discussion
3.1. The Ammonia–Mechanical Pretreatment Process and Enzymatic Hydrolysis of Wheat Straw

The twin-screw extruder consists of three zones: the feeding zone, the deconstruction
zone, and the pretreatment zone by different screw pitch lengths (Figures 1 and S1). The
feeding zone consists of several forward feed screw elements that act as drivers to transport
solid biomass to the deconstruction zone. The biomass interacts with the reverse-conveying
elements in the deconstruction zone to achieve a change in physical properties. The
chemical properties of biomass were changed by the liquid catalyst in the pretreatment
zone. During the ammonia–mechanical pretreatment process, the twin-screw extruder
strengthened the interaction between biomass and aqueous ammonia by the twin-screw
extruder. Wheat straw changed the physical properties, such as specific surface area, bulk
density, and specific porosity in the deconstruction zone (Section 1) and the separation
of cellulose fibers by aqueous ammonia in the pretreatment zone (Section 2). Because
of friction heat generation, the extruder does not need an external heat source, and the
operating temperature was maintained at about 373 K, which not only lessens energy
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consumption and operating costs but also prevents lignin oxidation and carbohydrate
degradation [28,29].

The compositional analysis of pretreatment residue under different conditions was
used to estimate the effect of ammonia–mechanical pretreatment (Table 1). The delignifica-
tion rate was significantly affected by the aqueous ammonia concentration and liquid–solid
ratio. The delignification rate was 37.36 wt% when the aqueous ammonia concentration
was 5% w/w, while it enhanced to 53.81 wt% when the aqueous ammonia concentration
increased to 25% w/w (Table 1, entries 2 and 10). Similarly, the delignification rate was
increased with the liquid–solid ratio (Table 1, entries 3 and 8). However, the holding time
had little effect on the delignification (Table 1, entries 2 and 7). The synergy of the aqueous
ammonia and twin-screw extruder provided a particularly effective method to remove
the lignin, which broke the ester bond between the hemicellulose and lignin [30]. The
recovered cellulose content was higher than that for hemicellulose, which was ascribed to
deacetylation during pretreatment [31]. Under the optimal conditions (Table 1, entry 18,
based on Box–Behnken design, vide infra), the recovery of cellulose and hemicellulose was
86.90% and 68.57%, respectively, and the delignification was 62.47%.

Table 1. Compositional analysis of wheat straw using ammonia–mechanical pretreatment.

Entry X1
c X2

d X3
e Solid

Remain %
Cellulose % Hemicellulose % Lignin %

Content Recovery Content Recovery Content Delignification

Raw - - - - 34.91 - 22.58 - 23.03 -
1 a 15 3:1 6 57.40 49.00 80.56 23.22 59.03 15.05 62.50
2 a 25 2:1 6 63.00 44.32 79.98 21.77 60.73 16.89 53.81
3 a 25 3:1 4 64.10 45.80 84.09 22.55 64.02 16.75 53.37
4 a 15 2:1 4 52.31 38.09 57.07 20.52 47.55 18.03 59.05
5 a 15 3:1 2 59.14 44.86 76.00 23.89 62.56 17.55 54.94
6 a 15 1:1 2 55.56 35.93 57.19 19.62 48.27 18.75 54.77
7 a 25 2:1 2 61.29 40.16 70.50 23.22 63.03 18.65 50.36
8 a 25 1:1 4 72.63 41.15 85.61 21.19 68.16 19.77 37.67
9 a 15 2:1 4 58.42 44.69 74.79 23.25 60.15 15.45 60.80

10 a 5 2:1 6 69.26 41.80 82.93 21.95 67.32 20.83 37.36
11 a 5 3:1 4 58.38 47.13 78.81 23.76 61.44 16.83 57.35
12 a 5 2:1 2 68.16 40.72 79.51 22.49 67.90 20.07 40.60
13 a 5 1:1 4 62.08 41.40 73.63 22.43 61.67 20.95 43.54
14 a 15 2:1 4 58.16 40.35 67.23 21.19 54.58 16.21 59.06
15 a 15 2:1 4 51.02 39.84 58.23 21.34 48.22 16.17 64.17
16 a 15 2:1 4 51.02 39.02 57.03 20.62 46.58 17.40 61.45
17 a 15 1:1 6 65.85 34.86 65.75 19.16 55.88 17.24 50.70
18 b 19 2.1:1 4.8 60.36 50.26 86.90 25.65 68.57 14.32 62.47

a The pretreatment residue under BBD conditions. b The pretreatment residue under the optimal condition.
c Aqueous ammonia concentration (w/w). d Liquid–solid ratio (w/w). e Holding time (h).

The conversion rate of carbohydrates was a crucial metric for assessing the efficacy
of pretreatment. As shown in Figure 2, these values indicate that ammonia–mechanical
pretreatment significantly enhanced the conversion of carbohydrates to monosaccharides.
This was related to the removal of hemicellulose and a large amount of lignin from the
wheat straw (Table 1). The lignin as a physical barrier can hinder the enzymatic hydrolysis
of biomass, and removed lignin can reduce the unproductive adsorption with cellulase to
improve enzymatic hydrolysis [32,33].

