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Abstract 13 

Wood-based panels play an important role in the furniture and decoration industries worldwide. 14 
However, the adhesives used in the manufacture of those panels are a subject of concern. 15 
Therefore, the aim of this study is twofold: (i) to critically analyze the available reports on the 16 
formulation of bio-based adhesives for the manufacture of wood panels, evaluating the different 17 
renewable raw material options, and (ii) to identify the advantages, disadvantages and 18 
difficulties encountered that hinder further development. For this purpose, the Methodi 19 
Ordinatio was used to assist identifying high impact research on the topic, and the VOSviewer 20 
software was used for analyzing the co-occurrence of keywords. Visual graphs were used to 21 
discuss the main research themes, type of study, publications per year, and publications per 22 
journal. This served to draw on the main aspects of the referenced body of literature. This review 23 
provides a rationale for showing the suitability of the methodological approaches and research 24 
designs used, as well as the production of bio-adhesives under the premises of synthesis routes, 25 
techniques and procedures. In view of the potential development of bio-adhesives with the 26 
prospect of market implementation, two approaches are essential to ensure a step forward in 27 
their development at full scale, namely techno-economic evaluation and the assessment of the 28 
environmental impacts associated with the production of bio-adhesives based on the life cycle 29 
assessment methodology. 30 
 31 
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1. Introduction 34 

In recent years, organizations have been increasingly seeking to use materials and energy from 35 

renewable sources. Among the aims of such organizations, one can mention the optimization of 36 

processes and minimization of environmental impacts to be in their strategic core, so that 37 

competitiveness and sustainability are targeted with equal importance (França et al., 2021). In 38 
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that sense, wood has been a biomaterial of special interest due to its reported low impacts 39 

related to climate change (Head et al., 2020). Wood is a renewable natural resource with a 40 

complex polymeric structure consisting of lignin, cellulose and hemicellulose that is and has 41 

been widely used for the production of a vast range of products (Kirk-Othmer, 1998). One of the 42 

sectors in which its use is most widespread is in the field of wood panels such as plywood, 43 

fiberboard and particleboard, among others (Zhang et al., 2019). On the one hand, a benefit 44 

related to the use of wood as a raw material is attributed to its role as a carbon sink in the 45 

development of the tree population (Ruter et al., 2008). Thus, it is established that, for each 46 

cubic meter of wood, approximately 1 ton of CO2 is stored. On the other hand, the use of wood 47 

as a raw material for manufacturing activities leads to a reduction in the use of non-renewable 48 

fossil resources, thus avoiding the environmental impacts associated with their extraction, 49 

transport and processing activities.  50 

A number of drawbacks associated with the manufacture of panel products have also been 51 

listed, mainly due to the use of certain chemicals such as synthetic-based adhesives required in 52 

the gluing phase of the boards. The most extensively adhesive used in plywood and 53 

particleboard is urea-formaldehyde (UF) (Pocius, 2012), and in the case of fiberboard products, 54 

phenol-formaldehyde (PF) and melamine-urea-formaldehyde (MUF) adhesives are the most 55 

widespread (Mathias et al., 2016). More than half of the total world production of formaldehyde 56 

is consumed for the manufacture of UF, MUF, and PF adhesives used in wood-based panels. 57 

The high functionality of adhesives in relation to their excellent bonding properties and board 58 

quality and strength gives them a dominant position, which greatly hinders the introduction and 59 

development of natural-based, renewable, adhesives that do not include formaldehyde in their 60 

formulation. Nonetheless, the fact that adhesive manufacturing processes are fully optimized 61 

based on the operational conditions of pressure, temperature, and curing time undoubtedly 62 

gives them an advantage over new developments. However, the research and development of 63 
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highly functional adhesives capable of replacing those based on formaldehyde has become a 64 

necessity given the obligation to adapt to regulations limiting formaldehyde and volatile organic 65 

compound (VOC) emissions at different stages of the life cycle of wood-based panels (Salem and 66 

Böhm, 2013). In particular, the International Agency for Research on Cancer classified 67 

formaldehyde as a carcinogenic substance for humans (Popović et al., 2020).  68 

Investigating in more detail the stage associated with the manufacturing process, the main 69 

direct and indirect emissions have been identified in a life cycle assessment study of 70 

petrochemical adhesives (Wilson, 2010). Thus, the amount of formaldehyde released as an 71 

emission derived from the manufacturing process is established in values around 7·10-3 mg/kg 72 

adhesive for emissions to air, and up to 10 times higher: 78.4·10-3 mg/kg for emissions to water. 73 

However, in addition to direct emissions, greenhouse gases (GHGs) associated with energy and 74 

fuel requirements stand out, as well as releases of other VOCs, methanol, and phenol, which are 75 

also considered hazardous air pollutants (HAPs). 76 

The negative effects derived from the use of formaldehyde as a bonding agent in the wood panel 77 

industry, the obligations derived from environmental and health regulations, as well as the need 78 

for innovation, development and research of new natural products with the target of reducing 79 

the consumption of fossil resources, are the main factors driving the substitution of 80 

formaldehyde-based adhesives with bio-adhesives. 81 

Moreover, there are numerous studies that propose the development of new formulations of 82 

bio-based adhesives for use in the gluing phase of panel manufacturing, such as those based on 83 

lignocellulosic biomass (including Kraft lignin and Organosolv) (Antov et al., 2021; Aziz et al., 84 

2019; Chen et al., 2020; Gadhave et al., 2019a), tannins (condensed and hydrolyzed) (Chen et 85 

al., 2020; Tomak and Gonultas, 2018; Zhou and Du, 2020), soybean (soybean, soybean meal, and 86 

soy protein) (Chen et al., 2017; Eslah et al., 2016; Li et al., 2017) and starch (corn) (Chen et al., 87 

