

  fibers-06-00022




fibers-06-00022







Fibers 2018, 6(2), 22; doi:10.3390/fib6020022




Article



Facile Synthesis of Highly Hydrophobic Cellulose Nanoparticles through Post-Esterification Microfluidization



Chunxiang Lin 1,2, Qianli Ma 2, Qiaoquan Su 1, Huiyang Bian 2[image: Orcid] and J. Y. Zhu 2,*





1



College of Environment & Resources, Fuzhou University, Fuzhou 350108, China






2



Forest Products Laboratory, U.S. Forest Service, U.S. Department of Agriculture, Madison, WI 53726, USA









*



Correspondence: jzhu@fs.fed.us; Tel.: +1-608-231-9520







Received: 15 December 2017 / Accepted: 23 February 2018 / Published: 9 April 2018



Abstract

:

A post-esterification with a high degree of substitution (hDS) mechanical treatment (Pe(hDS)M) approach was used for the production of highly hydrophobic cellulose nanoparticles (CNPs). The process has the advantages of substantially reducing the mechanical energy input for the production of CNPs and avoiding CNP aggregation through drying or solvent exchange. A conventional esterification reaction was carried out using a mixture of acetic anhydride, acetic acid, and concentrated sulfuric acid, but at temperatures of 60–85 °C. The successful hDS esterification of bleached eucalyptus kraft pulp fibers was confirmed by a variety of techniques, such as Fourier transform infrared (FTIR), solid state 13C NMR, X-ray photoelectron spectroscopy (XPS), elemental analyses, and X-ray diffraction (XRD). The CNP morphology and size were examined by atomic force microscopy (AFM) as well as dynamic light scattering. The hydrophobicity of the PeM-CNP was confirmed by the redispersion of freeze-dried CNPs into organic solvents and water contact-angle measurements. Finally, the partial conversion of cellulose I to cellulose II through esterification improved PeM-CNP thermal stability.
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1. Introduction


Cellulose nanomaterials (CNM), including cellulose nanocrystals (CNCs), nanofibrils (CNFs), and nanoparticles (CNPs) have attracted great interest recently for their potential applications in composites, packaging, electronics [1,2], and biomedicine [3,4]. CNPs with a low aspect ratio of close to 1 (here referred to as spherical CNPs) have attracted great interest, because they tend to be more stable than large aspect ratio cellulose nanomaterials such as CNFs and CNCs in solvent dispersions [5]. Currently, spherical CNPs are produced by acid hydrolysis [5,6], solvent method [3], enzymatic and mechanical treatment [7], and time-consuming chemical synthesis [8].



Introducing carboxylate groups into cellulose has many advantages in terms of functionalizing cellulose, facilitating mechanical fibrillation to produce cellulose nanomaterials, and increasing the stability of the resulting colloidal suspension in order to prevent aggregation [7]. It can also improve the cellulose hydrophobicity through carboxymethylation. The strong hydrogen bonding and moisture sensitivity due to the presence of a large amount of hydroxyl group on the cellulose surface results in aggregation, which causes difficulties in dispersion into a hydrophobic medium. Hydrophobic CNPs can find applications in waterproof barrier coatings for packaging materials. These particles can also be infused into wood lumens to create highly hydrophobic wood surfaces that protect wood structures from water damage without chemical treatments. Among the approaches to modify the hydrophilic property of cellulose, such as physical treatments (e.g., using plasma [9], the adsorption of cationic surfactants [10,11]) or chemical modification (e.g., silylation [12], grafting [13], esterification [14,15,16], and oxidation [1]), esterification, or carboxymethylation is often favored for its simplicity [17].



Most of the existing literature on producing hydrophobic CNM focuses on CNFs, not on CNPs. These studies use the common approach to directly esterify CNFs [18,19,20,21,22,23,24]. This requires drying CNFs and/or involves tedious solvent exchange processes to remove water from CNFs before esterification to achieve a high degree of substitution (DS). Unfortunately, drying CNF can cause fibril aggregation and difficulties in redispersion. Solvent exchange is not preferred due to environmental concerns. To avoid drying CNFs, the SolReact process [25] used carboxylic acid as a solvent, as well as a reactant, in order for it to be covalently attached on the surface of CNFs. In situ solvent exchange by water evaporation drove the esterification reaction without drying the CNFs. However, low DS values of 0.5 and 0.3 were achieved when using phenylacetic and hydrocinnamic acids, respectively. Ionic liquid was used to achieve one-pot production of hydrophobic CNFs directly from fibers, and resulted in a DS value of 0.36 with good degree of surface substitution (DSS) of 1.33 [26]. However, the economic recycling of ionic liquid needs to be addressed.



