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A B S T R A C T   

Lignocellulose, as the most abundant type of inedible biomass, is considered as a promising renewable feedstock 
for making fuels, chemicals, and materials. However, its complex structure makes most of current biorefinery 
processes suffer from low resource utilization rates, high energy consumption or ill-defined market orientation of 
the obtained products. Here, we propose and evaluate the EXA (Ethanol, Xylose, Adhesive) biorefinery strategy 
based on current xylose industry. This process integrates four conversion and separation stages to consecutively 
produce ethanol, xylose, and adhesive with total carbon utilization of 79.6%. The key innovation is the estab
lishment of an easy-to-operate process for direct production of high-quality adhesive from a lignin-rich liquid 
fraction that makes the overall process significantly more sustainable. Techno-economic analysis (TEA) shows 
that the revenue of proposed EXA process increases more than 110 times compares with the current process and 
life cycle assessment (LCA) demonstrates a much lower CO2 footprint from an environmental burden per unit of 
revenue perspective.   

1. Introduction 

With the increasing demand for chemicals, fuels, and materials in our 
global society, the efficient and sustainable exploitation of renewable 
resources is recognized as the key for future sustainable development 
[1–3]. In this context, the utilization of lignocellulose, the most abun
dant and wide-spread renewable resource on our earth, has attracted 
great attention in recent years [4]. Furthermore, lignocellulose has been 
projected as the most important carbon–neutral resource for decreasing 
CO2 emissions and atmospheric pollution [5,6]. However, due to its 
complex structure, efficient and complete utilization of all lignocellulose 
components for producing valuable products is a challenge. Therefore, 
the development of cost-effective and environmental-friendly 

approaches that lead to the production of a product portfolio that aligns 
with the current chemicals and materials market needs to be addressed 
[7,8]. 

Typically, current industrial processes targeting valorization of 
lignocellulose mainly focus on the application of the carbohydrate part, 
as for example in the paper and cellulosic ethanol industry [9,10]. In 
these processes, the produced condensed lignin streams are considered 
as by-products and normally burned to generate heat [11] or converted 
to bio-based fuels via energy-intensive catalytic processes [12,13]. In 
order to make the most use of all lignocellulose components, especially 
to improve the value of lignin stream, various strategies targeting total 
valorization of lignocellulose have been developed in recent years [14]. 

The first upcoming strategy that has aroused great interest in recent 
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years relies on the development of efficient lignin isolation with minimal 
structural degradation to allow for the generation of high yields of 
selected high-value lignin monomers [15–17]. An example is the process 
of adding formaldehyde during organosolv pretreatment to provide a 
soluble lignin fraction and which allows for the further depolymeriza
tion of cellulose, hemicelluloses and lignin separately to achieve the 
complete valorization of all components [18]. A second strategy relies 
on converting the whole lignocellulosic material in one- pot, which 
significantly reduces the complexity of the whole process [14]. How
ever, the diversity of products obtained from each component in 
lignocellulose brings great difficulties in the system design. So far, only a 
few examples have been reported and most of these operated via energy 
intensive catalytic systems and produce complex mixtures of products 
that cannot be applied as such and thus require complex separation steps 
[19–21]. A third approach has been developed in recent years and in
tegrates lignin isolation with effective in-situ catalytic depolymerization 
[22–28]. Compared with the two other processes, this process can 
deliver lignin monomers in high yields and excellent polysaccharide 
retention and digestibility potential [27]. However, significant cost re
ductions of the energy intensive depolymerization process and estab
lishment of a market for produced lignin monomers need to be 
addressed in the future [28,29]. Additionally, these processes do not 
have a good strategy for dealing with the hemicellulose component as it 
typically degrades together with lignin and thus complicates down
stream processing and lowers the carbon utilization efficiency. 

Thus, the development of a sustainable process that is able to 
compete economically with petroleum refineries is still difficult due to 
the vast investment cost and ill-defined market orientation of the pro
duced products. Compared with other processes focusing on either 
lignin or cellulose first, production of valuable compounds from hemi
cellulose derived from lignocellulose is also possible. The generated 
products are normally C5 sugars [30,31] or furfural [32]. Recently, a 
biorefinery process based on this strategy was developed, in which 

hemicellulose from corncob was firstly converted into xylose by well- 
known dilute acid treatment (Fig. 1) and then the solid residue was 
isolated and further used for the production of bioethanol while leaving 
the recovered solid lignin for use in other applications. Currently, this 
process operates with an annual production of 8000 t xylose, 50000 t 
ethanol and 4000 t lignin per year. However, during this process the 
lignin valorization has not yet been adequately developed. Although, 
lignin could be sold for other process, such as the production of biochar 
[33], the impurities remaining in lignin make further processing more 
complicated. Moreover, the lignin separation process used large 
amounts of acid and the generated large amount of waste water which 
leads to additional environmental problems. Without overcoming this 
challenge, the revenue of current process is only 12.71 USD for each 
1.00 t fuel ethanol produced from lignocellulose. 

In this context, herein we successfully developed the EXA (Ethanol, 
Xylose, Adhesive) biorefinery process based on the hemicellulose-first 
biorefinery process which addresses the trickiest issue of lignin utiliza
tion by direct valorization as a lignin-based phenol formaldehyde (LPF) 
resin adhesive without any further treatment. Moreover, a waste water 
recycling system was introduced that allowed to reduce pollution issues. 
Overall, the EXA biorefinery process was developed based on the prin
ciples listed in Fig. 1 which can be described as: 1. The complete and 
efficient valorization of all lignocellulose components; 2. The direct 
entry into a current industrial process to minimize costs of invests; 3. 
The operation under environmental-friendly conditions; 4. The pro
duction of valuable products with direct market entries. 