2019; Gu et al., 2019; Li et al., 2020; Sun et al., 2018). From the point of view of commercial use, 88 
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tannin bio-adhesives have reached a better position in the market, as some formulations are 89 

being developed in large-scale industrial manufacturing (Valenzuela et al., 2012; Zhou and Du, 90 

2020). 91 

Among the extensive literature consulted, a common trait is observed among the diversity of 92 

research articles, the research has been developed on a laboratory scale, with a focus on the 93 

chemistry and reaction strategies in the formulation of bio-adhesives as well as the 94 

characterization of the developed products, and the study of the mechanical properties of the 95 

boards. In this context, no significant number of references were found that address the 96 

production process of bio-adhesives at pilot or industrial scale, so that techno-economic studies 97 

have been used to extrapolate the laboratory results to a demonstrative or real process scale 98 

(Arias et al., 2021).  99 

The aim of this manuscript is to conduct a critical and extensive analysis of the work carried out 100 

in the framework of bio-adhesives production from two complementary perspectives. On the 101 

one hand, the review of the most recent developments in the manufacture of bio-adhesives, not 102 

only from the perspective of the use of renewable raw materials, but also as valuable 103 

information to identify prospects for large-scale development. Moreover, the environmental 104 

valuation of bio-adhesives as a counterpart to synthetic resins is an additional reason supporting 105 

the development of this type of bio-products. 106 

Accordingly, this review is based on an analysis of the research studies developed within this 107 

topic, using software services such as Mendeley Desktop®, VosViewer®, and Microsoft Power 108 

BI®, which allowed the analysis of the type of publications on the topic and the visualization of 109 

the most relevant data, providing rigorous information on the current development of the 110 

alternative based on sustainable, environmentally friendly, and high-quality bio-based 111 

adhesives. 112 

 113 
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2. Wood adhesives from renewable resources and free of formaldehyde 114 

In order to provide adhesives suitable for the manufacture of good quality wood-based panel 115 

products it is essential to take into account their degree of penetration into the porous network 116 

of wood (Ülker, 2016), since both the quality of bonding and the formation of adhesive-wood 117 

intermolecular bonds directly influence on the mechanical properties of the wood-based panel, 118 

i.e. strength, water resistance, failure, which, on the other hand, also has to meet the 119 

requirements of the standards. Strength appears as one of the mechanical properties on which 120 

the different experimental studies for the development of new sustainable bio-adhesive 121 

alternatives are focused, not only because of the number of standards and specifications 122 

referring to this property (i.e. ASTM D905-08(2021), D906-20, D2339-20 GB/T 33333-2016), but 123 

also because it is one of the mechanical properties with the highest contribution on the final 124 

quality of the wood panel. Along with the bending properties and the modulus of elasticity, 125 

strength is the mechanical property in which the greatest variations are observed depending on 126 

the environmental conditions to which the wood board is exposed (Ayrilmis et al., 2010). 127 

Another crucial property that determines the applicability of wood panels, i.e., interior or 128 

exterior use, is moisture tolerance. Many experimental studies focus on the development of 129 

adhesives that are capable of developing wood-adhesive intermolecular bonds strong enough 130 

to reduce fluctuations in board size caused by moisture absorption from the environment. In 131 

many of these studies, crosslinking or hardening agents are used, providing a wood product with 132 

increased resistance to wet conditions. 133 

Therefore, the development of new sustainable and bio-based adhesives should not only focus 134 

on reducing fossil resources and the impacts associated with their production compared to 135 

synthetic resins, but their study should focus on providing an adhesive that, in addition, complies 136 

with all standards, thus giving wood products with adequate technical and mechanical 137 



6 

 

properties. On the other hand, the production costs of bio-adhesives should be analogous or 138 

similar to those of synthetic base, and also with production schemes. 139 

2.1 Main classification of bio-adhesives according to the renewable material used 140 

According to the criteria just mentioned, the different bio-adhesives alternatives for wood 141 

manufacturing could be classified according to the renewable raw material used in their 142 

formulation. Five main groups could be identified (Figure 1): tannin, lignin, wood, plant, soy and 143 

starch adhesives and bio-adhesives. To clarify the concepts that will be used throughout this 144 

review, when referring to adhesives, without the term "bio" it means that chemicals are used in 145 

the formulation of the adhesive, for example for those adhesives where lignin can partially or 146 

fully replace phenol in phenolic resins, but formaldehyde is still present in the adhesive 147 

formulation. 148 

 149 

Figure 1. Bio-alternatives for the production of wood bio-adhesives. 150 

 151 

3. Methodology 152 

The methodological procedures used in this piece of research were conducted according to a 153 

number of steps. First, the relevant existing literature on bio-based adhesives used for the 154 



7 

 

manufacture of wood-based panels were searched and selected to comprise the research 155 

portfolio for this literature review (see section 2.1). In addition, the procedures followed to 156 

create visual maps can be seen in section 2.2. 157 

3.1 Methodi Ordinatio 158 

This section details the methodological procedure followed for collecting scientific publications 159 

that address the topic of bio-adhesives from different targets and methodologies. From a 160 

preliminary selection, it is necessary to conduct a critical analysis of the contributions. The 161 

methodology for systematic reviews called Methodi Ordinatio (Pagani et al., 2015) was applied, 162 

which allows determining the relevance of the documents. The main steps followed to perform 163 

the literature review are depicted in Table 1. 164 

Table 1. Steps to conduct the literature review. 165 

 166 
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II Elimination of duplicates and documents written in a language 
other than English 

III Screening title and keywords. 