Here, we focused on producing hydrophobic CNPs by first esterifying cellulose fibers at high DS, followed by mechanical treatment, or the post-esterification (with high DS) mechanical treatment (Pe(hDS)M) approach. The Pe(hDS)M approach has at least two advantages. (1) It can avoid drying CNP and using solvents, yet it produces very high hydrophobic CNPs; and (2) esterification reaction can substantially reduce energy cost in PeM (post-esterification mechanical treatment) compared with the direct mechanical milling of cellulosic fibers, as will be discussed later. A simple PeM approach has been attempted using the Fischer–Speier esterification of hydroxyl groups, but this approach was not focused on producing highly hydrophobic CNPs. Rather, it was a chemical pretreatment step with a low DS of approximately 0.02–0.5, in order to reduce the energy in producing CNFs through subsequent mechanical fibrillation, or for producing esterified or carboxylated CNCs when using carboxylic acids or carboxylic anhydrides [7,27,28,29,30,31]. The key to achieving highly hydrophobic CNPs using PeM is to achieve a high DS in the esterification of fibers.



We applied the mature “acetic acid process” [32], i.e., acetic anhydride with sulfuric acid as the catalyst, for its low cost and high productivity, in order to produce CNPs through Pe(hDS)M of bleached wood fibers. The sulfuric acid acted as not only the catalyst for esterification, it was also the source of the hydronium ions that penetrated the cellulose and promoted the hydrolytic cleavage of the glycosidic bonds in order to facilitate CNP production. A higher temperature or severity in esterification was also employed than those used in the conventional acetic acid process in order to substantially open the fiber structure and minimize the mechanical energy input in producing CNPs. A DS of approximately two was achieved, which resulted in highly hydrophobic CNPs.




2. Materials and Methods


2.1. Materials and Chemicals


A dry lap bleached eucalyptus kraft pulp (BEP) obtained from Aracruz Cellulose (Brazil) was used as the starting cellulose material. BEP was first soaked in water overnight and disintegrated for 5000 revolutions at 312 rpm and 5% consistency at room temperature (Model 73-06-01, TMI, Ronkonkoma, New York, NY, USA). The pulp was then vacuum dewatered and air dried to approximately 5% moisture content. The resultant pulp fibers were stored in plastic bags for later use.



Concentrated sulfuric acid (98%), acetic anhydride (Ac2O), acetic acid (HAc), chloroform, acetone, and alcohol were purchased from Sigma-Aldrich (St. Louis, MO).




2.2. Synthesis of Esterified Cellulose Nanomaterials


Fiber esterification was conducted according to the schematic diagram shown in Figure 1 in a range of conditions, as listed in Table 1. Each mixture of 5 g in oven dry (OD) weight BEP with Ac2O (50–100 mL), with or without HAc (50–0 mL), and concentrated sulfuric acid (0.3–1.5 mL), was placed in a 250-mL three-necked flask that was fitted with a reflux condenser and heated in an oil bath to 60–85 °C under stirring for 1–2 h. When only Ac2O was used for acetylation without HAc, the amount of Ac2O was 100 mL, in order to maintain a constant solid-to-liquid ratio of approximately 1:20 (g BEP mL−1 solution). At the end of each reaction, the flask was removed from the oil bath, and cooled to room temperature. The mixture was then poured into a beaker containing ethanol, and stirred for several minutes. After centrifugation and washing with water three to five times at room temperature to remove unreacted reactants and byproducts, the solids at approximately 1% consistency were mechanically treated using a microfluidizer (M-110EH, Microfluidics Corp., Westwood, MA) at an operating pressure of 120 MPa for three passes through two chambers in a series with diameters of 200 μm and 87 μm (Figure 1), respectively. Compared with the 40 passes that are required through the same microfluidizer to produce nanometer-sized cellulosic fibrils using the same BEP fibers but without chemical treatment [33], this represents a substantial mechanical energy savings, although the actual energy consumption was not measured. This is because esterification substantially eroded the fibers, as shown in Figure 2 later. An aliquot of each acetylated CNP by microfluidization was dialyzed for a week until the pH of the dialysis water no longer changed. The CNPs were then freeze-dried at −50 °C for 72 h, and denoted as PeM-CNP.