The proposed EXA biorefinery strategy which produces ethanol, 
xylose, and adhesive as end products and results in the total valorization 
of all lignocellulose components. Importantly, every lignocellulose 
components after fractionation were directly valorized during EXA 
biorefinery. According to LCA and TEA, this easy-to-operate process was 
cost- and eco-efficient and environmental-friendly, while achieving the 
efficient exploitation of all lignocellulosic biomass components. 

Fig. 1. General scheme of current xylose biorefinery process as operated by Shandong Longlive Biotechnology Co., Ltd. (top) and the proposed EXA biorefinery 
process for total valorization of corncob lignocellulose (bottom). 
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Meanwhile, the value-added products (xylose, ethanol, and adhesive) 
from lignocellulose can be directly commercialized with economic 
competitiveness and negligible market risk. 

2. Materials and methods 

2.1. Materials 

Corncob and cellulose- and lignin-rich residue were obtained from 
Shandong Longlive Biotechnology Co., Ltd (Shandong Province, China). 
All other chemicals used in this study were purchased from Beijing 
Chemical Works. 

2.2. Analytical methods 

2.2.1. Compositional and elemental analysis 
Compositional analysis was carried out according to the standard 

laboratory analytical procedures NREL/TP-510-42618 [34]. The com
positions of corncob, cellulose- and lignin-rich residue, the cellulose 
fraction after dilute alkali treatment, and the residue after fermentation 
are listed in Table S1. Elemental analysis was acquired on an elementar 
vario Micro cube (Elementar, Germany). 

2.2.2. Characterization of lignin 
The molecular weights of L2 samples were determined by gel 

permeation chromatography 1200 (Agilent, U.S.). The lignin sample 
was directly dissolved in THF without any other treatment. The nuclear 
magnetic resonance (NMR) analyses were acquired on a Bruker AVIII 
400 MHz spectrometer (Bruker, Germany) at 25 ◦C. The instrument 
parameters were set based on the previous study [35,36]. 

2.2.3. Characterization of lignin-based phenol formaldehyde (LPF) resin 
adhesives 

A Bruker AV-III 400 MHz spectrometer (Bruker, Germany) was used 
to record the 13C NMR spectra of the LPF resin adhesives at 25 ◦C. 80 mg 
freeze-dried uncured resins were dissolved in 0.5 mL of D2O. The dif
ferential scanning calorimeter (DSC) analysis of the uncured freeze- 
dried resins was acquired on DSC214 (Netzsch, Germany). The heat
ing rates of scans were set at 5 ◦C min− 1, 10 ◦C min− 1, and 15 ◦C min− 1 

respectively. Thermal stability of the LPF resin adhesives were measured 
with a TGA/DSC 1600 (Mettler Toledo, Switzerland). Curves of the 
weight loss and the derivative weight loss (DTG) were plotted. The 
physical properties of the LPF resin adhesives were determined in 
accordance with the Chinese National Standard (GB/T 14074–2017). 

The performances of the LPF resin adhesives were tested via its 
application as an adhesive in plywood according to the Chinese National 
Standard (GB/T 17657–1999). The three-layers laboratory plywood 
panels (400 mm × 400 mm × 6.6 mm) were produced using LPF resin 
adhesives (L1PF mixed with 14.54% fermentation residue and 5.46% 
wheat flour and as filler, L2PF mixed with 20.00% wheat flour and as 
filler) and poplar veneers. The glue spread was 316 g m− 2 of the double 
glue line. The plywood was hot-pressed at 145 ◦C under 1.0 MPa for 594 
s (90 s mm− 1). The bonding strength was tested using a universal testing 
machine after the samples (100 mm × 25 mm) being boiled in water at 
100 ◦C for 3 h. The formaldehyde emission was tested according to the 
desiccator method with the samples 150 mm × 50 mm. 

2.3. Approach to producing adhesives 

The L1PF resin adhesive was synthesized using the concentrated 
liquid lignin fraction (L1) with lignin content of 33.20%. The 50% 
substitution rate of lignin to phenol (calculated based on the lignin 
content) and a mol ratio of phenol to formaldehyde of 1.0:1.8 was used. 
In the first step, phenol was mixed with the liquid lignin fraction in a 
three-necked flask. The residual NaOH left in the lignin fraction from 
previous dilute alkali treatment step resulted in an alkali environment. 

The quantity of NaOH in this lignin rich solution was approximately 
30%, which meant much less NaOH was needed when using the lignin 
solution compared with an isolated lignin as feedstock. The mixture was 
heated at 90 ◦C for 1 h. Next, the NaOH solution (30 wt%) and 70% of 
the total formaldehyde was added with the mixture heating at 80 ◦C for 
1 h. Finally, the NaOH solution (30% wt) and urea (5 wt% of phenol) 
was then added after the temperature dropped to 65 ◦C. 

The L2PF resin adhesive was synthesized using the solid lignin (L2) 
obtained via acidic precipitation and separation from concentrated 
lignin fraction. Before the preparation, L2 was dried overnight in an oven 
at 60 ◦C. The L2PF resin adhesive was produced with a solid lignin 
substitution rate of 50% (in relation to the mass of phenol). Similar to 
the L1PF resin adhesive preparation procedure, in the first step, phenol 
and L2 were mixed in a three-necked flask. Then, the appropriate 
amount of NaOH solution (30% wt) was added to adjust the pH value to 
9–10. The subsequent process was in accordance with that of the prep
aration of the L1PF resin. 

2.4. Techno-economic analyses 

The techno-economic analyses were performed based on a plant-size 
process model of producing 1 t ethanol. Most of the data were provided 
by Shandong Longlive Biotechnology Co., Ltd. (Shandong, China) which 
is one of the first companies that had obtained the qualification of China 
to produce bioethanol from 2005 and some steps related to L1PF resin 
were slightly adjusted according to the existing industry. These practical 
data were the mean value from two years operations (2016–2017). 