IV Reading of abstracts. 

V Reading of full-texts.  

Final Portfolio 
275 documents 

31 keywords 
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VI 

Type of article  

Keywords 

Year of publication 

Journal  
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Step I. Database search. A search was conducted in the Scopus database in January 2021, 167 

using the sets of keywords presented in Figure 1, so that all research and review articles 168 

published from the year 2000 to the date on which the search was performed were selected. 169 

Step II. Reference management. All entries were managed using Mendeley, where all 170 

duplicates and documents not written in English were removed. 171 

Step III. Screening title and keywords. All the titles and keywords of each document were 172 

read to allow selecting the articles according to their suitability to the research topic.  173 

Step IV. Reading of abstracts. As with the titles and keywords, all the abstracts were read 174 

to allow selecting the articles according to their suitability to the research topic. 175 

Step V. Reading of full-texts. In this step, the full-texts of the articles selected were 176 

retrieved and read. The decision for keeping or ruling out the full-texts was also based on 177 

the premise of Step IV.  178 

Step VI. Content analysis. The Methodi Ordinatio was used to calculate the InOrdinatio 179 

coefficient that allows weighting the relevance of the documents taking into account their 180 

number of citations, year of publication, and impact factor. The authors used the number 181 

of citations of each article (found through Google Scholar on February 08, 2021) and the 182 

Impact Factor (IF) (JCR) (2019) of each journal to determine the most relevant, high impact 183 

research. The InOrdinatio coefficient can be seen in Table A.1 (Appendix A). 184 

The manuscripts found (275 documents) were analyzed according to: (i) year of publication; 185 

(ii) journal of publication; (iii) area of application; (iv) category of study; (v) Impact Factor; 186 

and (vi) number of citations. The characteristics of the articles are detailed in Table 1SM.187 
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3.2 Visual graphics 188 

This section describes the procedure used to create visual maps using the VOSviewer v1.16.15 189 

software tool. The settings used for the keyword co-occurrence map (Figure 2) are as follows:  190 

- Map based on bibliographic data; 191 

- Type of analysis: co-occurrence; 192 

- Unit of analysis: keywords; 193 

- Counting method: full counting; 194 

- Minimum number of occurrences of a term: 5; 195 

- Number of terms selected: total number of items; 196 

- Show: all items. 197 

 198 

A selection of 275 articles were compiled after the procedure described above. Moreover, the 199 

keywords in the articles from the final portfolio were standardized according to the topics 200 

developed in the manuscript so that it was possible to detect duplications derived from the 201 

wording of the keywords (see further details in section 3.2). In addition, Flourish (Figures 1 and 202 

3) and Microsoft Power Business Intelligence (BI) desktop (Figure 4) were used to build the 203 

graphs and allow a clearer interpretation. 204 

4. Synthesizing the characteristics of the existing literature (final portfolio of documents) 205 

4.1 Type of article 206 

An analysis of the topic and typology of the publications was the first stage in the review of the 207 

bibliography. Eight categories have been identified according to the type of study developed. 208 

The first category, and the one that reflects the main researchers interesting on the topic, is 209 

based on experimental studies, i.e., those involving new adhesive formulations from renewable 210 

raw materials in laboratory-scale tests. The main objective of these research works is to verify 211 

how it is possible to activate the starting raw material through not only chemical but also 212 

enzymatic stages in order to produce bio-adhesives with compatible characteristics to those of 213 

synthetic resins used for the manufacture of boards (Figure 2).  214 
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A significant number of reviews publications have also been identified. Those studies address 215 

the synthesis of bio-adhesives but also the follow-up of ongoing research that arouses the 216 

greatest interest and where significant progress on the technique is envisioned. These 217 

publications an overview and a broad approach, so that they not only represent the gathering 218 

of manuscripts on the topic, but also show the objectives, scope, and rationale underlying 219 

different research works that represent relevant progress. Special mention should be made to 220 

the group of publications that aim to present future perspectives, which includes those 221 

references that develop future perspectives and research options for the evaluation of bio-222 

adhesive production. 223 

One research category of interest corresponds to the group of patents that have been developed 224 

in the field of bio-adhesives. Although, to date, the development of patents is not extensive, it 225 

is important to take them into account as they provide the overview of the prospect of bio-226 

adhesives in the context of industrial development. 227 

In view of the potential development of bio-adhesives with the prospect of market 228 

implementation, two approaches are essential to ensure a step forward in their development at 229 

full scale. Techno-economic evaluation is the stage of conceptual design of the process under 230 

development as well as a requirement in the proof of concept that allows the selection among 231 

the most suitable alternatives according to technological and economic feasibility. It is also 232 

relevant the identification of the environmental impacts associated with the production of bio-233 

adhesives based on the life cycle assessment (LCA) methodology.   234 

The pie chart in Figure 2 represents the number of articles available in the portfolio in each of 235 

the categories mentioned above. As can be seen, the category of "experimental" studies stands 236 

out, in which a total of 211 articles have been selected. The exhaustive analysis in the 237 

subcategories shows several alternative raw materials for the formulation of bio-adhesives. The 238 

most prominent are soy and lignin, with 66 and 49 publications, respectively, followed by tannin 239 
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and starch. However, there are a large number of manuscripts reflecting the possibility of 240 

combining two natural resources such as those based on tannins and soy. After the category of 241 

experimental studies, the category of reviews, in terms of prospective developments, is the one 242 

with the largest number of studies available, with a total of 32 studies out of the total analyzed. 243 

