

  ChemEngineering-04-00003




ChemEngineering-04-00003







ChemEngineering 2020, 4(1), 3; doi:10.3390/chemengineering4010003




Article



Using Lignin to Modify Starch-Based Adhesive Performance



Anahita Nasiri 1[image: Orcid], Jim Wearing 2 and Marc A. Dubé 1,*[image: Orcid]





1



Department of Chemical and Biological Engineering, Faculty of Engineering, University of Ottawa, Ottawa, ON K1N 6N5, Canada






2



BC Research, 12920 Mitchell Road, Richmond, BC V6V 1M8, Canada









*



Correspondence: Marc.Dube@uOttawa.ca







Received: 26 October 2019 / Accepted: 2 January 2020 / Published: 6 January 2020



Abstract

:

Unmodified kraft lignin was used to create a starch-based adhesive via the Stein Hall process. Lignin up to 35 wt% was used in several formulations. Lignin was incorporated in both the carrier and slurry portions of the formulations and the effect on adhesive strength and water resistance was studied. The addition of lignin resulted in a significant increase in adhesive strength when the lignin was added solely to the slurry portion. When lignin was added solely to the carrier portion, the adhesive strength decreased. Other formulations, where lignin was present in both the carrier and slurry portions, showed moderate increases in adhesive strength. Finally, the addition of lignin increased the water-resistance of the adhesive bond in the paperboard.
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1. Introduction


Efforts to increase the sustainability of polymer products are numerous [1,2]. One well-known example is the use of starch as an adhesive in paperboard and corrugated cardboard production [3]. These starch-based adhesives are readily available at good quality, low cost, are biodegradable, and are easy to use. They are usually available as a powder and are mixed with water prior to application. Commercially, starches that are used in adhesive production are derived from corn, wheat, potato, rice, and tapioca [4]. Starch is one of the world’s most naturally abundant polymers, consisting of glucose repeat units. Starch is made up of two materials, namely amylose and amylopectin (Figure 1). Amylopectin is a highly branched macromolecule, while amylose has a linear structure. The ratio of these molecules differs according to the plant source, and the physical properties of the products are greatly influenced by this ratio. The most important differences between types of starch is the molecular weight of the amylose portion and the ratio of amylose to amylopectin. In addition, due to the presence of hydroxyl groups in its structure, starch presents a high affinity toward polar materials such as water [5,6].



Due to the amylose fraction, suspended starch granules in water do not exhibit any adhesive properties due to their high crystallinity. The granules must be broken down in order to present adhesive properties [4]. Amylopectin is water-soluble, while pure amylose can be dissolved in water at high alkali conditions or by cooking at 150–160 °C under high pressure [6]. When starch is heated (say, at 60–80 °C) in the presence of water, starch granule breakdown occurs through an irreversible process called gelatinization [7]. Starch gelatinization is an endothermic process which leads to the swelling of the starch granules, loss of crystallinity and water absorption [8]. The swollen granules are rich in amylopectin as the linear amylose diffuses out of the granules during this process and forms a continuous gel phase outside of the granules. In fact, amylose plays a restraining role for the swelling of amylopectin [9]. Not all starch granules will gelatinize at the same temperature. The percentage of amylose in different starches and their gelation temperature are summarized in Table 1.



The most popular process for starch adhesive production (i.e., breaking down the starch granules or gelatinization) is the Stein Hall process, which was introduced in the 1930 s by J.V. Bauer [10]. In this process (Figure 2), there are two parts for the adhesive preparation, a “carrier” portion and a “slurry” portion. Briefly, the carrier portion consists of a gelatinized starch solution whereas the slurry portion is an ungelatinized starch suspension.



In the carrier portion, part of the starch (usually about 15–20 wt% of the total starch) is dissolved in water and heated under alkali conditions to be fully gelatinized. Heating starch in the presence of water leads the starch granules to absorb water and swell. The hydrogen bonds between amylose and amylopectin molecules inside the granules will break down and new hydrogen bonds between starch and water molecules are formed. The addition of sodium hydroxide (NaOH) accelerates this process by breaking hydrogen bonds between starch molecules inside the granules. Adding an alkali solution decreases the gelation temperature of the starch.