2.5. Life cycle assessment 

Life cycle assessment approach (LCA) is an environmental tool 
assessing the impact on the environment of a product or a process 
through its life cycle [37]. LCA was performed to quantify the green
house gas (GHG) intensities during these two processes. The “cradle-to- 
gate” system boundaries of the current and the proposed integrated 
biorefinery include collection, transportation of corncob, and bio
refinery process. Because corncob is the waste from corn harvest, the 
environmental burdens related to growth and harvest are allocated to 
corn completely. According to the literature, it is assumed that every 1.0 
kg of corn produced provides 0.15 kg of corncobs and the diesel con
sumption is 1300 MJ/acre on average [38]. The transportation of 
corncob is done by diesel driven truck for approx. 50 km, from the 
storage to biorefinery plant within the Shandong province. Land use 
change and infrastructures are not included in their system boundaries. 
Carbon intensity or greenhouse gas (GHG) intensity, as either GHG 
emissions per unit of product or per plant was selected as the environ
mental indicator to compare current and EXA processes. Since the EXA 
process was upgrade with water recycling system, water usages were 
also highlighted for two systems. 

Functional units for both designs are “to process 5.25 t corncob”, 
equivalent to 1.00 t ethanol, 0.75 t xylose, and 2.14 t lignin or 6.00 t LPF 
resin adhesive. Results are shown as kg CO2 eq./ kg or MJ of products 
from biorefineries. The biorefinery is a multi-products system and 
therefore the allocation was applied among these products following the 
economic allocation approach, with surplus electricity from anaerobic 
digestion as an exception. Surplus electricity is treated by system 
expansion method, as a substitution of the grid mix. The allocation 
proportions were estimated and explained in the Results section. A “2%” 
cut-off criteria is applied, which means that any input below 2% of the 
main output ethanol was excluded from the calculation. In addition to 
results interpretation, contribution analysis (“hot spot” analysis), 
sensitivity analysis and scenario analysis for further carbon intensity 
improvement opportunities were also performed. 

Inventory data for chemicals, electricity and coal based steam is from 
the China LCA core database (CLCD) embedded in WebLCA software 
[39]. Inventory data for natural gas based steam in EU-28 and biomass 
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based steam in China is from Gabi database, and those for yeast and 
cellulase enzyme is from the GREET 2018 model [40]. Inventory data for 
wastewater effluents offsite treatment is from the Ecoinvent v3.1 data
base embedded in WebLCA software. GHG intensities for all products 
were calculated based on the IPCC AR4 [41] method using conversion 
factor 298 for N2O and 25 for methane. The calculation was done using 
an in-house developed excel based spreadsheet. 

3. Results and discussion 

3.1. The EXA biorefinery processing stages 

As shown in Fig. 1, both current biorefinery process and the EXA 
biorefinery process contain four stages. Stage 1 focuses on depolymer
ization of hemicellulose to xylose and solid liquid separation. The res
idue after xylose production is mainly composed of cellulose (60.5%) 
and lignin (29.0%). Stage 2 is the processing of cellulose- and lignin-rich 
residue, for which dilute alkali treatment is used to separate these two 
fractions for further utilization. Stage 3 refers to valorization of cellulose 
to ethanol. The cellulose fraction after dilute alkali treatment contains 
87.3% cellulose that can be used for the direct enzymatic hydrolysis and 
fermentation to obtain ethanol. Stage 4 is the valorization of the lignin- 
rich fraction to adhesive in the EXA process or isolation of lignin for the 
current process. Innovations presented in this manuscript lie with the 
modification of stage 4 in which the lignin-rich fraction is directly used 
for phenol–formaldehyde adhesives without the need for further puri
fication as well as alkali liquid waste treatment. 

The designed production capacity of current process is 8000 t/year 
for xylose, 50, 000 t/year for ethanol, and 4000 t/year for lignin. The 
production capacity of adhesive (20, 000 t/year) was estimated based on 
that of lignin. For a more detailed comparison of the processing pro
cedures with mass balances, see Figs. S1 and S2. 

3.1.1. Depolymerization of hemicellulose to xylose 
Depolymerization of hemicellulose to xylose (Fig. 1, Stage 1) is 

already a mature process that has been industrialized for several de
cades. Over the years, the application of xylose has grown dramatically 
in food, beverages, and pharmaceuticals [42]. Its market reached about 
1.5 billion dollars in 2018 [43]. Various feedstocks including corncob 
[44,45], corn stover [46], sugarcane [47], and wheat straw [31] have 
shown potential for direct production of high yield xylose without prior 
separation of hemicellulose. Corncob with high hemicellulose content 
(31.8%, Table S1) is an abundant and cheap resource with annual pro
duction of 250 million tons as agricultural waste [48]. Cost-effective and 

sustainable production of valuable products from corncob has attracted 
great attention in recent years [48–50] and it was therefore selected as 
feedstock to demonstrate the EXA biorefinery. 

The depolymerization of hemicellulose was done in a dilute H2SO4 
solution. Following separation and purification, marketable high- 
quality xylose is obtained (Fig. S1). Processing and valorization of the 
cellulose- and lignin-rich residue (Fig. 1, Stage 2) starts with the sepa
ration of the two main components in stage 2. The selected integrated 
treatment and separation process allows to take the maximum advan
tage of the chemical structures of each biopolymer and is optimal for the 
target products. Dilute alkali treatment was applied owing to its efficient 
delignification, convenient operation, and the fact that it is commer
cially well established. The wet cellulose- and lignin-rich residue could 
be directly treated with a high feedstock loading. A cellulose-rich frac
tion was isolated as solid and could be separated from the lignin-rich 
liquor. The lignin fraction contains only a trace amount of residual 
carbohydrates (0.41%) and has a Mw of 1220 g mol− 1. Two variations of 
lignin; L1 (concentrated lignin-rich liquor) and L2 (purified solid lignin 
obtained by precipitation used as a control) were investigated by GPC, 
FT-IR spectroscopy, 2D HSQC NMR spectra, 31P NMR and 13C NMR. (See 
Figs. S3–S6, Tables S2–S5 for detailed discussion). 

