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ABSTRACT 

 

      Surface chemistry of wood is based on the exposed cut surface that is the combination of 

intact (lumen wall) and cut cell wall material. It is inherently complex and changes with history 

of processing. Modification of wood surface through noncovalent attachment of amine 

containing water soluble polyelectrolytes provides a path to create functional surfaces in a 

controlled manner. Furthermore, modification of the surface can be performed using layer-by-

layer (LbL) assembly, where the adsorption of polyelectrolytes or nanoparticles in sequential 

steps yields a multilayer film with a defined layer sequence on a given substrate. The objective of 

this study was to quantify adsorption of polyelectrolytes onto wood surface and use these 

polyelectrolytes as adhesives. In this study, optimal pH conditions for modifying wood surfaces, 

by anchoring adsorbing polyelectrolytes, were detected using zeta- ( )-potential measurements. 

Positively charged wood surfaces were also detected by the same technique after a layer of 

poly(diallyldimethylammonium chloride) (PDDA) or poly (ethylenimine) (PEI) was adsorbed. 

Both X-ray photoelectron spectroscopy (XPS) and Carbon-Nitrogen-Sulfur analyzer (CNS) were 

used to quantify the amount of charged polymer on wood surfaces to elucidate optimal pH and 

ionic strength for polyelectrolyte adsorption. Confocal laser scanning microscopy (CLSM) and 

Environmental Scanning Electron Microscope (ESEM) were used to characterize adsorbed LbL 

multilayers of poly(acrylic) acid (PAA) and poly(allylamine hydrochloride) (PAH). Cross-linking 

between PAA and PAH at various temperatures was studied by Fourier Transform Infrared 

Spectroscopy (FTIR) and the evaluation of multilayer as bonding agents was carried out by 

compression shear test following ASTM D905 standard.  
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CHAPTER 1 – INTRODUCTION 
 
1.1 Problem statement 
      Wood composites have been widely developed because of their positive impact on the 

environment by reducing the consumption of large diameter timbers and utilizing waste 

fiber. These materials can have comparable strength with and even better physical 

properties than solid wood, by having the ability to control their uniformity. In addition to 

wood and wood by-products, many other materials, like thermoplastics, concrete and 

metals have been combined to create wood composites with combination of desired 

properties from each material. However, due to the heterogeneous nature of wood and its 

lack of dimensional stability when exposed to moisture, improvement in bonding 

performance has been investigated in detail. Research has been done to improve the 

adhesion properties in wood composites by adding coupling agents or applying chemical 

treatments to wood surfaces. In this study, a novel surface modification for wood is 

investigated to make wood surface more chemically uniform.  

 

      Recent studies on layer-by-layer (LbL) assembly of multilayer films show great 

potentials for surface modification that it is able to add unique properties to a variety of 

materials by the adsorption of polyelectrolytes or nanoparticles on the surface of 

materials. This LbL assembly technique has the advantages of its simple proceedings, 

feasibility to diverse types of adsorbing materials and availability for any size and 

morphology of the substrate. LbL has been used for the preparation of many types of 

materials or surface modification including nano-patterning flexible substrates, ultrathin 

ion-separation membranes, conducting or lighting materials, electrode surface 

modification, and fiber modification for paper strength. Encouraged by these 

accomplishments, and especially, the successes of applying LBL in the field of paper 

science, LbL technique is considered a method for wood surface modification. 

 

      Before the application of LbL technique to wood surface, it should be noted that 

wood is different from any other materials, such as metals and synthetic plastics. Wood is 

composed by different chemical units, which contain cellulose, hemicelluloses, lignin and 

extractives. These materials may have varying degree of interaction with the 
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polyelectrolytes in LbL films. Also, wood has heterogeneous surface properties, such as 

the cellular structure containing microscale structures of cut cell walls on tangential 

sections that may affect the outcome of coating, especially the coating of first layer. 

When wood is cut, it changes access to the polymeric components that make up the 

surface of wood. Therefore, those factors need to be considered when studying 

polyelectrolytes adsorption to wood surfaces. Besides the influence from native wood 

surfaces, two other factors, pH and salt content in the polyelectrolyte solutions, which 

have been largely studied in LbL area, should be taken into account because they 

influence polyelectrolyte and surface charges and screening lengths, respectively. 

 

 

1.2 Objectives 
      The general scope of this project is to investigate the LbL assembly of multilayer 

films onto veneer-based wood substrates to serve as adhesive layers. Arising from the 

results of previous LbL studies from other researchers and combined with the unique 

properties of wood, there are four objectives below to complete the understanding of 

multilayers on wood: 

1. Quantify the effect of solution parameters on the adsorption of polycations onto 

wood surfaces. 

2. Determine how wood anatomy affects the formation of multilayers on wood 

surfaces. 

3. Compare the two techniques, dipping and spraying for assembly of 

polyelectrolytes to wood surfaces. 

4. Determine mechanical performance of LbL-modified wood as a function of layer 

number using shear tests. 
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CHAPTER 2 – LITERATURE REVIEW 
 

2.1     Layer-by-Layer (LbL) assembly 
2.1.1    What’s LbL 
      Layer-by-Layer self-assembly (LbL) is a nano-scale technology that is recently 

developed by scientists to yield films with nanoscale control over their architecture. LbL 

refers to the adsorption of oppositely charged polymers, polyelectrolytes, in sequential 

adsorption steps to yield a multilayer film with a defined layer sequence on a given 

substrate (Figure 2.1). The binding force that connects the adjacent layers is largely based 

on the electrostatic attraction between oppositely charged macromolecules. And in some 

cases, except for the Coulomb interaction described above, hydrogen bonds [1, 2], 

donor/acceptor interactions [3], adsorption/drying cycles [4, 5], covalent bonds [6,7], 

stereo complex formation [8] or specific recognition [9] can also contribute to the binding 

force substantially based on the type of polymers.  

 
Fig 2.1 Schematic showing the simple formation of multilayers on given substrate. 

 

      LBL is open to a wide range of molecules as adsorbing reagents. These materials can 

be small organic molecules, inorganic compounds, macromolecules, biomacromolecules, 

colloidal scale metallic oxides or latex particles. Instead of combining molecules by 

chemical reactions in classic synthesis, in LbL deposition, molecules interact with each 

other by electrostatic attraction to enable the formation of a sequence of layers. The 

structure is a strict arrangement similar to atoms within a molecule. Also, the involved 

molecules will show their original properties, when there is no chemical reaction happens 

within the layers. So, the modification of surface can be kept in control [10].  

 

      In addition to having a wide spectrum of adsorbing reagents, LbL technique has 
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another advantage of requiring no specific shapes or materials for the substrates. It is only 

required that the material exhibits a non-zero surface charge. With regards to the 

morphology of substrates, LbL coating methods can be divided into two categories: 

coating on planar substrates and coatings on colloids. The fabrication of one single bi-

layer of polyelectrolytes to a planar substrate can be generalized by four basic steps 

(given a negatively charged substrate): 1) the substrate is dipped into a polycation 

solution for 10~20 min; 2) the substrate is removed and dipped into to pure water to 

remove excess polymer; 3) the substrate is transferred into another solution that contains 

polyanions for 10~20 min; 4) the rinsing step is the same as described in step 2; 5) the 

process is then repeated from step 1 to 4 for additional bilayers fabrication, as Figure 2.2 

shows. Similarly, the coating on colloids can be obtained by mixing the particles with 

polyanions and polycations dispersions with intermediate washing and centrifugation 

steps to remove excess polyions [11, 12].  

 

 

Fig 2.2 Schematics demonstrates the simple LBL procedure to fabricate multilayers on 

given substrates. 

 

2.1.2 Three zones in polyelectrolytes multilayer films 
      Though LbL self-assembly is described as the build up of numbers of polyelectrolyte 

layers, the layers in the film actually do not have distinct separation.  Layer 

interpenetration has been reported in the multilayers by many studies [10, 23, 29, 30]. 

Interdigitation between polyelectrolytes can occur within a multilayers film adsorbed to a 

substrate, and the film can be divided to three distinct regions with regards to the 

locations in a film (Figure 2.3). The first one is Zone I, which is comprised of one or a 

few polyelectrolytes layers close to the substrate. Layer interpenetration cannot happen in 
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this zone because of the repulsive force between the polyions and the surface charges. 

Zone III is the outer part of a multilayers film where one or a few polyelectrolyte layers 

are influenced by the solution or air. In this zone, the terminating polyions have a portion 

of their chains interacting with the previously adsorbed layers with loops and tails 

extended to the solution [10].  

                                      

                   Fig 2.3 Diagram shows the three zones on a substrate. 

 

      Zone II is a “bulk” film, between Zone I and Zone III, which is not influenced by 

either interface. In Zone II, adjacent layers interdigitate with each other and ‘fuzzy 

layers’ are formed instead of stratification of each layer. This phenomenon has been 

studied by researchers [10, 29,30], and it was observed that for each polyion layer, one 

third of it segments was complexed with the underlying polyion layer, and one third on 

the other side interpenetrated with the polyion layer on its top. Schlenoff J. B [23] has 

given a kinetics approach to the adsorption of polyelectrolytes. He revealed that the 

deposition can be divided to two steps: the first step involves a rapid adsorption of 

charged polyelectrolytes to the surface with opposite charges, and the second step 

involves the rearrangements of the adsorbed polymer chains within the inner part of the 

previously deposited layer. The interdigitation of polyelectrolyte layers should happen 

during the second step. A schematic is given below (Figure 2.4) to show the zone model 

in a polyelectrolyte film. Also, it should be noted that the change from one zone to 

another one is gradual, so there is actually not a distinct boundary to distinguish which 

layer is the beginning of each zone.  
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Fig 2.4. Diagram shows the interpenetration of polyelectrolyte layers in a multilayer film. 

 

2.1.3 History of LBL 
     LbL assembly is a successful method for the formation of nanostructured films, the 

principle of which was firstly reported by Iler in 1966[13], and the conception of the 

work was first used by Hong and Decher [14].  In previous work when scientists were 

seeking a method to put amphiphilic molecules in one-dimensional order in a thin film, 

Langmuir-Blodgett (LB) technique was mainly used to control the fabrication of 

nanostructured films. In this technique monolayers were formed on a water-air interface 

and then transferred onto a solid support [15]. However, the LB technique required 

special equipments and had severe limitations with respect to substrate size and 

morphology. Self-assembly techniques, based mainly on silane-SiO2 and metal 

phosphonate chemistry, were developed in the early 1980s, as an alternative to LB films. 

Some disadvantages still existed, such as being restricted to certain classes of organics, 

and not be able to form a reliable high-quality thin films [15]. 

      Therefore, the need for a simple way to fabricate a reliable multilayer film was filled 

by LbL self-assembly technique. Decher and co-workers began to study LbL technique in 

the early 1990s [14] led to the creation of multicomposite films composed of rod like 

molecules equipped with ionic groups at each end [16] or polyelectrolytes [14], and 

subsequently biobased microfibrillated cellulose [61] through LbL adsorption from 

aqueous solution. Their success in LbL technique realized the control of molecular 

orientation and organization on the nanoscale. Encouraged by the achievement on this 

novel technique, researchers from other fields such as chemistry, physics, material 

science, biology and medical science, etc. started to apply this technique to progress the 

field in utilizing LbL self-assembly deposition for nanoscale surface tailoring and 
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fabrication of nanoscale films [62-65].  

 

2.1.4 Influence of salt content and pH on the formation of films 
      When polyelectrolytes are used for LbL, electrostatic attraction is the main driving 

force for film formation and the local ionic environment will influence the formation of 

multilayers. Especially when weak polyelectrolytes (polyelectrolytes with isoelectric 

points) are used, secondary forces such as hydrophilic/hydrophobic interaction and 

hydrogen bonding, etc. can also be a factor. It has been found that the molecular 

organization, composition, surface properties and chemistry of the multilayer film can be 

manipulated with suitable adjustments of the pH or ionic strength of the dipping solutions 

[26]. Salt, which can control the ionic strength of a solution, is known to participate in 

many aspects of LbL formations and functions, when added to the polyelectrolyte 

solutions. The incorporation of salt ions within a LbL film can be expressed by a 

equilibrium between “intrinsically” charge compensated polyelectrolyte complex, 

, where internal charge is balanced by polymer segments only, and an 

“extrinsically” compensated form, and , where salt counter ions 
participate in charge neutralization [27]. 

+ + +  
      Many studies report that polyelectrolyte multilayers can be formed with thicker layers 

in the presence of salt than the ones without [17-20]. Explanation given to this 

phenomenon is that the electrostatic charges on polyelectrolytes are screened by salts, 

thus the effective repulsion force on a polymer between segments or between polymers 

due to the same charges on the chains are reduced. Being less repulsed by adjacent 

polyion segments, polymers when adsorbed to the surface will trend have a coiled 

conformation instead of extended, and form flexible layers, as showed in Figure 2.5.  

 

 

 

 

 

Fig 2.5 Schematics demonstrates the structure of polyelectrolyte layers adsorbed on given 

substrates under different salt conditions. 

