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ABSTRACT

Formation of well dispersed cellulose – polymer composites is a challenge. This is magnified when preparing composites using nanoscale materials, where the bulk properties are dominated by interfacial properties. In this chapter, synthetic and processing techniques for improving interfacial properties between cellulose nanocrystals and aromatic polymers are reviewed. A novel and relatively new technique of exchanging sodium ions with bulk, organic cations is shown as a promising approach to improving dispersion while maintaining the potential for cellulose percolation network formation. The technique to shown to be useful in both sulfuric acid hydrolyzed cellulose nanocrystals and maleic acid hydrolyzed cellulose nanofibrils. A water responsive fluorescent dye was used to track water migration in cellulose nanocrystal – single glass fiber – epoxy composites. The cellulose was observed predominantly along the glass fiber – epoxy interface. Measurement techniques for examining the interface and associated properties dominated by the interface are discussed.
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INTRODUCTION

Most functional materials found in both nature and society are composite materials. Composites are comprised of two or more distinct materials that are combined to form a new material with distinct properties. In most composites, the new material not only has combined properties from the individual components, but also has new properties not exhibited by any of the components. Composites are functional because they can be engineered to exhibit the best properties from each of the components. Further, the desirable properties of the major component (the matrix) is significantly enhanced with only a small addition of the minor component (the filler). The greater the interaction between the filler and the matrix, the greater the property enhancement.[1-3] Hence, the formation of a nanocomposite, where the length scale of the filler is less than 100 nm in at least one direction, will exhibit the greatest property enhancement with the smallest loading of filler.
There has been growing interest in cellulose nanomaterials (CNM) as functional materials and fillers since the turn of the century.[4-6] Cellulose is the most abundant biopolymer and is the major component in cell walls of all plants. It offers many desirable properties as a reinforcing filler in polymers. Cellulose is readily extracted from abundant, renewable sources. Cellulose constitutes 30 – 40% of wood, nearly 90% of cotton, and is even found in the exoskeleton of the sea cucumber. Cellulose is insoluble in most solvent, has low abrasion, and exhibits low shrinkage, making it a durable material. Cellulose is a lightweight material, especially compared to other fibrous fillers such as carbon, glass or steel. It is a stiff and strong material, especially relative to its density, so a lower mass might be needed than other materials for the same property enhancement. Cellulose can be processed into many different aspect ratios from several hundred for cellulose microfibers (CF), cellulose nanofibers (CNF) or tunicate nanocrystals (t-CNC) to 20 or less for sulfated wood nanocrystals (s-CNC). Depending on the morphology and dispersion of the cellulose, a variety of optical properties, such as bifringence and transparency can be achieved. Cellulose exhibits low gas permeability, making it a good barrier material. And pure cellulose is generally better than natural fibers containing cellulose, since the other materials in natural fibers have lower thermal stability, greater variability, higher aspect ratios, and lower crystallinity.
There are a number of challenges to successfully using cellulose as filler in polymeric materials.[6, 7] Most of these challenges arise from the strong hydrogen bonding and hydrophilic nature of cellulose. These properties are incompatible with most polymers, which are generally hydrophobic. Indeed, most successfully prepared cellulose – polymer nanocomposites are processed in water using hydrophilic polymers, such as polyvinyl alcohol or polyethylene oxide. Once dried, placed in a nonaqueous solvent, or mix with a polymer melt, cellulose aggregates and minimizes any property enhancements it might offer. Furthermore, cellulose, especially in the form of acid hydrolyzed nanocrystals, has a lower thermal stability than most polymers and readily absorbs water. Both of these properties leads to a deterioration of interfacial adhesion and a loss in desirable composite properties, such as mechanical strength or barrier properties.
