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Abstract: The morphology and properties of corn starch and cassava starch were compared by SEM, DSC and TGA. The effects of amylose and amylopectin content on starch properties were studied by FT-IR, XRD and XPS. The plywood was pressed with the prepared adhesive and the bonding strength of the plywood was tested to analyze the difference among the adhesives from different plant sources and the difference after blending PAPI prepolymer. FT-IR results showed that the hydroxyl peak of cassava starch was stronger and wider. TGA showed that the residue of cassava starch was lower, but the thermal stability of cassava starch was almost the same. XPS data showed that the oxygen content of cassava starch was slightly higher, but the carbon content was slightly lower. SEM analysis showed that corn starch granules were more irregular and sharper than cassava starch, and cassava starch granules were more uniform, regular and round.
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1  Introduction

Starch is a kind of biodegradable natural macromolecule. It has the characteristics of low prices, environmental protection, and rich raw materials. It is widely used in food, textile, papermaking, and adhesive fields. Fig. 1 shows the practical application of starch. Starch is also mainly used as a food additive and degradable tableware in the food field. Starch is also widely used in textile, papermaking, adhesives and other fields. The application of these neighborhoods is based on the water absorption and gelatinization adhesion of starch. Also, starch has been widely used in the biomedical field. In the medical field, it is mainly used as a bacteriostatic hydrogel and drug sustained-release agent.
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Figure 1: Diagram of starch application

The molecular formula of starch is (C6H10O5)n. n is the degree of polymerization. Starch is a natural polymer formed by dehydration of glucose unit through a glycosidic bond (C–O–C). Natural starch has two structural types: Amylose and amylopectin. As shown in Fig. 2. Amylose structure, the amylose structure is a schematic diagram. And that of amylopectin is shown in Fig. 3. Amylopectin structure. Amylose has a long straight chain, while glucose is linked by α-(1-4) glycosidic bond [1,2]. The molecular weight of amylopectin is large, and the branched-chain structure is highly branched. And the glucose between the short chains of amylopectin linked by α-(1-4) glucoside bond. The branched chains of amylopectin are linked by α-(1-6) glycosidic bond [2,3].
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Figure 2: Amylose structure
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Figure 3: Amylopectin structure

Amylose and amylopectin structure differences, leading to its performance, are significantly different. Amylose can be dissolved in 70°C~80°C hot water. Branched-chain starch is insoluble. Amylose and amylopectin content in the natural starch depends upon the source of starch. The contents of amylose and amylopectin in different starch sources were different. Amylose accounts for 23% in common corn and 17% in cassava starch. The most important property of starch is that the granule expands under the excess water heating. And then amylose and amylopectin dissolve. That is the gelatinization of starch.

The gelatinized amylose will form a continuous gel phase after cooling. That is due to the regular long amylose structure of amylose. The molecular weight of amylopectin is higher than that of amylose. Therefore, the amylopectin after gelatinization is cooled and aggregated into gel particles. Viscous solutions are produced as the gel particles increase [4]. The length and distribution of amylopectin determine the gelatinization temperature, enthalpy change, and gelatinization characteristics. Long branched chains, such as amylose, also affect the gelatinization properties of starch [5,6]. Corn starch is one of the most studied starch. Corn starch has large particle size characteristics, strong surface polarity, high cohesive energy, and high softening temperature. There are few studies on cassava starch than corn starch. Cassava starch has low gelatinization temperature and high gelatinization degree. The gel formed is highly stable, and the gel layer is fine [7,8].

In this study, FT-IR, DSC, TGA, XPS, SEM and other test methods were used to analyze and compare the effects of different amylopectin and amylose content on the physical and chemical properties of starch. Starch adhesive was prepared from corn starch and cassava starch, and its solid content and viscosity were determined. PAPI prepolymer was used as crosslinking agent to modify the starch adhesive. Plywood was prepared with “starch adhesive” and “starch adhesive within PAPI prepolymer”. The bonding strength of plywood was tested and analyzed by universal mechanical testing machine.