2.3. Determination of the Degree of Substitution


The DS of each PeM-CNP or BEP was determined through titration by the complete basic hydrolysis of the ester linkages and titrating excess alkali, according to a literature method with minor modifications [34]. An accurately weighed 0.5 g (OD) sample (with either BEP as control or PeF-CNP) was added to 25 mL of 75% (v/v) ethanol solution. The suspension was then stirred in a water bath at 50 °C for 30 min to promote swelling. A 20-mL NaOH solution of 0.5 mol·L−1 was accurately measured and added into the suspension. The mixture was stirred at 50 °C for 30 min, and then cooled to room temperature and continuously stirred for 24 h. The excess alkali in the solution was titrated using a 0.5 mol·L−1 HCl solution with phenolphthalein as the indicator.



Acetyl content (wt %) was calculated as:


   A    (  wt   %  )  =  [   (   V n  −  V 0   )  × C × 43 ×   10   − 3   × 100  ]  / m   



(1)




where V0 = volume (mL) of HCl used to titrate blank, Vn = volume (mL) of HCl consumed in titration, C = HCl molar concentration, m = sample OD mass (g), and 43 = molecular weight of acetyl group, i.e., CO–CH3.



The DS was calculated from the determined acetyl content (%A) as:


   D S = 162 × A /  [  43 × 100 −  (  43 − 1 ) × A  )   ]    



(2)




where 162 = molecular weight of the anhydroglucose (glucan) unit (AGU), 1 = the molecular weight of hydrogen.




2.4. Chemical Structural Analysis


The Fourier transform infrared (FTIR) spectra of the original BEP and esterified wood fibers were obtained using a commercial Fourier transform infrared spectrometer (FTIR) (Spectrum Two, PerkinElmer, UK) with a universal attenuated total reflection (ATR) probe. All of the spectra were recorded in a wave number range of 400–4000 cm−1. Spectra were recorded at least twice for each sample in order to ensure reproducibility.



The solid-state 13C-NMR spectra of the BEP and PeM-CNP samples were recorded at room temperature with a Bruker AVANCE III 400 solid state spectrometer.



The crystallinities of BEP and PeM-CNP were evaluated by X-ray diffraction (XRD, MinFlex600, Cu K, l ¼ 0.15418 nm). Scans were performed from 5° to 60°.



Elemental analyses (EA) of BEP and PeM-CNP samples were carried out by a Vario EL Cube elemental analyzer. The weight percentages of C, H, and O in BEP and PeM-CNPs were measured. The collected data were used to determine the DS of the CNPs as:


   D  S  C N P   =    C  A G U   − C ·  M  A G U     C ·  (   M  C A   − 1  )  −  C  C A       



(3)




where CAGU = 72 g·mol−1 per AGU is the carbon mass in one AGU; C is the measured carbon content (wt %) in the sample; MAGU = 162 g·mol−1; CCA = 24 g·mol−1 is the carbon mass in one acetyl group; and MCA is the molecular weight of the acetyl group (43 g·mol−1).



The surface compositions of the esterified cellulosic materials were evaluated by X-ray photoelectron spectra (XPS, Thermo Scientific ESCALAB 250). In these measurements, the C–C/C–H component of the C1s peak was adjusted to 286.4 eV. The degrees of surface substitution (DSS) were determined as [35]:


   DSS =   − C 4 ×  M  A G U     C 4 ×  M  C A   −  M C      



(4)




where C4 is the percentage of the signal attributed to O–C=O moieties, and MC = 12 g·mol−1 is the atomic mass of carbon.



Thermogravimetric analyses (TGA) of the original BEP and PeM-CNP samples were carried out on a thermogravimetric analyzer (Pyris 1, PerkinElmer, Inc., Waltham, MA). Approximately 5-g samples were heated from ambient to 600 °C under a stream of high purity nitrogen of 20 mL∙min−1 using a heating rate of 10 °C∙min−1.




2.5. Morphology Analyses


Electron microscopic imaging of cellulosic samples was carried out using an environmental scanning electron microscope (ESEM, Leo EVO 40, Carl Zeiss NTS, Peabody, MA, USA) and a field-emission scanning electron microscope (FE-SEM, Nova NanoSEM 230, FEI Company, ThermoFisher, Hillsboro, OR, USA). All of the samples were sputter-coated with gold in order to provide adequate conductivity for SEM analyses. Images were taken at an accelerating voltage of 5~7 kV. Micrographs were recorded at 1000~100,000 magnification in order to ensure clear images. The esterified fiber samples were also examined by transmission electron microscopy (TEM TECNAI G2F20, FEI Company, ThermoFisher, Hillsboro, OR, USA).



