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A B S T R A C T   

The main driving forces on the development of eco-friendly wood adhesives are based on environmental sus
tainability, costs savings, recyclability, reusability and health benefits, in comparison with synthetic resins. 
Lignin, tannin, proteins and carbohydrates are the main renewable raw materials being studied. Taking as a 
premise the technical performance of different bio-based alternatives, in comparison with formaldehyde-based 
resins, it is necessary to evaluate the environmental profile of such products in order to assess the pros and 
cons. In this regard, this manuscript addresses the industrial-scale design and environmental evaluation, through 
the Life Cycle Assessment methodology, of four formaldehyde-free bio-adhesives. For this purpose, the use of 
renewable resources such as Organosolv (OSL) and kraft (KL) lignins, soy (SPI) and tannins (MT)), crosslinked 
and hardened with NIPU (non-isocyanate polyurethanes) were considered. The impact results obtained showed 
that OSL-NIPU bio-adhesive, with a single environmental score of 35.27 mPa, has the best environmental profile, 
followed by SPI-NIPU, with a value of 63.36 mPa. Therefore, both could be considered as potential substitutes for 
synthetic resins. On the other hand, it has been identified that hexamethylenediamine (HDMA), used as cross
linking agent for the formulation of the bio-adhesives, is one of the main hotspots of the environmental profiles of 
OSL, KL and MT NIPU bio-adhesives. In the case of SPI-NIPU adhesives, it is the soy protein isolation process that 
leads to a higher environmental contribution. Thus, future research should focus on trying to reduce the dose of 
HMDA and on improving the soy protein isolation process.   

1. Introduction 

The depletion of fossil resources and environmental awareness are 
the main drivers for modifying industrial production patterns, based on 
the linearity of manufacturing, towards a circular economy model that 
encourages the use of renewable resources and the valorization of by- 
products and waste within the framework of the EU Bioeconomy 
Strategy and the Climate Change Mitigation Strategy 2050. Wood panel 
industry is one of the sectors considered strategic to meet the challenges 
proposed by the United Nations Sustainable Development Goals, spe
cifically those included in SDGs 1, 2, 3, 6, 7, 13, 14 and 15. The inte
gration of biotechnological approaches in forestry activities is essential 
to promote the use and industrialization of wood resources, processes 
that must take into account environmental protection and the conser
vation of natural heritage, thus developing alternatives that promote a 
sustainable use of natural resources. In this way, an ideal and sustainable 

coexistence between forestry and industrialization would be possible 
[26]. 

The global market of wood-based panels has continuously expanded 
since 2014, reaching production of 400 million cubic meters in 2018 
[11]. The synthetic resins used in the wood-based panel industry mainly 
belong to formaldehyde-based types: phenol-formaldehyde (PF), 
urea-formaldehyde (UF) and melamine-urea-formaldehyde (MUF). 
Their widespread use is based on the fact that these adhesives exhibit 
versatile properties such as flexibility, low cost, high thermal stability, 
water and chemical resistance. However, formaldehyde emissions dur
ing their production and use associated with their fossil-based formu
lation have raised interest in environmentally sustainable and safe 
alternatives [22,30]. 

Therefore, the development of formaldehyde-free bio-adhesives, and 
derived from waste streams and non-usable resources, is considered an 
innovative option with a high market presence [14]. However, the 
formulation of bio-based adhesives for the wood-based panel industry is 
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at an early stage of development, mainly at laboratory scale [7,13,19], 
so scale-up to a larger production capacity is required to evaluate and 
compare the potential of the bio-adhesives in the wood-based panel 
market. Accordingly, process modeling in the SuperPro Designer tool 
has been considered to develop the conceptual design of the manufac
ture processes. Alternatives based on the use of by-products or residues 
from the wood and agri-food industries have been selected, two of which 
are based on Organosolv and Kraft lignins, one based on tannins and the 
last one based on soy protein. Prior to the use of these raw materials in 
the formulation of bio-adhesives, it is necessary to carry out a series of 
steps to functionalize them, in order to accomplish the mechanical 
properties required by the standards. This process of functionalization 
and production of bio-adhesives is mainly divided into two different 
stages, a first carbonation stage based on the use of dimethyl carbonate 
(DMC) [16], which will allow the formation of carboxyl bonds that, in a 
second stage, will react with hexamethylene diamine (HMDA). This 
process causes the formation of high hardness urethane bonds, which 
result in non-isocyanate polyurethane resins (NIPU), which exhibit 
mechanical properties suitable for application in the panel gluing stage. 

Once the bio-adhesive production processes have been designed and 
input and output flows estimated, the Life Cycle Assessment method
ology will be applied to evaluate the environmental profiles associated 
with each of the proposed alternatives, in order to identify which of the 
NIPU bio-adhesives has the best environmental performance, i.e., the 
one with the lowest environmental impact. 