2  Experiment

2.1 Materials

Corn starch (industrial grade) was purchased from Dacheng corn Co., Ltd., in Changchun, China. The moisture content of the corn starch is 10%–12%, amylose: amylopectin = 23: 77. Cassava starch (industrial grade) was purchased from Beidahuang rice Co., Ltd., Harbin, China. The water content of the cassava starch is 10%–12%, amylose: amylopectin = 17: 83. Ammonium persulfate (APS), sodium hydrate (NaOH), hydrochloric acid (HCl), borax (Na2B4O7·10H2O) and other reagents were purchased from Tianjin Yongda Chemical Reagent Co., Ltd., Tianjin, China Polyvinyl alcohol (PVA, industrial grade) was purchased from Guangdong Xinxiang Chemical Co., Ltd., Guangzhou, China. The model is 1799 (alcoholysis degree: 99%, molecular weight: 1700). Polyaryl polymethylene isocyanate (PAPI, industrial grade) was purchased from Bayer company. Poplar veneer was purchased from China Dunhua Jinhai Wood Industry Co., Ltd., China, and the moisture content of 10%–12%. Unless otherwise specified, the reagents are analytical grade.

2.2 Methods

2.2.1 Preparation of Native Starch Adhesive

The proper amount of starch and distilled water was weighed with a balance to prepare 30 wt% starch suspension. The starch suspension was transferred to a 500 mL four necked round bottom flask with agitator, thermometer and the condenser tube. The starting temperature of the reaction was 40°C. Adjust the pH value of the reaction device to 8–9 with 1mol/L NaOH solution, and stir for 30 min at 300 rpm. Then the pH in the reaction unit was stabilized with hydrochloric acid. Add polyvinyl alcohol solution (5% of dry starch mass) and stir evenly. According to the total mass of the reaction system, add ammonium persulfate solution with 6% of the total mass of the reaction system, and stir the reaction at 300 rpm for 1 h. After the above reaction, the temperature was raised to 60°C~70°C and borax (2 wt%, dry starch) was added for a certain time. The reaction device was cooled to room temperature. Then we obtain starch adhesive of plant origin.

The starch adhesive prepared by weighing the required starch from different plants in the plastic cup. After peeling the balance, weigh the PAPI prepolymer (12 wt%, dry starch) in the plastic cup. Stir with a glass rod until evenly dispersed, and then brush on the surface of poplar veneer within 30 min (within the failure period).

2.2.2 Viscosity and Solids Content of Native Starch Adhesive

The instrument used for the viscosity test is NDJ-5S (Shanghai Yueping instrument, China). The experiment was carried out at the speed of 60 rpm or 30 rpm and the temperature of 20°C within 2# rotor. The viscosity of starch adhesives from different plant sources (without Papi prepolymer) was determined.

The solid content shall be determined to basic the method specified in “test methods for wood adhesives and their resins” (national standard of the people’s Republic of China GB/T 14074-2006). During the test, the tin foil was folded into a cube container (the weight of the cube container was weighed and recorded as m1). A small amount of adhesive was added into the cube container (only the mass of adhesive was weighed as m2), put it in an oven at 120 ± 3°C, dried to constant weight and weighed (the mass of adhesive and tin foil after drying is recorded as m3). Calculate the solid content according to the following formula:
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2.2.3 Fabrication of Plywood

Three different kinds of plywood were prepared with poplar veneer, and the fiber direction of two adjacent veneers was perpendicular to each other. The prepared starch adhesive (mixed with PAPI prepolymer) was evenly coated on the poplar veneer with 320 g/m2 of soft bristle brush (the middle poplar veneer was coated with starch adhesive on both sides). After the painting is completed, preload with the pre press for 30–40 min under the pressure of 2–3 MPa. After pre pressing, the plywood was put into a hot press with 110°C hot pressing temperature and 2–3 MPa pressure for 3 min.

2.2.4 Bonding Strength of Plywood

The bonding strength of plywood was tested according to “test methods for physical and chemical properties of wood-based panels and veneered panels” (National Standard of the People’s Republic of China GB/T 17657-2013). Add clean water into the water bath and heat the water in the water bath to 63 ± 3°C. The specimens with the size of 100 mm × 25 mm are tied together with rubber bands or ropes (to prevent bubbles in the water from dispersing the test pieces during heating), and they are completely immersed in the water bath and pressed with heavy objects to prevent the specimens from floating. After soaking for 3 h, the specimens were cooled at room temperature for 10 min to obtain the wet shear bond strength test specimens. Dry shear bond strength specimens were not treated. The tests were carried out on CMT 5504 mechanical testing machine (Sans, China).

