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Abstract

:

Cellulose ethers are naturally derived ingredients that are commonly used in personal care products as rheology modifiers, film formers, stabilizers, and sensorial agents. In this work, we investigated the physicochemical properties of various grades of hydroxyethylcellulose (HEC), hydroxypropylcellulose (HPC), hydroxypropylmethylcellulose (HPMC), methylcellulose (MC), and sodium carboxymethylcellulose (CMC). In addition, we also studied the influence of hydrophobic modification on the structure of HEC by carrying out experiments with cetyl hydroxyethylcellulose (HMHEC). Rheological, friction coefficient, dynamic vapor sorption (DVS), surface tension analysis, differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA) data were generated for the cellulose ethers in order to obtain information about their viscosity, lubricity, moisture absorption, solubility in the bulk solution phase, physical properties, and thermal degradation profile, respectively.
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1. Introduction


Cellulose is the most abundant polysaccharide on Earth and is the principal structural component of trees and plants [1]. It consists of repeating D-anhydroglucose units joined together by β-1-4-glycosidic bonds [2]. Figure 1 contains the structure of cellulose (when R=OH). Each anhydroglucose unit contains a hydroxyl group at the 2, 3, and 5 positions on the ring. In addition, cellulose is characterized by the reducing and non-reducing ends, which contain one and two hydroxyl groups, respectively [3].



Due to the shape of its backbone and structural stabilization by hydrogen bonding, cellulose contains elongated chains that form crystalline microfibrils [4]. The degree of polymerization of cellulose depends on its source and, of course, any subsequent treatments for its isolation. Due to its structural integrity, cellulose is insoluble in water. In addition, it is not metabolized in the human gastrointestinal tract due to the lack of the necessary enzymatic machinery to cleave the glycosidic β-1-4 bonds [5]. It is, however, an important component of dietary fiber.



Cellulose ethers are derivatives of cellulose that are used universally in many different industrial areas, including pharmaceutical, personal care, food and beverage, paints and coatings, paper, and oilfield applications [5,6,7,8]. The hydroxyl groups in cellulose at the 2-, 3-, and 5-position can be derivatized by etherification, which allows for the tailored design of molecules with specifically engineered properties, such as solubility, viscosity, etc. [4]. It is generally accepted that the reactivity of the hydroxyl groups at the 2 and 5 positions are greater than that found in the hydroxyl group at the 3-position due to steric effects.



Figure 1 contains the structural backbone of the cellulose molecule along with the derivatizations to the pendant hydroxyl groups that yield the various cellulose ether variants. HEC and HPC are characterized by substitution with hydroxyethyl and hydroxypropyl substituents, respectively, while HPMC is a mixed cellulose ether containing methoxy and hydroxypropyl groups. MC contains methyl substitution, while CMC possesses sodium carboxylate moieties. Finally, HMHEC is a hydrophobically modified analogue of HEC and contains a C16 chain extending from a small fraction of the available reactive sites on the anhydroglucose ring.



In addition to molecular weight, another important classification of cellulose ethers is the degree of substitution (DS) or molar substitution (MS). DS describes the number of hydroxyl group sites occupied by etherified substituent groups per anhydroglucose ring. For example, if there are a total of four substituent groups in place of the hydroxyl groups on both rings in Figure 1, the DS would be 4/2 = 2.



In the case of some cellulose ethers, there can be multiple groups linked together (chain extension) at the reactive hydroxyl sites. The MS parameter captures how many moles of each substituent are present per anhydroglucose ring. For example, if four of the available six sites on the two rings contain six groups, the MS would be 6/2 = 3. In contrast, the DS would be 4/2 = 2. In the case of HEC, HPC, and HPMC, longer chain lengths can be achieved since the substituent groups all contain a hydroxyl moiety, which can undergo further reactions with substituents. On the other hand, MC and CMC contain non-reactive groups, such as -CH3 and -COO−Na+, respectively, which prevent chain extension.