Box–Behnken design (BBD) was used to further investigate the effect of independent
variables on response values and to optimize the cellulose and hemicellulose conversion
(Table S2). The regression coefficient was significant (99%) due to the predicted second-
order polynomial model, with the probability p value <0.01, and the probability of noise
of cellulose and hemicellulose conversions was only 0.01% and 0.15%, respectively. The
prominent F-values of cellulose and hemicellulose conversions were 25.70 and 12.72, re-
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spectively. The lack of fit (LoF) of the center point experimental results was too insignificant
(p > 0.05) to reflect the accuracy of the model, based on the coefficient of determination
(R2), 0.9706 and 0.9424 for cellulose and hemicellulose conversions. The polynomial model
showed an excellent relationship with the experimental and predicted values. The chart of
experimental results and model predictions is shown in Figure S2, which further verifies
the adequacy of the model.
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The influence of the cellulose conversion included aqueous ammonia concentration,
liquid–solid ratio, and holding time, as shown in the 3D surface graph (Figure 3a–c). Cel-
lulose conversion changed significantly (p < 0.05) with increased liquid–solid ratio and
holding time, while the effect of aqueous ammonia concentration on the cellulose conver-
sion was more pronounced (p < 0.01). The cellulose conversion increased first and then
decreased when the aqueous ammonia concentration raised from 5 to 25% w/w (Figure 3a),
indicating that high aqueous ammonia had adverse effects on the cellulose conversion.
Within a certain range, there were positive effects on cellulose conversion from the interac-
tion between aqueous ammonia concentration and holding time (Figure 3b). Compared to
the interaction between ammonia concentration and liquid–solid ratio (Figure 3a), and the
interaction between ammonia concentration and holding time (Figure 3b), the interaction
of liquid–solid ratio and holding time showed less effect on the cellulose conversion, which
was reflected in the relatively flat 3D surface graph (Figure 3c).

Meanwhile, the 3D response surface plot demonstrated the hemicellulose conver-
sion of wheat straw by the interaction of independent variables (Figure 3d–f). Aqueous
ammonia concentration was the most critical factor for the hemicellulose conversion of
wheat straw (p < 0.01), followed by holding time and liquid–solid ratio level factors. To
some extent, the hemicellulose conversion gradually increased with the aqueous ammonia
concentration, and the liquid–solid ratio was enhanced (Figure 3d). Increased aqueous
ammonia concentration extended the holding time, which increased the hemicellulose
conversion through enhancing the disruption of the amorphous region (Figure 3e). The
effect of holding time and liquid–solid ratio interaction on hemicellulose conversion was
small, which can be observed from the response surface (Figure 3f).

In this study, we calculated the optimal conditions of cellulose and hemicellulose
conversions by setting the partial derivatives of the second-order polynomial equation for
their corresponding variables to zero. The optimal value of the cellulose and hemicellulose
conversions predicted by the response surface methodology model was 92.45% and 83.39%
at 19% w/w aqueous ammonia concentration with 2.1:1 w/w of liquid–solid ratio level
for 4.80 h holding time of the ammonia–mechanical pretreatment conditions. Then, we
performed the validation experiments and obtained the conversion of 93.47% and 82.61%
for cellulose and hemicellulose, which was comparable to the predicted value and further
indicated the accuracy and validity of the Box–Behnken design.



Fermentation 2023, 9, 177 8 of 14

Fermentation 2023, 9, x FOR PEER REVIEW 8 of 15 
 

 

conversion through enhancing the disruption of the amorphous region (Figure 3e). The 
effect of holding time and liquid–solid ratio interaction on hemicellulose conversion was 
small, which can be observed from the response surface (Figure 3f). 

 

 

Figure 3. Effect of aqueous ammonia concentration, liquid–solid ratio and holding time on the con-
version. (a–c) Cellulose conversion; (d–f) hemicellulose conversion. 

In this study, we calculated the optimal conditions of cellulose and hemicellulose 
conversions by setting the partial derivatives of the second-order polynomial equation for 
their corresponding variables to zero. The optimal value of the cellulose and hemicellulose 
conversions predicted by the response surface methodology model was 92.45% and 
83.39% at 19% w/w aqueous ammonia concentration with 2.1:1 w/w of liquid–solid ratio 
level for 4.80 h holding time of the ammonia–mechanical pretreatment conditions. Then, 
we performed the validation experiments and obtained the conversion of 93.47% and 
82.61% for cellulose and hemicellulose, which was comparable to the predicted value and 
further indicated the accuracy and validity of the Box–Behnken design. 

3.2. ʟ-Lactic Acid Fermentation 
The formation of inhibitors was a critical criterion for the quality of pretreatment. 

According to HPLC analysis, furfural, 5-hydroxymethyl furfural, acetic acid, and formic 
acid are usually generated during the traditional pretreatment process and are not found 
in the present wheat straw hydrolysate (Table S3) [34]. These results suggested that the 
hydrolysate obtained via ammonia–mechanical pretreatment was suitable for fermenta-
tion. Furthermore, the utilization of xylose was critical to improving the appended value 
of integrated biorefineries [35]. Thus, an engineered bacterium strain with active pentose 
assimilation, Thermoanaerobacter sp. DH-217G, can provide the basis for efficient utiliza-
tion of hexose and pentose of the hydrolysate as carbon sources for the fermentation to 
produce ʟ-lactic acid. 

Both mixtures of pure sugar and wheat straw hydrolysate as the carbon source for ʟ-
lactic acid fermentation are shown in Figure 4. As shown in Figure 4a, Thermoanaerobacter 
sp. DH-217G can utilize glucose and trigger the successful assimilation of xylose to ʟ-lactic 

Figure 3. Effect of aqueous ammonia concentration, liquid–solid ratio and holding time on the
conversion. (a–c) Cellulose conversion; (d–f) hemicellulose conversion.

3.2.