The morphologies of the PeM-CNP samples were also analyzed by atomic force microscopy (AFM) (CS-3230, AFM workshop, Signal Hill, CA, USA). Samples were diluted to solids consistency of 0.01 wt % and deposited on a clean mica substrate, and then air-dried overnight at room temperature. A silicon cantilever with tip radius of curvature of approximately 10 nm was used to probe samples in vibrating tapping mode at 160–225 kHz.



The size distribution of PeM-CNP was characterized using dynamic light scattering (DLS) (NanoBrook Omni, Brookhaven Instruments, Holtsville, NY, USA). The PeM-CNP suspension was diluted to 0.5 g·L−1 before analyses. The reported results were from triplicate tests, with each test having five runs.




2.6. Water Contact Angle Measurements


The dried PeM-CNP samples prepared with solvent acetic acid (HAc) (S10T80t1, S07T85t1, S05T80t2) were made into pellets. Samples prepared without HAc (N10T80t1, N10T60t2, N06T85t1) were made into handsheets in a laboratory sheet former, according to the TAPPI standard method (T 205 sp-02). The contact angles of sessile drops of deionized water (DI) (approximately 5~8 μL) on the surface of CNP pellets or handsheets were measured using a contact angle analyzer (Attention Theta, Biolin Scientific, Inc. Stockholm, Sweden). Images were taken for 30 s after a drop impacted on a surface. Curve fitting and data analysis were performed using the One Attension software provided with the instrument. Each reported value is the average of at least triplicate measurements.





3. Results


3.1. Effect of Esterification Condition on Fiber DS and Morphology


For the range of esterification conditions, the DS of esterified fibers varied from 0.1 without sulfuric acid, to 2.2 at the highest sulfuric acid application of 1% (v/v), as listed in Table 1. To facilitate discussion, the esterification conditions were labeled as S(or N)xxTyytz, with S and N representing with 50% and without acetic acid substitution, respectively, xx representing sulfuric acid loading in mL per 1000 mL, Tyy representing the reaction temperature in yy degree C, and tz representing the reaction time in z hours. The results suggested that a catalyst (sulfuric acid) concentration was a dominant factor affecting fiber DS compared with reaction time and temperature. The results also indicated that solvent HAc had a positive influence on the DS. The presence of HAc could activate cellulose and accelerate cellulose esterification by Ac2O.



The reaction condition or severity also affected the morphology of the esterified fibers. Under a high DS, cellulosic fibers (Figure 2a,b) were mostly degraded into microparticles with the application of HAc (Figure 2c,e,g). The application of HAc enhanced acid hydrolysis (comparing Figure 2c,d, and Figure 2e,f). The fibers generally retained their fiber shape without HAc (except at T = 85 °C, Figure 2h), but were substantially eroded (Figure 2d,f, approximately the same scale as Figure 2a). However, detailed examinations by TEM (insert images in Figure 2c,d) showed that the microstructures of the cellulose fragments were not different with or without HAc. The reaction temperature and time also affected fiber morphology (comparing Figure 2d,f). As the esterification reaction proceeded, the cellulosic fibers became bulky [24], and also more porous, which accelerated esterification and turned porous fibers into small fragments. Under the same solvent system, the degree of destruction of the cellulosic fibers was correlated to the DS, as demonstrated by S10T80t1 (Figure 2c), S07T85t1 (Figure 2e), and S05T80t2 (Figure 2g), which is in agreement with the literature [36].




3.2. Morphologies and Chemical Structures of PeM-CNPs


The substantial fragmentation and erosion of cellulosic fibers by esterification resulted in nanoparticles after PeM using a microfluidizer for only three passes (Figure 3, Figure S1). These CNPs appear circular, with a size ranging from approximately 50 nm to 150 nm, depending on the extent of esterification. A lower severity of esterification produced larger particles. AFM images verified the role of sulfuric acid in producing CNPs. Large fragments of cellulosic fibers were apparent, with a low acid concentration (Figure 3c). Nanofibrils could be seen for the sample through esterification without acetic acid at a low severity, N10T80t1. This indicated that the production of highly hydrophobic cellulose nanofibrils may also be possible by using a lower temperature and shorter reaction time than those used in the present study.



Dynamic light scattering (DLS) measurements of sizes of PeM-CNP in aqueous suspensions were between 260–780 nm (Table 2). Furthermore, DLS CNP sizes correlated to the DS (Table 1) for a given solvent system.