2. Materials and methods 

2.1. Goal and scope 

The main objective of this manuscript is to evaluate the environ
mental profile associated with different formulations of bio-based NIPU 
adhesives for the wood-based panel industry to replace commonly used 
petrochemical options. To this end, process modeling has been 
addressed, with the objective of reaching a production capacity of 24 
tons/day [10,20,21]. The use of SuperPro Designer® software allows 
modeling the process, identifying the composition of the streams, the 
chemical and energy requirements, and the design of the equipment for 
the bio-adhesive formulation stage. The assessment of the environ
mental profile associated with the production of bio-adhesives was 
performed according to the Life Cycle Assessment (LCA) methodology 
(ISO 14040, 2006), as it allows the evaluation of the environmental 
analysis and the identification of the main hotspots related to the 
manufacturing process [1,4,15,18]. 

Regarding the data source, the Ecoinvent database of the SimaPro 
v9.0 software was used for the analysis of the life cycle inventories of 
each proposed alternative considering a cradle-to-gate perspective. The 

ReCiPe 2016 Hierarchist Midpoint method v1.03 World (2010) was used 
to calculate the environmental impacts associated with the three pro
posed alternatives. The impact categories selected for the study were 
Global warming (GW), Stratospheric Ozone Depletion (SOD), Terrestrial 
Acidification (TA), Freshwater Eutrophication (FE), Marine Eutrophi
cation (ME), Terrestrial Ecotoxicity (TET), Freshwater Ecotoxicity 
(FET), Marine Ecotoxicity (MET), Human Carcinogenic Toxicity (HCT), 
Human Non-Carcinogenic Toxicity (HNCT), Fossil Resource Scarcity 
(FRS) and Water Consumption (WC). 

On the other hand, to perform a comparative analysis of the NIPU 
bio-adhesive alternatives, the calculation methodology selected was 
ReCiPe 2016 Hierarchist Endpoint method v1.03 World (2010), as it 
allows obtaining a single environmental score that encompasses three 
damage categories: Ecosystem Quality, Human Health and Source 
Scarcity. 

2.2. Description of the process 

In the development of NIPU bio-adhesives, two main steps could be 
differentiated along the large-scale production process. To perform the 
activation/functionalization of the bio-resources structures, it is 
required to develop a carbonation reaction, which is considered an 
effective method since it leads to an improvement in thermal stability, 
mechanical properties and increased affinity of the bio-adhesive poly
mer blend [10,12,25,28]. 

Accordingly, dimethyl carbonate (DMC), the simplest non-cyclic 
aliphatic carbonate, is used. It is considered as a green carboxy- 
methylating agent that develops an acyl cleavage nucleophilic substi
tution [24,27]. Furthermore, it is important to take into account the 
reaction temperature, since DMC is able to undergo different reaction 
mechanisms depending on the temperature at which the reaction takes 
place. This mechanism is based on the reaction with the phenolic (-OH) 
groups present in the molecular structure of the lignocellulosics and 
vegetable proteins, leading to the release of methanol [16,25]. 

The second step requires the addition of a diamine compound, 
concretely hexamethylene diamine (HMDA), in which the amino group 
reacts with the intermediate, forming urethane linkages [19] and 
releasing methanol from the methoxy group (-OCH3) of the intermediate 
and the hydrogen atom (-H) of the HMDA molecule. 

Figs. 1 and 2 represents a simple mechanism for the formulation of 
the SPI-NIPU and lignin-based NIPU bio-adhesives. 

Moreover, in the case of tannin-NIPU bioadhesives, a third step is 
required, since the addition of DMC and HMDA is not enough to obtain 
an adhesive suitable for their application since it requires such a high 
curing temperature that cannot be used as wood resins [6]. This draw
back could be solved by the addition of glycerol diglycidyl ether (GDE), 
a reaction enhancer that attacks the amino group (-NH2) of the HMDA 

Nomenclature 

DC Damage Category 
DMC Dimethyl Carbonate 
EQ Ecosystem Quality 
FE Freshwater Eutrophication 
FET Freshwater Ecotoxicity 
FRS Fossil Resource Scarcity 
GDE Glycerol Glycidyl Ether 
GW Global Warming 
HCT Human Carcinogenic Toxicity 
HH Human Health 
HMDA Hexamethylenediamine 
HNCT Human Non-Carcinogenic Toxicity 
KL Kraft Lignin 

KL-NIPU Kraft Lignin Non-Isocyanate Polyurethane adhesive 
LCA Life Cycle Assessment 
ME Marine Eutrophication 
MET Marine Ecotoxicity 
MT-NIPU Mimosa Tannin Non-Isocyanate Polyurethane adhesive 
MUF Melamine-Urea-Formaldehyde resin 
NIPU Non-Isocyanate Polyurethane 
OSL Organosolv Lignin 
OSL-NIPU Organosolv Lignin Non-Isocyanate Polyurethane 

adhesive 
PF Phenol-Formaldehyde resin 
SC Source Scarcity 
UF Urea-formaldehyde resin 
WC Water Consumption  
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through ring opening and proton transfer mechanism (Fig. 3). This 
enhancement promotes low temperature adhesive curing, stronger ad
hesive bonds, high thermal stability, wet and shear resistance. Fig. 4 
depicts a simple mechanism for the formulation of the MT-NIPU 

bio-adhesive.Fig. 5. 
On the other hand, it is important to mention that, when selecting 

these bio-adhesives, in addition to their formulation process, their me
chanical properties have also been considered, of which the most 

Fig. 1. Representation of a simple mechanism for the formulation of the SPI-NIPU bio-adhesives.  