With salt Without salt 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       Though salt is capable of controlling the film thickness, it has also been determined 

that it can weaken the attractions between polyelectrolytes and substrates by screening 

the charges on polyelectrolyte chains to cause desorption of polyelectrolytes, as described 

in Kovacevic et al.’s work [8]. Further more, salt can affect the permeability of 

polyelectrolytes layers [21,22]. Harris and Bruening reported that high permeability of 

PAH/PAA multilayers could be obtained in the presence of salt [21]. Andreas and Fery 

reported that discrete nanopores in the multilayer films are accessible simply by 

immersing multilayers film prepared from salt-containing solution in pure water [22]. 

 

      In addition to controlling the ionic strength, adjusting pH of the solution is another 

method to manipulate the organization and thickness of multilayers. Sensitivity of weak 

polyelectrolytes to pH conditions lead to their different degrees of ionization or different 

linear charge densities with varying pH. Weak polycations are fully protonated when pH 
is below its  and becomes almost neutral when is approached.  Shiratori and 

Rubner have used PAA and PAH, both of which are weak polyelectrolytes, to investigate 

the pH dependence of film thickness. In their studies when both polyelectrolytes were 

fully charged, very thin layers (<10 ) were obtained, and thickness increments were 
detected when one of the polyelectrolytes was barely charged.  Also, if adsorbed 

multilayers are treated at pH conditions different from the one during adsorption, the 

multilayers will go through a rearrangement and even delamination may occur. 

    

 

2.1.5 Comparison of dipping and spraying methods for LbL 
      LbL is normally preceded by cycling substrates to oppositely charged polymer 

solutions, as mentioned above, with rinsing step in pure water in between. However, this 

is not the only method for the LbL technique. In recent studies, there are publications 

showing that multilayers were deposited by sequential spraying of oppositely charged 

polymers to yield films of equivalent quality, composition, and morphology to those 

prepared by dip coating of substrate [23-25]. One advantage of adopting spraying in LbL 

is to decrease the time for approaching the maximum adsorption of one layer 

dramatically from normally 10~20min to only 6s. Also, given the same short adsorption 

time, multilayer films that were formed by spraying were proven to have higher quality 
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than the ones formed by conventional dipping methods [23]. Excess polyelectrolytes 

sprayed at the surface of a vertically oriented substrate are removed by drainage during 

spraying, in which case, the rinsing step can be skipped and, thus, speed up the buildup 

process [24]. 

 

 

2.2    Coating on wood 
2.2.1   Application of wood coating 
      As a renewable natural resource on the earth, wood has been widely used in almost 

every aspect of our life with its comparable mechanical strength, texture, friendly aroma, 

and low density, etc. However, during the long history of human beings’ utilization of 

wood, it is found that wood has disadvantage that it is susceptible to degradation when in 

contact with moisture, high temperature, chemicals and fungi etc. To eliminate the 

exposure of wood to severe conditions, coatings are applied to wood in industry to enable 

wood products to become more durable in the exterior environment. Various coating 

types have been introduced, such as the application of varnish, lacquer or paint for 

retardation of the change of moisture content, the utilization of fire-retardant for the 

improvement of fire performance, treatment of preservatives such as Chromated Copper 

Arsenate (CCA) for the prevention from fungi or rot, lamination of other materials such 

as plastics for decoration or isolation from moisture and sunlight, and coating of bonding 

agents for adhesion. In the wood composite area, where adhesives are commonly used to 

bond pieces of wood together, surface properties are highly related to the performance of 

adhesives. Chemical treatment of wood surfaces may enhance the bonding with a high 

degree. Especially for the adhesives that do not have good affinity with wood chemically, 

coupling agents are applied on wood to enhance the bonding between adhesives and 

wood, such as in Vick et al.’s work, hydroxymethylated resorcinol (HMR), which has 

been used for the bonding of epoxy to spruce [86].   

 

2.2.2 Factors affecting chemical coating 
      Many issues influence the application and retention of coating applied to wood. 

Chemically, the components of cellulose, hemicelluloses, lignin and extractives in wood 

influence the retention and bonding between the coating chemicals and wood surface. 
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The various contents for each component, and the difference in extractives with regards 

to different wood species even make it harder to determine the chemical interaction 

between coating chemicals and wood. In this study, negative charges attributed to the 

dissociation of hydrogen from carboxyl groups and phenolics in wood are utilized for 

LbL assembly. The interaction of cationic polymers with anionic surface groups is 

expected.  

 

      In addition to the native chemistry, heterogeneous wood structure is another factor 

that play an important role in influencing the coating, especially in enabling penetration 

of chemicals into wood. Different cell structures in wood give (in this study, softwood is 

concerned) diverse degree of accesses to the chemicals, and influence of these units on 

the coating is discussed as below: 

 

1. Tracheids : Elongated cell that composes around 90% volume of tissue. Average sizes 

of tracheids are 3.0 to 5.0 millimeters long and 30 to 45 micrometers width in 

diameter. When cut normal to the cell axis, many opening are available on the cross 

section of wood to enable polyelectrolytes access to subsurface layers of wood.  

2. Rays without resin canals :(ray parenchyma cells, ray tracheids): These transversely 

oriented cells cover around 5~9% volume of tissue. The heights of ray vary in number 

of cells as viewed in tangential section. Normally, they range in number from six to 

nine per millimeter. When cut tangential to the cell stem axis, ray cell provide access 

to the interior layer of wood. 

3. Pits : Pits are small opening present in the longitudinal tracheids that provide 

communication between tracheids or tracheids and rays. They can be divided into 

three categories: 1) intertracheal, which is between adjacent longitudinal tracheids; 2) 

pit pairs that are between longitudinal tracheids and ray parenchyma; 3) pit pairs that 

are between longitudinal tracheids and ray tracheids. The intertracheal bordered pits 

on the radial walls of early wood are numerous and their sizes are associated to the 

diameter of longitudinal tracheids. Normally there are one or two rows of pits across 

the width of the tracheid. These interlumen connections provide access from cell to 

cell. Access is limited by pit membrane type, with regards to border pits, and the torus 

may also limit access so the opportunity for polyelectrolytes to penetrate into wood. 
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4. Normal resin canals : normal resin canals distribute in both longitudinal and 

transverse directions of in wood, composing about 1% volume of tissue. The 

longitudinal canals in Pinus have an average of 200 micrometers in diameter and 

transverse canals are around 100 micrometers. Compared with tracheids and rays the 

diameter of resin canals is more greater. They may provide more access into wood 

since it is intercellular space with no connecting membrances. 

 
 

2.3  Microscopes used to characterize polyelectrolytes adsorbed on wood 
2.3.1    Confocal Laser Scanning Microscopy (CLSM) 
      Confocal laser scanning microscopy (CLSM) is an advance optical microcopy built 

on conventional fluorescence microscopy. CLSM has superior imaging ability to light 

microscopy because of its ability to produce single plane images. With a laser 

illumination source and adjustable detectors for detecting fluorescence of different 

wavelengths, CLSM enables simultaneous, multi-band fluorescent imaging [37]. In the 

CLSM, as showed in the Figure 2.6, a laser beam is used to illuminate a small spot at the 

focal plane of the fluorescence labeled specimen. When a mixture of illuminated 

fluorescent light from the specimen and reflected laser light is traced back to a detector, a 

beam splitter will allow only the laser light to pass into the detection apparatus. After 

passing through a pinhole, which blocks the fluorescent light not from the focal plane, the 

focused fluorescent light reaches the detector and is recorded by a connected computer. 

An image from the specimen is built up by scanning the spot in a square raster pattern. A 

computer controlled scanning mirror between objective and beam splitter helps to move 

the laser beam in X-Y direction to collect the whole fluorescence information at one focal 

plane, which lead to a two-dimension image. At the same time, if the beam scans stacks 

of planes at Z direction, a 3-dimension image will be obtained.  
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Fig 2.6. Schematic of CLSM. 

 

      In the field of wood science, CLSM had been used to get 3-dimensional images of 

xylem cells, to detect ortho-quinones in wood, to visualize liquid flow pathways in wood, 

to monitor wood microfracture, to analyze the lignin distribution across wood fiber and to 

draw the profile of bordered pit aspiration [31-36]. In contrast, scanning electron 

microscopy (SEM), which was widely used to characterize the microstructure of wood, 

has the disadvantage of requiring conductive coating, being operated at vacuum condition 

and requirement of zero percent of wood moisture content. CLSM however, needs no 

specimen coating and can work at ambient air pressure with normal relative humidity. [32] 

In the study of showing the profile of pit aspiration, a conventional fluorescence 

microscopy would require many sample sections to obtain enough information. However, 

confocal laser scanning microscopy, which allows observation of internal structures along 

the Z-axis in specimens, makes it possible to observe thick sections without embedding, 

and under a range of moisture conditions. [35]. Another example of CLSM is in wood 

bio-deterioration research, where labelled hyphae of O. piceae, could be contrasted 

against the strong autofluorescence of wood cell walls and extractives [37]. 
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2.3.2 Environmental Scanning Electron Microscope (ESEM) 
      In contrast to the Scanning Electron Microscope (SEM), ESEM has the advantage of 

being able to operate at gaseous environment with low pressure, no requirement of 

conductive coating and without the need to dry the samples [38]. As seen in Figure 2.7, 

electrons generated from the gun hit the sample surface and induce emission of secondary 

electrons (SEs) from the sample. These SEs collide with the gas molecules to generate 

more SEs and are accelerated by the detector and an electron ‘cascade’ is formed, leaving 

the amplified signal. Around the electron gun, the pressure is kept at 10-6 to 10-7 torr, and 

at least 10 torr around the sample. Gas in the sample chamber can be nitrous oxide, 

carbon dioxide, helium, argon nitrogen and water vapor. Among them water vapor is 

most commonly used due to its relevance to biological samples [39]. If water vapor is in 

the sample chamber, hydrated samples can be used directly without further drying 

process.   

 
Fig 2.7  Schematic of ESEM. 

 

      In the area of wood science, ESEM has been used by many groups to examine the 

micrographic structure of wood or fiber surface. In the field of wood preservatives studies, 

Craciun et al. has used ESEM to observe the nano size copper dimethyldithiocarbamate 

crystal deposited on wood cell wall-lumen interface; both Fruhmann et al. and Sippola 

Merja et. al. have done in situ tension tests of pine inside the chamber of an ESEM to 

study the wood fracture surface on cellular level. In the former study examination of 

wood specimens with 12% moisture content was successfully achieved. In recent studies 

of fiber surface modification, ESEM was used to detect the nano scale coating of 
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polyelectrolytes on fibers, further more, even surface roughness can be obtained by 

applying image analysis to the ESEM images [28]. 

 

 

2.2.3 Fourier transform infrared spectroscopy (FTIR) 
      FTIR is an analysis technique that provides information about the chemical bonding 

or molecular structure of a specimen. FTIR analysis can be applied to minute quantities 

of materials, whether solid, liquid, or gaseous. The technique works on the fact that bonds 

and groups of bonds vibrate at characteristic frequencies matching wavelengths of 

infrared light. FTIR spectroscopy uses infrared light emitted by a light source and 

channel towards an interferometer. The interferometer consists of a fixed mirror, a 

moving mirror and a beamsplitter. IR from the source is divided into two optical beams 

by the beamsplitter. One beam is reflected off of a fixed mirror, another beam reflects off 

of a moving mirror that is away from the beamsplitter. These two reflected IR beams will 

recombine when they meet back at the beamsplitter and an interferogram resulting from 

the interference of the two beams is obtained. The interferogram signal exits the 

interferometer and is focused upon the sample, any molecule that meets the radiation will 

absorb the infrared energy at a specific frequency. The radiation intensity passing through 

the sample is measured by the detector, and a FTIR spectrum containing the information 

of molecular absorption and transmission information is created. By interpreting the 

absorption peaks in a FTIR spectrum, molecules or molecular group in the specimen can 

be identified. FTIR spectrometers should be purged by dry CO2 free air, since both H2O 

and CO2 can absorb infrared radiation. A simple layout of spectrometer is shown in Fig 

2.8. 

 

      FTIR has been widely used in the field of LbL assembly technique, and to determine 

the interaction of components in the multilayer film is one of its applications [40-44]. In 

this study, FTIR is utilized to exam the cross linking between PAA and PAH, which are 

the main components in the multilayer films. Previous research indicated that the amine 

groups of PAH and carboxylate groups of PAA cross-linked and formed amide bonds at 
temperature between 130°C~160°C and this conversion could be detected by FTIR [42-

44].  



 

 
 

15 

 
Fig 2.8 Simple layout of a spectrometer. 

 

2.4 Zeta Potential measurement 
      Zeta potential measurement is conducted based on the electric charges that most 

microscale particles obtain in aqueous colloidal dispersions. Particles are generally 

charged for three reasons: the ionization of its surface chemical groups, the differential 

loss of ions, and the adsorption of charged species. When a particle is charged, its counter 

ions will tend to gather around its surrounding area and form an electric double layer, 

within which there is an inner (stern) layer composing of the ions that are strongly 

bonded to the particle and an outer (diffuse) layer formed by the loosely associated ions. 

Within the diffuse layer, the balance of electrostatic force and random thermal motion 

determines ion distribution, and in this region a boundary (slipping plane) exists, within 

which the particle together with its closely bonded ions act as a single entity. When this 

particle is placed in an electric field, the potential at the boundary is called zeta potential 
ζ (Figure 2.9). This zeta potential is closely related to the type and amount of charges the 

particle have, so it is a function of the surface charge of a particle and ionic strength of 

the solution.  
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Fig 2.9. Schematic of a charged particle with its associated double layer. 