Fourier transform infrared (FTIR) spectroscopy, 13C NMR, and XRD were used to study the changes in cellulose chemical structure through esterification. FTIR clearly showed the chemical structural differences between PeM-CNPs and BEP (Figure 4a). Except for CNP-S0T60t2, the prominent changes were the disappearance of the absorbance peak at 3335 cm−1, and the appearance of the new strong peak at 1736 cm−1 in all of the CNP samples, which was attributed to the substitution of the hydroxyl group (-OH) by the ester (-COO-) group. The strong intensity of the carbonyl peak at 1736 cm−1 demonstrated the high DS in these CNPs. In addition, the appearances of signals related to the acetyl structure at 2970 cm−1 (–CH stretching), 1368 cm−1 (-CH bending), 1220 cm−1 and 1040 cm−1 (C-O stretching), and the decreased peak at 1640 cm−1 (hydroxyl bending), were also prominent. It was also interesting to note that the intramolecular and the intermolecular hydrogen bonds in BEP, as represented by the combined broad peak at 3335 cm−1, were greatly reduced and shifted to a higher wavenumber (3670 cm−1) after esterification. This can be ascribed to the conversion of cellulose I to cellulose II [37,38]. CNP-S0T60t2 has a very low DS of 0.1, due to lack of catalyst in the esterification reaction, which resulted in minor changes in its FTIR spectrum, such as a weak peak at 1736 cm−1, and the strong peak at 3335 cm−1 remained.



Solid state 13C NMR spectrum of the BEP sample (Figure 4b) showed the chemical shift assigned to C1 (105 ppm), C4cryst (89 ppm), C4disordered (84 pm), C2/C3/C5 (70~80 ppm), C6cryst (65 ppm), and C6disordered (63 ppm) [26,39]. The spectrum revealed that the BEP was principally arranged in cellulose I form with high crystallinity, as proved by the high peak ratio of C4cryst/C4disordered [14,40]. After esterification, new peaks appeared in the CNP spectrum (Figure 4b) at 170 ppm and 21 ppm, which were assigned to C=O and –CH3 of acetyl ester, respectively, which indicated the occurrence of esterification reaction. Esterification reduced cellulose crystallinity, as can be seen from the sharp decrease in the intensity of the chemical shifts at 89 ppm for crystalline C4, and 65 ppm for crystalline C6, in the CNP spectrum (Figure 4b). This was accompanied by the more obvious and sharp signal at 63 ppm, which we assigned as C6 disordered components of cellulose II [41]. The split and broad peak of C6 in the CNP spectrum could be attributed to the replacement of the hydroxyl group by a corresponding ester [42]. In addition, the C2, C3, and C5 atom carbons of the CNPs also displayed evolution, as illustrated by a single peak at 73 ppm, instead of the split signal seen in BEP. This is in agreement with the chemical shift observed from the ester modified hydroxyls [24]. The results discussed above suggest the partial conversion of cellulose I to II after esterification.



XRD analyses further verified the change in the crystalline structure through esterification. The BEP diffractogram (Figure 4c) showed three 2θ peaks at approximately 16.4°, 22.5°, and 34.0° (contributing to the 101 plane, 002 plane, and 040 plane) of cellulose I. CNP-N10T60t2 from reaction without acetic acid displayed additional peaks at 8.4°, 10.6°, and 13.3° in addition to the similar cellulose I peaks at much lower intensities. These new peaks at 2θ below 14° belonged to the additional side chain crystalline arrangements of the acetyl groups. The reduction in crystallinity compared with that of BEP resulted from the introduction of the acetyl groups by breaking the intermolecular and intramolecular hydrogen bonds of the cellulose. The acetyl groups had a greater size than the hydroxyl groups. With the application of acetic acid, two new peaks at 2θ of 17.3 and 21.4 were obvious from the spectrum of CNP-S07T85t1 (Figure 4c), which were from cellulose II allomorphic crystallographic planes [41,43,44]. Meanwhile, cellulose I peaks were also observed. It showed that the PeM-CNP samples were a mixture of cellulose I and cellulose II. Part of the PeM-CNP segments retained their cellulose I identity, whereas other segments were converted to cellulose II that is a more thermodynamically stable allomorph [45]. The XRD results indicated that esterification with acetic acid resulted in changes of the crystalline structure from native cellulose I to cellulose II.