Fig. 2. Representation of a simple mechanism for the formulation of the OSL-NIPU bio-adhesives.  
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significant is shear strength. For this reason, Table 1 includes a brief 
description of the values of this measurement parameter for each of the 
NIPU bio-adhesives proposed for the development of the LCA 
methodology. 

2.3. Description of system boundaries and process inventories for LCA 

In accordance with the system boundaries, a "cradle-to-gate" 
approach has been considered for the collection of inventory data 
(Fig. 4), i.e., stages from the extraction of materials and resources to the 
factory gate were considered. This approach is in line with the re
quirements of environmental product declarations [5]. Production and 
maintenance of infrastructure and transportation activities were left out 
of the system boundaries, as their contribution to the overall process 
environmental loads are not significant [2,29]. 

2.3.1. Description of process inventories for LCA 
Once the system boundaries are defined, life cycle inventories are 

calculated, considering all inputs and outputs corresponding to the 
foreground systems of bio-based NIPU adhesives, considering the pro
duction of 1 kg of wood bio-based NIPU adhesive as the functional unit. 
The life cycle inventories for each of the alternatives are show from  
Tables 2 to 5. 

In addition, the Ecoinvent® database was used as the main source of 
data (Table 6). Given that not all the components necessary for the 
formulation of bio-adhesives are available in the database, certain 
proxies had to be made. Ethylenediamine has been considered as an 
analogous product to HDMA, since its production process is similar to a 
large extent and, therefore, it is foreseeable that their environmental 
burdens will be analogous. In the case of GDE, bisphenol has been 
assumed as both products are considered to be widely used for the 
formulation of epoxy resins. 

In the case of DMC and other bio-based, water and energy resources, 
inventory data are available for the development of its environmental 
assessment. As for electricity, it has been considered to be medium 
voltage, as it is sufficient for the energy requirements needed for the bio- 
adhesive formulation process. 

3. Results 

In order to evaluate the best procedure for the NIPU bio-based ad
hesives formulation, it is necessary to perform a comparative environ
mental analysis. ReCipe Midpoint V1.03 has been the selected 
methodology to determine the environmental impact values for each of 
the proposed alternatives (Table 7). But, at the same time, it is important 
to develop a more exhaustive study for each of the proposed processes to 
analyze the contribution of each input and output included within the 
system boundaries. These analyses are included in Sections 3.1 to 3.2. 
On the other hand, a comparative evaluation of the NIPU bio-adhesives 
alternatives has also been included in Section 3.4. 

3.1. Environmental profile of the SPI-NIPU bio-adhesive 

The characterization results of the SPI-NIPU bio-adhesive applying 
Recipe MidPoint methodology show two main hotspots (Fig. 6): soy 
protein isolate and HMDA, with the former being more remarckable in 
the SOD, FE, FET, MET and HNCT impact categories, while HMDA in the 
others. The high environmental contribution of SPI is the result of the 
energetic and chemical requirements needed to perform the protein 
isolation process [1]. It is based on the sequence of 7 differentiated 
stages in which three products are obtained: soy protein, soy flour and 
whey, according to [3]. Therefore, since the product of interest is soy 
protein, a mass allocation has been performed to identify only the 
environmental contribution associated with the production of soy 

Fig. 3. Ring opening and proton transfer mechanism between amino group and GDE.  

Fig. 4. Representation of a simple mechanism for the formulation of the MT-NIPU bio-adhesives.  
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protein, for which, among others, NaOH and HCl, as pH regulating 
agents are added. In addition, the temperature required for the protein 
extraction process has been identified as the main hot spot of the process 
[3]. Therefore, these are the reasons identified to explain the significant 
environmental contribution of SPI in the profile obtained for the 

Fig. 5. System boundaries considered for the bio-based NIPU wood adhesives.  

Table 1 
Main strength properties of NIPU bio-adhesives alternatives.  