 

      Zeta potential can be determined by measuring the mobility, which is also the velocity 

of a particle when it is placed in an electric field. In the electric filed, particles are 

induced to move back and forth by altering the charge between the electrodes. At the 

same time, the movement of particles is monitored by scattered light obtaining the 

velocities of particles, as shown in Figure 2.10. Zeta potential can be calculated by 

Smoluchowski’s formula as shown below:  

 

where ζ is zeta potential (mV); η is the viscosity of solution; ε is the dielectric constant; U is the 
electrophoretic mobility and equal to v/(V/L), v is the speed of particles (cm/sec); V is voltage (V) 
and L is the distance of electrodes.  
 

      Zeta potential measurement has been widely used to study the stability of colloids and 

flocculation processes. In recent LBL study, zeta potential measurement is mainly used to 

detect the reverse of surface charges on the particle when oppositely charged 

polyelectrolytes are adsorbed to the particle surface. [46-48] 

 

 
Fig 2.10 Schematic of charged particles in an electric field. 

Boundary 

Negatively charged particle 
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2.5 Carbon-Nitrogen-Sulfur Analyzer 
      The Vario MAX CNS analyzer (Elementar, Hanau, Germany) is used to determine 

carbon, nitrogen, and sulfur contents in food, plants and soil by weight of each element 

(note: this result may vary given different measured sample sizes). In this technique, a 

sample is carried by a reusable crucible and burned in an excess of oxygen at up to 
1200°C, and the gas analysis process is outlined below: 

Combustion: 
R-N+O2→ N2+ NOx+O2+CO+CO2+CH4+X-+SOx+H2O 

Post combustion: 
CO+CH4

CuO&Pt→CO2+H2O 

Reduction: 
NOx+O2+SO2

tungsten→N2+WO3+CO (trace) 

CO+CuO→CO2 

 

      After the combustion, carbon content is obtained by the adsorption of CO2 in purge 

and trap column, nitrogen content is measured by the detection of N2 using a thermal 

conductivity detector. After analysis the remaining ash is collected on a storage tray. This 

technique has been widely used in the agricultural research such as soil analysis [49-51], 

examination of food [52] and plant tissue studies [53,54], etc. A range of sample sizes is 

suitable for CNS analyzer, while specific sample amount may be desired with regard to 

the different kinds of materials, such as, when plant tissue samples are measured, weights 

of about 300 mg per measurement are generally sufficient for CNS quantification. Also, 

if the desired nitrogen or carbon contents are too high or too low, less or more than 300 

mg of this sample should be used because of the sensitivity of the detector has a 

measurement range (0.02 to 30mg for N, 0.02 to 200mg for C and 0.02 to 15mg for S).  

 

 

2.6   X-ray photoelectron spectroscopy (XPS) 
      XPS is a surface chemical analysis technique that utilizes photoelectric effect and 

energy-dispersive analysis of the emitted photoelectrons to characterize changes of the 

chemical composition of a material surface. In the XPS equipment, an X-ray beam of 

with the energy of hν is emitted from the source and irradiates the sample surface. As the 
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X-ray photon is absorbed by an atom in a molecule on the sample, a core electron of the 

atom will get ionized and emit from the sample surface. The kinetic energy of the emitted 

electron (Ek) is then collected by an analyzer, and the XPS spectrum is obtained. The 

relationship between the photon energy (hν) and the electron kinetic energy (Ek) is shown 

as the equation, Ek= hν - Eb, where Eb is the binding energy (BE) of the electron, and it is 

a characteristic parameter that is associated with every specific core atomic orbital. 

Therefore, as the equation shows, since the given photo energy is fixed, the electron’s 

kinetic energy can be utilized to characterize chemical components in a surface. XPS has 

been used in the area of wood science to characterize surface chemical modification for 

many applications, such as the examination of extracted red oak, black cherry and red 

pine surface [55], surface analysis of different wood species [56], identification of 

heating effect on wood chemical composition by studying the changes of O/C ratios [57], 

determination of wood surface condition after the treatment of hydroxymethylated 

resorcinol [58] and evaluation of surface lignin on cellulose fibers [59].   

 

      On the wood surface, the main signals are derived from carbon and oxygen, attributed 

to the abundance of carbohydrates contained in wood. With regards to the C 1s signal 

from wood, it is commonly divided into four states according to the number of oxygen 

atoms bonded to C:  

C1: carbon atoms that are bonded only with carbon or hydrogen atoms, and its binding 

energy (BE) is around 284.6 eV. It is found that this carbon component is mainly from 

lignin and wood extractives;  

C2: carbon atoms that are bonded with one non-carbonyl oxygen atom, which appears at a 

higher BE compared to C1 ( ), and it arises mainly from cellulose;  

C3: carbon atoms bonded to one carbonyl oxygen atom from lignin, hemicelluloses and 

extractives, or two non-carbonyl oxygen atoms from cellulose and hemicelluloses, with 

BE compared to C1 ( );  

C4: carbon atoms bonded to one carbonyl and one non-carbonyl oxygen atom from 

hemicelluloses with BE compared to C1 ( ) [78].  
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2.7   ASTM-D905 Compression Shear Test 
      The ASTM-D905 shear test is used to determine the comparative shear strengths of 

adhesive bonds for wood or other materials. Since this test can be affected by the strength 

of wood, the loading condition, stress distribution in the samples and even adhesives used, 

etc., the obtained shear strength may not truly represent the shear properties of adhesives. 

Hence this test is primarily applied as an evaluation of adhesive for wood and similar 

materials. The standard D905 specimen is a single overlap joint that has a glued area of 

18.75 cm2 and is tested in compression, as shown in Figure 2.11 &2.12. 

 

 
         

 

 

 

Fig 2.11 Geometry of the standard ASTM-D905 specimen. 

       

      During the test, compression load is constantly applied by two rigid surfaces until 

failure starts in the bondline or in the material (Figure 2.12). The shear strength is 
calculated by the equation: (where  is the shear strength (N/mm2); Pmax is the 

maximum load when failure starts; and A is the bond surface area (mm2)). The breaking 

surface is also examined to determine the material failure, defined as the percentage of 

material contacting the adhesive that remains in the bondline after testing [60]. When 

wood are bonded together by very strong adhesive, wood failure is commonly seen and 

the measured shear strength may be lower than the actual adhesive shear strength. 

 

 

 
 

 

 

Fig 2.12 Shear compression test model in the United Testing System. 
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CHAPTER 3 – RESEARCH METHODOLOGY 
 

3.1 Materials 
 

A. Polyelectrolyte solutions.  
      Poly (acrylic acid) (PAA, MW=100,000), poly (diallyldimethylammonium chloride) 

(PDDA, MW=100,000~200,000), poly (allylamine hydrochloride) (PAH, MW= 70,000), 

poly (ethylenimine)(PEI, MW= 25,000) and poly (fluorescein isothiocyanate allylamine 
hydrochloride) (FTIC-PAH, Mw~15,000, ) were purchased from Sigma 

Aldrich. Fig.3.1 shows the repeat unit structure of molecular structures of the listed 

polyelectrolytes. All solution were prepared using ultra-pure deionized water (Milli-Q 
plus system, Millipore) with a resistivity of 18.2 MΩ•cm. Polyelectrolyte solution were 

freshly prepared by diluting concentrated polyelectrolyte solution with water in a beaker 

and stirring for 2 hours.  

 

Fig.3.1 Schematic representation of molecular structures of polyelectrolytes used for LbL 

assembled films (shown without counterions for clarity). 
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B. Wood 
 

      Specimens of different geometries were cut from a group of gymnosperms Pinus spp. 
classified as southern yellow pine and saturated with water before all treatments (details 

of the wood soaking method were included in the Method section) (Figure3.2). All the 

wood samples came from sapwood. For XPS analysis (section 3.1.1.3), CNS 

measurement of the optimal adsorption of PEI (section 3.1.1.5), early wood was 

predominately used. 

 

  

 

 

 

 

 

 
 

 

 

 

Fig 3.2. Geometries of wood specimens used in this project.  A) Wood block from which 

all specimens were cut; B) wood blocks where thin sections are cut for fluorescence 

microscopy and CLSM observation; C) wood powder used in zeta potential 

measurements; D) wood flakes used for XPS analysis, CNS measurements, ESEM 

examination and spraying experiments.    
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3.2     Method 
3.2.1   Evaluation of influence of pH and ionic strength on polyelectrolyte 
adsorption to water-saturated wood 
3.2.1.1 Surface potential of wood under different pH  

      Wood samples were ground into fine powder using a Wiley Mill (model.4) passed 

through 140-mesh screen.  A series of wood powder suspensions were then prepared by 

adding 1mg wood powder to 100mL Milli-Q water that had been adjusted to a pH of 3, 5, 

7, 9, 11 and 13 with HCl and NaOH. After Waiting 10 min for the sedimentation of large 

particles, the supernatant solution containing fine particles was separated from the 

sediments. The pH of all suspensions was measured again and recorded. The supernatant 

was then placed in a disposable capillary cell (DTS1060) for zeta potential measurement, 

which was conducted by a Zetasizer Nano ZS (Malvern Instrument Ltd., Worcestershire, 

UK). For each sample, six measurements were taken. 

 

3.2.1.2 Surface potential of wood after the adsorption of PDDA and PEI under varying 

pH   

      To apply the first cationic layer of polyelectrolyte on wood, 1mg of wood powder was 

added to 100mL PDDA or PEI solutions, which had been prepared to a concentration of 

10mg/mL and adjusted to a series pH of 3, 7 and 10.5 with HCl and NaOH. The 

deposition time was 30 min with stirring at room temperature. After one layer was 

applied, solutions were set aside for 10 min until large wood particles settled out of 

suspension, and the supernatant solution with fine particles was isolated from the 

sediments. All samples were washed twice with ultrapure Milli-Q water by centrifuging 

at a speed of 4900rpm for 10min. The washed particles were again added to Milli-Q 

water to make 100mL suspensions. Before zeta potential measurements, the suspensions 

were slightly shaken by hand. After waiting 10 min for the sedimentation of large 

particles, the supernatants of solutions containing fine particles were placed in disposable 

capillary cells (DTS1060) for Zeta potential measurements. For each sample, six 

measurements were taken. 
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3.2.1.3 Detection of PDDA and PEI by X-ray photoelectron spectroscopy (XPS) 

A: Preliminary tests for one layer of PEI or PDDA coated samples. 

      10mg/mL PEI and PDDA solutions were freshly prepared with varying pH and salt 

content following the parameters listed in Table 3.1. Wood wafers with dimensions of 

0.75cm by 0.9cm by 0.15cm were cut from early wood and saturated with water. To 

fabricate a film of a single layer of polyelectrolyte, wood samples were added to 100mL 

of polyelectrolyte solution. After 20 min of stirring using a magnetic stir plate, the flakes 

were transferred into Milli-Q water for another 15min. of stirring. Finally, the wood 
flakes were transferred to a vacuum oven (29mmHg) to dry at 40°C for 48 hours. Two 

replicates were included for each condition. 

 

      The XPS analysis was performed on a Perkin Elmer 5400 X-ray photoelectron 

spectrometer with a magnesium anode (X-ray-voltage 13kV, 250W, X-ray energy 

1253.6eV). Samples were mounted on a stainless steel sample holder with tape. Before 

analysis, the wood samples were kept in a test chamber connected to liquid nitrogen to 

prevent the release of moisture from the wood until the pressure in the analysis chamber 
is not higher than 1.5×10-7 Pa. All spectra were recorded at a 90° angle on a surface area 

of approximately 1mm2 on the wood wafers. Survey spectra were recorded in 1.0eV steps 

and 89.45eV analyzer pass energy, and the narrow scan with 0.1eV steps and 17.9eV pass 

energy. 

 

Table 3.1 Experimental parameters to apply one layer of PEI or PDDA 
 

Condition 
 

Polymer 
Polyelectrolytes 
conc. (mg/mL) pH Salt conc. 

(mol/L) 
Dipping 

Time (min) 
Rinsing 

Time (min) 
1 *PDDA 10 7 0 20 10 
2 *PDDA 10 7 0.25 20 10 
3 *PDDA 10 11 0 20 10 
4 *PDDA 10 11 0.25 20 10 
5 *PEI 10 7 0 20 10 
6 *PEI 10 7 0.25 20 10 
7 *PEI 10 11 0 20 10 
8 *PEI 10 11 0.25 20 10 
9 PEI 4 7 0 20 15 

10 PEI 4 7 0.25 20 15 
11 PEI 4 10 0 20 15 
12 PEI 4 10 0.25 20 15 

*Both water-saturated and water-unsaturated wood flakes were used for each condition. 
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B: Evaluation coated PEI on wood by XPS 

      Samples were prepared in the same way as described in 3.1.1.3, while following 

different conditions as listed in Table 3.2. Two replicates were included in each condition, 

and three points of 1mm2 were scanned for XPS analysis within two flakes. The XPS 

analysis was performed on a PHI Quantera SXM-03 Scanning Photoelectron 

Spectrometer Microprobe (XPS, also known as ESCA) with a monochromatic Al anode 

(X-ray energy 1486eV). Samples were mounted on a stainless steel sample holder with 

tape. Before analysis, the wood samples were kept in a test chamber until the pressure in 
the analysis chamber was vacuum pumped to less than 1.5×10-7Pa. All spectra were 

recorded at a 45° take off angle on a surface area around 1mm2 on the wood wafers. 