2.2.5 Differential Scanning Calorimetry (DSC)

D204 differential scanning calorimeter (NETZSCH, Germany) was used to test the difference between the two starch samples. Put the sample (10–12 mg) into the sample holder in the instrument, use the empty sample cell as the reference substance, and then heat it from 25°C to 150°C in a nitrogen atmosphere at a rate of 5°C/min. The temperature was calculated by the Proteus analysis software (NETZSCH, Germany).

2.2.6 X-Ray Diffraction (XRD)

XRD spectra were obtained from two plant sources dried native starch powder, using an X-ray diffractometer (Rigaku D/max 2200, Japan) at 32 kV and 40 mA with 0.154 nm Cu Kα radiation. The results of diffraction experiments were plotted by Origin 9.0 statistical software. The relative crystallinity of starch was calculated by MDI Jade 6.0 software [9].

2.2.7 Fourier Transform Infrared (FT-IR)

Corn starch and cassava starch samples were put in the oven at 120 ± 2°C for drying to constant weight before testing, and then ground and refined. Fourier transform infrared spectroscopy (Bruker tensor I, Germany) was used to test starch samples. The resolution of starch samples was 4 cm-1 and scanned 32 times in the area of 4000–400 cm−1.

2.2.8 Thermogravimetric Analysis (TGA)

The thermal decomposition kinetics of two kinds of plant starch was studied by TG 209 F3 thermogravimetric analyzer (NETZSCH, Germany). The temperature was raised from 50°C to 700°C at a rate of 10°C/min at a flow rate of 40 mL/min. Argon purge shall be started 30 min before measurement to establish an inert environment to prevent any unnecessary oxidative decomposition. The residual mass of all samples was plotted as a function of temperature, and its first derivative (DTG) was used for analysis.

2.2.9 Scanning Electron Microscopy (SEM)

The micro morphology of cassava starch and corn starch was photographed by FEI Quanta 200 scanning electron microscope (FEI, USA). Before vacuum gold plating, starch samples were soaked in ethanol. The soaked starch sample was glued to the silver-tape connected to the brass plate. The starch sample was bombarded by electrons at an accelerating voltage of 20 kV and photographed at a magnification of 2000.

2.2.10 X-ray Photoelectron Spectroscopic Analysis (XPS)

The instrument used in XPS test was Kα X-ray photoelectron spectrometer (Thermo Fisher Scientific, USA). The etching took place in a small area of 2 mm × 0.4 mm on the sample (sputtering angle is 45°). At room temperature, 1486.6 eV Al-Kα beam composed of 100 W and 200 mm diameter beam grating was used to etch the sample. Al-Kα radiation was used to etch the sample vertically at the speed of 1 nm/s. The energy passing through the sample during etching was 50 eV. The high energy emission spectra were collected at a resolution of 0.1 eV.

3  Results and Discussion

3.1 Physical and Chemical Properties of Pure Starch Adhesive

The viscosity of natural starch adhesive comes from the interaction between molecules. Among them, the interaction force between amylose is small, and that between amylopectin is large [10]. The viscosity of starch adhesive prepared by non gelatinized starch is low. The viscosity of starch adhesive prepared by gelatinized starch is high. This is because the molecular volume of starch becomes larger after water absorption and gelatinization. The contact opportunities and hydrogen bonding forces between starch molecules with larger volume become larger. As shown in Tab. 1. The physical and chemical properties of two kinds of starch as adhesive, the initial viscosity of corn starch adhesive is 194 mPa·s. The initial viscosity of cassava starch adhesive was 450 mPa·s. The hydrogen bond force between starch molecules with high amylopectin content and short amylopectin length is stronger. The strong intermolecular hydrogen bonding force makes the adhesion force and desorption resistance between the particles larger [11]. In addition, the gelatinization temperature of cassava starch was lower than that of corn starch. Starch adhesive was prepared at 60°C–70°C, and the gelatinization degree of cassava starch was higher than that of corn starch. Therefore, the viscosity of cassava starch adhesive is higher than that of corn starch adhesive. This means that more viscosity can be produced. The amylopectin content of cassava starch was higher than that of corn starch. This is the reason why the initial viscosity of cassava starch adhesive is higher than that of corn starch adhesive. However, if the viscosity is too high, it is difficult to disperse uniformly in the system. It is easy to cause caking, and it is difficult to brush the agglomerated adhesive in the preparation of plywood.