3.3. Degree of Substitution of PeM-CNP


The DS of PeM-CNP was obtained through elemental analysis (EA) using Equation (3). The results showed (Table 3) that the experimental mass fraction of carbon and oxygen in BEP was 43.61% and 50.16%, respectively. These fractions gave an O/C ratio of 1.15, which was slightly higher than the anhydroglucose theoretical value of 1.11, due to the presence of xylan in the BEP. Compared with BEP, PeM-CNP showed increased carbon content due to esterification. The calculated DSCNP values (Equation (3)) were close to the corresponding values of the esterified BEP before microfluidization, as obtained by titration method listed in Table 1.



Since the degree of surface substitution (DSS) was more directly related to the CNP surface hydrophobicities, XPS was used to determine the DSS of the PeM-CNPs, according to Equation (4). Both the BEP and PeM-CNP samples exhibited two principal peaks around 533 eV and 286 eV in the full spectra, as shown in Figure 5a, corresponding to oxygen and carbon, respectively. The surface atomic concentrations of the samples were calculated as listed in Table 4. As expected, the O/C ratios of the PeM-CNP samples were decreased compared with that of the original BEP, which was mainly due to the introduction of the acetyl group through esterification.



The deconvolution of the C1s’ high-resolution signal highlighted the differences between the BEP and PeM-CNP samples (Figure 5b–d). Theoretically, pure cellulose exhibits two peaks related to C–O (alcohols and ethers) and O–C–O (acetyl) moieties [46]. In practice, the high-resolution carbon spectra are usually resolved into four component peaks, which are categorized by the number of C–O bonds: C1 has no oxygen bonds (C–C/C–H, non-oxidized alkane-type carbons), C2 has one oxygen bond (C–O), C3 has two oxygen bonds (O–C–O and/or C=O, C of the b-1,4-glycosidic bonds in AGU units), and C4 has three oxygen bonds (O–C=O, ester groups) [47]. The signals of C1 and C4 in the BEP were contributed by non-oxidized alkane-type carbon atoms with impurities (such as lignin, fatty acids) and glucuronic acid from hemicelluloses, respectively. The C2 peak was attributed to the ether groups, the C–OH of the glucose ring, and the hydroxyl end of the cellulose chains. The C3 peak corresponded to the presence of acetyl groups, which was related to the C1 of the AGU unit. Since each AGU unit possessed only one C3 carbon, and there were no hydroxyl groups attached to this carbon atom, the content of C3 was not much changed after esterification (comparing Figure 4b–d). Therefore, the C1/C3 and C4/C3 ratios can be used to reflect the changes following esterification due to the introduction of the C–C (C1) and O–C=O (C4) groups from acetyl moieties. Table 4 summarizes the deconvoluted molar percent of the contributions of the C1 peaks, and the DSS of the PeM-CNP samples as determined from % C4 values (Equation (4)). The increased C1/C3 and C4/C3 ratios indicated the presence of acetyl groups. The determined DSS values (Table 4) were all higher than the values of their respective esterified cellulose sample measured by titrimetric analyses (Table 1), and higher than their respective DSCNP values from the same elemental analyses (Table 3). This indicates that the extent of fiber esterification was sufficient to result in a highly hydrophobic surface at the nanoparticle scale. Since the DSS was substantially lower than three, and because the DSS was higher than DSCNP, the CNP remained as acetylated cellulose with a lower DS in the inner core than on its surface.




3.4. Thermal and Interfacial Properties of PeM-CNP


Thermogravimetric analyses (TGA) of the PeM-CNP samples showed initial minor weight loss in BEP, which could be ascribed to water desorption (Figure S2a); however, the weight loss was not obvious for the two PeM-CNP samples, because they were more hydrophobic than BEP. The onset thermal degradation temperatures Tonset defined as dW/dT = −1 [29], maximal weight loss temperature, Tmax, and T95 defined at 5% weight loss, are summarized in Table 5. The decrease in the thermal stability of original cellulose after acid hydrolysis treatment was previously discussed, and was typical for sulfuric acid-hydrolyzed cellulose [48,49]. However, the PeM-CNP samples displayed much higher Tonset than the pristine unesterified CNC prepared using sulfuric hydrolysis [24,26,29]. The overall enhancement of the thermal stability performance of PeM-CNP samples was from the combination of the introduction of an acetyl group and the contribution of more thermally stable cellulose II components. The co-existence of cellulose I and II in PeM-CNP samples was also confirmed by the appearance of two different peaks (304.3 °C and 380.6 °C for S2, 304.8 °C and 382.7 °C for S3) in derivative thermograph (DTG) profiles (insert in Figure S2b).