MS and DS are important from the standpoint of understanding the solution properties of cellulose ethers. Most commercially available water-soluble cellulose ethers have DS values in the range of 0.4 to 2.0, while water-insoluble derivatives generally range from 2.3 to 2.8. In contrast, MS values can range from 1.5 to 4.0 for hydroxyalkyl cellulose ethers [9].



Cellulose ethers have a long history of use in cosmetic products and have a good toxicological profile [10]. There have been a number of studies that have investigated the rheological, mechanical, degradation, and physical properties of the cellulose ethers [11,12,13,14,15,16]. In this text, we provide additional technical data from steady torsional measurements, LAOS measurements, sliding friction, surface tension, moisture sorption, and thermal studies offering insight into the use of these products in various personal care applications.




2. Materials and Methods


2.1. Tested Ingredients


A number of different cellulose ether ingredients were tested in this study, including molecular weight and DS/MS variants of HEC, HMHEC, HPC, HPMC, MC, and CMC. Table 1 contains a list of all the cellulose ethers investigated in this report along with their molecular weight and DS/MS.




2.2. Preparation of Solutions


Stock solutions of the cellulose ether variants were prepared at 2% (w/w) in deionized water. For solutions that required heating, the temperature was controlled using a temperature controller (I2R Therm-o-watch TCP3-1200; Instruments for Research and Industry; Cheltenham, PA, USA) and a Corning Hotplate Stirrer PC-351 (Corning, Inc., Corning, NY, USA). Stirring was accomplished using an IKA Werke RW16 Basic S1 overhead stirrer (IKA, Staufen, Germany) equipped with a 2 in. jiffy mixer blade to avoid air bubble formation. A preservative—aqua (water) (and) methylisothiazolinone (and) phenylpropanol (and) propylene glycol (Optiphen MIT Ultra, Ashland LLC, Wilmington, DE, USA)—was added to the beaker containing water and allowed to dissolve before the addition of the cellulose ethers. As indicated in a section below, no preservative was added to solutions that underwent surface tension measurements.



The MC and HPMC solutions were prepared by heating 1/3 of the total quantity of water to 80 °C. MC and HPMC, in the form of powders, were slowly added to the vortex while thoroughly mixing. After letting the polymers disperse in water for 10 min, the heat was removed from the solution, and 2/3 of the remaining water (maintained at 4 °C in a refrigerator) was added until a lump-free, clear solution was obtained while allowing it to cool to room temperature.



In the case of HEC and HMHEC, the polymer was added to water at room temperature and allowed to thoroughly mix for 10 min. Then, the solution temperature was increased to 80 °C to allow the polymer to fully dissolve. The solution was allowed to cool to room temperature with continued mixing, ensuring that a lump-free, clear solution was obtained. Similarly, stock solutions of the CMC variants were obtained by adding the polymer to water while mixing at room temperature. Again, the solution was allowed to mix until it became lump-free and clear.



For studies of salt tolerance, stock solutions of 2% (w/w) polymer and 4% (w/w) NaCl were blended at a 1:1 ratio to make up 1% (w/w) polymer and 2% (w/w) NaCl solutions. To investigate the surfactant tolerance of the various cellulose ethers, 1% (w/w) polymer in 6% (w/w) sodium laureth sulfate (SLES)—trade name: Jeelate SLES-60; obtained from Jeen International, Fairfield, NJ, USA—solutions were prepared. NaCl was obtained from Millipore Sigma, Saint Louis, MO, USA.




2.3. Evaluation of Solution Clarity


Digital photographs of 1% (w/w) polymeric solutions were subjectively evaluated for clarity by trained panelists. Essentially, the solutions were characterized either as clear or hazy. A Nikon D5200 SLR camera equipped with a 60 mm AF-S Micro Nikkor macro lens (Nikon, Tokyo, Japan) was used to capture digital photographs of the solutions in 4 oz. clear glass bottles. The digital photographs were viewed on a 27 in. LG Ultra HD 4K (model 27MU58-B) LCD manufactured by LG Corporation (Seoul, Korea).