To overcome these challenges, much research has been devoted to exploring the cellulose – cellulose and cellulose – polymer interface.[6, 8-10] Increasing interfacial adhesion often reduces cellulose aggregation and improves dispersion throughout the polymer. Well dispersed nanocellulose – polymer composites are often transparent. In addition, the improved stress transfer between polymer and filler greatly improves mechanical and viscoelestic properties. There are great number of ways that the interface can be improved, including surface modification and the use of surfactants or reactive additives. There are a number of good reviews on these methods for preparing nanocellulose – polymer composites,[4, 6, 11, 12] some of which are discussed later in this chapter.
There are a variety of ways to probe the interfacial adhesion between cellulose and polymer. Some bulk properties are directly correslated with filler – polymer adhesion, so interface quality can be probed by measurement of these bulk properties. Increased adhesion leads to better stress transfer, culminating in improvements in mechanical and viscoelastic properties. When there is good adhesion between a filler and a polymer, stress applied to the polymer is transferred to the filler, which absorbs some of the load. Fibrous and other rod-like fillers, including carbon, glass, sisal, and cellulose, generally are stiffer, stronger, and more brittle than the polymer matrix. As a result, good adhesion of these fillers with the polymer lead to composites that have higher modulus, higher strength, and reduced toughness over the pure polymer.[13] In some systems, especially in polymers that are brittle, formation of a percolation network can improve toughness. Some bulk properties are directly correlated with filler – polymer adhesion, so interface quality can be probed by measurement of these bulk properties. These include measurements in tensile, flexural, and toughness properties. Increases in tensile strength are the most often cited property examined. Computational analyses have shown that nanocomposite glass transition temperature (Tg) is largely controlled by the balance between interfacial adhesion energy between the filler and matrix and the average interparticle distance [14]. Agglomeration of cellulose often leads to larger average interparticle distances, which would reduce any increases in glass transition temperatures associated with strong particle – polymer adhesion. Tang an Weder used the percolation model of stres transfer to relate tensile storage moduli to volume fraction of cellulose participating in the stress transfer [15]. Other methods rely on vsualizing the interface when stress is applied.  For instance, atomic force microscopy (AFM) has been used to measure the pullout force of fibers or in tapping mode to measure the deformation force and interphase distance moving across a polymer – filler – polymer interface.[16, 17] There are several methods for tracking the interfacial shear stress in single fiber composites. Pull-out, microbond, fragmentation, and indentation tests can be used to monitor the interfacial shear strength.[18] Of these, the single fiber fragmentation test is generally considered the most reliable and is typically monitored using polarized microscopy. And, the use of mechanophores have been used recently to track stress transfer and debonding in single strand glass fiber epoxy composites.[19]  Finally, specifically for cellulose – polymer composites, Rusli and Eichhorn reported a method to track mechanical deformations of cellulose wihin a composite using Raman spectroscopy.[20]  A theoretical model was used to provide a quantitative measure of the quality of interfacial adhesion between cellulose and polymer.
In this chapter, we briefly review cellulose nanocrystal modifications used to improve interfacial adhesion in aromatic polymer composites. We also report results using a cellulose nanomaterials (CNM) modification proceess developed in our laboratory to improve dispersion in polymer composites [7]. 