 
 

 

 
Fermentation 2023, 9, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/fermentation 

Article 

Ammonia–Mechanical Pretreatment of Wheat Straw for the  
Production of Lactic Acid and High-Quality Lignin 
Yulian Cao 1,2, Haifeng Liu 2, Junqiang Shan 2, Baijun Sun 3, Yanjun Chen 2, Lei Ji 2, Xingxiang Ji 1, Jian Wang 3, 
Chenjie Zhu 2,* and Hanjie Ying 2 

1 State Key Laboratory of Biobased Material and Green Papermaking,  
Qilu University of Technology (Shandong Academy of Sciences), Jinan 250353, China; 
caoyulian1018@163.com (Y.C.); xxjt78@163.com (X.J.) 

2 College of Biotechnology and Pharmaceutical Engineering, Nanjing Tech University,  
Nanjing 211816, China; 202261218251@njtech.edu.cn (H.L.); shanjq1221@163.com (J.S.);  
chenyj@njtech.edu.cn (Y.C.); jilei@njtech.edu.cn (L.J.); yinghanjie@njtech.edu.cn (H.Y.) 

3 Hangzhong Dehong Technology Co., Ltd., Hangzhou 310015, China; baijun.sun@dhmaterial.com (B.S.); 
juan.wang@dhmaterial.com (J.W.) 

* Correspondence: zhucj@njtech.edu.cn; Tel.: +86-15261868731 

Abstract: In this study, wheat straw was fractionated into carbohydrates (cellulose and hemicellu-
lose) by ammonia–mechanical pretreatment for ʟ-lactic acid fermentation. Under optimal conditions 
(aqueous ammonia concentration: 19% w/w, liquid–solid ratio: 2.1:1 w/w, holding time: 4.80 h), the 
delignification was more than 60%. After enzymatic hydrolysis, the maximum conversions of cellu-
lose and hemicellulose were 92.5% and 83.4% based on the pretreatment residue, respectively. The 
wheat straw hydrolysate was used to produce ʟ-lactic acid with Thermoanaerobacter sp. DH-217G, 
which obtained a yield of 88.6% and an optical purity of 99.2%. The ammonia–mechanical pretreat-
ment is an economical method for the production of fermentable monosaccharide, providing poten-
tial for further downstream high value-added applications. 

Keywords: wheat straw; ammonia–mechanical pretreatment; enzymatic hydrolysis; ʟ-lactic acid 
fermentation; lignin 
 

1. Introduction 
Lactic acid is not only an important monomer for the synthesis of biodegradable plas-

tic polylactic acid (PLA), but it is also widely used in the food, medical, pharmaceutical 
and materials fields [1]. According to the report in [2], the global lactic acid market has 
reached 1845.00 kilotons in 2022 from 750.00 kilotons in 2017, and the global lactic acid 
market sizes are expected to grow at an annual growth rate of 12.8% from 2020 to reach 
USD 2.1 billion by 2025. Currently, both ᴅ-/ʟ-lactic acid are produced from crop starch 
feedstock through microbial fermentation. In view of the cost of using pure sugar and the 
issue of “food and land competition”, the exploration of using non-food feedstock to sup-
plement or replace food crop starch for production of lactic acid is highly desirable [3,4]. 

As an abundant, low-cost source of non-food biomass, lignocellulose is a promising 
candidate for lactic acid fermentation [5]. However, the recalcitrant, complex, and heter-
ogeneous structure and composition of lignocellulosic raw materials make them difficult 
to use directly as a source for biochemical transformation [6]. Hence, the development of 
an efficient pretreatment technology for the deconstruction of lignocellulose is crucially 
important. Numerous strategies such as physical (milling, microwave, ultrasound, and 
extrusion, etc.), chemical (acid, alkali, organic solvents, ionic liquids, and deep eutectic 
solvents, etc.), biological (fungi, bacteria, and archaea, etc.), and physicochemical (hot wa-
ter, steam explosion, ammonia-based, wet oxidation, and carbon dioxide explosion, etc.) 

Citation: Cao, Y.; Liu, H.; Shan, J.; 

Sun, B.; Chen, Y.; Ji, L.; Ji, X.; Wang, 

J.; Zhu, C.; Ying, H. Ammonia–Me-

chanical Pretreatment of Wheat 

Straw for the Production of Lactic 

Acid and High-Quality Lignin.  

Fermentation 2023, 9, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor: Xiaoqing Lin 

Received: 19 January 2023 

Revised: 10 February 2023 

Accepted: 13 February 2023 

Published: 15 February 2023 

 
Copyright: © 2023 by the authors. 
Submitted for possible open access 
publication under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-
ativecommons.org/licenses/by/4.0/). 

-Lactic Acid Fermentation

The formation of inhibitors was a critical criterion for the quality of pretreatment.
According to HPLC analysis, furfural, 5-hydroxymethyl furfural, acetic acid, and formic
acid are usually generated during the traditional pretreatment process and are not found
in the present wheat straw hydrolysate (Table S3) [34]. These results suggested that the
hydrolysate obtained via ammonia–mechanical pretreatment was suitable for fermentation.
Furthermore, the utilization of xylose was critical to improving the appended value of
integrated biorefineries [35]. Thus, an engineered bacterium strain with active pentose
assimilation, Thermoanaerobacter sp. DH-217G, can provide the basis for efficient utilization
of hexose and pentose of the hydrolysate as carbon sources for the fermentation to produce

 
 

 

 
Fermentation 2023, 9, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/fermentation 

Article 

Ammonia–Mechanical Pretreatment of Wheat Straw for the  
Production of Lactic Acid and High-Quality Lignin 
Yulian Cao 1,2, Haifeng Liu 2, Junqiang Shan 2, Baijun Sun 3, Yanjun Chen 2, Lei Ji 2, Xingxiang Ji 1, Jian Wang 3, 
Chenjie Zhu 2,* and Hanjie Ying 2 

1 State Key Laboratory of Biobased Material and Green Papermaking,  
Qilu University of Technology (Shandong Academy of Sciences), Jinan 250353, China; 
caoyulian1018@163.com (Y.C.); xxjt78@163.com (X.J.) 