The surface hydrophobicities of the PeM-CNP samples can be clearly seen from the shape of the water droplets on the PeM-CNP surface (Figure 6a,b). The static water contact angles (CA) were analyzed (Table 4 and Figure S3), and show excellent hydrophobicity. The time-dependent measurements indicated that the contact angles were fairly stable (Figure S4).



The esterification of cellulose resulted in a substantially improved redispersion of freeze-dried PeM-CNP in solvents, due to the replacement of the hydroxyl groups in cellulose by hydrophobic acetyl esters. The freeze-dried PeM-CNP-S05T80t2 (2 wt %) was redispersed in ethanol, acetone, and chloroform after storage under ambient conditions with sonication. As shown in Figure 6c, a clear and homogeneous solution was obtained in both acetone and chloroform, whereas a translucent homogeneous suspension was obtained in ethanol. CNP flocculation was clearly observed in water. The good redispersion of freeze-dried PeM-CNP in ethanol was also confirmed by the DLS-measured sizes of the samples. As listed in Table 2, the average DLS size of the freeze-dried samples in ethanol showed no substantial difference from the DLS size of the corresponding fresh (not dried) sample. However, a large size variation was observed between the redispersed freeze-dried CNM in water from the corresponding fresh sample.





4. Conclusions


We successfully prepared highly hydrophobic cellulose nanoparticles (CNPs) from bleached eucalyptus kraft pulp fibers through post-esterification mechanical treatment (PeM) with minimal mechanical energy input. A high degree of substitution of hydroxyl groups on the surface was achieved using a mixture of acetic anhydride, acetic acid, and sulfuric acid as catalysts, but at a higher temperature range—between 60–85 °C—than those used in a conventional acetic acid esterification process. Detailed morphological and chemical structural analyses of the resultant PeM-CNP were performed using various techniques. These characterizations revealed a PeM-CNP sample particle size of 50–150 nm, and a high hydrophobicity, with a high degree of surface substitution (DSS). The PeM-CNPs had high thermal stability, partly due to the partial transformation of cellulose I to cellulose II through esterification. The greatly enhanced hydrophobicity improved the redispersion of PeM-CNPs in organic solvents, and prohibited the formation of strong hydrogen bonding upon drying.
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The following are available online at http://www.mdpi.com/2079-6439/6/2/22/s1, Figure S1: AFM images of post esterification fibrillated (PeM) cellulose paticles (CNP). (a) CNM-S10T80t1; (b) CNM-S05T80t2; (c) CNM-N10T80t1; (d) CNM-N10T60t2. Figure S2: Thermal stability of BEP and PeM-CNP samples. (a) weight loss; (b) derivative weight loss. Figure S3: Water contact angle on surface of PeM-CNP pellets: (a) S10T80t1; (b) S07T85t1; (c) S05T80t2; (d) N10T80t1; (e) N10T60t2; (f) N06T85t1. Figure S4: Time-dependent water contact angle on PeM-CNP samples.
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Figure 1. Schematic experimental flow diagram for producing highly hydrophobic cellulose nanoparticles (CNPs). 
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Figure 2. Scanning electron microscope (SEM) or field-emission scanning electron microscope (FE-SEM) images of initial bleached eucalyptus kraft pulp (BEP) and esterified BEP fibers. (a) and (b) BEP; (c) S10T80t1; (d) N10T80t1; (e) S07T85t1; (f) N10T60t2; (g) S05T80t2; (h) N06T85t1. 
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Figure 3. Atomic force microscopy (AFM) images of post-esterification microfluidized (PeM) cellulose nanoparticles (CNPs). (a) CNP-S07T85t1; (b) CNP-S05T80t2; (c) CNP-S01T80t2; (d) CNP-N10T80t1; (e) CNP-N10T60t2; (f) CNP-N06T85t1. 
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Figure 4. Comparisons of chemical structural properties of BEP with esterified CNP using Fourier transform infrared (FTIR) (a), NMR (b), and XRD (c). 
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Figure 5. XPS spectra (a); deconvolution of the C 1s peak: BEP (b); CNM-S07T85t1 (c); and CNM-N10T60t2 (d). 
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Figure 6. Photos of water drop on the surface of dried esterified cellulose samples: (a) Film of N10T80t1; (b) N10T60t2. (c) A photo shows redispersion of PeM-CNP-S05T80t2 in water, ethanol, acetone, and chloroform. 
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Table 1. Experimental conditions and results of cellulose esterification. DS: degree of substitution.
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Sample ID