Moreover, it is noteworthy that techno-economic evaluations and LCA studies are those in which 244 

there are fewer references available. The reason for the low availability of this type of reports 245 

lies in the scarce development of bio-adhesive production on a real process scale. Most of the 246 

works carried out focus on experimental development at laboratory scale, which makes it 247 

difficult to carry out a techno-economic or environmental analysis, given the lack of relevant 248 

information, such as the sizing of equipment or energy requirements, data necessary for the 249 

performance of such evaluations. 250 



12 

 

 251 

 252 

Figure 2. Circular diagrams representing the number of each typology of publication and the 253 
main renewable raw materials identified for the experimental studies considered for the 254 

literature analysis. Created with: DataWrapper 255 

 256 

 257 

 258 
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4.2 Keywords  259 

In a first attempt to show graphically the occurrences among the keywords of the manuscripts 260 

selected, given the lack of standardization in terms of the selection of keywords in the writing 261 

of the manuscripts, it resulted in a large number of words, which made the graphic difficult to 262 

read, due to variability of terms that can be used to refer to the same concept. To illustrate this 263 

fact, the following example is included: in the case of soy-based adhesives, the following 264 

variability was found in terms of the keywords: soybean, soy flour, soy protein isolate, soy 265 

protein concentrate, defatted soy flour, soy protein, soy flour-based adhesive, among others. In 266 

accordance with the main objective of this review, which is based on a detailed analysis of the 267 

available literature to select the types of bio-adhesives on which the research studies have 268 

focused, this grouping of keywords refers to the same concept, i.e., soy bio-adhesives, since soy 269 

is the raw material used for their formulation. Thus, the standard keyword selected to refer to 270 

these publication keywords is soybean bio-adhesives. After grouping the different keywords, a 271 

more suitable and understandable graphic visualization has been achieved, since the variability 272 

of keywords used to refer to the same article has been significantly reduced. All of them are 273 

represented in Figure 3.  274 

4.2.1 Raw material with the highest relevance according to keyword co-occurrence 275 

The results reported show that, among all the raw materials for the formulation of bio-276 

adhesives, soybean is the one that stands out. Equally noteworthy are those developed from 277 

lignin, tannins and starch, showing a less pronounced development those formulated from bark 278 

and wood fibers. However, two keywords: wood adhesives and wood bio-adhesives, have been 279 

identified. The first term includes those adhesives that combine bio-based materials and 280 

synthetic products such as urea, phenol, or formaldehyde. This code word is used in 281 

experimental studies in which it has been proposed to partially substitute these chemicals with 282 

lignocellulosic, protein or polymeric sources. However, given the percentage content of 283 
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synthetic components, these wood adhesives cannot be characterized as bio-adhesives. The 284 

second term encompasses those experimental studies in which, unlike the previous ones, no 285 

synthetic adhesive is included in the formulation; accordingly, phenol, urea, melamine, or 286 

formaldehyde are included in their composition. 287 

4.2.2 Quality criteria of bio-adhesives and wood-boards according to keyword occurrence. 288 

Notwithstanding, most of the experimental studies include an analysis of the thermo-289 

gravimetric properties of the boards manufactured with the different bio-adhesive 290 

formulations, which is one of the common sections that can be identified in all the bio-adhesives 291 

experimental studies. These analyses make it possible to identify not only the percentage 292 

compositions of the raw materials to be used for the development of a higher quality bio-293 

adhesive, but are also very useful in determining whether the development of wood panels 294 

glued with these bio-adhesives complies with the standards and specifications of wood 295 

products. The most relevant properties that have a direct effect on the final quality of the wood 296 

board are those related to the bond strength between the adhesive and the wood fibers, 297 

resistance to water, since this parameter will determine the final use of the board (indoor or 298 

outdoor use), modulus of rupture, being a property of high importance for those wooden boards 299 

whose purpose is its use in the field of construction, and shear strength, both in dry and wet 300 

conditions. 301 

4.2.3 Chemicals with the highest occurrence scores in the keywords 302 

Most adhesives require the addition of so-called "crosslinking agents", which are compounds, 303 

usually chemical-based (but can also be bio-based), that develop crosslinking bonds between 304 

the raw materials used for their formulation. The most widespread is glyoxal, since its use allows 305 

increasing the dispersion and solubility of the polymeric structure of lignocellulosic and protein 306 

materials without requiring chemical modification (Park et al., 2017). On the other hand, its use 307 

as a crosslinking agent, in addition to providing an improvement in the mechanical properties of 308 
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strength and water resistance of bio-adhesives, is a low-toxicity, biodegradable and non-volatile 309 

aldehyde, which is a clear advantage over formaldehyde (Hosseinpourpia et al., 2019). 310 

4.2.4 Keywords related to environmental assessments 311 

Finally, with regard to LCA studies, a notable number of references have not been found, for the 312 

reasons stated in the previous sections of this review: the lack of development of the bio-313 

adhesive process on a larger scale reduces the possibilities of carrying out environmental impact 314 

studies, since the required data on energy and electrical consumption, process equipment, 315 

emissions to the environment, among others, are not currently available in the literature.  316 

 317 

Figure 3. Co-occurrence of keywords within the references considered for the 318 
development of this study. 319 

 320 

4.2.5 Global perspective and critical analysis of the keywords 321 

Developing a more exhaustive study regarding the type of raw material, it is observed that 322 

adhesives formulated from soy (Figure 4, top left), tannins (Figure 4, top right), lignin (Figure 4, 323 

bottom left) and starch (Figure 4, bottom right) are the ones with the highest number of 324 
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interactions among the most recurrent keywords: "water resistance", "strength", "mechanical 325 

properties". As for the type of board used for the development of the experimental studies, the 326 

most relevant are plywood and composites, followed by particleboards. On the other hand, it is 327 

equally important to consider how "environmentally friendly" the adhesives may be, both from 328 

the point of view of the chemicals required in their formulation, and from the perspective of 329 

electricity and heat consumption.  330 

 331 

 332 

4.3 Year of publication 333 

The first report describing the development of new natural-based materials that could be 334 

applied in the wood-based panel production process was published in 1999 under the title 335 

Figure 4. Co-occurrence graphical abstracts regarding the main raw materials used for the 
development of bio-adhesives. 