3.1.2. Production of bioethanol 
For the efficient production of bioethanol, it is important that the 

obtained cellulose is of sufficient purity. Herein, we are aiming to pro
duce high purity ethanol via an integrated enzymatic hydrolysis and 
fermentation process (Fig. 1, Stage 3) [51]. Globally, bioethanol is an 
important sustainable source of energy and is also in high demand in 
China. But so far, the production capabilities in China (2.68 million tons 
in 2018) are still far below the 2020 production target (10 million tons) 
set by the nation’s Long and Mid-Term Planning for Renewable Energy 
Plan. In this work, the enzymatic hydrolysis and fermentation process 
were conducted continuously in a single reaction still. The fermentation 
was performed at 38 ◦C for 72 h. The mixture obtained after fermenta
tion was then separated yielding high purity ethanol (1.0 t). It is note
worthy that there were some solid hydrolysis residues left after the 
enzymatic hydrolysis process. Previously, these residues were usually 
treated as the solid waste that was burned to provide energy. To achieve 
maximum benefits, these hydrolysis residues are proposed to be used as 
the filler of LPF resin adhesives in this improved strategy (see main text 
below). 

Fig. 2. Schematic representation of the production processes for the L1PF (a) and L2PF (b) resin adhesives.  
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3.1.3. From lignin to lignin-based phenol formaldehyde (LPF) resin 
adhesives 

The next important step was the utilization of lignin (Fig. 1, Stage 4), 
the main component in the lignin-rich liquor. Although the lignin ob
tained in this process has been valorized into a range of niche products 
[15–17]. However, most of these are hard to be commercialized owing 
to the high costs or uncertain market requirements. Lignin is also 
considered as a renewable source of phenolics to (partly) replace phenol 
for the production of phenolic resins [52–54]. The formed resins from 
lignin normally perform weak reactivity due to their higher steric hin
drance. Herein, we put forward our focus on the market of wood ad
hesives as it has the largest market share and is driving phenolic resin 
consumption on a global scale [55]. The global wood adhesive market 
size has reached USD 4.60 billion in 2018 and is predicted to keep 
growing from 2019 to 2025 with approximately 4.7% annually [56]. 

The lignin fraction after alkaline treatment was concentrated to 60% 
solid content, while for lignin the weight content is 33.2%. The carbo
hydrate contents of the alkali-soluble lignin (L2) are only 0.41%. This 
low content of carbohydrate (<1%) shows the high purity of this lignin 
which is good enough to sell as the final product for further application. 
The Mw of L2 was 1220 g mol− 1 showing very limited condensation. The 
polydispersity of 1.07 indicated that the alkali-soluble lignin was ho
mogeneously dispersed in the THF solution. 

Traditionally, the lignin used to prepare resins is usually purified first 
to decrease the adverse effects from carbohydrates and other impurities 
on the adhesive properties. Previously, we have reported the valoriza
tion of technical lignin [57,58] as well as bioethanol fermentation res
idues [59] for the production of desirable resins with high substitution 
rate and controllable viscosity. Further application of LPF resin adhe
sives in large scale via our developed technology for the production of 
plywood in China demonstrated an innovative costs reduction strategy 
for related industrial processes [60]. However, the conventional 
approach needs to use a large quantity of acid for precipitating lignin, 
which makes the further separation method rather complex and pro
duces plenty of waste water that is difficult for further recycling and 
post-processing steps. Because of the prior hemicellulose removal, the 
proposed EXA strategy allows for the direct use of the liquid lignin-rich 
fraction without the need of an extra separation step. Therefore, it also 
avoids the additional generation of waste required for the purification. 
Solely, an ordinary concentration step that keeps around 60.0% solid 
content was applied to facilitate the preparation of lignin-based phenolic 
resins and avoided the use of a complex separation process (Fig. 2a). To 
further improve the overall efficiency of the whole process, the recov
ered distilled water was recycled to wash the solid fraction after dilute 
alkali treatment (Fig. S2). 

3.1.4. Chemical structure analysis of the uncured LPF resin adhesives 
For comprehensive and better understanding of the properties of 

produced adhesives, two types of LPF resin adhesives were prepared as 
shown in Fig. 2. L1PF resin adhesive was prepared directly from the 
lignin-rich liquor after concentration and L2PF resin adhesive was pre
pared from the solid lignin isolated by acid precipitation. The properties 
of LPF resin adhesives are determined by its chemical structures, which 
is also investigated with solution-state 13C NMR. Fig. S7 displays the 
spectra and the signals were analyzed based on the existing literatures 
[61–64]. 

The carbonyl groups of the substituted urea are 162.2 ppm (mono
substituted) and 160.1 ppm (disubstituted). The higher intensity of 
peaks which belong to substituted urea in L1PF resin adhesive indicated 
that there is slightly more unreacted formaldehyde in this system. The 
signals from 133.0 to 125.0 ppm represent the reacted aromatic carbons 
in lignin and phenol. The peaks of the substituted para (129.8 ppm) and 
ortho (127.2 ppm) C–C sites of LPF resin adhesives were very similar. 
The series of peaks from 118.7 to 114.8 ppm belong to the unsubstituted 
aromatic carbons. The peak at 118.2 ppm represents the unsubstituted 
para carbons, which implied that the amount of unreacted phenol in 
L1PF resin adhesive was higher than another one. 