Table 1: The physical and chemical properties of two kinds of starch as adhesive
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The solid content of the adhesive is the nonvolatile substance in the adhesive. In the bonding system plays a bonding role in this part of the material. The solid content was determined by the constant weight method. The results are shown in Tab. 1. The physical and chemical properties of two kinds of starch as adhesive. The solid content of the cassava starch adhesive was 32.50%. The solid content of corn starch adhesive was 30.76%. This phenomenon indicates that cassava starch with high amylopectin content has a higher molecular weight than corn starch. Therefore, cassava starch has more hydroxyl groups than corn starch. The experimental results of solid content are consistent with those of the viscosity experiment.

3.2 DSC Analysis

As can be seen from Fig. 4, the test results of the two starches are very similar. There is a large endothermic peak in the curve. The endothermic peak temperatures of cassava starch and corn starches were 106.5°C and 112.0°C, respectively. The endothermic peak areas are 748 J/g and 723 J/g, respectively.
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Figure 4: DSC curves of corn and cassava starch

The DSC curves of corn starch and cassava starch increased significantly at 63.0°C and 51.0°C. The rise of the DSC curve is the result of starch gelatinization and endothermic. The temperature of the DSC curve of cassava starch was 10°C–15°C lower than that of corn starch. The gelatinization process of starch is essentially the dissolution of starch crystal. The swelling capacity of starch granules mainly depends on the amount of amylopectin containing short chains [12]. The long chain of amylopectin can inhibit the expansion of starch, which is not conducive to starch gelatinization [13]. The long-chain in amylopectin is similar to amylose in nature. The amylopectin content of cassava starch is higher than that of corn starch, so cassava starch is easier to gelatinize than corn starch. In practical application, it is necessary to modify cassava starch to improve gelatinization temperature. Compared with corn starch, cassava starch has higher requirements in the process of synthesis and modification.

The boiling point of water at normal temperature and normal pressure is 100°C. The endothermic peak appeared near 100°C. This is due to the evaporation of water in the starch sample and the destruction of the water chain crystal structure during heating. The destruction and disappearance of crystalline structure in starch granules during the heating process is divided into two steps. The first phase of crystal structure changes occurred between starch molecules. With the increase in temperature, the amount of water in the starch sample decreased gradually. The crystal structure of the water chain decreases with a decrease in water. Finally, the crystal structure of the water chain disappeared utterly. The second phase of crystal structure changes occurred in starch molecules. With the increase of temperature to the melting point microcrystalline, the chain crystal structure begins to melt. Finally, the chain crystal structure disappeared utterly [14].

3.3 XRD Analysis

It can be seen from Fig. 5. X-ray diffraction patterns of CS and NS that the X-ray diffraction patterns of cassava starch (CS) and corn starch (NS) after drying are composed of peak diffraction characteristics and dispersion diffraction characteristics. The test results of the two starches are very similar. This is a typical diffraction curve of the polycrystalline system. CS has strong diffraction peaks at 2θ = 15.1°, 17.1°, 18.2° and 22.8°. NS has strong diffraction peaks at 2θ = 14.9°, 16.9°, 18.1°, and 22.8°. The results show that the structure of cassava starch and corn starch is composed of crystalline and amorphous. The FWHM of CS was larger than NS, indicating that the crystallinity of cassava starch was higher than that of corn starch. The crystallinity of CS and NS were 27.4% and 22.1%, respectively.
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Figure 5: X-ray diffraction patterns of CS and NS

The 2θ values of the diffraction peaks of corn starch and cassava starch were around 15.1°, 17.1°, 18.2°, and 22.8°. That is a typical A-type crystal [15]. The crystal peaks near 15.1°, 17.1° and 18.2° are formed by the interaction between the starch’s internal molecular chains. The hydroxyl groups in the inner molecular chain of starch molecules form chain crystals in the form of hydrogen bonds with each other. The crystal peak near 22.8° is a chain crystal formed by a hydrogen bond between the starch molecular chain and water [14]. The moisture content of dry cassava starch was similar to that of corn starch. The diffraction peaks of cassava starch and corn starch at 2θ = 22.8° were the most similar. Also, the diffractive peaks are quite different. The diffraction peak intensity of cassava starch was stronger than that of corn starch at 2θ = 15.1°, 17.1°, and 18.2°. That is due to the different proportion of amylopectin in cassava starch and corn starch. Generally speaking, the size of the crystallization zone is affected by amylopectin content [16]. The ratio of amylopectin to amylopectin was 83/17 in cassava starch and 77/23 in corn starch. Compared with corn starch, the amylopectin content of cassava starch was higher. That indicates that more intermolecular hydrogen bonds can be formed between cassava starch granules. And the crystallinity is also improved.