2 College of Biotechnology and Pharmaceutical Engineering, Nanjing Tech University,  
Nanjing 211816, China; 202261218251@njtech.edu.cn (H.L.); shanjq1221@163.com (J.S.);  
chenyj@njtech.edu.cn (Y.C.); jilei@njtech.edu.cn (L.J.); yinghanjie@njtech.edu.cn (H.Y.) 

3 Hangzhong Dehong Technology Co., Ltd., Hangzhou 310015, China; baijun.sun@dhmaterial.com (B.S.); 
juan.wang@dhmaterial.com (J.W.) 

* Correspondence: zhucj@njtech.edu.cn; Tel.: +86-15261868731 

Abstract: In this study, wheat straw was fractionated into carbohydrates (cellulose and hemicellu-
lose) by ammonia–mechanical pretreatment for ʟ-lactic acid fermentation. Under optimal conditions 
(aqueous ammonia concentration: 19% w/w, liquid–solid ratio: 2.1:1 w/w, holding time: 4.80 h), the 
delignification was more than 60%. After enzymatic hydrolysis, the maximum conversions of cellu-
lose and hemicellulose were 92.5% and 83.4% based on the pretreatment residue, respectively. The 
wheat straw hydrolysate was used to produce ʟ-lactic acid with Thermoanaerobacter sp. DH-217G, 
which obtained a yield of 88.6% and an optical purity of 99.2%. The ammonia–mechanical pretreat-
ment is an economical method for the production of fermentable monosaccharide, providing poten-
tial for further downstream high value-added applications. 

Keywords: wheat straw; ammonia–mechanical pretreatment; enzymatic hydrolysis; ʟ-lactic acid 
fermentation; lignin 
 

1. Introduction 
Lactic acid is not only an important monomer for the synthesis of biodegradable plas-

tic polylactic acid (PLA), but it is also widely used in the food, medical, pharmaceutical 
and materials fields [1]. According to the report in [2], the global lactic acid market has 
reached 1845.00 kilotons in 2022 from 750.00 kilotons in 2017, and the global lactic acid 
market sizes are expected to grow at an annual growth rate of 12.8% from 2020 to reach 
USD 2.1 billion by 2025. Currently, both ᴅ-/ʟ-lactic acid are produced from crop starch 
feedstock through microbial fermentation. In view of the cost of using pure sugar and the 
issue of “food and land competition”, the exploration of using non-food feedstock to sup-
plement or replace food crop starch for production of lactic acid is highly desirable [3,4]. 

As an abundant, low-cost source of non-food biomass, lignocellulose is a promising 
candidate for lactic acid fermentation [5]. However, the recalcitrant, complex, and heter-
ogeneous structure and composition of lignocellulosic raw materials make them difficult 
to use directly as a source for biochemical transformation [6]. Hence, the development of 
an efficient pretreatment technology for the deconstruction of lignocellulose is crucially 
important. Numerous strategies such as physical (milling, microwave, ultrasound, and 
extrusion, etc.), chemical (acid, alkali, organic solvents, ionic liquids, and deep eutectic 
solvents, etc.), biological (fungi, bacteria, and archaea, etc.), and physicochemical (hot wa-
ter, steam explosion, ammonia-based, wet oxidation, and carbon dioxide explosion, etc.) 

Citation: Cao, Y.; Liu, H.; Shan, J.; 

Sun, B.; Chen, Y.; Ji, L.; Ji, X.; Wang, 

J.; Zhu, C.; Ying, H. Ammonia–Me-

chanical Pretreatment of Wheat 

Straw for the Production of Lactic 

Acid and High-Quality Lignin.  

Fermentation 2023, 9, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor: Xiaoqing Lin 

Received: 19 January 2023 

Revised: 10 February 2023 

Accepted: 13 February 2023 

Published: 15 February 2023 

 
Copyright: © 2023 by the authors. 
Submitted for possible open access 
publication under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-
ativecommons.org/licenses/by/4.0/). 

-lactic acid.
Both mixtures of pure sugar and wheat straw hydrolysate as the carbon source for

 
 

 

 
Fermentation 2023, 9, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/fermentation 

Article 

Ammonia–Mechanical Pretreatment of Wheat Straw for the  
Production of Lactic Acid and High-Quality Lignin 
Yulian Cao 1,2, Haifeng Liu 2, Junqiang Shan 2, Baijun Sun 3, Yanjun Chen 2, Lei Ji 2, Xingxiang Ji 1, Jian Wang 3, 
Chenjie Zhu 2,* and Hanjie Ying 2 

1 State Key Laboratory of Biobased Material and Green Papermaking,  
Qilu University of Technology (Shandong Academy of Sciences), Jinan 250353, China; 
caoyulian1018@163.com (Y.C.); xxjt78@163.com (X.J.) 

2 College of Biotechnology and Pharmaceutical Engineering, Nanjing Tech University,  
Nanjing 211816, China; 202261218251@njtech.edu.cn (H.L.); shanjq1221@163.com (J.S.);  
chenyj@njtech.edu.cn (Y.C.); jilei@njtech.edu.cn (L.J.); yinghanjie@njtech.edu.cn (H.Y.) 