2.4. Rheological Studies of Solution Viscosity


Solution viscosities of neat and salt solutions of the cellulose ethers were measured with an AR-G2 rheometer (TA Instruments, New Castle, DE, USA). The HPC, HPMC, and MC samples were analyzed with a Couette flow setup while a 2° titanium cone and plate fixture were used to measure the rheological properties of HEC and CMC. A continuous shear ramp test was conducted at room temperature with a two-minute equilibration step. A solvent trap was used to impede evaporation. All of the tested cellulose ether samples exhibit shear thinning behavior; therefore, viscosity values at shear rates of 0.1 and 1000 s−1 were selected for comparison and normalization. Viscosity values of salt-containing solutions were normalized to neat polymer solution values to assess the effect of salt on the polymer viscosity. These results are reported as relative viscosity indices. Data were also generated for 1% (w/w) polymer in 6% (w/w) SLES solutions. Similar to the case of the salt solutions, relative viscosity indices are reported as the ratio of the viscosity of polymer plus surfactant solution to the polymer solution alone. Data analysis was performed with Trios software (TA Instruments).




2.5. LAOS Tests to Evaluate Texture


To evaluate the texture of aqueous cellulose ether solutions, LAOS tests were conducted. LAOS fingerprints of cellulose ether derivatives were measured using 2% (w/w) solutions. An ARES-G2 rheometer (TA Instruments) with a 40 mm stainless steel cone and plate was used at room temperature to conduct measurements. Samples were equilibrated at room temperature for three minutes as a conditioning step. The data were collected at 50 radians per second (rps) frequency in the 0.1 to 600% strain range at room temperature. Data analysis was performed with Trios software (TA Instruments).




2.6. Friction Coefficient Measurements


Cellulose derivatives are used to modify the sensory profile of formulations due to their lubricity properties. We carried out friction coefficient measurements to assess the effect of chemistry, derivatization, and molecular weight on the tribological properties of these polymers. In these experiments, 1% (w/w) solutions of HEC, HMHEC, HPMC, MC, and CMC were evaluated. The evaluation of friction was carried out with an Imass SP-2000 slip/peel tester (Imass, Accord, MA, USA) with a 5 kg force transducer and 200 g sled containing a surface covered with a closed-cell neoprene sponge. The sled moves across a smooth glass surface containing the casted polymer film. The film was cast on the glass by applying 7 g of solution, which was spread using a drawdown bar to form a liquid film before placing the neoprene-coated sled on it. After each measurement, the sled and glass slide were washed and towel dried. Three measurements were taken for each cast polymer film. Two different films were cast for the same sample. Therefore, six measurements were taken for each sample. Test conditions were: sled weight—200 g; initial delay—0.2 s; average time—10 s; plate stop mode—test time; speed units—mm/s; testing speed—5 mm/s; slack removal force—0.05 g. Data were collected from the instrument with ComLink software.




2.7. DVS Measurements


Vapor sorption studies were carried out with a Q5000 SA DVS (TA Instruments). The cellulose ether samples, in the form of powder, were placed into pre-flamed 100 μL platinum TGA pans (TA Instruments). The instrument was operated with Universal Analysis 2000 software (TA Instruments). Each sample underwent a pre-conditioning step, where the sample was dried for 3 h at 60 °C and 0% RH. The actual vapor sorption test consisted of equilibrating the sample for 6 h at 25 °C and 90% RH. The % weight gain was recorded for each sample.




2.8. Determination of Surface Tension


Surface tension measurements were performed with an Attension Sigma 700 force tensiometer (Biolin Scientific, Gothenburg, Sweden) equipped with a standard platinum Wilhelmy plate. Measurements were performed at 22.0 °C with three replicates for each sample. The plate was washed and flamed between each sample run. Equilibrium surface tension measurements were carried out using the continuous Wilhelmy plate method with the following instrumental settings: probe—Wilhelmy plate (WL = 39.2800 mm); vessel—small vessel; light phase—air; heavy phase—water; speed up—20 mm/min; speed down—20 mm/min; wetting depth—6 mm; measurement depth—3 mm; measurement time—15 min; sample interval—1 s; stabilize—4 s; integrate—4 s; detect range—2 mN/m; start position—5 mm; reset speed—40 mm/min; zero when wet.