The peaks at 71.6 ppm (para) and 68.9 ppm (ortho) are the benzy
lether groups between aromatic rings, which only existed in L1PF resin 
adhesive. The methylene ether bridge is not detected as it is unstable 
during the curing process. The signals of methylol group condensed 
between urea and formaldehyde were at 65.3 ppm (para) and 62.0 ppm 
(ortho), respectively. These kinds of bridges mainly existed in L1PF resin, 
especially the ortho-NH-CH2OH bonds. The peaks at 63.7 ppm (para) and 
61.0 ppm (ortho) are the methylol groups on the aromatic rings, which 
means the L2PF resin adhesive suffered more condensation reactions 
between aromatic rings and formaldehyde. Traditionally, the para site of 
phenolic rings is more reactive than the ortho sites. The strong signals at 
61.0 ppm indicated that there were considerable reactive sites of lignin 
participating in the condensation reaction. The peaks at 60.5 ppm and 
55.5 ppm represent the methylene groups between urea. Therein, the -N 
(CH2–)CH2-N(CH2)- bridge in L1PF resin adhesive was obviously more 
than that in L2PF resin adhesive. The signals at 39.0 ppm and 34.0 ppm 
are the methylene groups between aromatic rings. In general, the 
condensation degree of L2PF resin adhesive was more thorough. There 
are still some condensation reactions that occurred at the initial stage, 
which correlated with the steric hindrance generated by the impurities 
in the concentrated liquid. In addition, there are also some unstable 
linkages in L1PF resin adhesive, which can affect the properties of the 
final plywood. 

3.1.5. Curing kinetics of the LPF resin adhesives 
The curing process of the produced adhesives has a major influence 

Fig. 3. Differential Scanning Calorimetry (DSC) analyses of produced LPF resin adhesives.  
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on plywood performance. DSC was used to analyze the curing kinetics of 
the LPF resin adhesives [54]. The activation energy data were calculated 
by both the Kissinger (1) and Flynn-Wall-Ozawa (2) methods: 

ln
(

β
T2

P

)

= ln
A0R
Ek

−
Ek

RTP
(1)  

logβ = − 2.315 − 0.4567
(

Ef

RTP

)

+ log
(

A0E
R

)

− log
(∫ αP

α0

1
f (α) dα

)

(2) 

The results obtained are given in Fig. 3 and Table S6. 
The characteristic curing temperature of L1PF resin adhesive 

(128.5 ◦C) was slightly higher than that of L2PF resin adhesive 
(122.7 ◦C). The chemical structures of both adhesives correlate crucially 
with the curing temperature. As shown in Fig. 3, the intensities of the 
unsubstituted carbons of L2PF resin adhesive are markedly lower than 
another one, which resulted in a lower curing temperature of L2PF resin 
adhesive [58]. 

3.1.6. Thermal decomposition of LPF resin adhesives 
The thermal stability of resin is highly dependent on the synthesis 

conditions and the molecular structure of resins [65]. TG detection was 
used in this study to analyze the produced adhesives. The results are 
presented in Fig. 4 and Table S7. The initial stage of ~ 11% weight loss 
was primarily owing to the evaporation of the water and remaining 
formaldehyde. The principal mass loss event occurred during the second 
stage between 221 and 320 ◦C. This decomposition took place via the 
partial breakdown of the methylene and methylol linkages [66,67]. The 

third and fourth stages occurred between 320 and 434 ◦C and 
434–549 ◦C, respectively. The fragmentation of the side chains present 
in lignin and the methylene bridges leading to the weight loss [66,68]. 
These results indicate that the thermal stability of different adhesives 
was approximate owing to their similar chemical composition. 

3.1.7. Performances of the plywood produced by LPF resin adhesives 
As shown in Table 1, the solid content of L1PF resin adhesive was 

slightly higher than that of L2PF resin adhesive. 8.41% NaOH was left in 
the lignin fraction L1 after alkaline treatment and the following con
centration step. Therefore, the amount of NaOH used in the first pro
cessing step of L1PF resin adhesive production was reduced 
correspondingly to keep a similar pH value of the final LPF resin adhe
sives. The viscosity of L1PF resin adhesive was markedly lower than that 
of L2PF resin adhesive. The feedstock L1 was the liquid fraction with 
40% water that decreased the viscosity of the circumstances. In addition, 
as the results of 13C NMR analyses, the L2PF resin had a more sufficient 
condensation between phenol, lignin, and formaldehyde, which led to a 
larger molecular structure and viscosity. The viscosity of L1PF meets the 
Chinese National Standard (GB/T 14074-2017) and can be conveniently 
and effortlessly utilized in the wood manufacture. 

The two plywood samples were prepared under 145 ◦C hot pressing 
and their performance is presented in Table 2. Generally, the bonding 
strength and formaldehyde emission of all the samples all reached the 
Chinese National Standard (GB/T 14074-2017). The heterogeneous 
macromolecular structure of lignin results in fewer active sites. The 
chemical structures of the cured resin adhesives are normally slightly 
unstable when replacing part of their content with lignin, and the 
bonding strength would be decreased as well. Especially, there were 
24.6% other components in L1 fraction, which could also hinder the 
condensation reaction. The bonding strength of the plywood bonded by 
L1PF resin adhesive was lower than that by L2PF resin adhesive, which 
correlated with the molecular structure differences of lignin and LPF 
resin adhesives. The bonding strength of all the samples tested reached 
the requirements of the exterior-grade panels (≥0.7 MPa). The wood 
failure of plywood bonded with LPF resin adhesives was shown in 
Fig. S8. 

The formaldehyde emission of all the plywood by LPF resin adhesives 
was similar and markedly below 0.1 mg L− 1. This satisfactory formal
dehyde emission not only lower than Chinese standard, but also lower 
than the highest standard of ISO and Japan. This was due to the fact that 
there existed only minimal amounts of unreacted formaldehyde in these 
LPF resin adhesives, which could be proven by the 13C NMR analyses in 
the previous section. Based on above results, the resin adhesive prepared 
using liquid lignin fraction shows desired performances and is satisfac
tory enough properties to sell in the current adhesive market. In sum
mary, this production process provides a sustainable approach for the 
direct application of the liquid lignin fraction with minimal processing 

Fig. 4. Differential thermogravimetric (DTG) and thermogravimetric (TG) 
analysis of produced LPF resin adhesives. 

Table 1 
Properties of produced LPF resin adhesives.  