SPI-NIPU OSL-NIPU KL-NIPU MT-NIPU 

DBS1 (MPa) SR2 (N/mm2) 
DBS1 (N/ 

mm2) DBS1 (MPa) 

63 
◦C 
3h 

Cold 
water 
24 h 

180 
◦C 

200 
◦C 

230 
◦C 

200 ◦C 
6 

min 
9 

min 

7.00 6.00 4.00 10 min 0.92 1.05 

DBS1 (MPa) 1 MPa 
WBS3 (3h, hot 
water, MPa) 

0.28 0.34 
180 ◦C 

230 
◦C 3.00 

6 
min 

9 
min 

0.22 0.77 0.27 0.52 

1DBS: Dry Bond Strength, 2SR: ShearStrength, 3WBS: Wet Bond Strength.  
Data source:(Chen et al. [6], Pizzi et al. [20], Santiago-Medina et al. [23], Xi 
et al. [27]) 

Table 2 
Main inputs and outputs values considered to perform the life cycle inventory of 
the SPI-NIPU adhesive.  

INPUTS FROM TECHNOSPHERE OUTPUTS TO TECHNOSPHERE 

SPI  0.22 kg Adhesive  1 kg 
DMC  0.15 kg     
HMDA  0.28 kg     
H2O  1.08 kg     
Electricity/heat Emissions to air 
Steam  1.85 kg Water, vapor  0.61 kg 
Power  0.59 kWh Methanol  0.11 kg  

Table 3 
Main inputs and outputs values considered for performing the life cycle in
ventory for OSL-NIPU adhesive.  

INPUTS FROM TECHNOSPHERE OUTPUTS TO TECHNOSPHERE 

OSL  0.18 kg Adhesive  1 kg 
DMC  0.12 kg     
HMDA  0.25 kg     
H2O  0.68 kg     
Electricity/heat Emissions to air 
Steam  0.41 kg Water, vapor  0.13 kg 
Power  0.54 kWh Methanol  0.11 kg  

Table 4 
Main inputs and outputs values considered for performing the life cycle in
ventory for KL-NIPU adhesive.  

INPUTS FROM TECHNOSPHERE OUTPUTS TO TECHNOSPHERE 

KL  0.19 kg Adhesive  1 kg 
DMC  0.13 kg     
HMDA  0.26 kg     
H2O  0.60 kg     
Electricity/heat Emissions to air 
Steam  1.06 kg Water, vapor  0.03 kg 
Power  3.81 kWh Methanol  0.12 kg  
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SPI-NIPU bio-adhesive. As for the impact of the use of HMDA, it is the 
result of the background activities of its production process, which is 
characterized by being highly energy demanding and using chemical 
agents that also carry a significant environmental contribution. 

On the other hand, energy requirements are also identified as impact 
contributors to the environmental profile obtained, with steam being the 
most noticeable in the GW, TA, TET and FRS impact categories, while 
the contribution of electricity is higher in the remaining categories. 
Aiming the reduction of the environmental impacts involved in the 
formulation of this bio-adhesive, the use of renewable resources could 
be considered as an alternative to supply energy requirements, since 
both are the main hotspots in the environmental profile of SPI and 
HDMA. 

Regarding the results obtained after the application of the EndPoint 
methodology (Fig. 7), a certain analogy with the previous ones is 
perceived, since HDMA is the main contributor in the CS category and, 
in the two remaining damage categories, it is equivalent to the SPI, with 
contribution values around 34%. On the other hand, in terms of energy 
requirements, steam accounts for the highest impacts, being more 
noticeable in the SC category. 

3.2. Environmental profile of the OSL-NIPU bio-adhesive 

Two main hotspots associated with the bio-adhesive production 
procedure can be identified (Fig. 6): the use of hexamethylenediamine 
(HMDA), used as a crosslinking agent for the adhesive formulation, to 
favour the urethane bonds, and the energy required for agitation and 
maintenance of the temperature st 50ºC for the carbonation process, and 
90ºC for bonding between the amino group of HMDA and the carbonated 
intermediate product. In addition, some energy is also required to in
crease the solids content of the bio-adhesive up to 46%. In this case, 
unlike the previous one, the environmental contribution of HMDA is 
significantly higher and stands out compared to the other components of 
the life cycle inventory. The reason for this higher contribution is based 
on the fact that in the case of OSL it is used directly for the formulation of 
the bio-adhesive, i.e., it does not require a previous treatment process for 
its use as a resource for the formulation of the adhesive. 

In contrast, in the case of soy, a first stage of the protein separation 
(leucine) is required. Therefore, the use of the resource greatly favors its 
reduced environmental impact, in comparison, thus avoiding not only 
the consumption of non-renewable resources, i.e. the chemicals needed 
for its extraction and energy requirements, but also avoiding the asso
ciated emissions. Therefore, although the amount of HDMA used in the 
formulation of the bio-adhesive, in percentage terms, is similar, its 
impact is not, since the fact that the OSL has a lower environmental 

Table 5 
Main inputs and outputs values considered for performing the life cycle in
ventory for MT-NIPU adhesive.  