Sample results were compared to deionized water (measured at 72.6 mN/m). Measurements of the deionized water were conducted before and after the measurements of the cellulose ethers. Sample concentrations were 0.1% (w/w). Studies were completed on solutions of HEC, HMHEC, HPMC, MC, and CMC. The instrument was operated and data were collected with OneAttension software (Biolin Scientific).




2.9. Thermal Analysis


DSC measurements were carried out to determine the Tg and Tm of the various cellulose ethers using a TA Q2000 DSC manufactured by TA Instruments. Samples (powder form) were placed into Tzero aluminum pans with perforated Tzero aluminum lids (TA Instruments). The following experimental procedure was employed: ramp 10 °C/min to 105–120 °C; isothermal for 15–30 min; ramp 10 °C/min to −70 °C; isothermal for 15 min; ramp 10 °C/min to 200–250 °C. Dry nitrogen was used as the sample purge gas in all experiments at a flow rate of 50 mL/min. Note that the experimental method was tailored for each cellulose ether.



TGA measurements were performed to characterize the thermal decomposition of the cellulose ethers. A key parameter reported in this work is the pyrolysis onset temperature (Tp), which represents the onset in change of the weight-loss curve. The cellulose ether samples were placed directly (powder form) into 100 µL platinum HT TGA pans (TA Instruments). The following experimental protocol was employed for the TGA measurements: equilibrate at 40 °C; isothermal for 5 min; ramp 10 °C/min to 600 °C; sample purge flow with dry nitrogen at a flow rate of 25 mL/min. In both the DSC and TGA experiments, the average value represents three measurements for each tested cellulose ether derivative. Both instruments were operated and analyzed with Universal Analysis v4.5A software supplied by TA Instruments.





3. Results and Discussion


The physicochemical properties of HEC, HMHEC, HPC, HPMC, MC, and CMC were determined using a variety of techniques. The rheological properties (in the presence and absence of NaCl and SLES) were examined by conventional rheological techniques as well as LAOS to better understand their high shear behavior, which is commonly experienced during the application of personal care products to the skin and hair. Static and kinetic coefficient of friction data allowed us to make conclusions regarding the contribution of the chemistry and physical properties (i.e., molecular weight) of a cellulose ether variant to the sensorial properties of an ingredient. Further, other important data obtained from surface tension, vapor sorption, and thermal analysis studies were also generated.



3.1. Solution Clarity, Viscosity, Salt Tolerance, and Surfactant Compatibility


The 1% (w/w) solutions were first evaluated for clarity by taking digital photographs followed by evaluation by a trained panelist to determine whether clear or hazy solutions were formed. Essentially, all of the cellulose ether derivatives formed clear aqueous solutions except for the hydrophobically modified analogues of HEC—HMHEC-1 and HMHEC-2—which produced slightly hazy solutions. There were no changes in the solution clarity when 2% (w/w) NaCl was incorporated into the solutions.



Rheological data were generated for the various grades of HEC, HMHEC, HPC, HPMC, MC, and CMC by conducting continuous shear ramp tests for each 1% (w/w) solution. Figure 2, Figure 3, Figure 4 and Figure 5 contain typical flow curves for the tested cellulose ethers. The viscosity of the variants depends on molecular weight and hydrophobic modification. For example, in all figures, it is clear that the higher molecular weight variants produce higher viscosity. In Figure 2, all of the HEC derivatives follow suit, where the viscosity of HEC-1 < HEC-2 < HEC-3 < HEC-4 < HEC-5.



Not surprisingly, hydrophobically modified HEC variants (HMHEC-1 and HMHEC-2) have higher viscosity than corresponding HEC analogues with similar molecular weight. For example, a good comparison would be HEC-1 (Mw = 90,000 kDa) and HEC-2 (Mw = 300,000 kDa) with HMHEC-1 (Mw = 350,000 kDa). Likewise, HMHEC-2 (Mw = 550,000 kDa) could be compared with HEC-4 and HEC-5, which have molecular weights of 1,000,000 and 1,300,000 kDa, respectively.