Samples Solid content (%) pH (25 ◦C) Viscosity (22 ◦C, mPa⋅s) 

L1PF  52.38%  11.6  632.6 
L2PF  51.47%  11.5  1630.0 
GB/Ta  ≥35.0  ≥7.0  ≥60.0  

a Test method based on the Chinese standard GB/T 14732-2017. 

Table 2 
Performances of the plywood using LPF resin adhesives.  

Samples Bonding strength (MPa) Formaldehyde emission (mg L-1) 

L1PF 0.87  0.08 
L2PF 1.09  0.07 
Chinaa ≥0.70  ≤1.50 
ISO 0.00–1.00b  ≤0.50c 

Japan ≥0.70d  ≤0.30e  

a Test method based on the GB/T 17657. The formaldehyde emission class is 
E1. 

b Test method based on the ISO 12466. The mean shear strength is between 
0.00 and 1.00 MPa when the average apparent cohesive wood failure is 
100–40%. 

c Test method based on the ISO 12460. The formaldehyde emission class is E1. 
d Test method based on the JAS MAFF. 
e Test method based on the JIS A 1460. The formaldehyde emission class is 

F☆☆☆☆ (JAS 233: 2008). 
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requirements. 

3.2. Techno-economic and mass (carbon) balance analyses 

To better assess the viability of the proposed strategy and techno- 
economic analyses were performed based on a plant-size process 
model of producing 1 t ethanol (Fig. 5). Detail information about eco
nomic parameters, energy input, capital, and operating costs could be 
found in the supplementary Tables (Tables S8–S11). 

The costs of all stage mainly included the chemicals for each oper
ating unit (Figs S1 and S2), the energy consumption, and the capital cost. 
The revenue of the current process is 12.71 USD (based on a plant-size 
process model of producing 1 t ethanol), which means the company 
has to rely on subsidies (for valorization of agricultural wastes) from 
local government to keep this project running (such as 84.58 USD/t 
ethanol in 2016). In contrast, the value-added products obtained from 
the proposed EXA process can result in a total income of 6186.23 USD 

with an associated capital and operating cost of 4771.69 USD (Fig. 5 and 
Table S10). The overall revenue of EXA process reaches 1414.55 USD, 
which is 110 times projected increase compared with the current pro
cess. Among all the processing steps, the adhesive production step costs 
the most owing to the utilization of expensive phenol, which is 
compensated by the market value of the produced adhesive (Fig. S9). 
Therefore, the cost can be significantly reduced by developing alterna
tive methods with higher substitution rate of lignin to phenol (only 50% 
in the current work). Moreover, regarding the recent work by Sels and 
co-workers [26], phenol can be also sustainably coproduced from lignin 
fraction of lignocellulosic biomass. Therefore, cheaper renewable 
phenol can likely be obtained in the near future. In addition, the 
hemicellulose can be used for the production of more valuable xylooli
gosaccharide (8457.66–38059.47 USD/t) and improving the total rev
enue further. In summary, the proposed EXA process can create 
appreciable revenues with limited investments due to its resemblance 
with the parent process and is facile and convenient to establish and 

Fig. 5. Techno-economic analyses of the current process and the proposed EXA process.  

Fig. 6. Carbon flow chart of the proposed process (numbers in brackets mean carbon content in each fraction and the percentage based on the feedstock corncob). 
The mass (carbon) balance analysis was performed based on a plant-size process model of producing 1 t ethanol. 
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operate even without government subsidy. 
Calculated based on the elementary analysis results (Table S12), 

corncob with total carbon content of 2.21 t can be used to produce 
xylose (0.30 t C) and leaving cellulose- and lignin-rich residue (1.71 t C) 
that can be used for the production of ethanol (0.52 t C), and L1PF resin 
adhesive (1.47 t C), respectively (Fig. 6). Xylose mother liquor (0.31 t C) 
containing the mixture of several hemicellulose derived sugars is 
another high-value customer product. Fermentation residue (0.13 t C) 
can be used as the filler for plywood. On the basis of the proposed EXA 
biorefinery, 79.6% of the renewable carbon in corncob can be 
economically and sustainably valorized into several high-value market 
imperative end-products. These yields are higher than those obtained by 
other strategies, such as the recent reported integrated biorefinery 
process for the production of phenol, propylene, oligomers, and pulp 
from wood (76%) [26]. 

Moreover, the proposed EXA process reduced waste water genera
tion by 57.8% after cooperating a water recycling unit, which is also 
benefit for the environmental management. The proposed EXA process 
reduced the waste water from the lignin separation step. This 
improvement could significantly decrease the usage of chemicals for 
disposing the waste water, such as alkali and ferric trichloride. In 
addition, the proposed EXA process produced waste water that is more 
benign and thus can benefit to the anaerobic digestion. The equipment 

of water recycling process mainly included the storage cylinder, delivery 
line, pump, and heat exchanger. The concentration process adopted 
multiple-effect evaporation. The evaporated water condensed through 
heat exchanger. The condensate water in storage cylinder could be 
transported to another process. The implementation of new processes is 
associated with technical risks, requires extra capital investments. The 
predicted net present value was calculated based on the production of 
30000 t ethanol per year. The discount rate was set as 8.00%. The results 
show that there is a small fluctuation in the internal rate of return. 
However, the net present value of the proposed EXA process is appar
ently higher than the current process. 