METHODS[footnoteRef:2] [2:  The policy of NIST is to use metric units of measurement in all its publications, and to provide statements of uncertainty for all original measurements.  In this document however, data from organizations outside NIST are shown, which may include measurements in non-metric units or measurements without uncertainty statements.] 


Materials. Methyl(triphenyl)phosphonium bromide (MePh3PBr) was obtained from Alfa Aesar; sodium hydroxide (NaOH, 98.5%) was obtained from Acros Organics; and hydrochloric acid (HCl, ACS Plus grade) was obtained from Fisher Scientific.  Diglycidyl ether of bisphenol A (DGEBA, %) and poly(propylether)diamine (JA230, 230 g/mol) were obtained from Sigma Aldrich. Polystyrene (PS, 210,000 g/mol, melt flow index 7 g/10min at 200 °C) was obtained from Scientific Polymer.  All polymers were dried for 1 hr at 90°C in a convection oven prior to use. De-ionized water (> 18.2 M) was collected from a ELGA LabWater PURELAB flex 2-stage water purification system.  Cellulose nanocrystals (NaCNC) in solution form and as a freeze-dried product were obtained from the University of Maine. These were prepared using sulfuric acid, neutralized to the sodium form, and contained 0.95% mass fraction sulfur on a dry basis.  The nanocrystals had an average diameter of 6 nm and average length of 130 nm [21].  The received NaCNC solutions were diluted from 6.2 wt% mass fraction to 2.1% mass fraction using de-ionized water and the freeze-dried powder, which was dried from a solution containing a 9% mass fraction t-butanol, was used as received.  Cellulose nanofibrils (NaCNF) were provided by the Forest Products Laboratory using maleic acid hydrolysis. Dowex 50W-X2, 50 – 100 mesh, H+ form cation exchange resin was obtained from Sigma Aldrich.  The resin was washed sequentially in 1 M HCl, deionized water, 1 M NaOH, and deionized water to remove metal impurities and convert the resin to Na+ form.  
Ion exchange of cellulose nanomaterials.  Cellulose nanomaterials (CNM) were modified using an ion exchange process. H+ or Na+ form cation exchange resin was loaded into a glass chromatography column.  The column was connected to a peristaltic pump and charged at a rate of 140 mL/h with a 0.1 M surfactant (ionic liquid) solution until the eluent contained no more H+ or Na+.  It was then rinsed with deionized water until the eluent contained no more surfactant molecules.  Na-CNC were diluted with deionized water to 4 mass-% and fed through the column at the same rate.   Na-CNF were fed as 1.1 mass-% solutions at the same rate. The level of exchange in the sodium cellulose was monitored in 25 mL aliquots. Portions of the collected samples were flash frozen in liquid nitrogen and freeze-dried for 2 – 3 days using a Labconco FreeZone lyophilizer.  The cellulose content was determined gravimetrically from the freeze dried samples. The H+ content was measured using a pH electrode connected to a VersaStar multimeter.  The Na and P content of the solutions were determined using an Agilent 5100 ICP-OES with Vertical Dual View configuration.  All cation concentrations were measured with an uncertainty of  = ±0.3 mM.  
Fluorescent Labeling. Dispersion and water diffusion in epoxy composites were monitored using a water sensitive fluorescent dye. 
Composite Processing. PS composites were prepared by extrusion in a DSM Xplore 15 mL melt mixer. Epoxy composites were prepared using a high speed centrifugal mixer (THINKY ARM-310 or Flack-Tek DAC 150 SP). 


RESULTS AND DISCUSSION

Cellulose Characterization. The number of charged groups on the source CNM were determined using potentiometric titration and the counterions were determined using ICP-OES. Sodium cations, phosphonium cations, and total number of exchangeable sulfate half esters were measured using wavelengths at 589.592 nm (axial), 214.914 nm (radial), and 181.972 (radial), respectively. Thermal stabilities were determined by TGA under nitrogen. These surface properties of CNM source materials and modifications are listed in Table 1.
Table 1. Characterization of Cellulose Nanomaterials
	
	[Na+], mM
	[M+], mM
	[X-], mM
	T0.05,° C
	Tpeak, °C
	BET, m2/g

	NaCNC
	14.5
	---
	14.5
	294
	317
	2.9

	MePh3PCNC
	1.4
	6.3
	7.6
	291
	337
	3.0

	NaCNF
	
	
	