During this process, some of the linear amylose leaches out of the starch granules. Both swelling of the granules and amylose leaching thicken the paste, leading to an increase in viscosity. After a while, the viscosity reaches a plateau which indicates that starch granules are fully swollen to their maximum size. If the swelling process is not stopped at this point and shear force is applied, starch granules will burst. At this stage, it is said that the starch is fully gelatinized and the starch solution becomes a thick paste [11]. Upon complete gelation of starch, the colour of the starch solution turns from opaque white to translucent. Sodium tetraborate decahydrate (aka Borax) is usually added in trace amounts after complete gelation of the starch, which leads to the cross-linking of hydroxyl groups between the starch molecules, thus increasing viscosity and tackiness. This thick paste is referred to as the carrier portion of the starch adhesive [12]. The carrier portion is mostly responsible for achieving the required viscosity of the adhesive and, in most processes, is made in a separate tank and is referred to as the primary mixture [13].



The slurry portion is prepared by mixing the remaining part of the starch in the formulation (usually, about 80–85 wt% of the total starch) with water. At the end of the process, the slurry portion is added to the carrier portion. The viscous carrier portion prevents settling of the ungelatinized starch granules. It should be noted that the solid content of starch adhesives is usually between 20–30 wt%.



In the corrugated cardboard production process, the starch adhesive is applied at the vertices of the fluted cardboard (Figure 3). Upon contact with a hot press at 60–70 °C, the ungelatinized portion of the starch will quickly gelatinize and produce instant tack. The Borax added to the carrier portion is responsible for the formation of the “green bond”. In this context, “green” refers to a “new” hydrogen bond formed between the cellulose molecules in the paperboard and in the adhesive (composed of starch and Borax). The green bond is responsible for holding the components of corrugated boards together prior to final heat curing [4,14].



Selecting a proper adhesive is vital to ensure that packaging will fulfill its performance requirements. A number of different starch adhesive modifications have been proposed, which involve the addition of different compounds to the formulation, thereby leading to improved adhesive performance. For example, a variety of plasticizers (e.g., glycerol and glucose) have been used to control the brittleness of the adhesive. In addition, these plasticizers act as a hygroscopic agent, which decreases the drying rate of the film [15]. Calcium chloride, urea, and sodium nitrate are commonly used to decrease the viscosity [16]. Mineral fillers such as calcium carbonate and titanium dioxide are often used to control the penetration of adhesive into porous material [6]. Formaldehyde, copper sulfate, and zinc sulfate are common preservatives used in starch-based adhesives to prevent microbial activity [6].



One important goal in the starch-based adhesive modification is to increase the water-resistance of the adhesive due to starch’s affinity toward water absorption. Due to the lower water solubility of amylose, one suggestion is to use starch with a higher amylose content (at least 35% amylose) in the carrier portion because it will improve rheological and film-forming properties and, to some extent, increase water-resistance of the adhesive. Unfortunately, high amylose content starch-based adhesives do not present sufficient water resistance, and thus, additives are still required [17]. Another method to increase water resistance involves the preparation of acidic starch-based adhesives where urea formaldehyde or melamine formaldehyde, along with an acidic catalyst, are added to cross-link the starch and provide water-resistant bonds.



Other cross-linking agents such as diacetone acrylamide-formaldehyde, acetoacetamide formaldehyde, and acetone-formaldehyde condensates have been used. However, one should bear in mind that usage of formaldehyde is considered unsafe, and the presence of free formaldehyde in commercial products is discouraged [18]. Also, the amount of Borax in a starch formulation should be lowered when urea or melamine-formaldehyde are used as using one or both resins in the presence of Borax will increase adhesive viscosity. Such increases in viscosity are difficult to control; additionally, reducing the amount of Borax leads to a decrease in the tackiness of the adhesive [17].