Flow curves for the HPC variants are provided in Figure 3. The shear viscosity of these variants is similar in magnitude to that obtained for the HEC analogues. The molecular weight range is similar for the tested HEC and HPC variants, which is the largest contributing factor to viscosity magnitude.



A comparison of the viscosity curves for several molecular weight grades of HPMC and MC is provided in Figure 4. Similar to the case of HEC and HPC, lower viscosities were found for lower molecular weight HPMC samples—HPMC-1 < HPMC-2 < HPMC-3 < HPMC-4 < HPMC-5—which ranged from 400,000 to 1,200,000 kDa. Similarly, higher molecular weight MC (MC-2) has a higher viscosity than lower molecular weight MC (MC-1).



Figure 5 contains flow curves for four CMC derivatives. CMC-1, CMC-2, and CMC-3 have similar molecular weights; however, their DS values are 0.7, 0.9, and 1.2, respectively. The viscosity values across all shear rates are not marginally distinct from one another. Therefore, the effect of DS on viscosity appears to be minimal. However, examining the higher molecular weight sample (CMC-4), we observed a large increase in viscosity.



In addition to viscosity, molecular weight also affects the shear thinning behavior of the cellulose ethers. The higher the molecular weight, the greater the degree of shear thinning. This phenomenon is clearly evident for all of the tested cellulose ethers (Figure 2, Figure 3, Figure 4 and Figure 5).



Salt tolerance was determined by taking the ratio of the viscosity of the polymer solution containing NaCl to the polymer solution without NaCl at two shear rates (0.1 and 1000 s−1). The two shear rates were chosen to represent the extremes of the rheology test and correspond to the low and high shear regions of the flow curves. Table 2 provides a summary of the data obtained for the various cellulose ethers. The HEC variants do not appear to be very affected by the addition of salt, regardless of the molecular weight. In the case of HPC, the majority of the samples (HPC-1, HPC-2, HPC-3, and HPC-4) were not affected very much by the addition of salt; however, the highest molecular weight variant (HPC-5) experienced decreases in viscosity at low and high shear rates as a result of the addition of NaCl. Similarly, higher molecular weight analogues of HPMC are more affected by the presence of NaCl than lower molecular weight species. Essentially, electrolytes can cause electrostatic shielding in the polysaccharide, which can impede the ability of the cellulose ether to form hydrogen bonds with water. As a result, the strength of the interactions of the polymer with water depends on the type of electrolyte as well as its size, charge, and the dimensions of the solvation shells formed by the electrolyte [17].



Moreover, when comparing HPMC with MC of similar molecular weight (HPMC-1 vs. MC-2), MC is more resistant to the addition of NaCl. The DS of the MC samples is higher (1.8 vs. 1.5), and the HPMC samples are derivatized with both hydroxypropyl and methyl groups, which means that more hydroxyl groups are available to interact with added electrolytes. Ultimately, the salt will have a greater impact on HPMC. Lower molecular weight variants of CMC—CMC-1, CMC-2, and CMC-3—are less salt-tolerant than higher molecular weight CMC (CMC-4). The DS also influences the salt tolerance of CMC, with high DS variants being more susceptible to viscosity losses.



Shampoo and body wash products typically contain a mixture of SLES and cocamidopropyl betaine (CAPB). The primary thickening mechanism of these ingredients is the formation of long tubular micelles due to the high surfactant concentration and the presence of salt. These long tubular micelles (also referred to as worms) act like giant polymer chains and form entanglements, leading to a significant viscosity increase in the system. Hydrophilic polymers may increase the entanglement density of the micellar system due to the space occupied by the polymer chains. In addition, the length of the tubules could be increased, allowing tubules to connect with each other and providing enhanced stability to the system. Overall, increased entanglement density results in increased viscosity and relaxation time. The addition of a polymer can also cause disorder to the tubules, especially at higher concentrations, which results in a breakdown of the surfactant network due to high molecular weight or pendant hydrophobic moieties [18].