INPUTS FROM TECHNOSPHERE OUTPUTS TO TECHNOSPHERE 

MT  0.24 kg Adhesive  1 kg 
DMC  0.16 kg     
HMDA  0.47 kg     
H2O  0.20 kg     
GDE  0.10 kg     
Electricity/heat Emissions to air 
Steam  0.43 kg Methanol  0.19 kg 
Power  2.48 kWh      

Table 6 
Main data required for developing the LCA using Ecoinvent database®.  

Materials SimaPro Database 

Hexamethylenediamine 
(HMDA) 

Ethylenediamine {RER}| market for 
ethylenediamine | Cut-off, U 

Dimethyl carbonate (DMC) Dimethyl carbonate {GLO}| market for dimethyl 
carbonate | Cut-off, U 

Water (H2O) 
Tap water {Europe without Switzerland}| market for 
| Cut-off, U 

GDE Bisphenol A, powder {GLO}| market for | Cut-off, U 
Electricity/heat  

Steam Steam, in chemical industry {RER}| market for 
steam, in chemical industry | Cut-off, U 

Power 
Electricity, medium voltage {Europe without 
Switzerland}| market group for | Cut-off, U  

Table 7 
Characterization results of the NIPU bio-based adhesives alternatives consid
ering ReCipe Midpoint V1.03 as the calculation methodology.  

Impact category Unit SPI-NIPU OSL-NIPU KL-NIPU T-NIPU 

GW kg CO2 eq  3.55  1.98  3.63  5.70 
SOD mg CFC11 eq  4.34  0.92  1.66  3.24 
TA g SO2 eq  9.42  5.48  11.19  20.27 
FE g P eq  1.48  0.61  1.99  2.13 
ME g N eq  1.9  0.93  1.06  1.83 
TET kg 1.4-DCB  4.43  3.13  4.09  7.05 
FET kg 1.4-DCB  0.04  0.02  0.06  0.07 
MET kg 1.4-DCB  0.06  0.03  0.08  0.09 
HCT kg 1.4-DCB  0.09  0.05  0.12  0.14 
HNCT kg 1.4-DCB  2.06  0.86  2.54  3.10 
FRS kg oil eq  1.16  0.80  1.26  2.15 
WC m3  0.05  0.03  0.06  0.11  

Fig. 6. Environmental profile and individual contributions of SPI-NIPU adhesive obtained by applying Recipe Midpoint methodology.  
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contribution entails a more notable environmental contribution from 
the rest of the components.Fig. 8. 

On the other hand, the evaluation of this NIPU bio-adhesive alter
native considering the Endpoint calculation methodology also shows the 
important and significant contribution of HMDA in all damage cate
gories, with the HH category being the most affected (Fig. 9). A certain 
impact of DMC is also noted, especially in the SC category. The reason 

for its relatively high impact is based on the energy requirements of its 
production process, which are non-renewable based and therefore 
contribute to the depletion of fossil resources. 

3.3. Environmental profile of the KL-NIPU bio-adhesive 

Although the operating conditions are analogous to those of the OSL- 

Fig. 7. Recipe Endpoint-Single Score values for SPI-NIPU adhesive.  

Fig. 8. Environmental profile and individual contributions of the OSL-NIPU adhesive considering the Recipe Midpoint methodology.  
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NIPU bioadhesive, the contribution of energy requirements in the 
environmental profile of the KL-NIPU bio-adhesive is greater than the 
previous option presented above. This increase in the electricity con
sumption of the process could already be observed in the inventories of 
both alternatives, where in the case of OSL a total of 0.54 kWh/kg of 
bioadhesive is required, this value is almost eight times higher for the 
KL-based adhesive, amounting to 3.81 kWh/kg of bio-adhesive. The 
reason behind this increase is based on the different molecular weights 

of the lignins. While in the case of OSL, its average molecular weight is 
around 4689 g/mol, in the case of KL its value rises to 7916 g/mol. A 
higher molecular weight implies a greater difficulty in maintaining the 
homogeneity of the crosslinking reaction medium between the compo
nents contributing to the bio-adhesive formulation, i.e., a greater need 
for stirring power, since mass is directly proportional to density and, in 
turn, to stirring power. Therefore, the greater the molecular mass, most 
difficulty of homogenization and higher requirements of stirring power 

Fig. 9. Recipe Endpoint-Single Score values for OSL-NIPU adhesive.  

Fig. 10. Environmental profile and individual contributions of the KL-NIPU adhesive considering the Recipe Midpoint methodology.  
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which, consequently, will need a higher energy demand, leading to a 
greater contribution to the environmental profile (Fig. 10). Finally, it is 
worth mentioning that the contribution of HDMA to the bio-adhesive 
profile remains high, as was the case for the two NIPU bio-adhesive 
alternatives studied previously. 