In yet another method, different types of fibres were used to enhance water resistance, dry strength, viscosity, and tackiness [19]. Suspending fibre in the carrier and/or slurry portion, at levels beyond 25 wt%, was effective. The addition of fibre lowered the gel point by surrounding the starch granules, which helped maintain the moisture around the granules. This phenomenon improved adhesion and prevented moisture from being diffused into the fiberboard. The addition of fibre, along with the addition of thermosetting materials, enhanced water resistance because the moisture held by the fibres around the granules led to resin cross-linking, thereby forming a moisture barrier. The presence of fibre also improved adhesion due to fibre to fibre entanglements between the adhesive and the fiberboard. The hydrophobicity of the fibre also helped repel moisture, thereby increasing the drying rate and water resistance [14,19].



In other achievements, hemicellulose was added to a starch adhesive formulation [20]. Hemicellulose is completely compatible with starch and can be extracted from corn fibre under alkaline conditions. Thus, in a corrugating process, there would be no need for a separate production process because, as noted earlier, the carrier portion is prepared under alkaline conditions. Despite the structural differences between hemicellulose, starch, and cellulose, the hydroxyl functional groups common to all three materials allows for bond formation within the adhesive. Hemicellulose reacts positively with Borax since it forms a Borax-oxygen bridge structure, which is common in poly-hydroxyl groups and thus enhances tackiness. As a result of cross-linking hemicellulose with starch, the availability of hydroxyl groups to form hydrogen bonds with water is reduced. Therefore, more hydrophobic and aliphatic moieties are formed [14,20].



As mentioned, starch-based adhesives are attractive due to their relatively low cost, versatility, and biodegradability, but one of their main disadvantages is that they have poor water resistance. Blending starch with more hydrophobic biopolymers possibly could improve the water-resistance of the adhesive bond. The second most abundant biopolymer after cellulose is lignin, which is an important renewable source of aromatic materials [21]. Annually, about 40–50 million metric tons of lignin are produced worldwide, largely by the pulp and paper industry [21]. However, most lignin is burned due to its caloric value to generate part of the energy required for the pulp mills [21]. The presence of aromatic moieties in lignin provide a potential for hydrophobic properties, and at the same time, the presence of hydroxyl groups in lignin suggests its compatibility with starch [22].



Recently, the blending of lignin with other renewable materials (e.g., proteins, starch) has attracted attention because of its availability, good mechanical properties, and biodegradability [22,23,24,25,26]. In these cases, it was shown that the addition of lignin decreased water uptake and increased the composite material strength [22,23,24,25]. In addition, lignin has exhibited antioxidant properties due to the presence of phenolic hydroxyl groups, which scavenge free radicals [27]. Research on lignin-starch blends has been focused on producing films and foams, which suggests that lignin could be used in starch-based adhesives [22,23,24,25]. In this paper, we investigate the use of lignin in starch-based adhesives. The objective was to determine the impact of lignin on adhesion and water resistance in paperboard applications.




2. Materials and Methods


2.1. Materials


Unmodified regular corn starch (27% amylose) and sodium tetraborate decahydrate (>99%, aka Borax) were acquired from Sigma Aldrich (St. Louis, MO, USA). Distilled deionized water (DDI) was used in order to prepare both carrier and slurry portions. A 50 wt% sodium hydroxide (NaOH pellets from Fisher Scientific, Hampton, NH, USA) solution was used to adjust the pH. Kraft lignin (light brown in colour, hydrophobic with inorganic content <1 wt%, pH ≈ 3.3 and dry solids about 50 wt%) was prepared by West Fraser Ltd. (Hinton, AB, Canada) and supplied by Noram Engineering and Constructors Ltd. (Vancouver, BC, Canada). The lignin is also known by the trade name “Amalin LPH”. Amalin LPH is produced from the pulping of northern Canadian softwoods, notably spruce, pine, and fir species, and has the properties listed in Table 2.