Surfactant compatibility of the cellulose ethers was determined by taking the ratio of the viscosity of the polymer solution containing 6% (w/w) SLES to the polymer solution without SLES at two shear rates (0.1 and 1000 s−1). Table 3 contains the normalized viscosity measurements for all of the tested polymers. Examining HEC, it appears that there is a slight decrease in the viscosity ratio as a function of molecular weight (HEC-1 > HEC-2 > HEC-4 > HEC-5). Since the cellulose backbone is rigid, it stands to reason that it occupies more space than polymers with flexible backbones. As the length of the chain increases with increasing molecular weight, the polymer chain may occupy a larger volume, ultimately impeding tubular structure growth. Interestingly, the viscosity index values at both shear rates are similar.



In regard to hydrophobic modification, the viscosity of HMHEC is compromised to a greater extent by the addition of surfactant than HEC. In addition, the SLES interaction with HMHEC significantly affects its viscosity at the low shear rate (0.1 s−1), but does not appear to change it very much at the high shear rate (1000 s−1). Most likely, the pendant hydrophobic chains of HMHEC insert inside the surfactant assembly (tubular structure), which could disrupt the thermodynamic equilibrium of the tubules. As a consequence, the tubular structure would be markedly shortened or branched, resulting in a significant decrease in viscosity. Typically, at low shear, longer tubules yield higher viscosity. Increasing shear disrupts the tubules and transforms the surfactant assembly into shorter chains or spheres, and sometimes lamellar structures, which causes a reduction in viscosity.



In the case of HPC, the addition of SLES had a greater effect on the higher molecular weight samples. As observed in the case of HEC, there was not an appreciable difference between the effect of SLES on the low and high shear rates. Similar to HMHEC, the viscosity index values of HPMC are lower at the low shear rate as compared to the high shear rate. There is no clear trend on the effect of SLES for the various molecular weight grades of HPMC. At roughly the same molecular weight, MC is slightly more sensitive to the addition of SLES as compared to HPMC (MC-2 vs. HPMC-1). As already mentioned, some higher molecular weight cellulose ethers are more affected by the presence of SLES than their lower molecular weight counterparts (e.g., compare MC-1 vs. MC-2).



We also investigated the effects of SLES on CMC solution viscosity. Increasing the DS results in a decrease in the viscosity index, although this effect is more pronounced at the low shear rate (0.1 s−1) as compared to the high shear rate (1000 s−1). Such a result suggests that the -COO−Na+ functionality (as compared to -OH) does not interact favorably with surfactant micelles. Possibly, the carboxylate moieties interact electrostatically with the surfactant headgroup, causing destabilization of the tubular structures. Similar to the case of HMHEC and MC, the viscosity index of the CMC–SLES solution is lower at higher molecular weight (CMC-1 vs. CMC-4). Again, this could be due to increased destabilization of the tubular structures since the occupied volume of the cellulose derivative increases with increasing molecular weight.




3.2. Textural Properties of the Cellulose Ether Solutions


In previous studies, we utilized a non-linear rheological technique termed LAOS to capture the textural expression perceived by consumers under large and fast deformations [19,20,21]. The LAOS test is a sinusoidal oscillatory flow experiment in which the amplitude of the strain input is selected to be large enough to deform the material beyond the linear viscoelastic limit. The large strain amplitude deforms and changes the formulation or solution architecture of the complex fluid. In practice, the sample is loaded between two parallel discs that are separated by a known gap. Lissajous–Bowditch curves are generated by starting the LAOS experiments with small deformations, which progressively increase with each twist of the parallel plates. In this work, LAOS studies were carried out on 2% (w/w) solutions of the various grades of cellulose ethers.



A linear  σ  vs.   γ ˙   Lissajous–Bowditch plot indicates viscous behavior, while a circular plot suggests elastic behavior. Elliptical-shaped curves demonstrate viscoelastic materials. Figure 6 contains Lissajous–Bowditch curves for several molecular weight variants of HEC as well as the two HMHEC derivatives. The lower molecular weight HECs (HEC-1 and HEC-2) have a much larger viscous component, while the higher molecular weight HECs (HEC-4 and HEC-5) have a larger elastic component as indicated by the greater area occupied by the curves and the greater magnitude of stress encountered during the experiment. These data corroborate with previous work, which shows that, for a series containing various molecular weight samples of poly(ethylene) glycol (PEG) blended with laponite, there is an increase in the magnitude and area occupied by the curves in the Lissajous plot [22]. For further comparison, HMHEC-1 has a larger elastic component than HMHEC-2. If we compare HMHEC with HEC, we find that, for similar molecular weights (HEC-1 vs. HMHEC-1), HMHEC has a greater elastic component. Hydrophobic modification appears to contribute more to the elastic properties of the polymer solution than molecular weight.