The content of amylopectin in cassava starch is higher, which will form a higher crystal structure. Therefore, the adhesive prepared from cassava starch has strong coagulability. The high coagulability of cassava starch adhesive means that the stability of the adhesive is poor. Therefore, cassava starch adhesive preparation will have higher requirements for the modification process.

3.4 FT-IR Analysis

The infrared spectra of corn starch and cassava starch are shown in Fig. 6. The test results of the two starches are very similar. The characteristic peak at 3300–3500 cm−1 is O–H stretching vibration [17,18]. We can find in Fig. 6a, the absorption peak of cassava starch was larger than that of corn starch. The characteristic peak at 2900–2950 cm−1 is caused by the asymmetric stretching vibration of C–H which from the glucose ring [19]. The 1630–1650 cm−1 bands are the O–H bending vibration of water molecules adsorbed in the amorphous region of starch granules [19,20]. The band of 1150–1160 cm−1 is pertain to the asymmetric stretching vibration of C–O in C–O–H structure [21]. And the band of 1020–1030 cm−1 is pertain to the C–O vibration peak on the dehydrated glucose ring [22].
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Figure 6: FT-IR of cassava starch and corn starch: The (a) is the same (b) only moving the curve up and down

The reason for the stronger absorption peak of cassava starch at 3300–3500 cm-1 was that the proportion of amylopectin in cassava starch was higher than that in corn starch. Because the molecular weight of amylopectin is higher than that of amylose, amylopectin has more pyran ring than amylose. More pyran ring in starch means more –OH. Therefore, cassava starch with high amylopectin content has higher –OH content than corn starch with relatively low amylopectin content. The results of FT-IR and DSC showed the same trend, and the proportion of other functional groups was similar.

3.5 TGA Analysis

There are two weight loss curves below 150°C. The weight loss of the first stage is related to the loss of adsorbed water and bound water. In the second stage, due to thermal decomposition, the polymer chain breaks, resulting in large weight loss. Dehydration and thermal decomposition are generally considered as two independent processes related to starch degradation mechanism [23−26]. DTG curve is the differential of the TG curve. The position of weight loss on the TG curve corresponds to the characteristic peak on the DTG curve.

The second stage of weight loss of the TG curve (starch thermal decomposition) is accompanied by three processes: Intermolecular dehydration, intramolecular dehydration, and high-temperature pyrolysis [26]. The main reason for the dehydration of starch molecules is the breaking of α-1,4 glucoside bond in amylose and amylopectin. Also, the α-1,6 glycosidic bond may be broken, and the α-1,4 glycosidic bond is easier to hydrolyze than the α-1,6 glycosidic bond [25]. The polar water molecules produced by the cleavage can easily react with the glycosidic bond to destroy the structure of the starch glucose ring. The intramolecular dehydration is mainly caused by the C2 and C3 positions in the starch glucose unit. The hydroxyl group on C2 or C3 binds to the active hydrogen on the hydroxyl group adjacent to C2 or C3. When the hydroxyl group is separated from the glucose ring in the form of water, the hydroxyl group on the adjacent carbon gets electrons to form a carbonyl group. Usually, this process is not easy to happen due to space resistance and the energy required. Under the protection of inert gas, there is a lack of oxygen in the pyrolysis process, so the main products are H2, CO2, CH4 [26].