	273
	358
	

	MePh3PCNF
	0.7
	6.4
	
	233
	367
	



The exchange of Na+ is typically not complete. The more hydrophobic cations have lower affinity for the resin, generating a gradient along the column sooner than most inorganic cations. For most applications, 100% exchange is not necessary, and the high exchange ratios generated here are sufficient for improving the interface with nonaqueous solvents and polymers.
For CNC, substitution of Na+ with organic cations generally leads to higher thermal stabilities, with the most hydrophobic cations producing CNC with the highest thermal stabilities. For CNF, substitution leads to a 2-stage decomposition, where the first step is lower than that of Na-CNF, and the second step is higher. 
Polystyrene Composites. The intermolecular forces between cellulose, particularly NaCNC, and polystyrene are quite different. The surface energy of cellulose is dominated by dispersion forces, especially when interacting with small molecules. These forces are from the pyranose ring structure, and are aliphatic in nature. In addition, there are strong hydrogen bonding forces due to the three hydroxyls per glucose molecule and electrostatic interactions from the sulfate half esters. Polystryene, on the other hand, is dominated by nonpolar, aromatic interactions. The aromatic structure does allow for some hydrogen bond acceptor and cation –  characteristics, though they are rather weak. As a result, unmodified cellulose aggregates extensively when blended with polystyrene. In addition, the lower thermal stability of the ionic forms of cellulose lead to degradation during melt extrusion processing.
The interfacial adhesion and dispersion of cellulose has been improved by either the addition of a surfactant or chemical grafting onto the cellulose surface. Rojas et al. added sorbitan monosterate to cellulose to reduce cellulose agglomeration and PS composite beading during electrospinning [22]. However, high levels of surfactant were needed, totally an equal mass to that of the cellulose added, and beading was still evident in most samples. Lin and Dufresne used PEO to improve cellulose dispersion, examining both physisorbed and chemically grafted PEG chains to the cellulose [23]. The covalent attachment of PEG did increase the thermal stability and hydrobocity of the cellulose. Extruding the grafted cellulose with polystyrene produced composites with greater light transmittance, storage modulus, and water vapor barrier properties. However, the light transmittance improvement was minimal, the aggregation was visually evident without magnification, the cellulose darkened in color, and there was no significant difference in glass transition. So, the composites still did not exhibit strong interfacial adhesion. Yin, et al. modified carboxylated cellulose nanocrystals using a partial ion exchange procedure, replacing most of the Na+ counterions with benzyltrimethylammonium, stearyltrimethylammonium, or diallyldimethylammonium ions [24]. They prepared PS composites by solvent casting in THF. Thermal stability, glass transition temperatures, Young’s modulus, breaking strength, and elongation at break all improved with the modifications. The improvements indicate less agglomeration, better dispersion, and stronger interfacial adhesion. 
Our process is more robust because we use an ion exchange column and can both control the exchange efficiency and eliminate the need to isolate the modified crystals. We found that the MePh3P+ ion increased the thermal stability and compatibility of the cellulose, allowing for the melt blending of cellulose and PS. The effects of the extrusion and compression molding processes on the composites is shown in Figure 1.
[image: ]
Figure 1. Extruded and pressed CNC-PS composites.