2.2. Adhesive Preparation


The carrier portion was prepared by adding 38 g of corn starch to 260 g of DDI water at room temperature. The temperature was increased via stirring hot plate up to 40–50 °C (gelation temperature of starch in alkali). We added 11 g of 50 wt% aqueous sodium hydroxide solution to the starch solution, and the mixture underwent vigorous mixing (4000 rpm) until the starch was fully gelatinized, as observed visually when the suspension became a translucent gel. For the cases where lignin was present in the carrier portion formulation, first, lignin was completely dissolved in the water by addition of the sodium hydroxide solution (pH > 10) and then, starch was added to the mixture. Separately, 2.8 g Borax was dissolved in 80 g of water at 70 °C. The Borax solution was added to the carrier portion after complete gelatinization of the carrier portion, followed by mixing for 3 min at 5000 rpm.



Next, the slurry portion was prepared in situ, rather than as a separate solution, by adding 380 g cold water to the carrier portion. This resulted in a temperature decrease to 35–40 °C and a decrease in viscosity. The diluted solution was mixed for 1 min at 1600 rpm using a Silverson homogenizer (model L5M-A). Next, 200 g of dry starch was added in one shot to facilitate dispersion into the carrier portion [13]. The whole mixture was mixed at 10,000 rpm for 30 s followed by a 1 min pause; this step was repeated for a total of four mixing times. The final solids content was 24 wt%.



Several batches of starch adhesive were prepared, wherein up to 35 wt% of starch was substituted with lignin added either in the carrier portion, slurry portion, or both (Table 3). Sample designations, as shown in the first column of Table 3, consist of a first number referring to the weight percentage of lignin used in the carrier portion based on the total starch loading in the formulation. The second number refers to the weight percentage of lignin used in the slurry portion based on the amount of starch only in the slurry portion.




2.3. Characterization


Viscosity: The viscosity of the starch-based adhesive was measured using a Stein Hall viscosity cup at 30 °C immediately after adhesive preparation.



Hydrophobicity: The hydrophobicity of the starch adhesive was determined via water contact angle measurements. A #20 Meyer rod was used to cast films of 12.5″ × 12.5″ from starch-based adhesive onto Mylar sheets. The films were dried at 25 °C at 50% relative humidity for 24 h. Samples of 4″ × 4″ were cut, and three to five locations were tested on each sample. A video contact angle (VCA) optima instrument (AST Products Inc., Billerica, MA, USA) was used to measure the water contact angle. A 2 µL water droplet was slowly dropped onto the film, and the contact angle was measured by VCA OPtimaXE software within 10 s. The average of each measurement is reported.



Glued joint strength: The strength of the glued joints was measured using a modified version of the TAPPI T-837 test [28]. The modification consisted of using paper board (as opposed to corrugated board) in between two hinged plates (Figure 4). Paper boards were cut to 1.5″ × 1.7″ and attached to hinged plates with double-sided tape. The starch adhesive was applied to one surface of the paper board and sandwiched in a hot press under 3450 kPa pressure at 60 °C. Each specimen was held in the hot press for 20 min to ensure that all the starch was fully gelatinized. Each specimen was stored at 25 °C and 50% relative humidity for 24 h. After drying, each hinge half was secured in Instron grips, and the force required to separate the boards was recorded using the Instron tester. Tests were repeated three times; that is, three samples were prepared from each adhesive batch.





3. Results and Discussion


The viscosity of all the adhesives was measured at 30 °C immediately after completing the adhesive preparation (Table 4). With the addition of lignin to the carrier portion, the adhesive viscosity decreased. The addition of lignin to the slurry portion had no effect on viscosity. This suggests that the incorporation of lignin in the starch matrix largely happened in the carrier portion. Addition of the lignin at the outset of carrier phase preparation, when the pH was at its highest point (pH = 12 ± 5), resulted in complete dissolution of the lignin, affording maximum interaction with the starch components. This was consistent with other reports on lignin solubility in the literature [29]. The dissolved fractions of the lignin may have had a plasticizing effect by interacting with the starch via hydrogen bonding. Plasticizers are known to interact with polymers by replacing interactions between polymer molecules, thereby improving polymer chain mobility and flexibility by reducing their intermolecular forces. Thus, a significant reduction in the Stein Hall viscosity was observed (Table 4) [22,23].