The initial decomposition temperature of corn starch and cassava is about 297°C, as shown in Fig. 7. The test results of the two starches are very similar. This is because intermolecular dehydration begins with the breaking of the α-1,4 glycosidic bond. The energy required for breaking the α-1,4 glycoside bond in corn starch and cassava starch was the same. The decomposition rate of corn starch was the fastest at 316°C, and that of cassava starch was the fastest at 319°C. This is because the energy required for α-1,6 glycosidic bond breaking is larger than that for α-1,4 glycosidic bond breaking. Therefore, the temperature when cassava starch reaches the maximum decomposition rate is higher than that of corn starch. Corn starch and cassava starch completely decomposed, when the temperature reached 600°C. The thermal decomposition residue of corn starch and cassava starch was 15.60% and 13.80%, respectively. This is because cassava starch has higher amylopectin content. High amylopectin content means more hydroxyl groups. The pyrolysis was carried out under the protection of inert gas, and no air was introduced into the system. Therefore, the hydroxyl group is the source of hydrogen and oxygen atoms in H2O, H2, CO2, and CH4 gases.
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Figure 7: TGA of cassava starch and corn starch

3.6 Scanning Electron Microscopy (SEM) Analysis

The shape and size of starch granules have their characteristics due to different varieties. The scanning electron microscope of corn starch and cassava starch is shown in Fig. 8. The test results of the two starches are very similar.
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Figure 8: SEM images of corn starch and cassava starch: (a) Micro morphology of corn starch, (b) Micro morphology of cassava starch

Corn starch is a hexagonal or polyhedral shape, but its corners are round. The average particle size is 12 μm in the range of 4–25 μm. Cassava starch granules were spherical or ellipsoidal. The average particle size is 15 μm in the range of 5–20 μm. The results showed that the two kinds of starch granules were similar in size but different in shape. Under the same particle size, the surface area of hexagonal or polyhedral corn starch granules was larger than that of spherical or ellipsoidal cassava starch granules. This phenomenon indicates that corn starch granules have more chance to contact with reactants during the chemical reaction.

The weak interaction between the radially arranged amylopectin will increase the strain during the growth of starch granules, and eventually lead to the cracking of starch granules [27]. Some cassava starch granules are curved or fractured, while the surface of corn starch granules is only slightly concave. The high amylopectin content of cassava starch leads to greater internal stress in the growth process, which makes it easier to produce defects. Compared with Fig. 8a and Fig. 8b, we find that the homogeneity of corn starch granules is higher than of cassava starch. Due to this molecular defect, the homogeneity of cassava adhesive will be inferior to that of corn starch adhesive. This fully shows that cassava starch particles should be modified in the process of preparation of adhesive.

3.7 X-Ray Photoelectron Spectrometer (XPS) Analysis

Experiments on two different types of corn starch and cassava starch with different test parameters were scanning, each sample test 5scans. And probes into the atomic percentage, specific test results are shown in Tab. 2. The test results of the two starches are very similar.

Table 2: XPS data analysis of corn starch
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It can be seen from Tab. 2. XPS data analysis of corn starch that the binding energy of C1s of corn starch is 284.69 ev, and that of cassava starch is 284.70 eV, which is caused by C–C–C–H–C–O–C groups [28]. The binding energy of O1s position of corn starch is 530.96 eV. And the O1s position binding energy of cassava starch is 530.95 eV. The binding energy of O1s position is caused by water absorption of –OH group and –OH group. The binding energy of cassava starch C1s and O1s has the same position as corn starch, which can determine the two starches’ chemical structure. The atomic percentage of O1s in cassava starch was higher than that in corn starch, which indicated that cassava starch had more –OH content. This is consistent with the wider characteristic peak of –OH group in cassava starch measured by FT-IR. The content of the C1s atom in corn starch was higher than that in cassava starch, indicating that the carbon content of corn starch was higher. The content of the O1s atom in cassava starch was higher than that in corn starch, indicating that the cassava starch’s oxygen content was higher. This is consistent with the TGA test results. That is, corn starch residue is higher than cassava starch.

3.8 The Bonding Strength of Plywood

Until now, there is not relevant testing standard for the starch adhesive in China. In this study, plywood specimens were prepared based on the national standard test method for tensile shear strength of wood adhesives (GB/T 33333-2016), and 8 plywood specimens were tested for each group.