Lissajous–Bowditch curves are provided in Figure 7 for the HPC derivatives. The lowest molecular weight derivatives (HPC-1, HPC-2, and HPC-3) primarily have a viscous component with very little elastic contribution, as indicated by the nearly linear Lissajous–Bowditch plots. With increasing molecular weight (HPC-5), we observed a greater elastic component, which is evident by the much greater magnitude of the shear stress scale and the greater ellipticity of the Lissajous–Bowditch curves.



Lissajous–Bowditch curves for HPMC and MC are provided in Figure 8. Again, we observe an increase in the elastic contribution to the overall rheological properties as a function of molecular weight. Comparing similar molecular weight variants of HPMC and MC (HPMC-1 vs. MC-2), there is little difference in the Lissajous–Bowditch curves for the two polymers.



LAOS experiments were also carried out for the CMC variants. Lissajous–Bowditch curves are provided in Figure 9 and demonstrate that the DS does not influence this aspect of rheological behavior (CMC-1 vs. CMC-2 vs. CMC-3). However, comparing the high (CMC-4) and low (CMC-1) molecular weight analogues of CMC (DS = 0.7), we find that the greater molecular weight contributes to the increased level of elasticity found in CMC-4.




3.3. Determination of Friction Coefficient


Due to their lubricious feel properties, cellulose ethers are often used in personal care formulations to modify the sensorial perception experienced by consumers during product application. Static and kinetic coefficients of friction were determined for 1% polymer solutions using a slip/peel tester. A liquid polymer film was applied to a glass substrate and a sled coated with neoprene was dragged across the surface while monitoring the resistance encountered. Static friction refers to the force required to move an object from its resting state by applying a force that is greater than the friction between the object and a surface. On the other hand, kinetic friction, which is often referred to as sliding friction, is the frictional force due to the opposing trajectories of two objects.



Table 4 contains static and kinetic friction coefficient data for the tested cellulose ether variants. Within the HEC derivatives, increasing the molecular weight of HEC results in a decrease in the static and kinetic friction coefficients. It is established in the polymer physics community that increasing polymer molecular weight reduces the friction of systems containing thin films at the interfacial region [23]. In general, molecular weight, molecular structure linearity (as opposed to branched structure), polymer concentration, molecular weight distribution, and molecular size affect the friction behavior of polymers [24]. Likewise, introducing hydrophobic modification to HEC also reduces both friction coefficients. We observed the same trend in friction coefficient reduction with increasing molecular weight for HPMC, MC, and CMC. Interestingly, when comparing similar molecular weight variants with different chemistries (e.g., HEC-2 vs. HPMC-1 vs. MC-1) we are unable to distinguish differences in the static friction coefficient of HEC, HPMC, and MC; however, there appears to be some differences in the kinetic coefficient of friction with the following order of increasing friction: HEC-1 < HPMC-1 < MC-1. The friction coefficients of comparable molecular weight CMC (CMC-4) are significantly lower than those obtained for the other cellulose ethers. Friction coefficient data are not provided for the HPC variants due to their low viscosity, as compared to the other samples, making it difficult to carry out the test. Overall, the friction coefficients increase with increasing hydrophilicity. Finally, changing the DS (CMC-1 vs. CMC-2 vs. CMC-3) does not result in any differences in the static friction coefficient.




3.4. Vapor Sorption Properties


Vapor sorption properties of the cellulose ethers were determined by DVS. After an extensive drying step, each sample was equilibrated for 6 h at 25 °C and 90% RH. The % weight gain at the end of the test is reported in Table 5 for all tested cellulose ether derivatives. Vapor sorption data can assist with predictive decisions about the water absorption and humidity resistance of cellulose ether films.