3 Hangzhong Dehong Technology Co., Ltd., Hangzhou 310015, China; baijun.sun@dhmaterial.com (B.S.); 
juan.wang@dhmaterial.com (J.W.) 

* Correspondence: zhucj@njtech.edu.cn; Tel.: +86-15261868731 

Abstract: In this study, wheat straw was fractionated into carbohydrates (cellulose and hemicellu-
lose) by ammonia–mechanical pretreatment for ʟ-lactic acid fermentation. Under optimal conditions 
(aqueous ammonia concentration: 19% w/w, liquid–solid ratio: 2.1:1 w/w, holding time: 4.80 h), the 
delignification was more than 60%. After enzymatic hydrolysis, the maximum conversions of cellu-
lose and hemicellulose were 92.5% and 83.4% based on the pretreatment residue, respectively. The 
wheat straw hydrolysate was used to produce ʟ-lactic acid with Thermoanaerobacter sp. DH-217G, 
which obtained a yield of 88.6% and an optical purity of 99.2%. The ammonia–mechanical pretreat-
ment is an economical method for the production of fermentable monosaccharide, providing poten-
tial for further downstream high value-added applications. 

Keywords: wheat straw; ammonia–mechanical pretreatment; enzymatic hydrolysis; ʟ-lactic acid 
fermentation; lignin 
 

1. Introduction 
Lactic acid is not only an important monomer for the synthesis of biodegradable plas-

tic polylactic acid (PLA), but it is also widely used in the food, medical, pharmaceutical 
and materials fields [1]. According to the report in [2], the global lactic acid market has 
reached 1845.00 kilotons in 2022 from 750.00 kilotons in 2017, and the global lactic acid 
market sizes are expected to grow at an annual growth rate of 12.8% from 2020 to reach 
USD 2.1 billion by 2025. Currently, both ᴅ-/ʟ-lactic acid are produced from crop starch 
feedstock through microbial fermentation. In view of the cost of using pure sugar and the 
issue of “food and land competition”, the exploration of using non-food feedstock to sup-
plement or replace food crop starch for production of lactic acid is highly desirable [3,4]. 

As an abundant, low-cost source of non-food biomass, lignocellulose is a promising 
candidate for lactic acid fermentation [5]. However, the recalcitrant, complex, and heter-
ogeneous structure and composition of lignocellulosic raw materials make them difficult 
to use directly as a source for biochemical transformation [6]. Hence, the development of 
an efficient pretreatment technology for the deconstruction of lignocellulose is crucially 
important. Numerous strategies such as physical (milling, microwave, ultrasound, and 
extrusion, etc.), chemical (acid, alkali, organic solvents, ionic liquids, and deep eutectic 
solvents, etc.), biological (fungi, bacteria, and archaea, etc.), and physicochemical (hot wa-
ter, steam explosion, ammonia-based, wet oxidation, and carbon dioxide explosion, etc.) 

Citation: Cao, Y.; Liu, H.; Shan, J.; 

Sun, B.; Chen, Y.; Ji, L.; Ji, X.; Wang, 

J.; Zhu, C.; Ying, H. Ammonia–Me-

chanical Pretreatment of Wheat 

Straw for the Production of Lactic 

Acid and High-Quality Lignin.  

Fermentation 2023, 9, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor: Xiaoqing Lin 

Received: 19 January 2023 

Revised: 10 February 2023 

Accepted: 13 February 2023 

Published: 15 February 2023 

 
Copyright: © 2023 by the authors. 
Submitted for possible open access 
publication under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-
ativecommons.org/licenses/by/4.0/). 

-lactic acid fermentation are shown in Figure 4. As shown in Figure 4a, Thermoanaerobacter
sp. DH-217G can utilize glucose and trigger the successful assimilation of xylose to

 
 

 

 
Fermentation 2023, 9, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/fermentation 

Article 

Ammonia–Mechanical Pretreatment of Wheat Straw for the  
Production of Lactic Acid and High-Quality Lignin 
Yulian Cao 1,2, Haifeng Liu 2, Junqiang Shan 2, Baijun Sun 3, Yanjun Chen 2, Lei Ji 2, Xingxiang Ji 1, Jian Wang 3, 
Chenjie Zhu 2,* and Hanjie Ying 2 

1 State Key Laboratory of Biobased Material and Green Papermaking,  
Qilu University of Technology (Shandong Academy of Sciences), Jinan 250353, China; 
caoyulian1018@163.com (Y.C.); xxjt78@163.com (X.J.) 

2 College of Biotechnology and Pharmaceutical Engineering, Nanjing Tech University,  
Nanjing 211816, China; 202261218251@njtech.edu.cn (H.L.); shanjq1221@163.com (J.S.);  
chenyj@njtech.edu.cn (Y.C.); jilei@njtech.edu.cn (L.J.); yinghanjie@njtech.edu.cn (H.Y.) 

3 Hangzhong Dehong Technology Co., Ltd., Hangzhou 310015, China; baijun.sun@dhmaterial.com (B.S.); 
juan.wang@dhmaterial.com (J.W.) 

* Correspondence: zhucj@njtech.edu.cn; Tel.: +86-15261868731 

Abstract: In this study, wheat straw was fractionated into carbohydrates (cellulose and hemicellu-
lose) by ammonia–mechanical pretreatment for ʟ-lactic acid fermentation. Under optimal conditions 
(aqueous ammonia concentration: 19% w/w, liquid–solid ratio: 2.1:1 w/w, holding time: 4.80 h), the 
delignification was more than 60%. After enzymatic hydrolysis, the maximum conversions of cellu-
lose and hemicellulose were 92.5% and 83.4% based on the pretreatment residue, respectively. The 
wheat straw hydrolysate was used to produce ʟ-lactic acid with Thermoanaerobacter sp. DH-217G, 
which obtained a yield of 88.6% and an optical purity of 99.2%. The ammonia–mechanical pretreat-
ment is an economical method for the production of fermentable monosaccharide, providing poten-
tial for further downstream high value-added applications. 