3.3. Life cycle assessment (LCA) 

The two biorefinery processes share the same design for the dilute 
acid treatment and xylose production processes. The difference lays in 
the treatment of the cellulose- and lignin-rich residue. The current 
process yields lignin as a product after neutralization and separation 
while the EXA process produces L1PF resin adhesive directly from lignin 
rich aqueous solution. Water recycling in the current design is limited 
whilst the system is optimized to recycle water in the EXA process which 
avoids production of large quantity of waste water after separation of 
lignin. According to the process flow diagram (Fig. 7), cellulose- and 

Fig. 7. “Cradle-to-gate” LCA system boundary for the current and proposed corncob biorefinery designs (dashed square indicates water recycling, energy and heat 
flows are not shown, *marks electricity produced from anaerobic digestion that is reused in the system). 
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lignin-rich residue and xylose-rich liquid are outputs of the acid treat
ment. Emissions associated with this process were allocated between 
them. The emissions associated with xylose production were allocated 
between xylose and liquor. For the current process, anaerobic digestion 
treats wastewater from both lignin and ethanol productions. Hence, 
alkaline treatment, lignin production, and ethanol production were 
treated as one subsystem. Emissions associated with it were allocated 
between final products, lignin and ethanol. As a result, environmental 
burdens from the dilute acid pretreatment were allocated to xylose 
processing residue (53.6%) and xylose-rich liquid (46.4%). Those from 
the dilute alkali treatment were allocated to ethanol (27.6%) and lignin 
(72.4%). For the proposed process, adhesive and ethanol productions 
were two separate subsystems post alkaline treatment. Therefore, 
emissions associated with alkaline treatment were allocated between 
cellulose pulp and lignin rich liquid. The economic values for all these 
intermediate products were estimated by the subsequent final products’ 
prices and processes’ costs. Emissions associated with anaerobic diges
tion in the current design were allocated between lignin and ethanol 
whilst emissions associated with water recycle in the proposed design 
were allocated between the L1PF resin adhesives and ethanol based on 
their prices. The allocation percentages are 61.0% for the cellulose- and 
lignin-rich residue and 39.0% for xylose-rich liquid post dilute acid 
pretreatment whilst 14.7% for ethanol and 85.3% for the LPF resin ad
hesives post dilute alkali treatment. 

Table 3 shows the calculated “cradle-to-gate” GHG intensities for all 
products in the two process designs. These “cradle-to-gate” results do 
not include GHG emissions from the end-use phase and biogenic carbon 
embedded in final products. Note that the GHG emission intensities of all 
products from both designs are not directly comparable due to differ
ences in the economic allocation percentages. The results show that the 
total GHG emissions from the EXA process are higher than those of the 
current process, mainly due to the use of phenol, formaldehyde, and 
other chemicals in L1PF resin adhesive production process. Neverthe
less, GHG emission intensities expressed as kg CO2 eq./USD revenue of 
the EXA process are significantly lower than the current process, 
showing an improvement from the environment-revenue effectiveness 
perspective. 

To compare with conventional products (i.e. ethanol v.s. gasoline 
and lignin-based v.s. phenolic resin), the system boundary was 
expanded to include the end-use phase. Ethanol and gasoline were 
combusted in vehicle engines by assuming that all carbon in the fuels is 
converted to CO2. Including 0.97 kg CO2 eq./MJ distribution GHG in
tensity [40], the “cradle-to-grave” GHG intensities for ethanol are 132.8 
g CO2 eq./MJ in the current design and 111.7 g CO2 eq./MJ in the 
proposed EXA process, compared to gasoline 90.2 g CO2 eq./MJ [69]. 
The higher carbon intensities are mainly driven by coal-based steam 
(0.366 kg CO2 eq./kg steam as the national average in China). Normally, 
second-generation ethanol has lower GHG intensity than gasoline due to 
the self-efficient operation and even surplus electricity credits as a result 
of the incineration of the lignin residue. In the EXA process, lignin was 
converted to produce value-added products (i.e. LPF resin adhesives) 

instead of energy. A perspective case study was performed to explore 
alternative low carbon fuel as the source for steam (i.e. natural gas and 
biomass Fig. 8). Results show that ethanol GHG intensity could be 
reduced significantly to 77.8 g CO2 eq./MJ and 37.8 g CO2 eq./MJ 
respectively, when using steam generated from natural gas and biomass 
(e.g. corncob onsite). The latter ethanol GHG intensity is close to its 
lower boundary (39.0–50.0 g CO2 eq./MJ), the range from a conceptual 
design of corncob-based ethanol plant using lignin residue as the main 
energy source comparable to other second-generation biofuels [38]. 

The “cradle-to-gate” GHG intensity of L1PF resin adhesive is 1.82 kg 
CO2 eq./kg, compared to that of phenolic resin 4.58 kg CO2 eq./kg. 
According to the Ecoinvnet database [70], conventional phenolic resin 
contains approx. 86% phenol and 14% formaldehyde. It is assumed that 
all non-biogenic carbon in L1PF resin adhesive and those in the con
ventional phenolic resin were converted to CO2 in the end use phase. 
The “cradle-to-grave” GHG intensity for L1PF resin adhesive is 2.73 kg 
CO2 eq./kg, compared to that of phenolic resin 7.99 kg CO2 eq./kg, 
representing 66% GHG emissions saving. Credits from L1PF resin ad
hesive replacing fossil-based resins should be considered when 
comparing the biorefinery design and the reference system (gasoline and 
fossil-based resin i.e. phenolic formaldehyde resin). Total “cradle-to- 
grave” GHG emissions from the proposed EXA process (25.4 t CO2 eq.) 
are smaller than the reference system (50.3 t CO2 eq.) though the 
ethanol GHG intensity is higher than gasoline on an energy basis. These 
results illustrate that the EXA biorefinery design delivers lower carbon 
footprint from a systematic perspective. 

Contributions by input were analyzed for the proposed EXA process 
as an example and results are shown in Fig. 9. The results illustrate that 
steam generation is the biggest contributor, followed by electricity use 
for the dilute alkali treatment and the ethanol production steps; or 
chemicals use for the production of lignin-based adhesives and xylose. It 
is suggested that the use of alternative low carbon-based steam (Fig. 8) 
and chemicals or the recycling of chemicals (excl. adhesive production 
where chemicals are components in output) could reduce total GHG 
emissions of the proposed design and further improve its environmental 
performance. 