Survey spectra were recorded in 1.0eV steps and 280eV analyzer pass energy, and the 

narrow scans were recorded with 0.1eV steps and 26eV pass energy. 

 

Table 3.2 List of the experimental parameters to apply one layer of PEI on wood 
 

Condition 
Polyelectrolytes conc.  

(mg/mL) pH Salt conc. 
(mol/L) 

Dipping Time 
(min) 

Rinsing Time 
(min) 

1 10 3 0 30 15 
2 10 7 0 30 15 
3 10 10.5 0 30 15 
4 10 3 0.1 30 15 
5 10 7 0.1 30 15 
6 10 10.5 0.1 30 15 
7 10 3 0.5 30 15 
8 10 7 0.5 30 15 
9 10 10.5 0.5 30 15 

10 10 3 1 30 15 
11 10 7 1 30 15 
12 10 10.5 1 30 15 

 

 
3.2.1.4 Quantification of adsorbed PEI on wood under different pH and salt contents by 

Carbon-Nitrogen-Sulfur Analyzer (CNS) 

      Solution of 10mg/mL PEI were freshly prepared with varying pH and salt content 

following the parameters listed in Table 3.2. To minimize variability among the wood 

samples, 24 wood flakes (10cm by 7.5cm by 0.3cm) cut from one block were used. Each 

flake was cut into 12 equal-size pieces and each piece was assigned to one treatment 

respectively. Therefore, two wood flakes pieces would be included for each treatment. To 
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fabricate one layer of PEI on wood, the wood flakes were placed in 100mL PEI solution. 

After 30 min of stirring, the wood flakes were removed, placed in Milli-Q water and 

stirred for another 15 min. After coating with PEI, all the wood flakes were dried in a 
vacuum oven (29 mm Hg) at 40 °C for 48 hours. A comparison test aimed at studying the 

penetration of polyelectrolyte into wood was conducted by soaking wood blocks (2.5cm 

by 2.5cm by 0.3cm) in PEI solutions. All solutions were prepared the same as described 

above. To apply PEI to wood, three wood samples were soaked in 100mL of PEI solution 

for each condition for 24 hours. After treatment, all the samples were soaked in ultrapure 

Milli-Q water for another 24 hours. All treated samples were dried by the same method as 

mentioned above in this section.  

 

      To quantify the PEI adsorption on wood, all treated samples were analyzed by a Vario 

MAX CNS analyzer (Elementar, Hanau, Germany). Before CNS measurement, all the 
wood samples were ground into particles and kept dry in a conventional oven at 60°C. 

For each measurement, 300mg sample was weighed and put in a reusable crucible. Three 

measurements were carried out for each condition. After weighting, all crucibles were 

placed in an orderly manner in a dish of the CNS analyzer. During each measurement, 

one crucible was picked up by a robot arm and put into the CNS instrument for analysis.  

 
3.2.1.5 PEI adsorption isotherm on wood 

      A series of PEI solutions were prepared with a series of concentrations as listed in the 

Table 3.3 and adjusted to pH 10.5. Wood wafers with dimension of 0.75cm by 0.9cm by 

0.15cm were cut from early wood. For each PEI solution condition, 20 wafers were 

treated following the same layer-by-layer (LbL) procedure as described in section 1.4. 

After LbL treatment, all samples were transferred to a vacuum oven (29mmHg) for 
drying at 40°C for 48 hours. Before analysis, all samples were kept dry in a conventional 

oven at 60°C.  

 

Table 3.3 List of PEI concentration in solutions for adsorption isotherm. 
Condition 1 2 3 4 5 6 7 8 

PEI conc. (mol/mL) 0.05 0.1 0.5 1 3 5 8 10 
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      PEI adsorption was analyzed by the Vario MAX CNS analyzer (Elementar, Hanau, 

Germany). For each condition, three measurements were carried out. CNS measurements 

were the same as mentioned in section 3.1.1.4, except that 5 wood wafers were weighed 

for each measurement instead of 300mg samples.  

 

3.2.2 Quantification of multilayers deposition on wood 
3.2.2.1 CNS measurement of wood coated with PEI (PAA/PAH)n 

      Wood was prepared in the same way as described in section 1.4 to obtain the 

precursor layer of PEI. Negatively charged PAA and positively charged PAH were then 

alternately applied following conventional LbL assembly procedures to form multilayers 

[14]. Polyelectrolytes solutions were prepared so that the final polyelectrolyte 

concentrations were M expressed in unit of monomers per volume unit 
(monomol= moles of the respective monomer repeat unit). Thus, PEI at 10mg/mL, PAA 

at 6mol/mL, and PAH at 2.7mol/L were prepared respectively. The PEI solution was 

adjusted to pH 10.5, while both the PAA and PAH solutions were adjusted to a pH of 5.  

 

      The PEI (PAA/PAH)n multilayer assembly procedure was as follows: 1) wood flakes 

were added to100mL PEI solution for 30 min adsorption time with stirring; 2) the PEI 

solution was replaced with Milli-Q water and stirred for 15min to rinse away any loosely 

bonded PEI; 3) the second anionic layer was applied by placing rinsed wood flakes in the 

PAA solution following the procedure as for PEI with a subsequent rinsing step; 4) 

treated wood was transferred to PAH for the third layer; 5) additional layers were 

fabricated by repeating step 3 and 4. With the LbL assembly procedure, wood flakes 

coated with PEI(PAA/PAH)n (n= 1,2,3,4,5) were prepared and dried in a vacuum oven 
(29 mm Hg) at 40°C for 48 hours. Before CNS measurement, all wood flakes were 

ground into particles and kept dry in a conventional oven at 60°C. In the CNS analysis, 

three measurements were carried out for each sample. For each measurement, 300mg 

sample was weighed, the procedures were the same as mentioned in section 3.1.1.4.  
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3.2.2.2 Observation of wood coated with PEI (PAA/PAH)n by Confocal Laser Scanning  

Microscopy (CLSM). 

      Wood blocks with dimensions of 3cm by 3cm by 0.3cm were treated according to 

section 2.1 with 1mg/mL FTIC-PAH. After the LbL assembly procedure, wood blocks 

were coated with PEI(PAA/FTIC-PAH)n (n= 1,3, 5).  In the wet state, coated blocks were 
cut with sliding microtome into 40µm thick transverse sections, as shown below, and 

mounted on glass slides for observation.  

 

 

 

               

 

 

Fig 3.3. Schematic representation of cut away to obtain the transverse section. 

 

      Confocal microscopy experiments were performed on the a Zeiss LSM 510 Laser 

Scanning Microscope using an Argon and Enterprise (UV) laser as the excitation source. 

He sections were observed using a C-Apochromat 40 /1.2 water immersion lens. 

Confocal images were acquired at 1024 by 1024 pixels displayed on two separate 

channels represented by green and blue wavelengths for each channel. Images from these 

two channels were combined as an overlay imaged and displayed in color. Excitation 

wavelengths of 364nm and 488nm were used for illumination. Images were captured at 

wavelengths through a band pass filter (385~470nm) and at wavelengths through a long 

pass filter (505nm). 

 

3.2.2.3 Observation of wood coated with PEI (PAA/PAH)n by Environmental Scanning 

Electron Microscope (ESEM) 

      Wood flakes with dimensions of 1cm by1cm by 0.15cm were treated according to 

section 2.1. After the LbL assembly procedure, wood flakes coated with PEI(PAA/PAH)n 

(n= 1,5,9) were prepared with two replicates for each condition. Before ESEM 

observation, a 10nm thick Au/Pd layer was sputter coated on the specimen with a 

Cressington sputter coater. ESEM (FEI Quanta 600 FEG) was used to examine the treated 
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and untreated wood under a vacuum pressure of 0.82torr. Images with 100, 2K and 10K 

magnification for each sample were obtained respectively. 

 

 

3.2.3 Substituted spraying for conventional dipping methods 
3.2.3.1 Single layer of polyelectrolyte on wood by spraying 

      To carry out spraying for LBL on wood, Nalgene aerosol spray bottles purchased 

from Fisher Scientific Co. were used (ref. made of HDPE, PP cap and rubber gasket, 

180mL in volume). Each bottle was filled with either solution or water and pressurized by 

repeatedly pumping the piston assembly in an up and down motion, 7-10 strokes, before 

use.  The spray rate was determined to be 0.6mL/s.       

 

      To apply the first layer of FTIC-PAH to wood samples, 1mg/mL FTIC-PAH solution 

was freshly prepared and sprayed onto the tangential section of wood blocks (figure 3.4) 

that had the dimensions of 5cm by 5cm by 0.3cm. Following previous work [24], 

spraying time was 3s with 27s drainage time. Milli-Q water was then sprayed for 20s 

with 10s to remove non-adhering material. In the wet state, treated blocks were cut into 
40µm-thick transverse sections, as shown in Fig 3.3, and mounted on glass slides. 

 

 
             Fig 3.4 Schematic representation of spraying method for LBL self-assembly. 

 

 

3.2.3.2 LbL assembled polyelectrolytes on wood by spraying. 

      Multilayers composed of PEI(PAA/PAH)n (n= 1,2,3,4,5) were applied to wood by 

spraying oppositely charged polyelectrolytes in cycles. Polyelectrolyte solutions were 
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prepared in the same way as indicated in section 2.1.Two pieces of wood flakes in the 

dimensions of 10cm by 7.5cm by 0.15cm were used for each coating condition. The 

procedure for one layer coating as described in section 3.1 was used to apply multilayers 

to wood, the samples were sprayed with PEI, PAA, and PAH sequentially along with a 

rinsing cycle between each layer. After coating, all the flakes were moved to the vacuum 
oven (29mmHg) for drying at 40°C for 48 hours. All the wood flakes were ground into 

powder and kept dry in a conventional oven at 60°C before CNS measurements. In the 

CNS analysis, three measurements were carried out for each condition. In one 

measurement, 300mg sample was weighed and the procedures were the same as 

described in section 3.1.1.4.  

 

 

3.2.4. Detection of cross-linking between PAH and PAA within a multilayers 
film on the model substrate 
3.2.4.1 Coating on silicon surfaces 

      Silicon wafers were treated in a freshly prepared piranha solution (a mixture of 

H2SO4 (98%) and H2O2 (30%) with volume ration of 3:1) for 1h, rinsed thoroughly with 

water, and dried with a nitrogen stream. Solution of 0.6mg/mL PAA and 0.27mg/mL PAH 

were freshly prepared, and the pH of these solutions was adjusted to 5 with NaOH. 

Construction of the multilayer films was carried out by an automatic dipping robot, which 

was computer controlled. During the LBL procedure, silicon substrates were dipped into 

PAH and PAA solutions alternately with water rinsing in between steps in two separate 

bins. The dipping time in the polyelectrolyte and water rinse solutions was 15 and 5min, 

respectively. After the desired number of layers had been fabricated, the silicon wafers 

were dried with the nitrogen stream. Afterwards, each treated silicon wafer was placed in 
a glass vial and heated in the oven at a range of temperatures, which were 150°C, 170°C, 

190°C, 210°C and 250°C for 2 hours, for each respective temperature. Before analysis, 

all the samples were stored in the test chamber to let its flowing dry air keep them dry. 

FTIR analysis was then conducted by a Thermo Nicolet 8700 Fourier transform infrared 

spectroscopy with 128 times scanning and a resolution of 8 cm-1 in transmission mode 

(note, silicon does not absorb IR light).   

 



 

 
 

30 

 

3.2.5. Mechanical tests 
3.2.5.1 ASTM D905 test for strength properties of LBL bonding in shear by compression 

loading 

      Southern yellow pine was cut into 20 strips with the size of 32cm by 6.5cm by 2cm. 

with grain direction parallel to the longest dimension and soaked in water for a week. 

These samples were then used to form shear block specimens that contained layers of 

PEI(PAA/PAH)n, a mixture of PAA and PAH, or phenol formaldehyde adhesive. After 

coating of each bonding material, the strips were kept to dry in a conditioning chamber 
with a relative humidity of 50±2% and a temperature of 23±1°C for a period of 7 days. 

 

Coating: 

      The coating of multilayers with PEI, PAA and PAH follows the basic LBL procedure. 

Except for PEI solution, which was adjusted to a pH of 10.5 at 10mg/mL, each of the two 

other solutions was set to pH of 5 with a concentration of 8mg/mL. For each coating type, 

four wood strips were used. Among these four strips, two of them were coated with 

multilayers terminated with negatively charged PAA and two of them with positively 

charged PAH. Before application of PF, all four strips were soaked in an alkali solution of 

pH 10.5 for 30 min, and then in Milli-Q water for another 30min. After drying in the 

chamber as mentioned above, the PF with a solids content approximately equal to the 

total amount of PEI(PAA/PAH)9 coating was spread on the tangential section of each 

wood strip. To apply the coating of mixture of PAA and PAH, the desired amount of each 

polyelectrolyte was measured in correspondence to its estimated adsorption amount in a 

multifilm of PEI(PAA/PAH)9. The measured polyelectrolytes were then dissolved in a 

small amount of water and mixed together. The sediment was then separated from the 

water and spread onto the wood surface.  