Regarding the results obtained after the application of the Endpoint 
methodology (Fig. 11), as expected, for the KL-NIPU bio-adhesive the 
contribution of electrical requirements on the damage categories is 
notably higher compared to the previous scenarios, amounting to a 
percentage contribution of approximately 50%. This result is associated 
with the consumption of non-renewable fossil resources, which affects, 
not only the depletion of resources, but also the quality of the envi
ronment, given the emissions involved in the extraction and production 
process, which in turn has a negative impact on the quality of human 
health. In addition, a significant contribution from HMDA is still 
perceived, the reasons being analogous to those given for energy re
quirements: the production processes of this compound, i.e., the back
ground activities, contribute significantly to the consumption of non- 
renewable resources. 

3.4. Environmental profile of the MT-NIPU bio-adhesive 

The NIPU bio-adhesive formulated from tannins is the one that has 
the most significant difference in its formulation, compared to the other 
three alternatives developed, since it requires the addition of GDE, an 
aliphatic monomer epoxy that improves its thermo-mechanical proper
ties, thus favoring a lower curing temperature and increasing its 

applicability in the wood panel forming industry. This fact also implies a 
certain contribution of the GDE in the environmental profile, although it 
is not very significant (Fig. 12). On the other hand, the background 
activities associated with tannins do contribute significantly to the 
environmental profile obtained, together with HMDA and electrical 
energy requirements. In the case of steam, its contribution is lower 
compared to the other scenarios because, for the formulation of the MT- 
NIPU bio-adhesive, the temperature is 50ºC, much lower if compared to 
that of the SPI/KL/OSL-NIPU bio-adhesives, which require 90 ºC. 

Regarding the results of EndPoint (Fig. 13), the trend of the envi
ronmental contribution of HMDA is analogous to the previous profiles, 
although a certain impact of the use of GDE in the formulation of the bio- 
adhesive could be observed. Its most significant contribution is observed 
in the SC category, with a percentage value of damage that amounts to 
9%, because of the background activities associated to its production 
process, which uses fossil resources to fulfill the energy requirements of 
the process. 

3.5. Comparison between NIPU bio-adhesives considering EndPoint 
values 

The different NIPU bio-adhesives have been ranked according to the 
single score values of EndPoint methodology. The bio-adhesive formu
lated with Organosolv lignin was the best from an environmental point 
of view, as its single score value is 25 points lower than the second and 
third alternatives: SPI-NIPU (63.36 mPt) and KL-NIPU (67.75 mPt). The 
main difference is observed in the HH damage category, although the 

Fig. 11. Recipe Endpoint-Single Score values for KL-NIPU adhesive.  
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variation of values in the EQ category is also significant. On the con
trary, the MT-NIPU alternative is the one that leads to the worst result 
from the environmental point of view, reaching a damage value of 104 
mPt. Therefore, it is in this bio-adhesive where further improvement and 
optimization work of the production process is required, given that 
tannins are considered as a raw material with high potential for the 
development of bio-adhesives for wood boards. 

3.6. Comparison with synthetic wood adhesives 

When new bio-based processes are developed to provide innovative 
alternatives that promote the rules of circular economy, through the 
valorization of waste streams from industrial processes, it is important to 
carefully evaluate their properties and characteristics in order to 
compare them with their synthetic-based analogues, i.e. those that are 
widely developed and implemented in wood-based panel production 

Fig. 12. Environmental profile and individual contributions of the MT-NIPU adhesive considering the Recipe Midpoint methodology.  

Fig. 13. Recipe Endpoint-Single Score values for MT-NIPU adhesive.  
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processes and in the market. In this way, it will be possible to obtain a 
global vision of their market opportunities, their improvement ranges, 
potentialities and deficiencies. When talking about bio-based products, 
it is important to bear in mind a fundamental aspect: bio-based products 
do not necessarily have to be environmentally friendly. They are two 
concepts that seem to go hand in hand, but they are not necessarily 
linked. While the recovery of residual resources is a plus, as it leads to 
avoiding the depletion of fossil resources and favoring the reduction of 
waste to landfill (for example), the processes associated for the func
tionalization of the raw materials in the formulation of bio-adhesives 
involve the use of chemical agents and energy, two aspects that can 
significantly affect the environment. Therefore, a detailed analysis of 
these new bio-based NIPU adhesives is important, as well as their 
comparison with synthetic resins, since the main objective is the search 
for a bio-adhesive that allows the reduction of the environmental im
pacts involved in the use of fossil-based adhesives and has the properties 
that allow the potential to replace them. Fig. 14. 

Thus, in order to perform the comparative evaluation between bio- 
adhesives and synthetic resins, single score values obtained by 
applying the Recipe EndPoint calculation methodology were used. In the 
previous section, NIPU bio-adhesives were compared according to this 
same methodology, considering the damage categories separately, 
concluding that OSL-NIPU and SPI-NIPU are the ones with the best 
environmental profiles, as they cause less environmental damage both 
on human health and on ecosystem quality and resource scarcity. 