A sensitivity analysis was also performed to quantify the effect of 
fluctuations in parameters i.e. co-products’ prices (varied by 10%) on 
the carbon intensity of ethanol, following the one-at-a-time (OAT) 
approach (Fig. 10). The sensitivity ratio (SR) was calculated for each 
parameter following the equation below [26]. 

Table 3 
“Cradle-to-gate” GHG emission intensities for all products in the two corncob 
biorefinery design processes.a  

GHG intensities Unit Current process EXA process 

Plant t CO2 eq.  16.1  19.9 
Plant t CO2 eq./USD revenue  1.27  0.014 
Ethanol g CO2 eq./MJ  132.8  111.7 
Lignin kg CO2 eq./kg  2.90  – 
L1PF Adhesive kg CO2 eq./kg  –  1.82 
Xylose kg CO2 eq./kg  6.91  6.71 
Xylose mother liquor kg CO2 eq./kg  0.52  0.50  

a In order to compare the two designs, GHG emissions emitted to process 5.25 
t of dry corncobs were calculated and their intestines are also expressed as the 
amount per USD revenue generated. 

Fig. 8. Scenario analyses of the proposed biorefinery using alternative sources 
for steam generation (i.e. coal, natural gas, and biomass). 
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Sensitivity ratio = (△results/Initial results)/(△parameter/Initial 
parameter) 

The impact of products’ prices on the GHG intensity of ethanol is due 
to the resulted changes in economic allocation ratios. With the decrease 
in ethanol price, fewer environmental burdens from acid and alkali 
treatment were allocated to the ethanol production process. On the 
contrary, the decreased price of L1PF resin adhesive or xylose will result 
in more burdens being assigned to ethanol. The reduced amount of in
puts will alter both total GHG emissions from the system and change the 
economic allocation percentages. The results reflect the combination of 
these impacts, showing that the most sensitive factor is the steam con
sumption followed by electricity use. 

In summary, a life cycle assessment for two corncob biorefinery 
process designs were performed in addition to the techno-economic 
analysis. The proposed process uses approximately 15% less water 

than the current process because of benefits from the water recycling 
system. Though the total GHG emissions from the proposed design are 
higher than those from the current process, its GHG emissions intensity 
per USD generated is lower, demonstrating the proposed system is more 
efficient from an environment-revenue perspective. The “cradle-to-gate” 
GHG intensities (excl. the end use phase and biogenic carbon) for all 
products from the proposed design are 111.7 g CO2 eq./MJ ethanol, 
6.71 kg CO2 eq./kg xylose, 1.82 kg CO2 eq./kg adhesive and 0.50 kg CO2 
eq./kg xylose mother liquor. The “cradle-to-grave” GHG intensity for 
L1PF resin adhesive is about 2.73 kg CO2 eq./kg, compared to that of 
phenolic resin 7.99 kg CO2 eq./kg, representing 66% GHG emissions 
saving. By altering steam source from coal to biomass, the “cradle-to- 
grave” GHG intensity of ethanol could achieve 37.78 g CO2 eq./MJ, 
delivering approx. 60% GHG reduction against gasoline (90.20 g CO2 
eq./MJ of gasoline as shown in S10). 

Fig. 9. Contribution analysis of the proposed EXA process design (t CO2 eq. / 5.25 t processed corncob).  

Fig. 10. The impact of the changes of parameters on the GHG intensity of ethanol. a. Sensitivity ratio with − 10% price variation, b. Sensitivity ratio with − 10% 
amount variation. 
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4. Conclusions 

In this study, the EXA process transforming waste corncob to xylose, 
ethanol, and valuable adhesive is proposed. Compared with other pro
cesses either using lignin or cellulose first, this process first transforms 
hemicellulose to xylose while keeping good quality of cellulose and 
lignin for further valorization. All lignocellulose components are valo
rized with an overall total carbon utilization of 79.6% for the named 
products, which shows a promising atom-economic process design. This 
EXA biorefinery process includes four stages. Stage 1 focuses on direct 
production of xylose from hemicellulose. Stage 2 deals with processing 
of the cellulose- and lignin-rich residue by dilute alkali fractionation. 
This stage yields high quality cellulose that can be converted to ethanol 
(stage 3) as well as a high-lignin containing liquor that is converted to a 
lignin-based phenol formaldehyde (LPF) resin adhesive in stage 4. In 
contrast to other lignin-rich liquors that often contain hemicellulose 
derived components and thus require another lignin purification step 
before application, the lignin liquor obtained from the EXA process can 
be directly used after a simple concentration step. This means significant 
energy savings and an overall simplification of the processing steps. It is 
worth mentioning that other similar lignin based adhesive production 
factories can potentially utilize our strategy to directly use high-lignin 
containing liquor as raw material. However, the pH and lignin activity 
of the liquor should be considered and we worked for a long time to 
figure out the optimum operation procedures for the EXA process. 
Similar balancing is likely required for other processes. The produced 
adhesive has satisfactory performances of all properties meet the Chi
nese National Standard and can be used in wood manufacture with good 
selling price in the market. The direct utilization of concentrated lignin 
fractionation also reduces waste-water generation and the subsequent 
treatment significantly. Thus, the presented EXA process is more envi
ronmental-friendly. 

Techno-economic analysis and life cycle assessment were then 
applied for analyzing both the current and proposed EXA processes. The 
overall revenue of the EXA biorefinery process reached 1414.55 USD, 
increased significantly as compared with the current process (12.71 
USD). GHG intensities obtained from life cycle assessment shows a much 
lower GHG emissions intensity per USD than the current process (0.014 
vs 1.27 t CO2 eq./USD revenue), demonstrating a more cost-effective 
process design from an environment-revenue perspective. 

Although the proposed EXA process starts from agricultural waste 
corncob, it can be easily shifted to other feedstocks like wheat straw and 
corn stalks as these all contain a similar composition of major compo
nents. There is no doubt that this process will achieve great success and 
generating more profitable, sustainable, low-carbon footprint chem
icals, and materials in the near future. 
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