 

Hot press: 

      For each coating type, two coated wood strips were assembled and placed on the hot 
press, which had been preheated to 180°C. For the LbL coated wood specimens, strips 

coated with PAA and PAH as the respective terminal layers were assembled together after 

wetting the substrate. To wet the surface, water was sprayed horizontally to the vertically 
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placed samples by a spray bottle used in section 3.2.3 until the whole surface is wet. 

During hot pressing, two sets of assembled strips were placed in the hot press for 30min, 

with two pressure stages of 300psi and 150psi. The lower pressure was used during the 

first stage to soften the wood specimens and bring them into contact. After this, the 

higher pressure was applied to make complete contact between the two strips. Therefore, 

for the first 10min of pressing, the pressure of 150psi was applied and held; for the 

following 10min, the higher pressure of 300psi was applied and held; and for the last 

10min, the pressure of 300psi was kept constant. After hot pressing, bonded specimens 

were kept in the conditioning chamber again for another 7days and cut into shear blocks 

as shown in figure 3.5. 28 shear blocks were obtained from each bonded strip.  

 

 
Fig 3.5 Geometry of the modified ASTM-D905 specimen. 

 

Testing:     

       14 out of 28 shear blocks for each joint type were randomly chosen for mechanical 

testing in their dry state. All specimens were tested in a United Testing System apparatus 

and subjected to a compression load following the ASTM-D 905 standard. The loading 

speed of the machine during the experiment was set to 0.20in. /min. The load at the 

moment of failure occurs was recorded by the acquisition system and calculated into the 

shear strength. 

 

       The other 14 shear blocks for each joint type were then prepared for a weathering test. 

First, all specimens were boiled in water for 4 hours. After drying for 20 hours in a 

conditioning chamber, they were boiled again for a period of 4 hours and cooled in water. 

The same shear tests described above were then carried out on the wet samples.  
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CHAPTER 4 – RESULTS AND DISCUSSIONS 
 

4.1 The effect of pH and salt content on polycation adsorption onto 
wood 
4.1.1 Zeta potential measurements of wood as a function of pH 
      Zeta potential values of all wood samples were founded to be negative (Fig 4.1), and 

the values increased in magnitude when pH in the solution increased. As zeta potential 

values are related to surface charges of particles, the results indicate that wood surfaces 

are negatively charged and this anionic nature is enhanced at higher pH. Also, from 

Fig.4.1 it is observed that wood surface charge increase is not linear. A sharp rise exists 

when pH increases from 2 to 6, after which the rate of increase decreases as the zeta 

potential values approaches -30mV at pH>10. 

 

Fig 4.1 Zeta potential of wood particles as a function of pH. Average values were taken 
from 6 measurements. Error bars represent ±1 standard deviation. 

 

      At pH 4~6, the negative surface charge on wood may be attributed to the dissociation 

of hydrogen ions from carboxylic acids, including glucuronic acid on glucoronoxylan and 

galactoronic acid on pectin. When pH approaches 10, the aromatic biopolymer lignin, 

which has phenolic groups would start to deprotonate [75] and contributes to the slight 

increase in magnitude of zeta potential measurement. 
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4.1.2 Zeta potential of wood after the adsorption of PDDA and PEI under 
different pH 
      Adsorption of PDDA and PEI polyelectrolytes on wood as a function of pH was 

investigated by zeta potential measurement. PDDA is a polyelectrolyte that is 

permanently charged under any pH [80], while PEI is a weak polyelectrolyte that has 

varied degrees of ionization dependant upon pH condition. The negative zeta potential 

values reported for wood particles reversed to be positive after they were treated with 

cationic polyelectrolytes (Figure 4.2). The magnitude of surface potential increases as a 

function of pH of the treating solution (note: all measurements are performed with 

washed wood particles in Milli-Q water). Between PDDA and PEI, higher zeta potential 

values were 

obtained 

for PDDA 

than PEI 

under same 

conditions.  

 

 

Fig 4.2 Zeta potential of wood particles that had been treated with PDDA and PEI at 

different pH. Average values were taken from 6 measurements in Milli-Q water. Error 
bars represent ±1 standard deviation. 

 

      There are two factors that can cause the increase of positive zeta potential on wood 

particles. One is the amount of surface charge on wood, and the other is the degree of 

ionization of polyelectrolytes. Since pH causes no change of the ionization of PDDA, the 

higher zeta potential is related to the increased negative charge on wood surface under 

elevated pH. When a PDDA molecule chain deposits on the wood surface, the 

ammonium ions contribute to the neutralizing of the wood surface charge, and the excess 
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cationic groups (loops and tails) are exposed to the solution making the wood surface 

positively charged. At higher pH conditions, wood surface has more negative charges to 

be neutralized by PDDA, hence higher density of charged wood particles is compensated 

by greater PDDA adsorption. 

 

      With regards to PEI, however, the deposition is different. PEI is a weak 

polyelectrolyte that is sensitive to its local ionic environment and has an isoelectric point 
. In the present system, the value of the primary amine in PEI is around 9, for the 

secondary amine around 8, and for the tertiary amine around 6-7 [26]. So, when pH of the 

polyelectrolyte solution changes, both the wood surface charge and degree of ionization 

of PEI will influence the deposition of PEI on wood. Also, when PEI is weakly charged, 

secondary interaction between wood substrate and PEI may also play a role in enhancing 

the adsorption [81].  

 

      At the treating condition of pH 3, which is below the isoelectric points of PEI, wood 

is less charged and PEI is almost fully charged. In this case, small amount of highly 

charged PEI in an extended conformation deposits on to wood. Since the electrostatic 

repulsion among the same polyelectrolyte will prevent its further adsorption onto the 

substrates, limited adsorption of PEI compensates the surface charges on wood. During 

the rinsing step the pH of the Milli-Q ultrapure water is around 6.5, in which condition 

ionization of PEI is changed and limited adsorption and conformation of the adsorbing 

polymer resulted in the low zeta potential values, which are almost close to zero. 

 

      In the case of pH 7 treating condition, surface potential on wood increased by 20mV 

(Figure 4.1) and as a result has potential to accept more positively charged PEI. However, 

at this time PEI becomes less ionized, more PEI is needed to compensate the surface 

charge on wood. The lateral rinsing step should not markedly affect this adsorption 

amount, as there is minimal pH change in the solution. Hence, the final zeta potential 

values show around 20mv, indicating increased adsorption amount of PEI at the wood 

surface. 

 

      Along with the increase of surface charges on wood at pH 10.5, the capability of 
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wood surface to accept positive polyelectrolytes is increased. Due to the low degree of 

ionization of PEI as it passes its isoelectric point, large amount of PEI is needed to 

compensate the negative charge on wood. Because at this stage, the surface charge on 

PEI is very weak, the ionic attraction between PEI and wood is decreased. Secondary 

forces such as hydrogen bonding between PEI and wood surfaces, as mentioned in the 

section of literature review, may play an important role to accomplish the PEI adsorption. 

The decrease of pH during washing step enables parts of the former neutral sites on the 

PEI chains to become ionized and the repulsion forces among polyelectrolytes chains 

become stronger. The final zeta potential of wood particles shows the highest values 

around 40mv at pH 10.5. 

 

 

4.1.3 Surface chemistry investigation of wood coated under different pH and 
salt contents by X-ray photoelectron spectroscopy (XPS) 
      Zeta potential measurements are not effective for adsorption studies due to salt 

additives, because wood particles settle down after the adsorption of polyelectrolytes with 

salt. In order to quantify the adsorption of PEI on wood under different pH and salt 

contents, XPS was utilized to calculate the nitrogen contents on the wood surface, which 

originally derived from polyelectrolytes because wood has an inherently low nitrogen 

content.  

 

4.1.3.1   Preliminary for detecting the first layer of PEI or PDDA on wood by XPS 

      The detection of coating of polyelectrolyte on wood was determined by the 

observation of nitrogen signal (wood itself is short of nitrogen, as shown in Figure 4.3) 

within XPS spectrum.  It is observed in the XPS survey scan spectra that no nitrogen 

signal is detected from PDDA coated wood samples, no matter the treatment condition 

(Figure 4.4), while a small peak derived from nitrogen can be seen from the samples that 

have been treated by PEI (Figure 5). Signal related to chlorine Cl 2p3 can also be clearly 

seen due to the addition of salt. 



 

 
 

36 

 
Fig 4.3 C 1s and O 1s XPS survey scan of original wood. 

 

 
Fig 4.4 C 1s and O 1s XPS survey scan of PDDA-treated wood. 
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Fig 4.5 C 1s, O 1s and N 1s XPS survey scan of PEI-treated wood. 

 

 

4.1.3.2 Quantification of PEI coating on wood by XPS 

      In figure.4.6, an XPS narrow scan of C1s peak of original wood with different carbon 

components are shown. The binding energies of 285.09eV, 286.84eV and 289.08eV can 

be traced to C1, C2 and C3 respectively, and the relative proportion of each carbon was 

calculated to be 76.3%, 18.3% and 5.3% respectively. It has been established that C1 

mainly arises from lignin and extractives in wood and C2 from cellulose [78]. The strong 

signal from C1 in the spectrum suggests that high content of lignin or extractives are 

present on the wood surface. Similar carbon peaks are obtained from PEI coated wood 

samples, as shown in figure.4.7, however, the ratio of C1/C2 has changed significantly, 

with an increase of C2 content to 31.1% and decrease of C1 to 62.8%. The varying of C1 

and C2 contents may be attributed to 1) the removal of lignin and extractives during the 

layer-by-layer process; 2) the presence of nitrogen and carbon linkage in PEI. 
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Fig 4.6 C 1s peaks of original wood. 

 

 
Fig 4.7 C 1s peaks of PEI coated wood. 
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Fig 4.8 N 1s peaks of PEI coated wood. 

 

      Previous studies have shown that nitrogen from ammonium and amino groups have 

binding energies (BE) of 401.4eV and 399.3eV respectively [79]. Nitrogen peaks from 

PEI-coated wood are shown in figure4.8, clearly showing the N peaks from ammonium 

and amino groups at the BE of 401.29eV and 399.12eV, with relative areas of 50.5% and 

41.6% respectively. Another possible nitrogen peak N3 may be attributed to the urethane 

linkage between the nitrogen atoms and carboxyl groups in wood, but conditions for this 

reaction to occur is speculative at this point [79]. 

 

      Comparisons of nitrogen contents in the samples that have been treated by PEI in 

different pH and salt conditions were carried out to determine the optimal condition for 

PEI adsorption. The first measurement shows, given constant pH, that the nitrogen 

content in PEI coated wood samples decrease as a function of salt content when salt 

concentration is below 0.5M, and shows a slight increase when salt concentration reaches 

1mol/L. This trend is more prominent when the pH is at 3 and 7 at pH 10.5 there is no 

significant difference among the results for all salt conditions (figure 4.9).  
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Fig 4.9 XPS results of nitrogen content on the wood samples that had been treated with 

PEI under different pH and salt contents. Average values were taken from 3 
measurements. Error bars represent ±1 standard deviation. 

 
      XPS nitrogen analysis results were not reproducible, as shown in figure 4.10, when a 

separate experiment set was performed without the presence of salt. Lower nitrogen 

contents for pH 3 and 7, which is around 0.4%, were found than the former values, which 

were approximately 3.5%. No plausible explanation of why set’s of samples varied. The 

variation is high among the results obtained from each treatment condition. Only when 

pH is at 10.5, similar results as the one from the first experiment are obtained. These 

values also have variation that prohibits determining the influence of pH and salt content 

on quantifying the adsorption of PEI to the surface of wood. Therefore the bulk nitrogen 

level of the different treatments is evaluated.  
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Fig 4.10 XPS results of nitrogen content on the wood samples that had been treated with 

PEI under different pH without salt. Average values were taken from 3 measurements. 
Error bars represent ±1 standard deviation. 

 

 

Fig 4.11 XPS results of nitrogen content on the wood samples that had been treated with 

PEI under pH 10.5 and different salt contents. Average values were taken from 3 
measurements. Error bars represent ±1 standard deviation. 
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4.1.4 Quantification of first adsorbed PEI layer on wood under different pH 
and salt contents by Carbon-Nitrogen-Sulfur Analyzer (CNS) 
      Carbon-Nitrogen-Sulfur Analyzer (CNS) was used to quantify the adsorption of PEI 

on wood under different pH and salt conditions by incinerating the samples to measure 

the nitrogen content in PEI treated wood samples (Figure 4.12).  

 

Fig 4.12  CNS data of wood that had been treated with PEI under different pH and salt 

contents followed by rinsing. Average values were taken from 3 measurements. Error 
bars represent ±1 standard deviation. 

 
      Wood is mostly composed of C, O and H with minimal N. Protein may contribute to 

the presence of nitrogen, but the total amount accounts for a small ratio of the mass of 

wood. As measured, the nitrogen content in southern yellow pine samples in this project 

was between 0.02~0.05%, while PEI was around 27% (measured by CNS). When PEI is 

applied to wood, the final nitrogen content on wood is greater than 0.05%, as seen in 

figure 4.12, and the amount of PEI deposited on wood at each condition can be quantified. 