The single score depicted in Fig. 15 show that both SPI and lignin- 
based bio-adhesive have the potential to replace synthetic resins, as 
they have a lower damage score than PF resin. But it is the OSL-NIPU 
bio-adhesive that has a better profile, from an environmental and 
human health point of view, as it has a single score value only three 
points above MUF resin and 3 ½ points below UF resin. 

3.7. How could the environmental profiles of the bio-based NIPU 
adhesives be improved? Brainstorming of the proposals 

Once all the environmental profiles of the proposed bio-based NIPU 
wood adhesive alternatives have been evaluated, as well as the relative 
contribution of each of the inventory components required for their 
formulation, with the objective of reducing the impact values obtained 
for each of the categories studied, a set of possible improvement actions 
is presented. Such proposals could be useful for researchers and 

stakeholders to identify where to focus on the study of bio-based wood 
adhesives. Throughout this report, two main hot spots have been iden
tified in the environmental profiles, on the one hand the use of HMDA as 
a crosslinking agent and, on the other hand, the energy consumption, 
with the electrical requirements being the most detrimental. 

Regarding the use of HMDA as crosslinking agent, its substitution by 
another crosslinking agent with less environmental impact could lead to 
a reduction in the efficiency of adhesion and in the quality of the wood 
panels obtained. But, although this substitution alternative could be 
considered as a "structural disadvantage", the optimization of the HMDA 
dosage used can be a key point for the environmental improvement of 
NIPU-based bio-adhesives. It should be recalled that the evaluation 
presented in this report has been developed based on laboratory-scale 
data, where the optimization of the resources used for adhesive 
formulation is not as relevant as the search for maximum adhesive 
quality. Therefore, it is common to overestimate the use, sometimes in 
excess, of the components that make up the molecular structure of the 
bio-adhesive to ensure its functionality. 

In terms of energy consumption, the options for improvement are 
more extensive. The first option, and perhaps the most obvious and 
preferable, would be to opt for the use of renewable energies or the use 
of biomass in a cogeneration system, from which heat and electricity 
could be obtained. Furthermore, given that the ideal in the development 
of large-scale production of NIPU bio-adhesive would be to include it as 
an additional stage of the wood-based panel production facility, or as a 
downstream recovery stage of the pulp production process (in the case of 
KL and OSL NIPU bio-adhesives), other streams of the production pro
cess, which are in different temperature ranges, could be used as heat 
transfer agents in the jacketed CSTRs used for the formulation of NIPU 
bio-adhesives, thus reducing the consumption of steam and, therefore, of 
non-renewable fossil resources. In addition, another important aspect is 
the choice of the right equipment, from the point of view of energy ef
ficiency. In addition, special emphasis must be placed on the correct 
insulation of the equipment, thus avoiding heat losses that would lead to 
an increase in the consumption of energy resources. On the other hand, 
another aspect that greatly affects the consumption of electrical energy 
and heating is the time spent in the bio-adhesive formulation reactors. In 
general, the production process takes about 3–4 h, so future research 
studies should perhaps focus their efforts on the search for production 
systems capable of obtaining bio-adhesives in a shorter time. 

4. Discussion and conclusions 

This report has addressed the environmental profile of four different 
wood bio-adhesive alternatives. Significant environmental achieve
ments have been identified by developing an industrial scale-up simu
lation based on the approximation of bio-adhesive performance at 
laboratory scale and by applying the LCA methodology as a tool to assess 
the environmental impacts associated with the production processes. 
Thus, the results obtained have shown that it is the OSL-NIPU bio-ad
hesive alternative that allows the most environmentally friendly profile, 
reaching similar or even better values than synthetic adhesives, whose 
production process is fully optimized. Moreover, also the bio-adhesives 
KL-NIPU and SPI-NIPU have achieved interesting results to consider 
them as potential alternatives to replace formaldehyde-based resins. On 
the other hand, taking into account the contribution of the components/ 
stages evaluated in the production process, the use of HMDA and the 
energy requirements contribute significantly to the environmental pro
files obtained for each alternative studied. Thus, certain improvement 
strategies need to be implemented to obtain even better results for these 
NIPU bio-based wood adhesives. 

In the search for new bio-adhesives alternatives for wood, given the 
good results obtained for soy protein, it would be interesting to apply an 
analogous production method using other proteins of vegetable origin. 
In fact, there are already some studies in which, for example, cottonseed 
protein is used as raw material to produce bio-adhesives for wood [8,9, 

Fig. 14. Comparison between the bio-based NIPU adhesives considering the 
damage categories of ReCipe EndPoint methodology: HH, EQ, SC. 
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17]. Therefore, future studies should focus on the environmental 
assessment and development of plant protein-based bio-adhesives, not 
only because of their environmental benefits, but also because they have 
demonstrated the ability to provide a bio-adhesive with mechanical 
properties suitable for the gluing of wood panels. 
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[2] A. Arias, S. González-García, S. González-Rodríguez, G. Feijoo, M.T. Moreira, 
Cradle-to-gate life cycle assessment of bio-adhesives for the wood panel industry. A 
comparison with petrochemical alternatives, Sci. Total Environ. (2020), https:// 
doi.org/10.1016/j.scitotenv.2020.140357. 