17 

 

"Commercial use of lignin-based materials" and was developed by LignoTech. In the period 336 

2000-2009, the development and research of bio-adhesives continued, although it was not until 337 

2010 that a notable interest in this research topic could be observed (Figure 5). Since then, a 338 

higher number of articles has been published, with 2020 being the year that stands out with 26 339 

publications. However, the years 2017 and 2019 are equally noteworthy, with 23 and 18 articles, 340 

respectively. However, it is important to mention that, as of May 2021 (when this review was 341 

developed), a total of 8 articles had already been published, which is indicative that the strong 342 

interest in the development of adhesives from renewable natural resources will continue to 343 

grow. 344 

 345 

Figure 5. Graphical diagram including the number of references published 346 
per year in the period 1999-2021. 347 

 348 

4.4 Publications per Journal. Standing authors and institutions.   349 

Figure 6 shows the journals and books with at least 3 publications. Among them, the most 350 

relevant journals that report topics on bio-adhesives are the International Journal of Adhesion 351 

and Adhesives (35 manuscripts), followed by Polymers (17 manuscripts) and Industrial Crops 352 

and Products and Journal of Adhesion Science and Technology, with 13 manuscripts published 353 

each. Regarding the top authors in terms of scientific productivity on the topic, a ranking of 354 
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those with more scientific publications are the following, Prof. A. Pizzi (799 SCI publications, 355 

18668 citations), Prof. J. Ling (293 SCI publications, 4259 citations), Prof. Q. Gao (164 SCI 356 

publications, 5575 citations) and Prof. J. Luo (91 SCI publications, 2248 citations). 357 

Regarding the universities or institutions with higher impact on the topic:  University of Lorraine 358 

and Université de Pau et des Pays de l’Adour, both located in France, together with the Beijing 359 

Forestry University and the Fujian University of Agriculture and Forestry, are the leading 360 

institutions in this research topic.  361 

 362 

Figure 6. Number of publications per journal and year. 363 

 364 

5 Typology of bio-adhesives according to the bio-based materials used in their formulation. 365 

In this section, a detailed analysis of each of the most commonly used renewable-based raw 366 

materials for the development of new bio-adhesive alternatives is developed, in accordance 367 

with the results obtained after the evaluation of the bibliographic references. The different 368 

methods used for their activation / functionalization are named, as well as the current trends 369 

regarding the bio-adhesive formulation processes. 370 
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5.1 Lignin-based bio-adhesives 371 

Lignin is considered to be the most abundant polymer in nature, just after cellulose (Kögel-372 

Knabner and Amelung, 2013). It is obtained as a by-product of the paper pulp industry, which 373 

world production is at levels of 50-75 million tons (Antov et al., 2020), which is mainly destined 374 

for energy or directly managed as waste. Aiming to increase the useful value of technical lignins 375 

(lignosulfonates, organosolv lignin, or kraft lignin), the development of adhesives for wood-376 

based panels has become a high potential option (Ferdosian et al., 2017; Norström et al., 2018; 377 

Papadopoulou et al., 2017; Pizzi, 2006; Solt et al., 2019; Yotov et al., 2017). The simplest way to 378 

use lignin in the form of wood-based panel adhesives is based on partial substitution of phenol 379 

in PF resins (Hemmila et al., 2013).  380 

Although the phenolic structure of lignin provides high hydrophobicity and low dispersion 381 

properties for the development of bio-adhesives, its aromatic structure decreases its reactivity, 382 

so the development of lignin-based adhesives requires previous stages of functionalization of 383 

the lignin structure through phenolic and aliphatic groups as well as aromatic rings (Bertella and 384 

Luterbacher, 2020). The most widespread methods for modification of lignin reactivity are 385 

glyoxalation (Van Nieuwenhove et al., 2020), hydroxymethylation, phenolation, demethylation 386 

and oxidation reactions, among others (Hemmila et al., 2013).  387 

Glyoxal is a non-toxic aldehyde that is less reactive than formaldehyde. Its low toxicity and non-388 

volatile properties make it a compound with great potential to replace formaldehyde in the 389 

formulation of wood-based panel adhesives ((Mansouri et al., 2011); Tupa Esfandiyari et al., 390 

2020; Van Nieuwenhove et al., 2020). Although glyoxylation is one of the most widely used 391 

activation methods for lignin functionalization, the environmental profile associated with the 392 

process poses limitations to be taken into account: required concentration of glyoxal, reaction 393 

time, and temperature (Navarrete et al., 2010), which implies significant energy costs. The LCA 394 

of a bioadhesive for wood composed of glyoxylated lignin and polyethylenimine showed that 395 
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the lignin functionalization stage is the one that contributes to the greatest environmental 396 

impacts, with energy requirements being the main hot spot of the process (Arias et al., 2020). 397 

Thus, the development of other lignin activation processes that represent lower impacts is 398 

necessary. 399 

Hydroxymethylation is based on the introduction of an hydroxymethyl group (-CH2OH) into the 400 

molecular structure of lignin, specifically into the aromatic rings, in an alkaline medium (Hu et 401 

al., 2011). The phenolation method developed by the addition of phenol into the aromatic side 402 

chains of lignin allows enhancing and improving reactivity through phenolic hydroxyl groups in 403 

the lignin structure (F. Zhang et al., 2019). Both methods, methylolation and phenolation, are 404 

the ones that have reached a high interest for industrial processing, due to their low cost 405 