As shown in Tab. 3. Comparison of bonding strength between corn starch and cassava starch adhesives, the test results of the two starches are very similar. The dry shear strength of corn starch adhesive without PAPI prepolymer is about 1.27 MPa. The dry shear strength of tapioca starch adhesive is about 1.04 MPa. Compared with corn starch, the amylopectin content of cassava starch was higher. The higher the amylopectin content, the higher the cassava starch –OH content. The hydrogen bond force between hydroxyl groups is the source of starch adhesion [29]. However, the hydrogen bonding force also affects the viscosity of starch adhesive [10,11]. Although the hydrogen bonding force of cassava starch adhesive is stronger than that of corn starch adhesive, the viscosity of cassava starch adhesive is much higher than that of corn starch adhesive due to the excessive hydrogen bonding force. That will lead to difficulty in sizing adhesive and uneven coating [30]. The defective adhesive layer has a great influence on the shear stress of plywood [31]. Also, the starch adhesive without PAPI prepolymer has no wet shear strength due to the hydrogen bond between the starch adhesive and wood. When water molecules are involved, cell cavities in plywood wood provide a way for water molecules to contact starch adhesives. The water molecules entering the cell cavity combine with –OH on the starch adhesive in the form of the hydrogen bond. That results in the expansion of the adhesive layer and the cracking of plywood.

Table 3: Comparison of bonding strength between corn starch and cassava starch adhesives
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When the amount of PAPI prepolymer was 12%, the dry shear strength and wet shear strength of corn starch adhesive were 1.09 MPa and 0.25 MPa, respectively. The dry shear strength and wet shear strength of cassava starch adhesive are about 1.29 MPa and 0.35 Mpa, respectively. Compared with the adhesive without PAPI prepolymer, the adhesive with PAPI prepolymer has wet shear strength. The reason is that –NCO group in prepolymer will form –NHCOO– group between the adhesive layer and wood board. In short, it is to firmly bond the adhesive layer and the wood board in the form of a chemical bond [32,33]. The chemical properties of –NHCOO– group are stable and can be hydrolyzed in alkaline conditions. Also, the dry shear strength of corn starch adhesive decreased after adding prepolymer. This is due to the reaction between –OH in the adhesive system and –NCO in prepolymer after adding prepolymer. The hydroxyl group in the adhesive decreased after the reaction. This leads to the decrease of hydrogen bond force between the adhesive and the board, which leads to the decrease of dry shear strength [34]. After adding 12% prepolymer, the dry shear strength of tapioca starch adhesive was improved. This is due to the consumption of some –OH in the adhesive system after the introduction of –NCO group. The decrease in the strength of the hydrogen bond force leads to a decrease in the adhesive system’s viscosity. The problem of adhesive layer defect caused by high viscosity was eliminated by adding PAPI prepolymer.

4  Conclusions

The effects of amylose and amylopectin content on the properties of starch were studied. FT-IR analysis showed that the hydroxyl content of cassava starch was higher than that of corn starch. XPS data showed that the carbon content in cassava starch was lower, while the oxygen content in cassava starch was higher. TGA showed that the cassava starch residue was lower, which confirmed the XPS results that the carbon content of cassava starch was lower. SEM analysis showed that corn starch was more irregular and sharpper, and cassava starch was more regular and rounder. The results of bonding strength test showed that the dry shear strength of corn starch adhesive was higher than that of cassava starch. After adding 12% PAPI prepolymer, the dry shear strength and wet shear strength of cassava starch adhesive were higher than those of corn starch. In conclusion, cassava starch was more suitable for preparing adhesive than corn starch, but the preparation process still needs to be improved.
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Starch type Cls atomic/% Ols atomic/% Binding energy Binding energy
(Cls)/eV (Ols)/eV

Corn 62.44 37.56 284.69 530.96
Cassava 61.55 38.45 284.70 530.95
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Sample Dry strength Surface plate splitting Wet strength Surface plate splitting

(Mpa) strength (Mpa) (Mpa) strength (Mpa)
Corn starch adhesive 1.27+0.13 1.18 £0.06
Cassava starch adhesive 1.04 £ 0.06 1.07 £0.04
Corn starch adhesive + 1.09+£0.34 1.02 £0.06 0.25+0.10 0.42+0.04
12% PAPI
Cassava starch adhesive + 1.29 £ 0.10 1.23 £0.03 0.35+0.06 0.41+0.02

12% PAPI
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Starch adhesive type Solid content (%) Viscosity (mPa-s) pH Color

Corn starch adhesive 30.76 £ 0.02 194 £3.5 6.47 Milky
Cassava starch adhesive 32.50 + 0.09 450 +£5.0 6.89 Milky