Increasing the lignin content increased the hydrophobicity of the adhesive film according to water contact angle measurements (Table 5). Samples with less than 20 wt% total lignin were not measurable as the water absorbed instantly upon contact with the film surface. These results are consistent with the fact that we are using Kraft lignin, which is insoluble in water at acidic or neutral conditions due to its lack of hydrophilicity [30,31]. Contribution to film hydrophobicity is also due to lignin’s hydrophobic aromatic moieties [25]. The above is supported by Baumberger et al., who showed that the addition of lignin to a starch matrix via blending yielded more hydrophobic starch films and reduced the water absorption of starch-lignin films [32]. In their case, the addition of lignin to starch increased the water contact angle from 30° to 80°. They also noted that the hydrophobicity of lignin was detectable if no plasticizer was used in the formulation. If plasticizers, such as glycerol, are present in the formulation, this could reduce or cancel the hydrophobicity effect of lignin [33].



As Borax was used in the formulation, there was a strong possibility of cross-link formation between the starch and lignin via their hydroxyl groups. The formation of hydrogen bonds between both starch and lignin is highly likely due to the presence of hydroxyl groups in both materials. Figure 5 shows possible cross-linking and hydrogen bonding pathways between amylopectin and lignin molecules. It should be noted that the compatibility of lignin with amylopectin is higher than that with amylose [34].



The greater hydrophobicity of the starch-lignin films, as demonstrated by the higher water contact angles, coupled with the strong likelihood of cross-link formation, implies that the addition of lignin increases the water-resistance of the films. This is supported by Baumberger et al. who showed that water solubility of a blend of starch/Kraft lignin was reduced, leading to increased starch-lignin bonds and increased adhesive film water resistance [24].



The strength of the glued joints, as measured using an Instron tester, is shown in Figure 6. For the cases where lignin was added solely to the slurry portion (samples 0-10, 0-20 and 0-30), the glued joint strength exceeded the adhesive performance of the double-sided tape used to attach the samples to the hinges. Thus, rather than observing failure of the starch-lignin bond with the paperboard, the adhesive bond of the double-sided tape detached from the hinge at loads above 166 N. In comparison, the starch adhesive without lignin (sample 0-0) showed much poorer adhesive performance. On the other hand, with the exception of sample 5-30, the addition of lignin to the carrier portion resulted in a decrease in glued joint strength. It appears that the addition of lignin to the slurry portion in sample 5-30, compensated for the negative effect of having lignin in the carrier portion. For the cases where 10 wt% lignin was used in the carrier portion (sample 10-30), the lignin in the slurry portion was unable to compensate for the negative effect. It should be noted that the film produced from sample 10-30 was very brittle, similar to other reports [23].



In a number of studies involving starch-lignin blends, as opposed to the use of the Stein Hall process, some supporting conclusions are noted. With a low lignin content (say, <20 wt%), there is evidence for an increase in the tensile strength of starch-lignin blended films [35]. However, when elevated amounts of lignin were used (>20 wt%), the film structure was more compact due to high intermolecular hydrogen bonding leading to a decrease in the tensile strength of the starch-lignin films [35,36]. Increases in elongation at break also were observed [23,24,25]. The latter work suggests a plasticization effect due to the presence of lignin in the starch matrix. Spiridon et al. used scanning electron microscope (SEM) imaging to demonstrate that lignin particles act as a plasticizer in the starch matrix [35]. They surmised that because of their more uniform shape, the lignin particles are more likely to be covered by the softer thermoplastic material, starch.



Overall, one can therefore conclude that lignin acts as a reinforcing filler that impacts both mechanical and physical properties in starch-based adhesives but only when used in the slurry portion. This is consistent with the role of lignin as a plasticizer and cross-link participant.