(Hemmila, et al., 2013).  406 

The main goal of the lignin demethylation process is based on the conversion of the methoxyl 407 

group into an hydroxyl group (M Sain, 2013), achieving higher curing rate in the wood panel 408 

manufacturing process, and also improving bond strength (Li et al., 2016). Finally, regarding 409 

oxidation reactions, the epoxidation stands out (Eraghi Kazzaz et al., 2019). It is characterized by 410 

reacting the hydroxyl groups that make up the lignin structure with epichlorohydrin, being a 411 

feasible procedure to include epoxy groups, leading to an improvement in the mechanical 412 

properties of lignin and an increase in its compatibility with that of synthetic resins (Gouveia et 413 

al., 2020). 414 

The most recent studies on lignin-based bio-adhesives focus on the modification of the lignin 415 

structure by oxidation reactions, using sodium periodate to demethylate the lignin polymeric 416 

structure, which leads to an increase in the number of aromatic hydroxyl groups and the 417 

reactivity of lignin (Chen et al., 2020). 418 

Another trend that is gaining ground in this field is the use of lignin as a crosslinking agent for 419 

the formulation of polyurethane-based wood adhesives after lignin dissolution in polypropylene 420 
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glycol. Then, isocyanates or polyols would be added to formulate an adhesive with a slower 421 

curing time and a better bond strength (Gadhave et al., 2019b). In addition, the formulation of 422 

lignin-based adhesives will largely depend on the pretreatment steps to recover the lignin 423 

(Dababi et al., 2016), thus an alkali process followed by a steam explosion will result in better 424 

adhesive properties (He et al., 2020). 425 

5.2 Tannins-based bio-adhesives 426 

In addition to lignin, another renewable lignocellulosic feedstock that could be used for the 427 

formulation of bio-adhesives are tannins (Zhou and Du, 2020). Tannins can be classified into two 428 

groups, those characterized by having a molecular structure composed of flavonoids, known as 429 

condensed tannins, and those consisting of gallic and ellagic acids with a sugar core, known as 430 

hydrolysable tannins. Among these categories, condensed tannins are the most relevant with 431 

90% of the world tannin market, that accounts for an annual production of 2,000,000 tons per 432 

year (Das et al., 2020).  433 

Tannins are obtained from extraction processes, generally hot water extraction, although other 434 

solvents can also be used: acetone (Meng et al., 2019) , methanol (Romero et al., 2020), ethanol 435 

(Rhazi et al., 2019), as well as sodium sulfite (Poaty et al., 2010) and NaOH (Guo et al., 2020). 436 

Thus, there is a wide field of research regarding this by-product for the development of bio-437 

adhesives for wood-based panels, due to its phenolic structure and the presence of aromatic 438 

rings of resorcinol that make tannins highly reactive molecules. In fact, when compared to the 439 

reactivity of phenol, used for the formulation of synthetic phenol-formaldehyde (PF) adhesives, 440 

its reactivity is up to 10 to 50 times higher (Pizzi, 2009). Other reasons that provide advantages 441 

in the use of tannins in the processing of wood products is that they provide good strength 442 

properties and increase the water resistance of wood panels (Li et al., 2019; Yang et al., 2020). 443 

In addition, it promotes better wood preservation by reducing the proliferation of fungi and 444 
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termites, while improving dimensional stability (Tomak and Gonultas, 2018; Yalcin and Ceylan, 445 

2017).  446 

The main drawback in the use of tannins for the formulation of bio-based adhesives lies in their 447 

high viscosity, given the existence of hydrogen bonds and electrostatic interactions in their 448 

molecular structure, in addition to their high molecular weight. To reduce it, different methods 449 

have been proposed (Zhou and Du, 2020), among which acid or alkaline hydrolysis with 450 

aldehydes stands out, where the use of hexamethylenetetramine (or hexamine) as a hardening 451 

agent is the most widespread (Moubarik et al., 2010; Pichelin et al., 1999). As in the case of 452 

lignin, glyoxal is also used as a crosslinking agent (Ballerini et al., 2005). However, with the aim 453 

of avoiding the need to add hardeners to the molecular structure of tannins, self-condensation 454 

alternatives have been considered (Böhm et al., 2016; Dababi et al., 2020; Osman, 2013, 2012), 455 

which would provide a much more environmentally friendly adhesive to be used in the 456 

manufacture of interior wood panels. 457 

Current experimental studies have developed bio-based adhesives using tannins as crosslinking 458 

agents for soy-based adhesives, with the aim of increasing their water resistance. The phenolic 459 

structure of tannins gives them a high reactivity, similar to that obtained with phenol (Ghahri et 460 

al., 2021). In addition to the combination of tannins with soy, there are also recent studies 461 

proposing their use for the formulation of lignin-tannin bio-adhesives, which have been shown 462 

to achieve adequate shear strength (Saražin et al., 2020). On the other hand, one of the main 463 

drawbacks of tannin-based bio-adhesives is their low water resistance, which reduces their 464 

potential for use in the wood-based panel industry. Achieving a breakthrough with respect to 465 

this property would mean a wider range of application, as it would expand their use not only for 466 

the development of boards for interior use, but also for outdoor use. The research study 467 

developed by (Zhang et al., 2019) has demonstrated an increase in the water resistance of a 468 
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tannin-based bio-adhesive by using furfuryl alcohol, glyoxal and epoxy resin as crosslinking 469 

agents under acidic conditions. 470 

5.3 Soy-based bio-adhesives 471 

Several studies have demonstrated the great viability of soy to be used as a renewable raw 472 

material for the development of wood bio-adhesives (Frihart et al., 2010; Frihart and Satori, 473 