By using the nitrogen content found in PEI, total mass ratio of PEI to wood was 

determined, as shown in figure 4.13 (see appendix for calculation).  
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Fig 4.13 PEI adsorption calculated from the CNS data in figure.4.12. Average values 
were taken from 3 measurements. Error bars represent ±1 standard deviation. 

 

      At constant ionic strength, similar trends as the one from zeta potential measurements 

are found for treatment at different solution pH. Higher pH leads to higher adsorbed 

quantity of PEI. With increasing ionic strength at given pH, the results show varying 

trends for different conditions. At pH 10.5, there is a large decrease when salt is added, 

and adsorption is equivalent for pH 10.5 and pH 7 when the salt content increases to 

0.5M. A decrease of PEI adsorption as a function of NaCl content at pH 7 is noted, but is 

not statistically significant. At pH 3, results from all salt condition appear to be 

consistently low and no decrease is observed in polymer adsorption as the ionic strength 

changes. The results show that salt has a negative influence on the adsorption of PEI to 

wood. One explanation is salt behaves as counterions in the solutions and competes with 

polyelectrolytes for the charged sites on wood. When more salt is added to the solution, 

these counterions occupy more charged sites on the surface and reduce potential PEI 

adsorption sites, as expressed in the equation below. Also, salt is capable of screening the 

charges on polyelectrolyte chains, which in other way effectively decreases the attraction 

between PEI and wood surface. 

 

+ + + +  
 

      Similar explanation for reducing PEI adsorption by adding salt has also been reported 
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in Kovacevic et al.’s work [73]. In their study, they characterized the LBL multilayers as 
an ion-bonded glassy state at low ion concentration , ‘liquid-like’ at higher , and 

uncomplexed at very high .  Salt ions can go into the dense phase to screen the 

attractions between polyelectrolytes, hence weaken the complexes [74]. 

 

 

Fig 4.14 PEI contents in wood that had been soaked in PEI under different pH and salt 

contents for 24 hours and subsequently rinsed. Average values  were taken from 3 
measurements. Error bars represent ±1 standard deviation. 

 

      Wood is a porous material and CNS data are taken from a bulk system. Therefore the 

PEI contents obtained above may not actually represent its adsorption on the surface, but 

also include adsorption of PEI that has went into wood. To evaluate the location of PEI, a 

24-hour soaking test instead of LbL half-hour dipping was performed. Results of nitrogen 

contents from CNS are converted to PEI content and shown as in Figure 4.14. After 24 

hours soaking, without the presence of salt, for all pH environments, amounts of PEI 

adsorption are similar with the ones from 30 minutes treated wood samples (figure 4.13). 

Also, in the case of pH 3 and pH 7, no obvious difference is found. However, at pH 10.5 

with addition of salt, PEI amounts are higher than the ones in LbL treatments, though 

they still decrease as a function of salt contents. It is suggested that the swelling of wood 

caused the increase of PEI adsorption at the higher pH and salt contents. In the alkali 

solutions, cell walls in wood are susceptible to swelling and more surface area is exposed. 

The presence of salt also enhances this swelling and enables more PEI adsorption at high 
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pH. However, the screening effect and counter ion adsorption reduce the attraction 

between PEI and wood so a decrease of PEI adsorption with increasing salt concentration 

is still observed.  

 

 

4.1.5   Optimization of PEI adsorption on wood 
      In different LBL self-assembly studies, various polyelectrolyte concentrations in the 

dipping solutions have been used. Generally, in single study the same concentration was 

used for all the polyelectrolytes, and the most common used values are 0.5mg/mL [66], 

1mg/mL [67], 2mg/mL [68-70], 3mg/mL [71] and 5mg/mL [72]. But in some research, a 

different method was approached for different polyelectrolytes, distinct concentrations 

are assigned, to achieve having the same moles of the respective monomer repeat unit for 

every polyelectrolytes [24].  To determine the optimal PEI concentration for its 

adsorption on wood, PEI solutions with a range of concentrations are applied to wood, 

and the resulting PEI contents are measured (Figure 4.15). 

 

      PEI adsorption increases with increased PEI concentration with a reduced rate of 

change. However, it is observed that even though PEI achieved the most adsorption of 

0.67% content at its 10mg/mL concentration, after calculation (see appendix), only 

around g PEI exists on all wood samples. This amount of PEI can almost be 

provided by 100mL 0.05mg/mL PEI solution. Therefore, it is indicated that not all of the 

PEI in the solution contribute to the adsorption onto wood, and the PEI concentration 

should play an important role in controlling the maximum adsorption of PEI on wood.  

Bertrand et al. and Plech et al. [84, 85] have studied the kinetics of multilayer formation 

and suggest that polyelectrolytes adsorption involves a two-step process. In the first step, 

polyelectrolytes are transferred to the surface by diffusion so the electrostatic attraction 

can happen. The second step involves the self-arrangement of polyelectrolytes on the 

surface. In this case, the elevated PEI adsorption with high polyelectrolyte concentration 

should be explained by the diffusion in the first step. Higher concentration of PEI in the 

solution results in more PEI diffusing to the wood surface in the first place, until 

equilibrium is achieved between the PEI concentration in the solution and the ones 

surrounding the substrates. Additionally, as a polymer adsorbs, the system becomes more 
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ordered, losing entropy. Concentration of polyelectrolyte may have a role for this reason 

with regard to entropy of mixing. 

 

 
Fig 4.15 PEI content on treated wood samples as a function of PEI concentration in the 
solution. Average values  were taken from 3 measurements. Error bars represent ±1 

standard deviation. 
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4.2 Determination of multilayers film deposition on wood 
4.2.1 CNS measurement of wood coated with PEI (PAA/PAH)n 

      CNS measurements were performed to quantify the deposition of multilayers, PEI 

(PAA/PAH)n onto wood. Similar to PEI, PAH is also a polymer that has considerable 

nitrogen content (14.12% from CNS). Therefore, as multilayers containing PAH are 

continually fabricated on wood, increased nitrogen contents in the samples should be able 

to be detected. This nitrogen content can then correlate to PEI and PAH contents. CNS 

results in Figure 4.16 indicate that PAH contents of LbL treated wood increase as a 

function the number of LbL cycles (blue points in Figure 4.16), revealing the successful 

adsorption of each polyelectrolyte in every LBL dipping cycle. Linear growth of PAH 

contents is also found from the data with an increase in PAH content of 0.15~0.3% per 

layer. This is in contrast to the samples without PAA but repeated PAH dipping, where no 

increase of PAH mass is observed for all samples (red points in figure 4.16). There is 

even a slight decrease of PAH content after first adsorption.  

 

 
 

Fig 4.16 PEI and PAH mass contents (note: PEI was used only for the first cycle) on 

wood as a function of number of LbL cycles. Blue points demonstrate the samples 

prepared under normal LBL procedure; red points demonstrate the samples that were 

constantly dipped in PAH solutions. Average values  were taken from 3 measurements. 
Error bars represent ±1 standard deviation. 
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      This finding is consistent with the results of previous work where multilayers film 

fabricated by PAA and PAH is a typical example of the system. With this system there is 

a linear relationship between the mass or thickness of the multilayer with the number of 

deposition steps. In this system, the main force between the polyelectrolyte molecules is 

columbic interactions and the structure is stratified [67].  

 
 

4.2.2 Observation of coated PEI (PAA/PAH)n on wood by Confocal Laser 
Scanning Microscopy (CLSM) 
     CNS results have shown that multilayers composed of PEI (PAA/PAH)n can be 

fabricated on wood. However, CNS can only measure bulk systems so it cannot provide 

evidence for the location of polyelectrolytes in the cellular structure of wood. In order to 

assist with the determination of polyelectrolyte location adsorbed in wood, confocal laser 

scanning microscopy (CLSM) was employed to distinguish deposited fluorescence 

labelled PAH on wood.  By utilizing the capability of CLSM to simultaneously detect 

fluorescence of different wavelengths, FTIC with its specific wavelength was 

distinguished from the autofluorescence in wood so as to determine the location of PAH.  

 

 

Fig 4.17 CLSM images of bare wood.  A) Autofluorescence from wood, = 364, = 

385~470; B) Autofluorescence from wood, = 488nm, = 505; C) Composite image 

of A-B. 

 

       Fluorescence images of original wood are shown in Figure 4.17. The computer 

assigned fluorescence blue (image A) and green light (image B) derived from the wood 
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autofluorescence, which provides detail of the cross section of wood. In the composite 

image C, green light cannot be distinguished due to its overlap with blue light, except 

within the cell wall corners in the middle lamella areas. 

 
Fig 4.18 PEI (PAA/PAH)1 modified wood. (A-C) Images taken from the edge of the 

sample; (D-F) Imaged taken from the middle of the sample. A) Fluorescence from 

autofluorescence in wood, = 364nm, = 385~470nm; B) Fluorescence from FTIC-

PAH and autofluorescence in wood, = 488nm, = 505nm; C) Composite image of 

A-B. D) Fluorescence from autofluorescence in wood, = 364nm, = 385~470nm; E) 

Fluorescence from FTIC-PAH and autofluorescence in wood, = 488nm, = 505nm; 
F) Composite image of D-E. 

 

       Fluorescence images of the PEI (PAA/PAH)1 coated wood are shown in Figure 4.18. 

Images A-C are taken from the edge of a sample section, which demonstrate the coated 

wood surface. Images D-F are from the interior area, sub-surface region adjacent to the 

edge, which represents the section of wood not in direct contact to the polyelectrolyte 

solutions. Fluorescence blue light arising from the autofluorescence in wood is shown in 

Figure 4.18A&D, similar as the one taken from bare wood sample. The fluorescence light 

A  B  C 

D  E  F 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from PAH is evident in Figure.4.18B, located at the outer border of the first layer of cell 

wall, shown as bright fluorescence green light. This light has also combined with the 

green light from the autofluorescence in wood. 

 

      FTIC green light with its higher intensity has varying brightness along the cell walls’ 

outer border (figure 4.18B). The varying intensities may result from the confocal method 

(intensity varies with the fluorescence location in height on the sample), and may also 

from the different adsorption amounts of polyelectrolyte at different sites of wood surface. 

The adsorption difference may be attributed to three factors: the heterogeneous 

morphology of wood surface; defects on the surface resulting from cutting; and the 

different degree of affinities between PAH and heterogeneous chemical components on 

the wood surface. In figure 4.18 C, the composited image of A & B, the fluorescence light 

from PAH becomes more obvious at the edge of wood section and appears continuous, 

giving evidence that wood surface has been totally covered by the multilayers of 

(PAA/PAH). As this bright fluorescence light is not observed in the wood sub-surface 

(Figure 4.18D-F), polyelectrolyte transport appears limited to the outer surface layer. The 

well arrayed bright green light found in the area of middle lamella (Figure 4.18C) is 

supposed from wood. 

 

      Images taken from the wood samples coated with PEI (PAA/PAH)3 are shown in 

Figure 4.19, and similar results, as discussed above, are observed in these fluorescence 

images. The expected intensity increase of fluorescence green light is not found. This 

may due to the fact that the manipulation of the intensities of fluorescence light by 

adjusting the focus in confocal method has hidden the slight enhancement of light 

intensity coming from two nano layer of polyelectrolytes. Figure 4.19 represents the 

CLSM images taken from PEI (PAA/PAH)5 modified wood samples. The coating still 

appears similar to images in Figure 4.18 & 4.19, and penetration of PAH into wood 

cellular structure is also not found. This finding suggests that multilayers composed of 

PEI and (PAA/PAH)n are primarily deposited at the top of the outer layer of wood cell 

walls. 
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Fig 4.19 PEI (PAA/PAH)3 modified wood. (A-C) Images taken from the edge of the 

sample; (D-F) Imaged taken from the middle of the sample. A) Fluorescence from 
autofluorescence in wood, = 364nm, = 385~470nm; B) Fluorescence from FTIC-

PAH and autofluorescence in wood, = 488nm, = 505nm; C) Composite image of 

A-B. D) Fluorescence from autofluorescence in wood, = 364nm, = 385~470nm; E) 

Fluorescence from FTIC-PAH and autofluorescence in wood, = 488nm, = 505nm; 

F) Composite image of D-E. 

 

      Penetration of polyelectrolytes into the subsurface of wood through cell walls or pits 

is not evident, expect for possible cases of where damaged parts of cell walls provide 

paths for polyelectrolytes go into the subsurface (as white arrow points in Figure 4.20C). 

It is also observed that at the damaged cell wall edges the fluorescence light is brighter, as 

the red arrows point in Figure 4.19C and Figure 4.20C. Explanation for this observation 

is that cut cell walls provide different and increased access to the chemical components 

on lumen surfaces. Enlarged exposure of microvoids at cut cell wall areas can contribute 

to the increase of polyelectrolyte adsorption. 

A  B  C 

D  E  F 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Fig 4.20 PEI (PAA/PAH)5 deposited wood. (A-C) Images taken from the edge of the 

sample; (D-F) Imaged taken from the middle of the sample. A) Fluorescence from 
autofluorescence in wood, = 364nm, = 385~470nm; B) Fluorescence from FTIC-

PAH and autofluorescence in wood, = 488nm, = 505nm; C) Composite image of 

A-B. D) Fluorescence from autofluorescence in wood, = 364nm, = 385~470nm; E) 

Fluorescence from FTIC-PAH and autofluorescence in wood, = 488nm, = 505nm; 

F) Composite image of D-E. 