[3] A. Berardy , C. Costello , T. Seager , 2015. Life cycle assessment of soy protein 
isolate. Dissertation, Proceedings of the International Symposium on Sustainable 
Systems and Technologies. 

[4] P. Brancoli, K. Bolton, Life cycle assessment of waste management systems. 
Sustainable Resource Recovery and Zero Waste Approaches, Elsevier B.V, 2019, 
https://doi.org/10.1016/B978-0-444-64200-4.00002-5. 

[5] C. Cao , 2017. Sustainability and life assessment of high strength natural fibre 
composites in construction. In Advanced High Strength Natural Fibre Composites 
in Construction. https://doi.org/10.1016/B978–0-08–100411-1.00021–2. 

[6] X. Chen, A. Pizzi, E. Fredon, C. Gerardin, X. Zhou, B. Zhang, G. Du, Low curing 
temperature tannin-based non-isocyanate polyurethane (NIPU) wood adhesives: 

preparation and properties evaluation, Int. J. Adhes. Adhes. 112 (2022), 103001, 
https://doi.org/10.1016/J.IJADHADH.2021.103001. 

[7] X. Chen, X. Xi, A. Pizzi, E. Fredon, G. Du, C. Gerardin, S. Amirou, Oxidized 
demethylated lignin as a bio-based adhesive for wood bonding, J. Adhes. (2020), 
https://doi.org/10.1080/00218464.2019.1710830. 

[8] H.N. Cheng, C. Ford, M.K. Dowd, Z. He, Soy and cottonseed protein blends as wood 
adhesives, Ind. Crops Prod. 85 (2016) 324–330, https://doi.org/10.1016/J. 
INDCROP.2015.12.024. 

[9] H.N. Cheng, C. Ford, M.K. Dowd, Z. He, Use of additives to enhance the properties 
of cottonseed protein as wood adhesives, Int. J. Adhes. Adhes. 68 (2016) 156–160, 
https://doi.org/10.1016/J.IJADHADH.2016.02.012. 

[10] A. Duval, L. Avérous, Mild and controlled lignin methylation with trimethyl 
phosphate: towards a precise control of lignin functionality, Green. Chem. 22 (5) 
(2020) 1671–1680, https://doi.org/10.1039/c9gc03890f. 

[11] FAO , 2019. Food and Agriculture Organization - Global Forest Products. Forest 
Products and Statistics Team Forestry Policy and Resources Division FAO Forestry 
Department, 20. 

[12] S. Feng, T. Shui, H. Wang, X. Ai, T. Kuboki, C.C. Xu, Properties of phenolic 
adhesives formulated with activated organosolv lignin derived from cornstalk, Ind. 
Crops Prod. (2021) 161, https://doi.org/10.1016/j.indcrop.2020.113225. 

[13] J.R. Gouveia, G.E.S. Garcia, L.D. Antonino, L.B. Tavares, D.J. Dos Santos, 
Epoxidation of Kraft Lignin as a tool for improving the mechanical properties of 
epoxy adhesive, Molecules (2020), https://doi.org/10.3390/molecules25112513. 

[14] Z. He, H. Wan, Chapter 15. bio-based wood adhesives research advances and 
outlooks: preparation, characterization, and testing, in: Bio-based Wood Adhesives, 
CRC Press, 2016, pp. 340–354, https://doi.org/10.1201/9781315369242-16. 

[15] Y. Jiang, Q. Chen, H. Tan, J. Gu, Y. Zhang, A low-cost, formaldehyde-free, and 
high-performance starch-based wood adhesive, BioResources 14 (1) (2019), 
https://doi.org/10.15376/biores.14.1.1405-1418. 

[16] R. Khiari, M.-C. Brochier-Salon, M.F. Mhenni, E. Mauret, M.N. Belgacem, A new 
way to produce cellobiose carbonates using green chemistry, ChemSusChem 9 (16) 
(2016) 2143–2148, https://doi.org/10.1002/CSSC.201600430. 

[17] M. Liu, Y. Wang, Y. Wu, Z. He, H. Wan, Greener adhesives composed of urea- 
formaldehyde resin and cottonseed meal for wood-based composites, J. Clean. 
Prod. 187 (2018) 361–371, https://doi.org/10.1016/J.JCLEPRO.2018.03.239. 

[18] A. Mazzi, Life cycle thinking, in: Life Cycle Sustainability Assessment for Decision- 
Making, Elsevier B.V., 2019, pp. 1–19, https://doi.org/10.1016/B978-0-12- 
818355-7.00001-4. 

[19] A. Pizzi, Wood products and green chemistry, Ann. For. Sci. (2016), https://doi. 
org/10.1007/s13595-014-0448-3. 
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