4. Conclusions


The incorporation of an abundant natural polymer, lignin, up to 35 wt% in a starch-based adhesive has been investigated. It was shown that adding lignin improves strength and water resistance of starch-based adhesive. A common issue plaguing starch-based adhesives is their lack of water resistance due to the high affinity of starch toward the water. This means that in many cases, these adhesives are restricted to a narrower range of packaging applications. In this work, it was shown that the addition of lignin to the starch-based adhesive formulation increases the water-resistance of the adhesive.



Adding lignin to the slurry portion in the Stein Hall process improved the mechanical properties of the glue bond. Lignin was miscible with the starch adhesive, and at low amounts (5 wt% based on the amount of starch), it exhibited a plasticization effect on the starch matrix. However, the incorporation of lignin in the carrier portion and the use of higher concentrations of lignin made the adhesive brittle and lowered its adhesive strength in a cardboard application.



This work illustrates that rather than burning lignin for its caloric value, it can be used as a high-value additive in starch-based adhesives for paperboard products. The extension to corrugated board applications is clear.
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Figure 1. Starch structure, (a) amylose and (b) amylopectin. 
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Figure 2. The Stein Hall process. 
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Figure 3. Application of starch adhesive in corrugated cardboard (cross-section view). 
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Figure 4. Hinges and an adhesive sample used for assessment of the glued joints with starch-based adhesives. 
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Figure 5. Possible cross-linking and hydrogen bonding between starch and lignin molecules. 
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Figure 6. Strength of glued joints in starch-lignin adhesives. 
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Table 1. Amylose content and gelation temperature of different starch types.






Table 1. Amylose content and gelation temperature of different starch types.





	Starch Source
	Amylose (wt%)
	Gelation Temperature (°C)





	Corn
	20–28
	62–72



	Wheat
	17–34
	58–64



	Oat
	18–29
	56–61



	Rice
	17–29
	68–78



	Potato
	25–31
	59–68
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Table 2. Composition and properties of lignin used in this study.






Table 2. Composition and properties of lignin used in this study.










	Property
	Units
	Range





	pH
	
	2.2–5.5



	Ash
	wt%
	0.2–1.5



	Sodium
	wt%
	0.1–0.6



	Sulfur
	wt%
	1.2–2.4



	Carbohydrates
	wt%
	1.2–2.4



	Hydroxyl Number
	mg KOH/g
	250–275



	Glass Transition Temperature
	°C
	150–175



	Molecular Weight
	Daltons
	5000–8000



	Polydispersity
	
	3.0–4.5
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Table 3. Batch formulations.






Table 3. Batch formulations.





	
Adhesive No.

	
Percentage of Starch Substituted with Lignin (wt%)

	
Adhesive No.

	
Percentage of Starch Substituted with Lignin (wt%)




	
Carrier Portion

	
Slurry Portion

	
Carrier Portion

	
Slurry Portion






	
0-0

	
0

	
0

	
5-20

	
5

	
20




	
0-10

	
0

	
10

	
5-30

	
5

	
30




	
0-20

	
0

	
20

	
10-0

	
10

	
0




	
0-30

	
0

	
30

	
10-10

	
10

	
10




	
5-0

	
5

	
0

	
10-20

	
10

	
20




	
5-10

	
5

	
10

	
10-30

	
10

	
30
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Table 4. Starch adhesive final viscosities.






Table 4. Starch adhesive final viscosities.





	Adhesive No.
	Viscosity (Stein Hall Seconds)
	Adhesive No.
	Viscosity (Stein Hall Seconds)





	0-0
	90
	5-20
	20



	0-10
	90
	5-30
	20



	0-20
	90
	10-0
	15



	0-30
	90
	10-10
	15



	5-0
	20
	10-20
	15



	5-10
	17
	10-30
	15










[image: Table] 





Table 5. Water contact angle of starch-lignin adhesive films.






Table 5. Water contact angle of starch-lignin adhesive films.





	Adhesive No.
	Water Contact Angle





	0-20
	14°



	0-30
	21°



	5-20
	22°



	5-30
	24°



	10-20
	26°



	10-30
	33°
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