 

 

4.2.3 Observation of coated PEI (PAA/PAH)n samples by Environmental 
Scanning Electron Microscope (ESEM) 
      CNS provides the quantitative adsorbed amount of polyelectrolytes on wood, while 

CLSM enables the visualization of fluorescent polymer and also identifies the locations 

of deposited polyelectrolytes. In this section, an environmental scanning electron 

microscope is used to visualize the coating on wood. Scanned samples include wood and 
PEI(PAA/PAH)n treated wood samples(n=1,5,9). Images in figure 4.21 are taken at 100× 

magnification covering approximately 1.5  of wood area. At this scale, no difference 

A  B  C 

D  E  F 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can be observed between the treated and untreated wood samples. The heterogeneous 

wood surface structure combined with the microscale wood structure and manipulated 

mechanical failures are dominant on the surface.   

 

                            

Fig 4.21 ESEM image of wood and wood coated by PEI(PAA/PAH)n at 
100×magnifications.  (A) Wood (B) PEI(PAA/PAH)1 coated wood (C) PEI(PAA/PAH)5 

coated wood (D) PEI(PAA/PAH)9 coated wood. 

 
      When magnification is increased to 2000×, details on the surface of each lumen can 

be detected and different textures on the wood surface, attributed to the deposited 

multilayers is observed (Figure 4.22A-D). The cell wall surface of bare wood appears to 

be relatively smooth with fine fibril texture, except for rough surface of the cut cell walls 

between lumens, resulting from cell wall damage (Figure 4.22A). 
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Fig 4.22 ESEM image of wood and wood coated by PEI(PAA/PAH)n at 2000× 

magnifications.  (A) Wood (B) PEI(PAA/PAH)1 coated wood (C) PEI(PAA/PAH)5 coated 

wood (D) PEI(PAA/PAH)9 coated wood. 

 

      For PEI(PAA/PAH)1 coated samples, corrugated morphology is observed in the cut 

cell wall structure noted by the black arrow in Figure 4.22B. The former rough areas on 

the cell wall of lumen appears to be more obvious noted by the blue arrow in 

Figure4.22A&B. Polyelectrolyte adsorption on the damaged cell wall edge is observed as 

micron sized clustered or dispersed holes in contrast with the morphology of lumen cell 

wall area. The aggregation of polymer adsorption at cut cell wall area is in 

correspondence to the observations from CLSM images where greater adsorption 

happens at damaged cell wall. The formation of holes is suggested to result from the 

shrinkage of the multilayers film during the drying process.  However, as the number of 

layers increases to PEI (PAA/PAH)5, due to the increased amount of polyelectrolytes on 

lumen surface, holes also show on the lumen. Distinct differences of morphology 

between damaged cell edges and lumen cell surfaces become less obvious as shown in 

Figure4.22C. In other words, the adsorption difference deriving from the varieties of 
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wood cell wall structures is less pronounced with the increased layers of PAA/PAH. This 

finding gives evidence to the former expectation that more polyelectrolytes adsorb to the 

cut cell wall surfaces first. As the layers keep increasing, morphology of the wood surface 

almost disappears after the deposition of PEI(PAA/PAH)9, as shown in figure 4.22D. At 

this time, the coating seems to be more uniform and small extrusions with similar size 

appear to dominant the surface while the frequency of holes decrease. The reason of 

having more protuberance with increased number of layers is still unknown but as 

observed in Figure 4.23C they started to emerge after the adsorption of 5 bilayers of 

(PAA/PAH). 

 

 

Fig 4.23 ESEM image of wood and PEI(PAA/PAH)n coated wood at 10K× magnifications.    

(A) Wood (B) PEI(PAA/PAH)1 coated wood (C) PEI(PAA/PAH)5 coated wood (D) 

PEI(PAA/PAH)9 coated wood. 

 
      The images in figure 4.23 are taken at 10K× magnifications containing one small 

section of the cell wall lumen surface. In the picture A of untreated wood, fibril nature is 

still noticeable. While after the adsorption of first three layers of PEI(PAA/PAH)1, the 
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fibril nature appear to disappear and the surface tends to be uniform and granular(Figure 

4.23B). In this stage, the first adsorbed three layers are strongly affected by wood 

substrates. The diversity of chemical components in the wood cell wall determines that 

different sites on cell walls have varying degrees of affinities with polyelectrolytes, which 

afterward results in the unequally adsorption of polyelectrolytes. Hence the formation of 

grain that are approximately 10-1 micrometers in diameter may be related to the various 

adsorption amounts of polyelectrolytes on different sites of the wood surface. As more 

polyelectrolytes deposit on the surface, multilayers on the top are free from the influence 

from substrate and begin to configure on their own. And in this stage protuberant 

structures start to appear. In Figure 4.23D, the protuberances appear to have an average 
diameter of 1 .  
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4.3.   Substituted spraying for conventional dipping methods 
4.3.1 Observation of sprayed one layer of FTIC-PAH on wood by 
Fluorescence Microscopy 
      In this section, spraying of polyelectrolytes is studied to fabricate multilayers film on 

the wood surface, instead of following the conventional dipping methods. After the 

spraying of polyelectrolytes and water consecutively to the tangential sections, wood 

specimens with different moisture contents are observed to have FTIC-PAH coated on the 

surface (Figure 4.24). As the fluorescence images show, when wood is highly hydrated 

(A&B), polyelectrolyte with bright yellow light (note: the yellow light was assigned by 

computer) from fluorescence appears to concentrate at the entrance to rays or diffuse into 

wood through them (Figure 4.24A). As seen in the image from tangential section 

elliptical bright spots representing the border of rays can be distributed across the 

tangential surface (Figure 4.24B).  

 

Fig 4.24 One layer of FTIC-PAH coated wood. A&B) images taken from water soaked 

wood samples; C&D) images taken from conditioned samples. 

 

      For the wood samples that were stored in conditioning chamber prior to treatment, 

which means the moisture content is around 10%, the coating no longer traces the outline 

of rays. As Figure 4.24D shows, the areas of fluorescence light spots on wood surface are 

extended outside the ray cells and appear to have no regular shape, indicating more 

adsorbed PAH. This change is also reflected in the cross sectional images that continuous 

C 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coating of polyelectrolytes is observed at the edge of wood section (Figure 4.24C). Rays 

function as horizontal transport of liquid, so they are likely candidates to allow movement 

of polyelectrolyte into the subsurface of wood. Though some low molecular weight 

polymer may penetrate through pits in the connections of lumens or even cell walls, in 

this case, PAH (molecular weight of 15,000) does not show transfer. Therefore it is 

shown in the fluorescence images that in the areas where there are longitudinal tracheids, 

polyelectrolytes are observed to stay mostly on the first layer of lumen.  

 

 
Fig 4.25 Nitrogen contents in wood samples that have been sprayed by PAH and PAA 

consecutively. One cycle contains the spraying of (PAH/water/PAA/water). Average 
values were taken from 3 measurements. Error bars represent ±1 standard deviation. 

 

      The absence of consistent deposited polyelectrolytes on the surface of lumen cell wall 

of hydrated wood is not clearly known, but similar result is found in CNS measurements 

of wet wood samples that have been sprayed of oppositely charged polymer in cycles. 

Instead of obtaining increased amount of polyelectrolytes on wood, decreases are 

observed (Figure 4.25), indicating the failure of coating a consistent primer layer on 

wood the first time. It is suspected that the failure is due to the limitation of diffusion of 

the polyelectrolyte to the wood surface as the excess polyelectrolyte drips off when wood 

flake samples are placed vertically. And the optimization data (Figure 4.15) shows the 

polyelectrolyte needs to be in excess to achieve optimal adsorption. 
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4.4  Detection of cross-linking between PAH and PAA in multilayer after 
heat treatments 
4.4.1 Observation of PEI (PAA/PAH)n on silicon substrates 
4.4.1.1 FTIR spectra of PAA and PAH cast films 

      An FTIR spectrum of PAA is shown in Figure 4.26 and its major vibration modes are 

listed in Table 4.1. The absorbance peak of C=O (1711 cm-1) from carbonyl (–COOH) in 

PAA is observed, while the asymmetric stretching peak of the carboxylate (–COO-) at 
ν=1565-1543 cm-1 is not noticeable [76]. Absence of carboxylate peak should result from 

the condition PAA cast film is prepared, where pH of the aqueous solution is below 3 and 

PAA still exists in its nonionized form. Spectrum of PAA cast film that has been heated at 
250°C for 2 hours is also displayed in Figure 4.26. As the spectrum shows, except for the 

original signals, a minor change is found as one more peak appears at the 1803 cm-1, 

which is associated to the formation of anhydride bonds from COOH groups [82]. 

 

 
Fig 4.26 Comparison of FTIR spectra of PAA cast film before and after 2h heating at 
250°C in transmission mode. 

 

 

-COOH 
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Table 4.1 Infrared bands of PAA 

Band Position in cm-1 Assignments 82 

3175 O-H stretching 

2952 asymmetric CH2 stretching 

2500~2700 Overtones and combinations of bands near 1413 and 1248cm-1 
enhanced by Fermi resonance 

1711 C=O stretching 

1452 CH2 deformation 

1413 C-O stretching coupled with O-H in-plane bending 

1170 C-O stretching coupled with O-H in-plane bending 

 

      FTIR spectrum of PAH cast film before and after heat treatment is shown in Figure 

4.27, and its major vibration modes are listed in Table 4.2. It is observed that most 
chemical groups in PAH do not change after 2 hour heating at 250°C, except for the peak 

at 3388 cm-1 associated with O-H stretching shown after heat treatment. 

 

Fig 4.27 Comparison of FTIR spectra of PAH cast film before and after 2h heating at 
250°C in transmission mode. 

 

NH3
+ 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Table 4.2 Infrared bands of PAH 

Band Position in cm-1 Assignments 76 

3388 O-H stretching 

3016 asymmetric NH3+ band 

2920 asymmetric CH2 stretching 

1606 asymmetric NH3+ band 

1514 symmetric NH3+ band 

1465 CH2 deformation 

 

 

4.4.1.2 FTIR spectra of PEI (PAA /PAH)n multifilms 

      The thickness of one layer of PAA or PAH is around 3~5nm when they are formed 

under the pH of 6~7 [67]. Therefore, the signals for a few layers deposited on the surface 

are very weak and the spectrum is mainly dominated by noise. Experimental results show 

that only when the number (n) of bilayers (PAA/PAH) reaches 9, can peaks for each 

molecular group be clearly identified (Figure 4.28). Though noise exists in the FTIR 

spectra taken from multifilms with less number of layers, increase of absorbance can still 

be observed as a function of growing number of bi-layers, which changes from -0.005 to 

0.02 when n increases from 1 to 9. The increase of absorbance as a result of the increment 

in the number of layers on the surface suggests the fabrication of multilayers of 

PEI(PAA/PAH)n on the silicon substrate because of the Beer-Lamebr law. 
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Fig 4.28 FTIR spectra of PEI(PAA/PAH)n multifilms (n=1,3,5,7 & 9) on silicon substrate 

in transmission mode. 

       

      It has been reported that the acid groups of PAA are up to 80% ionized at pH 7 [76]. 

This phenomenon has been observed in this study as shown in the FTIR spectra of 

multilayer films composing of PEI (PAA/PAH) 9 which were rinsed with Milli-Q water at 

pH 7(Figure 4.29). The major vibration modes are listed in Table 4.3. As data shows, the 

absorbance intensity of –COOH (1692-1) is weakened dramatically as most of carboxyls 

have become ionized, and the signals for –COO- are clearly enhanced. The symmetric 

and asymmetric stretches of –COO- can be attributed to peaks 1391 cm-1 and 1549 cm-1 

respectively [76]. The N-H bending from PAH can be assigned to the peak at 1606 cm-1. 

In the region from 4000 to 2000 cm-1, the peak at 2923 cm-1 can be assigned to CH2.  The 

peaks for NH3
+ (3016 cm-1) and O-H (3140 cm-1) stretching are overlapped by CH2 and 

can be detected at its shoulder [76,82]. 
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Fig 4.29 FTIR spectra of PEI(PAA/PAH)9 multilayer film on silicon substrate in 

transmission mode. 

 

Table 4.3 Infrared bands of PEI(PAA/PAH)9 multilayer film 

Band Position in cm-1 Assignments 76,82,83 

2923 asymmetric CH2 stretching 

2500~2700 Overtones and combinations of bands near 1413 and 1248cm-1 
enhanced by Fermi resonance 

1692 C=O stretching 

1606 asymmetric NH3+ band 

1549 asymmetric –COO- stretch 

1447 CH2 deformation 

1391 symmetric –COO- stretch 

1343 C-H stretching 

 

 

 

 

    N-H 

NH3
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4.4.2 Detection of cross-linking between PAA and PAH 
      Previous work has shown that ammonium group of PAH and carboxylate group of 
PAA can be cross-linked via amide bonding by heating for 2 hours at 130°C or half an 

hour at160°C [42-44]. In this study, multilayers film of PAA and PAH was first heated at 

250°C in a conventional oven for 2 hours. The FTIR spectrum of the heated multilayer 

film is shown in figure 4.30. The amide peak appears at 1671cm-1, indicating the 

formation of amide linkage between PAA and PAH [42]. Another amide peak around 

1550 cm-1 may have overlapped with the signal from carboxylate and can be seen at 1549 

cm-1 [43]. Absorbance peaks of carboxylic acid and carboxylate groups of PAA, and N-H 

bending from PAH was dramatically decreased, but still noticeable, suggesting that the 
cross-linking was incomplete after heating at 250°C for 2h. 