Epoxy Composites. Most common epoxy composites in use are two-component epoxies, consisting of a polyepoxide molecule (epoxy resin) and a curing agent (or hardener). The monomers can have a wide range of characteristics, from aliphatic to aromatic to hydrophilic. One of the most prevelant epoxy systems is the diglycidyl ether of bisphenol A (DGEBA) epoxy resin with a diamine curing agent. Many of these curing agents have the polyethylene oxide structure, rendering them somewhat hydrophilic. This feature has generated interest in blending cellulose nanomaterials with epoxy composites.
Most studies to date have used unmodified NaCNC with different processing techniques to improve dispersion. The most common method to incorporate cellulose nanocrystals into epoxy is by adding them to a more hydrophilic diamine curing agent with the aid of a solvent to form a well dispersed network in an emulsion or a gel [15, 25] The epoxy resin is then added and the solvent is removed under vacuum. The cured epoxy composite often exhibits good dispersion of the cellulose with increased stiffness. The glass transition of the composites typically decreased with NaCNC content, illustrating agglomeration and weak interfacial adhesion with the epoxy. Eichhorn, et al. used Raman spectroscopy to show that higher aspect crystals have better adhesion and stress transfer in epoxies than shorter crystals [20]. Youngblood et al. demonstrated that adhesion could be improved, especially at lower loading levels, by choosing the appropriate curing agent [25]. The stronger adhesion appears to be related to the presence of unreacted primary amines or secondary amines [15, 25]. One of the challenges this approach has is that there is often solvent present, limiting cellulose – polymer interfacial adhesion and reducing the property enhancement benefits. 
To improve on the adhesion between the cellulose and epoxy, surfactants [26] and cellulose surface modifications [27-30] have been used. The use of triblock poly(ethylene oxide) – poly(propylene oxide) nonionic surfactants reduced aggregation and moisture absorption of the NaCNC, but did not significantly improve adhesion with the epoxy matrix. As a result, only tensile modulus increased, with glass transition temperatures, tensile strength, and tensile strain all decreasing.  Esterification using anhydrides has been successfully employed to reduce aggregation, increase matrix adhesion, and enhance mechanical properties.[27-29] Some of the modifications even increased toughness while improving strength, which is a remarkable achievement. However, there are indications that residual solvent and alkyl chain mobility diminishes the reinforcing effects of the cellulose and the added processing required to modify the crystals reduces the cost effectiveness of using cellulose reinforcements.
Ion exchanged CNM greatly improves the processability of the composites and maintains the ability to form interdigitated cellulose networks. CNM can be blended with one of the epoxy components using a high speed mixer without the use of solvent or additives. As shown in Figure 3, NaCNC aggregates in the composites and degrades when dried at 105 °C for 24 h. The CNC modified with MePh3P+ are well dispersed and do not darken when held at elevated tmperatures. As a result, the MePh3PCNC containing epoxies absorb 33 mass-% less water, are stiffer, and have higher tensile strengths than NaCNC containing ones [7]. The driving force appears to be due to significant reductions in cellulose – cellulose interactions, rather than increased cellulose – epoxy adhesion. As shown in Figure 4, the improvements in dispersion are evident at all length scales. The average CNM particle size is 2 orders of magnitude smaller in area and are more needle-like in structure, increasing the aspect ratio of the particles. The modification procedure can also be used with larger aspect ratio CNM, such as the CNF produced from maleic acid hydrolysis, which shows the versatility of this process.
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Figure 3. Epoxy composites exposed to water for 30 days and dried in a convection oven at 105 °C for 24 h containing (a) no cellulose, (b) 1 mass-% NaCNC, (c) 1 mass-% MePh3PCNC, (d) 5 mass-% NaCNC, and (e) 5 mass-% MePh3PCNC.

Figure 4. (a) Photograph, (b) optical microscope, (c) and scanning electron microscope images of CNM – epoxy composites using a high speed mixing technique. Top row contains 1% NaCNC, middle row contains 1% MePh3PCNC, and bottom row contains 1% MePh3PCNF.

One of the potential applications of using cellulose – epoxy nanocomposites is in lightweighting the composites. This extends to fiber reinforced plastics (FRP), especially if some of the traditional glass fiber or basalt fibers can be removed by the addition of cellulose. In an extended study, Kyriaki et al. has found that NaCNC can increase the fiber – epoxy adhesion in glass fiber filled epoxy using a sheet molding compounding (SMC) technique [31-33]. The NaCNC could be introduced by either adding directly to the hardener [31] or coating the glass surface by solution immersion [32]. In both cases, higher modulus, strength, and strain in both the tensile and flexural configurations were increased by the addition of NaCNC, with the maximum benefits occurring around 1 – 1.5 wt% loading. The tensile and flexural properties of composites containing 35 mass-% glass fibers could be replicated by replacing using 25 mass-% glass fiber plus 1 – 1.5 mass-% NaCNC, resulting in a 7.5 mass-% reduction in the composite [33].
To further explore the cellulose – glass fiber interface in epoxy systems, our group has been exploring single strand glass fiber epoxy systems using fluorescently labeled epoxy resin to monitor mechanical stress and water migration.



CONCLUSIONS

The interface between cellulose nanocrystals and the polymer matrix is key to many of the composite properties. Improvements in adhesion lead to improved dispersion and enhanced glass transition temperatures, strength, and in some cases toughness. In this chapter we reported on the use of methyl(triphenyl)phosphonium cation exchanged cellulose nanomaterials to improve the interfacial properties between cellulose and aromatic polymers. In composites containing MePh3P+ exchanged CNM, there were fewer aggregates, which were also smaller in size, less water absorbed, and no observed degradation as compared to the neutral form, NaCNC. 
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