Keywords: wheat straw; ammonia–mechanical pretreatment; enzymatic hydrolysis; ʟ-lactic acid 
fermentation; lignin 
 

1. Introduction 
Lactic acid is not only an important monomer for the synthesis of biodegradable plas-

tic polylactic acid (PLA), but it is also widely used in the food, medical, pharmaceutical 
and materials fields [1]. According to the report in [2], the global lactic acid market has 
reached 1845.00 kilotons in 2022 from 750.00 kilotons in 2017, and the global lactic acid 
market sizes are expected to grow at an annual growth rate of 12.8% from 2020 to reach 
USD 2.1 billion by 2025. Currently, both ᴅ-/ʟ-lactic acid are produced from crop starch 
feedstock through microbial fermentation. In view of the cost of using pure sugar and the 
issue of “food and land competition”, the exploration of using non-food feedstock to sup-
plement or replace food crop starch for production of lactic acid is highly desirable [3,4]. 

As an abundant, low-cost source of non-food biomass, lignocellulose is a promising 
candidate for lactic acid fermentation [5]. However, the recalcitrant, complex, and heter-
ogeneous structure and composition of lignocellulosic raw materials make them difficult 
to use directly as a source for biochemical transformation [6]. Hence, the development of 
an efficient pretreatment technology for the deconstruction of lignocellulose is crucially 
important. Numerous strategies such as physical (milling, microwave, ultrasound, and 
extrusion, etc.), chemical (acid, alkali, organic solvents, ionic liquids, and deep eutectic 
solvents, etc.), biological (fungi, bacteria, and archaea, etc.), and physicochemical (hot wa-
ter, steam explosion, ammonia-based, wet oxidation, and carbon dioxide explosion, etc.) 

Citation: Cao, Y.; Liu, H.; Shan, J.; 

Sun, B.; Chen, Y.; Ji, L.; Ji, X.; Wang, 

J.; Zhu, C.; Ying, H. Ammonia–Me-

chanical Pretreatment of Wheat 

Straw for the Production of Lactic 

Acid and High-Quality Lignin.  

Fermentation 2023, 9, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor: Xiaoqing Lin 

Received: 19 January 2023 

Revised: 10 February 2023 

Accepted: 13 February 2023 

Published: 15 February 2023 

 
Copyright: © 2023 by the authors. 
Submitted for possible open access 
publication under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-
ativecommons.org/licenses/by/4.0/). 

-lactic
acid. The

 
 

 

 
Fermentation 2023, 9, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/fermentation 

Article 

Ammonia–Mechanical Pretreatment of Wheat Straw for the  
Production of Lactic Acid and High-Quality Lignin 
Yulian Cao 1,2, Haifeng Liu 2, Junqiang Shan 2, Baijun Sun 3, Yanjun Chen 2, Lei Ji 2, Xingxiang Ji 1, Jian Wang 3, 
Chenjie Zhu 2,* and Hanjie Ying 2 

1 State Key Laboratory of Biobased Material and Green Papermaking,  
Qilu University of Technology (Shandong Academy of Sciences), Jinan 250353, China; 
caoyulian1018@163.com (Y.C.); xxjt78@163.com (X.J.) 

2 College of Biotechnology and Pharmaceutical Engineering, Nanjing Tech University,  
Nanjing 211816, China; 202261218251@njtech.edu.cn (H.L.); shanjq1221@163.com (J.S.);  
chenyj@njtech.edu.cn (Y.C.); jilei@njtech.edu.cn (L.J.); yinghanjie@njtech.edu.cn (H.Y.) 

3 Hangzhong Dehong Technology Co., Ltd., Hangzhou 310015, China; baijun.sun@dhmaterial.com (B.S.); 
juan.wang@dhmaterial.com (J.W.) 

* Correspondence: zhucj@njtech.edu.cn; Tel.: +86-15261868731 

Abstract: In this study, wheat straw was fractionated into carbohydrates (cellulose and hemicellu-
lose) by ammonia–mechanical pretreatment for ʟ-lactic acid fermentation. Under optimal conditions 
(aqueous ammonia concentration: 19% w/w, liquid–solid ratio: 2.1:1 w/w, holding time: 4.80 h), the 
delignification was more than 60%. After enzymatic hydrolysis, the maximum conversions of cellu-
lose and hemicellulose were 92.5% and 83.4% based on the pretreatment residue, respectively. The 
wheat straw hydrolysate was used to produce ʟ-lactic acid with Thermoanaerobacter sp. DH-217G, 
which obtained a yield of 88.6% and an optical purity of 99.2%. The ammonia–mechanical pretreat-
ment is an economical method for the production of fermentable monosaccharide, providing poten-
tial for further downstream high value-added applications. 