 

 

Fig 4.30 Comparison of FTIR spectra of PEI(PAA/PAH)9 multilayers film before and 
after 2h heating at 250°C in transmission mode. 

 

       To detect the influence of temperature on cross-linking, multilayer films of PEI 

(PAA/PAH)15 were prepared and heated at a range of temperatures for 2h. The peak 

related to amide bond formation at 1671cm-1 was first seen in the spectra for the 

Amide 



 

 
 

65 

multilayers film that was heated at 150°C. As the temperature increased, absorbance 

intensity of amide bond also increased, suggesting more extensive cross-linking at higher 

temperatures (Figure 4.31 & 4.32). The multilayers films were also heated at constant 

temperatures for a series of time range (1/2, 1, 2 and 4h), to examine the influence of time 

on the formation of amide bond. Results from FTIR spectrum indicates that it takes at 

least 2h to achieve detection of the amide bond, and extended heating time of 4 hours 

does not lead to any change in the intensity of the amide peak. 

 

 

Fig 4.31 FTIR spectrum of cross-linking between PAA and PAH after the multilayers 

films were heated in a range of temperature for 2h. 
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Fig 4.32 Absorbance intensity of amide bond as a function of heating temperature at 

wavenumber of 1671cm-1. 
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4.5 Mechanical testing 
4.5.1 ASTM D905 test for strength properties in shear by compression loading 
      Wood strips coated with multilayer of PEI(PAA/PAH)9 can be bonded together in a 

hot press when one strip has PAA as terminal coated layer and the other has PAH. This 
can be achieved with a temperature of 100°C, pressure of 300psi and a time period of a 

half hour. However, no chemical bond or cross-linking has been formed between PAA 

and PAH at this temperature. While the bonded strips cannot be pulled apart, as they are 

soaked in water, dimensional changes occur, and they easily break apart. Extended the 

time to 1 h does not make obvious changes to the results. However, as the core 
temperature is elevated to 150°C, samples that have been bonded for both ½ and 1h 

pressing time remain intact upon exposure to moisture, and even under severe exposure 

of 2h in boiling water. The attained water-resistant property in bondline should be 

attributed to the changes in the interaction between the polyelectrolytes and polymeric 

materials in wood. This finding is corresponding to the results obtained from FTIR 
experiments, where 150°C is the initial temperature to have cross-linking between PAA 

and PAH.  

 

      To investigate the relationship between the number of layers and bonding strength 

provided by multilayers film, compression shear tests are performed following the ASTM 

D905 standard with minor deviation of the sample dimension. Phenol formaldehyde (PF) 

and mixture of PAA and PAH were also tested in order to compare the performance of the 

commercially used adhesive for wood composite with LBL system, and simply blending 

of polyelectrolytes with well designed LBL assembly. Similar amounts of PF or physical 

mixture to the approximated total amount of polyelectrolytes on multilayers film that has 

18 bilayers are applied.  

 

      Results show that in the range of estimated bondline thickness from around 108 to 
180nm (one layer is about 3~5nm), the shear strength of multilayer bonded specimens 

increase as a function of the number of layers (Figure 4.33). PF exhibits relatively higher 

shear strength than LbL system when they have equal solid contents, while the mixture of 

PAA and PAH is the weakest although it contains the same amount of polyelectrolytes as 

the one the sample with 18 bilayers. Shear strength of all the specimens tested wet 
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lowered after weathering, but still kept the same trend with respect to the relationship 

between shear strength and resin types. When comparing LbL assembly films versus 

mixed films, the polymer distribution on the surface and the nanoscale organization are 

the two main differences that could account for the increased strength of the multilayers 

film. The difference is highlighted in the weathering tests where the mixture of PAA and 

PAH cannot resist the stress released from the wood strips during dimensional changes in 

the condition room and fail apart before the boiling test.  

 

 
Fig 4.33  Shear strength of multifilms with different numbers of bi-layer in the bondline, 

PF and mixture of PAA and PAH under both dry and wet conditions.  

 

      Shear blocks that contain 18 bilayers of polyelectrolyte in the bondline appear to have 

the highest wood failure, followed by PF, 10 bilayers and 6 bilayers of polyelectrolytes. 

No wood failure is found in the blocks that are bonded by the mixture of PAA and PAH 

(Figure 4.34). The great amount of wood failure near the bondline from 18 bilayers and 
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PF samples may result from the penetration of bonding materials into wood and the 

formation of strong bonding in the bondline area. It is known that adhesives, especially 

the ones that have low viscosity and molecular weight, can penetrate into wood through 

its lumens, pits, and even the cell wall as they are applied to the surface [77]. Tarkow et al. 

(1966) has studied the penetration of polyethylene glycol (PEG) into wood and obtained 

a critical molecular weight of 3000 to penetrate through the cell wall. And this value can 

be larger given higher temperature. As found in the study of UF for beech (Sernek et 

al.1999), with assistance of external pressure, the adhesive penetration can be ten times 

larger than the one obtained when no force was applied.  

 

Fig 4.34 Wood failure from shear lap blocks that contain different numbers of bi-layers of 

polyelectrolytes, PF and mixture of PAA and PAH in the bondline. Average values were 
taken from 14 measurements. Error bars represent ±1 standard deviation. 

 

      Hence, in this research PF is possible to penetrate the lumens through pits and cell 

wall under both high pressure and high temperature. While polyelectrolytes with 

molecular weight of 25,000 (PEI), 100,000(PAA) and 70,000 (PAH) may not penetrate 
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through the cell wall, especially for the multilayers films that are ionically inked together. 

Given high temperature, the penetrated polymers may cross-link and reinforce the wood, 

whereupon making the wood in the bonded area stronger than the pure wood. As wood 

failure was high for both 18-bilayer and PF specimens, the shear strength obtained may 

not represent the true properties of the bonding but the shear strength of wood. Therefore, 

the comparison of LbL system with PF by their shear strength values becomes 

questionable. As to the blocks that contain only 6 or 10 bilayers of polyelectrolyte, there 

is not sufficient polymer present on the wood surface to provide the stress transfer. Either 

the microstructure of wood prevents intimate contact or thin multilayer films do not have 

the inherent strength to carry the load. The mixture cannot provide as strong bonding as 

the LBL system, so the bondline failure always happen. It is interesting to note that even 

180nm thick bondline is below the surface height topology of the wood surface. The 

suggested size for the adhesive to be thick enough to bridge the microstructure may not 

be a universal requirement for bonding wood if the resin is perfectly distributed across 

the surface.  
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CHAPTER 5 – CONCLUSIONS 
 

      Wood based composite performance is influenced by adhesive type and adhesive 

amount. A novel method to coat wood substrates was investigated to: 1) investigate the 

effect of solution parameters, pH and ionic strength, on the formation of multilayer films 

on wood; 2) determine the influence of wood cellular structure on the formation of 

multilayer films on wood; 3) determine the ability to use spraying deposition as a method 

of multilayer film fabrication on wood; and 4) measure the shear strength of shear blocks 

that have been bonded together under the hot press, after they have been coated with 

multilayers.  

 

As to objective #1:  

      For solution with high pH values, zeta potential of the wood particles increased in 

magnitude and became more negative.  

      Solution pH had a positive effect on the adsorption of PEI and PDDA on wood 

particles as the first layer, given constant ionic strength.  

      Salt ions competed with PEI or PDDA for the charged sites on the wood surface and 

had a negative effect on the adsorption of PEI and PDDA on wood particles. The 

decrease of adsorption of polyelectrolytes with the presence of salt was also attributed to 

the screening of the surface charge on polyelectrolytes by salt, which led to the decrease 

of coulombic static attraction between polyelectrolytes and wood surfaces. 

 

 Objectives #2: 

      When PAH with molecular weight of 15,000 were applied to the tangential sections of 

wood samples, diffusion of polyelectrolytes into wood through pits or lumen cell walls of 

southern yellow pine did not occur, while penetration through the rays having simple pits 

was numerous. Increase of bi-layers of (PAA/PAH) on wood substrates did not influence 

the transport through border pits or lumen cell walls either. Based on SEM analysis of 

coated wood, multilayers film formation was effected by the wood substrates when less 

then 3 bilayers were applied and more adsorption of polyelectrolytes happened on the cut 

lumen wall surface. As the number of layers increased, the influence from wood 

decreases.  
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 Objectives #3: 

      In this project, utilization of spraying for LbL technique did not achieve the 

fabrication of multilayer films on wood as detected by CNS analysis. Fluorescence 

images of adsorbed PAH showed higher adsorption of PAH on the wood samples that 

were stored in conditioning room prior to treatments than the ones soaked in the water. 

When wood was fully hydrated, PAH only adsorbed on or penetrated through rays. When 

the moisture content of wood decreased to around 10%, adsorption on both lumen cell 

walls and rays was observed. 

 

       Objectives #4: 

       Wood strips coated with multilayer of PEI(PAA/PAH)9 could be bonded together 
under the hot press, at 100°C and 300psi for half hour, without the cross-link between 

PAA and PAH. Under the same pressure and pressing time, and increasing the 
temperature to 150°C achieved water stable bonds. This initial temperature for cross-link 

is lower that the one measured from the multilayer films coated on silicon substrate, 
which is 190°C.  

 

       Compression shear tests showed the bonding strength provided by multilayer films in 

shear blocks increased as a function of the number of layers. PF exhibited relatively 

higher shear strength than LbL system given the equal solid contents on the wood 

substrates, while the controlled physical mixture of PAA and PAH is the weakest 

although it contains the same amount of polyelectrolytes as the sample with 18 bilayers. 

Shear strength of all specimens decreased after weathering, with the same trend with 

regard to the relationship between shear strength and resin types.  

 

      Shear blocks that contain 18 bilayers of polyelectrolyte in the bondline appear to have 

the highest wood failure (70%) followed by PF (50%), 10 bilayers (20%) and 6 bilayers 

(5%) of polyelectrolytes. No wood failure was found in the blocks that are bonded by the 

mixture of PAA and PAH, and for all wet specimens. Large wood failure ratio from 18 

bilayers and PF samples gave evidence that the measured shear strength might actually 

represent the shear strength of wood and not LbL multilayer films or PF performance. 
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Future work should involve testing of the adhesives using an energy approach to 

determine adhesive performance. 

 

      In summary, LbL assembly can be used to build films on wood substrates that are 

thinner than the microscale elements on wood substrates, providing a route towards 

surface functionalization that minimizes polyelectrolyte loading. 
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APPENDIX 
 

A. Calculation of PEI content on PEI coated wood sample. 
PEI%= (Ncoated-wood%-Nwood%)*3.7 

 

B. Calculation of PEI content on PEI(PAA/PAH)9 coated wood samples. 
      For small early wood wafers, the density of 0.31g/cm3 

      Five wood wafers weight around 220mg; thickness of each wafer is 0.15cm 

      The total tangential surface area of five wafers is around: =9.46cm2 

      Because these five wafer weight around 0.22g, and the N content is (0.23-0.05)%. 

One five wafer there are 0.22*0.18%=  g Nitrogen  

The ratio of N to PEI is around 1:3.7. So, when there are g N on wood wafers, 

there are *3.7= g PEI on wood 

      Therefore, there is  g PEI on 9.46cm2 wood surface area, which is 

 g of PEI per centimeter square of wood.  
      Wood strips for shear test have the size of 30cm by 6.25cm by 0.9375cm, so the 

surface area receiving polymer for bonding is 30*6.25=187.5cm2 for each strip. 

So, the PEI content on one side of wood strip is 187.5* =0.029g 
 

C. Calculation of PAH content on PEI(PAA/PAH)9 coated wood samples. 
      For small early wood wafers, the density of 0.31g/cm3 

      Five wood wafers weight around 220mg; thickness of each wafer is 0.15cm 

      The total tangential surface area of five wafers is around: =9.46cm2 

      Because these five wafer weight around 0.22g, and the N content is 0.0345%. One 

five wafer there are 0.22*0.0345%=  g Nitrogen.  

The ratio of N to PAH is around 1:7.14. So when there are g N on wood 

wafers, there are *7.14= g PEI on wood 

Therefore, there are  g PAH on 9.46cm2 wood surface area, which is 

 g of PAH per centimeter square of wood.  
Wood strips for shear test have the size of 30cm by 6.25cm by 0.9375cm, so the surface 
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area receiving polymer for bonding is 30*6.25=187.5cm2 for each strip. 

So one layer of PAH content on one side of wood strip is 187.5* =0.01073g 
Therefore in the multilayer of PEI(PAA/PAH)9 there are 0.01073*9=0.09657g PAH 

 
D. Calculation of PAA content on PEI(PAA/PAH)9 coated wood samples. 

The equal amount of PAH for each layer is applied to PAA.  
 
 

 

 

 