2013; Schwarzkopf et al., 2010; Wescott et al., 2006) to be applied in the manufacture of 474 

plywood, particleboard and even medium density fiberboard (MDFB). Its potential in this 475 

productive area is the result of a set of advantageous conditions that place it in a dominant 476 

position for the development of new products with high added value in the market. These 477 

advantages include its low cost, ease of processing, wide availability, in addition to the process 478 

conditions that its use requires, i.e., low pressure and low curing temperature, factors of high 479 

relevance in the process of gluing wood-based panels (Ghahri et al., 2018). However, although 480 

the use of soy provides a number of advantageous properties for the development of bio-481 

adhesives, it has the disadvantage that chemical or physical modifications are required to 482 

increase the water resistance and strength of the boards. For this, it is necessary to favor the 483 

formation of strong wood-adhesive bonds, and the molecular structure of soy, composed of 484 

several functional groups (amino, carboxylic acids, hydroxyl groups), is completely folded 485 

(Vnučec et al., 2017). A process of modification and structural attack is required to favor the 486 

unfolding of the complex structure that make up the soy protein, in this way the formation of 487 

bonds with crosslinking agents and with wood structural complexes will be simpler, faster and 488 

will provide better properties and better adhesion on wood boards (Ghahri et al., 2018).  489 

To promote soy protein adhesion, the molecules have to be dispersed and denatured in solution, 490 

in fact, previous studies have shown that denaturation of soy proteins leads to an increase in 491 

adhesive bonding strength and water resistance (Frihart and Birkeland, 2014). Accessibility and 492 

surface reactivity of soy can be achieved by chemical, thermal or enzymatic modifications. The 493 
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most widespread are chemical-based processes (Vnučec et al., 2017), which could be classified 494 

as: denaturation by breaking the internal structure (Lin et al., 2012; Qi et al., 2013), grafting with 495 

cross-linker agents (Qi et al., 2013; Zhu and Damodaran, 2014) and mixing with both bio-based 496 

materials (such as lignin and tannin) or synthetic adhesives (i.e. PF, MF and MUF resins) (Lei et 497 

al., 2014; Li et al., 2013, 2009; Meng et al., 2019). As for the grafting procedure, a wide variety 498 

of crosslinking agents have been studied, including diacyandiamide (Solt et al., 2019), SDBS 499 

(sodium dodecylbenzene sulfonate) (Lei et al., 2014), waterborne polyurethane (Wang et al., 500 

2018), PAM (polyacrylamide) (Kang et al., 2019) and maleic anhydride (Xi et al., 2020), among 501 

others. 502 

Arias et al., (2021) have evaluated the environmental profile of different grafting alternatives 503 

for soy-based adhesives, using the crosslinking agents mentioned above. The results obtained 504 

demonstrate the high potential for large-scale development of bio-adhesives for wood based on 505 

this raw material, concluding that the bio-adhesive formulated with the SDBS cross-linker is the 506 

one with which the lowest impact values have been obtained, from the point of view of the 507 

categories of ecosystem quality, resource scarcity, and human health. 508 

According to the latest research on soy-based bio-adhesives (Alcock and Peijs, 2013), the 509 

concept of "self-crosslinking" and "self-reinforced composites" are being investigated to 510 

improve mechanical properties by reinforcing the soy polymeric matrix with isolated soy protein 511 

fibers (Kang et al., 2019). Another recent and sustainable way to improve the mechanical 512 

properties of soy-based bio-adhesives is by reacting bio-epoxy bark resins with the reactive 513 

groups of soy proteins. This reaction is characterized by epoxidation, thus forming a strong 514 

network with improved properties of thermal resistance, strength and water resistance. In 515 

addition, the use of the bark bio-epoxy resin results in higher solids content and lower viscosity 516 

of the final bio-adhesive (Luo et al., 2020) 517 
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Finally, it is important to mention that soy-based adhesives are the ones that have achieved a 518 

greater presence in the market. There are currently different companies developing adhesives 519 

based on this raw material, as is the case of Soy protein-Kymene®, an adhesive used for plywood 520 

composites, which results in wood products with even higher shear strength than those glued 521 

with UF resins (Vnučec et al., 2017), SOYBABY® and OZERO®, adhesives developed to be applied 522 

on MDF and HDF wood boards, Soyad™ and Prolia™ from Cargill, with extended application on 523 

particleboard and plywood. 524 

5.4 Starch-based bio-adhesives 525 

Regarding starch, it is an abundant and low-cost natural polymer found in cereals (i.e., corn and 526 

wheat), tubers and roots (Monteiro et al., 2016). Its molecular structure is made up of two high 527 

molecular weight compounds, amylose and amylopectin. The content of these polysaccharides 528 

affects the bonding strength of the starch bio-adhesives, since the higher the amount of 529 

amylopectin, the higher the bonding strength (Tratnik et al., 2020; Zhou et al., 2012). Thus, 530 

starch source selection is a key factor when developing starch bio-adhesives for wood bonding. 531 

Nevertheless, the large amount of hydroxyl groups found in the molecular structure of starch 532 

leads to an excellent affinity with polar compounds, such as cellulose (Monteiro et al., 2016). 533 