Keywords: wheat straw; ammonia–mechanical pretreatment; enzymatic hydrolysis; ʟ-lactic acid 
fermentation; lignin 
 

1. Introduction 
Lactic acid is not only an important monomer for the synthesis of biodegradable plas-

tic polylactic acid (PLA), but it is also widely used in the food, medical, pharmaceutical 
and materials fields [1]. According to the report in [2], the global lactic acid market has 
reached 1845.00 kilotons in 2022 from 750.00 kilotons in 2017, and the global lactic acid 
market sizes are expected to grow at an annual growth rate of 12.8% from 2020 to reach 
USD 2.1 billion by 2025. Currently, both ᴅ-/ʟ-lactic acid are produced from crop starch 
feedstock through microbial fermentation. In view of the cost of using pure sugar and the 
issue of “food and land competition”, the exploration of using non-food feedstock to sup-
plement or replace food crop starch for production of lactic acid is highly desirable [3,4]. 

As an abundant, low-cost source of non-food biomass, lignocellulose is a promising 
candidate for lactic acid fermentation [5]. However, the recalcitrant, complex, and heter-
ogeneous structure and composition of lignocellulosic raw materials make them difficult 
to use directly as a source for biochemical transformation [6]. Hence, the development of 
an efficient pretreatment technology for the deconstruction of lignocellulose is crucially 
important. Numerous strategies such as physical (milling, microwave, ultrasound, and 
extrusion, etc.), chemical (acid, alkali, organic solvents, ionic liquids, and deep eutectic 
solvents, etc.), biological (fungi, bacteria, and archaea, etc.), and physicochemical (hot wa-
ter, steam explosion, ammonia-based, wet oxidation, and carbon dioxide explosion, etc.) 

Citation: Cao, Y.; Liu, H.; Shan, J.; 

Sun, B.; Chen, Y.; Ji, L.; Ji, X.; Wang, 

J.; Zhu, C.; Ying, H. Ammonia–Me-

chanical Pretreatment of Wheat 

Straw for the Production of Lactic 

Acid and High-Quality Lignin.  

Fermentation 2023, 9, x. 

https://doi.org/10.3390/xxxxx 

Academic Editor: Xiaoqing Lin 

Received: 19 January 2023 

Revised: 10 February 2023 

Accepted: 13 February 2023 

Published: 15 February 2023 

 
Copyright: © 2023 by the authors. 
Submitted for possible open access 
publication under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-
ativecommons.org/licenses/by/4.0/). 

-lactic acid was obtained within 58 h of sugar fermentation, and the productivity
was 0.908 grams per gram of the mixture of pure sugars. At the end of fermentation,
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acid was obtained at 85.32 g/L, with 1.87 g/L of total sugar residues (glucose, ~1.43 g/L;
xylose, ~0.44 g/L). In addition, the chiral purity of
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-lactic acid was measured as 99.5%
using the Megazyme
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-lactic acid product by Thermoanaerobacter sp. DH-217G at pH 6.8 and 328.15 K. (a) Mixture
of pure sugars; (b) wheat straw hydrolysate.

3.3. Mass Balance under the Optimal Reaction Condition

Based on the Box–Behnken design, we studied the feasibility of the ammonia–mechanical
pretreatment process through the holistic mass balance under optimal conditions. First,
10 kg wheat straw was treated with a twin-screw extruder, 19% w/w aqueous ammonia
concentration, liquid–solid ratio 2.1:1 w/w, and heat preservation for 4.8 h. After pretreat-
ment, the black liquor and pretreatment residue was separated. The pretreatment residue
(60.36 wt%) was washed for enzymatic hydrolysis, and the sugar yield was about 89.37%
based on the sugar in the pretreatment residue. The aqueous ammonia recovered under
evaporation from the black liquor and filtrate, and the lignin recovered by spray drying.
The recovery rate of aqueous ammonia was about 70% due to some aqueous ammonia
consumed by the chemical reaction between aqueous ammonia and lignin (vide infra). As
shown in Figure 5, the results show that 4.920 kg of calcium
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1. Introduction 
Lactic acid is not only an important monomer for the synthesis of biodegradable plas-

tic polylactic acid (PLA), but it is also widely used in the food, medical, pharmaceutical 
and materials fields [1]. According to the report in [2], the global lactic acid market has 
reached 1845.00 kilotons in 2022 from 750.00 kilotons in 2017, and the global lactic acid 
market sizes are expected to grow at an annual growth rate of 12.8% from 2020 to reach 
USD 2.1 billion by 2025. Currently, both ᴅ-/ʟ-lactic acid are produced from crop starch 
feedstock through microbial fermentation. In view of the cost of using pure sugar and the 
issue of “food and land competition”, the exploration of using non-food feedstock to sup-
plement or replace food crop starch for production of lactic acid is highly desirable [3,4]. 

As an abundant, low-cost source of non-food biomass, lignocellulose is a promising 
candidate for lactic acid fermentation [5]. However, the recalcitrant, complex, and heter-
ogeneous structure and composition of lignocellulosic raw materials make them difficult 
to use directly as a source for biochemical transformation [6]. Hence, the development of 
an efficient pretreatment technology for the deconstruction of lignocellulose is crucially 
important. Numerous strategies such as physical (milling, microwave, ultrasound, and 
extrusion, etc.), chemical (acid, alkali, organic solvents, ionic liquids, and deep eutectic 
solvents, etc.), biological (fungi, bacteria, and archaea, etc.), and physicochemical (hot wa-
ter, steam explosion, ammonia-based, wet oxidation, and carbon dioxide explosion, etc.) 
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-lactic acid. The final lactic acid
yield was about 88.59% based on the hydrolysate and 63.03% based on the total sugar in
the wheat straw.