	
Reaction Conditions

	
DS of Fiber




	
Ac2O/HAc (mL/mL)

	
T (°C);

Time (h)

	
H2SO4 (mL)






	
S10T80t1

	
50/50

	
80; 1

	
1.0

	
2.2




	
S07T85t1

	
50/50

	
85; 1

	
0.7

	
1.8




	
S05T80t2

	
50/50

	
80; 2

	
0.5

	
1.6




	
S01T80t2

	
50/50

	
80; 2

	
0.1

	
1.2




	
S0T60t2

	
50/50

	
60; 2

	
0

	
0.1




	
N10T80t1

	
100/0

	
80; 1

	
1.0

	
1.5




	
N10T60t2

	
100/0

	
60; 2

	
1.0

	
1.3




	
N06T85t1

	
100/0

	
85; 1

	
0.6

	
1.1
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Table 2. Size and size distribution of PeM-CNPs by dynamic light scattering (DLS) measurements.
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Sample ID

	
Fresh Samples

	
Redispersed in Ethanol

	
Redispersed in Water




	
D (nm)

	
PDI 1

	
D (nm)

	
PDI 1

	
D (nm)

	
PDI 1






	
S10T80t1

	
266

	
0.15

	
280

	
0.19

	
1193

	
0.36




	
S07T85t1

	
284

	
0.10

	
326

	
0.20

	
866

	
0.33




	
S05T80t2

	
776

	
0.32

	
698

	
0.20

	
1397

	
0.35




	
S01T80t2

	
760

	
0.30

	
758

	
0.26

	
1048

	
0.30




	
N10T80t1

	
352

	
0.19

	
354

	
0.20

	
666

	
0.29




	
N10T60t2

	
432

	
0.23

	
434

	
0.24

	
1899

	
0.40




	
N06T85t1

	
298

	
0.20

	
341

	
0.17

	
654

	
0.25








1 PDI, particle size distribution polydispersity index.
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Table 3. Elemental analysis of BEP and PeM-CNP samples.
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	Samples
	C (wt %)
	O (wt %)
	O/C
	DSCNP





	BEP
	43.61
	50.16
	1.15
	-



	S07T85t1
	48.36
	46.19
	0.955
	1.72



	N10T60t2
	47.80
	46.61
	0.975
	1.38
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Table 4. Element percent and deconvolution of the peak C1s from the X-ray photoelectron spectra (XPS) analysis for BEP and PeM-CNP samples and degree of surface substitution (DSS).
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Samples

	
Atomic Concentration (mol)

	
Deconvolution of the Peak C1s

	
DSS

	
CA (°) of PeM-CNP




	
% C

	
% O

	
O/C

	
% C1

	
% C2

	
% C3

	
% C4






	
BEP

	
57.7

	
37.9

	
0.66

	
23.0

	
59.4

	
16.7

	
0.95

	
--

	
122




	
S10T80t1

	
63.5

	
36.5

	
0.57

	
24.2

	
50.1

	
15.0

	
10.6

	
2.3

	
113




	
S07T85t1

	
60.4

	
37.1

	
0.62

	
26.2

	
47.6

	
16.0

	
10.1

	
2.1

	
90




	
S05T80t2

	
62.6

	
37.4

	
0.60

	
27.9

	
44.6

	
18.6

	
8.9

	
1.8

	
70




	
S01T80t2

	
61.7

	
38.3

	
0.62

	
26.1

	
45.8

	
20.6

	
7.5

	
1.4

	
0




	
N10T80t1

	
63.9

	
36.1

	
0.57

	
26.9

	
49.2

	
15.1

	
8.8

	
1.7

	
105




	
N10T60t2

	
63.1

	
35.4

	
0.56

	
27.2

	
51.0

	
12.9

	
8.9

	
1.8

	
120




	
N06T85t1

	
62.9

	
37.1

	
0.59

	
30.7

	
46.0

	
15.3

	
8.0

	
1.5

	
90
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Table 5. Comparisons of Tonset, Tmax, and T95 of BEP with PeM-CNP samples.
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	Tonset
	Weight Loss at Tonset (%)
	Tmax
	T95





	BEP
	311
	7.7
	390.8
	328.7



	S07T85t1
	316
	4.5
	304.3; 380.6
	320.3



	S05T80t2
	316
	9.5
	304.8; 382.7
	258.9



	N06T85t1
	252
	4.8
	378.4
	253.7











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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