This fact allows the formation of strong adhesive-wood bonds during board gluing processes, 534 

but, at the same time, the simplicity of formation of hydrogen bonds by starch hydroxyl groups 535 

with water molecules leads to poor water resistance and slow drying (Sun et al., 2018). These 536 

mentioned shortcomings, in addition to their lower stability compared to that achieved by 537 

synthetic adhesives, requires the improvement of starch bio-adhesives performance to be 538 

competitive with petrochemical resins (Jiang et al., 2019). Another feature that must be taking 539 

into account when considering starch as raw material for the development of wood bio-540 

adhesives is it high viscosity, derived from the macromolecules present on it molecular 541 

structure, which it is also a key factor when evaluating the performance and properties of the 542 
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bio-adhesives. In this way, it has been determined that adding small molecules into the 543 

formulation of the starch bio-adhesive, like for example low molecular weight crosslinking 544 

agents, is an adequate and valuable procedure to decrease the entanglements, leading to 545 

greater fluidity and easier penetration into the surface of the wood (Din et al., 2020). 546 

Although there are several methods by which the starch structure can be modified (i.e., physical, 547 

chemical, and enzymatic), the ones that stand out are the chemical ones, specifically graft 548 

copolymerization, as it is considered one of the best ways to increase the adhesion properties 549 

(Gu et al., 2019; V. Gadhave et al., 2017). Different crosslinking agents have been proposed to 550 

develop the copolymerization of the starch molecular structure, with hexamethoxymethyl-551 

melamine (Sridach et al., 2013), polyvinyl acetate (Nie et al., 2013), pMDI (polymeric-methylene 552 

diphenyl-diisocyanate) (Gu et al., 2010) and glyoxal (Deng et al., 2018; Gadhave et al., 2019a) 553 

being the most widely used. 554 

Another widespread method is oxidation, in which the hydroxyl groups located at the C-2, C-3 555 

and C-6 positions of the starch carbon chains are transformed into carboxylic and carbonyl 556 

groups (Sun et al., 2018). The oxidation of starch with hydrogen peroxide has been previously 557 

investigated, as this compound decomposes into hydrogen ions and water, leading to low 558 

environmental impact (Zhang et al., 2015). The main drawback of this procedure is the high 559 

reactivity of the carboxyl and carbonyl groups, which leads to further cross-linking reactions, 560 

resulting in low bonding strength and low water resistance (Zhang et al., 2015). Therefore, to 561 

increase the technical performance of starch bio-adhesives, a second process step, consisting of 562 

graft copolymerization with SDS (sodium dodecyl sulfate) (Li et al., 2014), silane coupling agents 563 

or olefin monomers (De Bruyn et al., 2007; Tanrattanakul and Chumeka, 2010), among others, 564 

is required. By this addition, both drawbacks (bonding strength and water resistance) are 565 

significantly improved (Zhang et al., 2015). 566 
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Finally, another trend that is gaining ground in the field of study of starch-based bio-adhesives 567 

is the use of citric acid in their formulation (Amini et al., 2020; Kusumah et al., 2020; Kusumah 568 

et al., 2017; Umemura et al., 2012), which allowed to achieve standard-compliant mechanical 569 

and physical properties (Kusumah et al., 2020). The formulation of the bio-adhesive requires a 570 

previous chemical modification of the starch, which is based on a first acid hydrolysis, to obtain 571 

maltodextrin, which is able to react with the hydroxyl groups present in the wood, leading to 572 

the formation of high strength bonds (ester and glycoside bonds) between the bio-adhesive and 573 

the wood board. 574 

6. Conclusions 575 

This paper provided a critical analysis of high impact literature on bio-based adhesives to be 576 

used for the manufacture of wood-based panels. A large number of experimental studies were 577 

observed, whereas only a few literature reviews and patents were found. The development of 578 

patents is not extensive, which, therefore, is left as a recommendation in order to aid industrial 579 

development. 580 

Among all the raw materials for the formulation of bio-adhesives, soybean seems to be the one 581 

that stands out, and has achieved a greater presence in the market. It has been observed that 582 

companies have been developing adhesives based on this raw material, and such practice seems 583 

to be a positive trend in sustainable terms. 584 

There is evidence that this body of literature (bio-based adhesives for the manufacture of wood-585 

based panels) has been increasingly receiving contributions globally, and the number of 586 

publications in the area has been increasing. Since 2010 a greater number of publications can 587 

be observed, with 26 publications having been observed in the year 2020. This is indicative that 588 

the great interest in the development of adhesives from renewable natural resources will 589 

continue to grow. In addition, the most prominent journals publishing research involving bio-590 
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adhesives are the International Journal of Adhesion and Adhesives, with 26 documents, and 591 

Polymers, with 13. 592 

The required data on energy and electrical consumption, process equipment, and emissions to 593 

the environment, are not currently available in the existing literature, therefore expanding the 594 

portfolio of studies may bring more consistency to the results, mainly for life cycle assessments. 595 

Drawing on the limitations of this research, the authors neither claim it to be exempt from 596 

limitations nor exhaustive, as it was limited to the particular keywords and databases presented 597 

in the methods section. Nonetheless, the authors believe the portfolio of documents identified 598 

and used in this study to be representative of the body of literature on bio-based adhesives for 599 

the manufacture of wood-based panels. 600 

The critical analysis developed in this review is timely not only for researchers but also for 601 

professionals working in R&D areas of the productive sector. The conclusions derived from each 602 

bio-adhesive typology serve as a guide for decision-making for future developments and 603 

practical applications. It would be ideal that in the coming years a greater number of 604 

environmental studies on the different wood bio-adhesives would be carried out because, 605 

although most experimental studies on bio-adhesives report that they are environmentally 606 

friendly alternatives, there are limited studies that have investigated the production routes from 607 

a global point of view and that, therefore, endorse this label from a holistic, objective and 608 

quantitative point of view. 609 
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