3.4. Microstructure of Pretreatment Residue

The microstructures of the wheat straw and pretreatment residues were studied using
SEM and X-ray diffraction (Figures S3 and S4). The untreated wheat straw had a dense and
well-arranged surface structure. This structure acts as a barrier to enzymes and reduces
their accessibility by preventing cellulase from entering the straw. After pretreatment, the
complete and orderly appearance of the wheat straw was disrupted and created a loose
and rough structure with a large distribution of pores. Different levels removed of lignin
and hemicellulose led to the gradual exposure of cellulose. The results showed that the
destruction of the lignin physical barrier and exposure to cellulose increased the accessibility
of cellulase. In addition, the crystallinity of wheat straw was changed from 47.69% to 53.57%
(Table S4), mainly due to the degradation of a minor amount of amorphous hemicellulose
and a large amount of lignin during the pretreatment process (Table 1).

3.5. Structural Characterization of Extracted Lignin
3.5.1. FTIR and Ultimate Analysis

The lignin samples were investigated by FTIR (Figure 6). Milled wood lignin (MWL)
is close to its primitive status and commonly exhibits much smaller structural variations.
Thus, MWL derived from the wheat straw was selected for comparison. The -OH stretching
vibration signal was at 3381 cm−1, and the C-H stretching vibration signal was at 2927 and
2842 cm−1, which were the feature absorption peaks of lignin [38]. Meanwhile, the aromatic
ring vibration (1598 and 1514 cm−1), the guaiacyl (1252 cm−1), the C-H deformation vibration
connected to fragrant (1461 cm−1), and the syringyl (1329 and 1130 cm−1) were observed
in the lignin samples [39]. The indicated lignin samples were representative of HGS lignin.
Compared with MWL, P-lignin had a weaker peak intensity at 830 cm−1 (β-1,4-glycosidic
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bond in cellulose) and 1040 cm−1 (C-O-H stretching of primary and secondary alcohols of
cellulose). In addition, there was no peak at 1740–1735 cm−1 (the ester group of acetyl and
glyoxylate of hemicellulose). The chemical bonds between carbohydrates and lignin were
broken after ammonia–mechanical pretreatment. The disappearance of the signal (C=O)
at 1702 cm−1 was probably due to the reduction of aqueous ammonia. The absorbance of
P-lignin has a new peak at 1687 cm−1 (the signal of amido bond), which suggests that lignin
grafted with nitrogen during the ammonia–mechanical pretreatment, which was further
validated by ultimate analysis (Table S5) and 2D HSQC NMR (vide infra).
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3.5.2. Two-dimensional 1H-13C HSQC NMR Analysis

The structure of lignin was further studied by 2D-HSQC NMR analysis (Figure 7),
which included the side-chain (δC/δH 50–90/2.5–6.0 ppm) and the aromatic regions (δC/δH
90–160/6.0–8.0 ppm) (Table S6). The content of β-O-4 aryl ether linkages (A) and C-H
in phenylcoumaran substructures (B) was detected in the side-chain regions [40]. The
P-lignin was confirmed to be GSH lignin due to the signals of guaiacyl (G), syringyl (S),
p-hydroxy phenyl (H), tricin (T), and ferulate (FA), which were all observed in the aromatic
ring regions. The most interesting feature was that the ester bond-linked ferulic acid with
grafted nitrogen, ferulamide (FAM6, δC/δH 123.1/7.20), was detected in P-lignin, which
manifested the ammonolysis of the lignin that occurred during the pretreatment [41]. Based
on the ultimate analysis, the nitrogen of the P-lignin was increased 12.81 times compared
to the MWL. By contrast, the signal of FAα (δC/δH 145.2/7.58) vanished after pretreatment,
which was mainly due to the reduction of the α=β double bond caused by the reducibility
of the aqueous ammonia. Furthermore, the tricin was unstable and was reflected in the
disappearance of the T6 (δC/δH 98.9/6.23) and T8 (δC/δH 94.2/6.60) signals, which may
be dissolved and destroyed during the ammonia–mechanical pretreatment [42]. Lastly,
some β-O-4 aryl ether linkages were cleaved by alkali catalysis of the aqueous ammonia,
which was reflected in the signal of Aα (δC/δH 71.6/4.88) [43]. In addition, the S/G/H
ratio of MWL and P-lignin was 55/44/1 and 50/48/2, respectively. The S/G ratio of
lignin decreased from 1.27 to 1.06 after ammonia–mechanical pretreatment, indicating that
demethylation may occur during the process.

1 
 

 
Figure 7. Two-dimensional HSQC NMR spectra of MWL and P-lignin (extracted at optimal pretreat-
ment conditions). Signals are depicted in Table S6.



Fermentation 2023, 9, 177 12 of 14

3.5.3. The Radical Scavenging Activity of Lignin

The radical scavenging activity of lignin can reflect the antioxidant activity of lignin.
The results of the radical scavenging activity of P-lignin and MWL were determined
by the DPPH kit and showed that P-lignin (61.12%) was higher than MWL (38.99%).
Co-production of radical scavenging activity lignin becomes another advantage of the
ammonia–mechanical pretreatment system, which provides the potential for further down-
stream high value-added applications, such as it can act as an antioxidant additive for films,
polymers, and other [44].

4. Conclusions

In short, an efficient and mild ammonia–mechanical pretreatment system to overcome
the problems of saline wastewater brought on by the traditional alkali process is presented.
Delignification of 62.47% and total sugar yield of 89.37% based on the sugar in the pretreat-
ment residue (corresponding to 71.14% based on the raw wheat straw) was achieved under
the optimal condition. With the aid of the developed extrusion equipment, the energy
consumption was greatly reduced compared with the traditional cooking method. Lastly,
79.58 g/L of
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-lactic acid with a yield of 88.59% and optical purity of 99.2% can be obtained
using the wheat straw hydrolysate.
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