The data in Table 5 demonstrate the role played by chemistry in determining the vapor sorption behavior of the different ingredients. It was found that vapor sorption increased with increasingly polar pendant groups on the cellulose backbone: MC < HPC < HPMC < HEC < CMC. Not surprisingly, molecular weight does not affect the vapor sorption under the steady-state test conditions employed in this study. This is due to our extensive equilibration time of 6 h. Molecular weight may be a factor if shorter equilibration times were employed, which could shed light on kinetic and diffusivity behavior.



Contrary to what one might expect, hydrophobic modification of HEC did not alter its vapor sorption properties. More than likely, vapor sorption remained steady due to the extremely low degree of hydrophobic modification (DS~0.005) in HMHEC-1 and HMHEC-2. While such modification is sufficient to change the rheological properties of HEC, much higher degrees of substitution are required to change its vapor sorption behavior.



In the case of CMC, we found that the DS has an effect on its vapor sorption properties. As DS increases from 0.7 to 0.9, there is a slight increase in vapor sorption, while further extending the DS to 1.2 results in a rather large increase. Considering the hydrophilicity of the carboxymethyl groups in CMC, such a result is not surprising.




3.5. Surface Tension Measurements


In cosmetic chemistry, surface and interfacial tension are extremely important factors in determining the efficacy of products in many different applications. In this work, equilibrium surface tension measurements were carried out using the Wilhelmy plate technique. This test was carried out by immersing a thin platinum plate in the cellulose ether solutions and then measuring the force required to withdraw the plate from the solution.



Table 6 contains the surface tension data obtained for 0.1% (w/w) solutions of the cellulose ethers. As indicated by the data, chemical structure is the primary determining factor of surface tension values. Solutions of HPC produce the lowest surface tension values of the cellulose ethers reported in the table, with values approximating 41 mN/m. More than likely, this can be explained by the higher degree of substitution in the HPC samples. For example, collectively, one would expect HPMC and MC to be significantly hydrophobic (or less soluble in the bulk phase); however, since HPMC and MC have low degrees of MS, there are greater quantities of hydroxyl groups present on the polysaccharide backbone, which contributes to a higher surface tension (51–54 mN/m for HPMC and 56–57 mN/M for MC). Likewise, HEC surface tension data range from 46–49 mN/m, which are significantly higher than the HPC derivatives. This difference can be explained by the higher degree of MS of HPC (~4.0 for HPC vs. ~2.6 for HEC) and the greater contribution of the hydroxypropyl moiety, as compared to the hydroxyethyl group, to the hydrophobic character of the polysaccharide.



Comparing the data presented in this study with previously published results, a surface tension value of 43.6 mN/m was reported for a 0.1% (w/w) solution of HPC, which nicely parallels the value of 41.0 mN/m in this work [25]. Likewise, a study of a 2% (w/w) HPMC solution resulted in a surface tension determination of 52.88 mN/m, compared to 51–54 mN/m in this study [26]. On the other hand, the values we obtained for HEC, which range from 45–49 mN/m, are lower than values reported in the literature (66.8 mN/m) for a 0.1% (w/w) solution with MS = 2.5 [25]. This is due to minor amounts of surfactant additives, which help prevent anticaking of the selected cosmetic grades of HEC. Testing the corresponding surfactant-free samples results in surface tension values of 68.2 (Mw = 90,000 Da), 67.3 (Mw = 300,000 Da), 67.0 (Mw = 720,000 Da), 67.1 (Mw = 1,000,000 Da), 67.1 (Mw = 1,000,000 Da), and 67.4 (Mw = 1,300,000 Da) for 0.1% (w/v) solution at 20 °C [27]. These data indicate that there is not a significant surface tension dependence on molecular weight in the case of HEC. On the other hand, it has been shown that increasing the MS of HEC results in a slight decrease in surface tension [12].



The HMHEC samples produced surface tension values ranging from 58–60 mN/M, which are significantly lower than the surfactant-free HEC samples. Such a result suggests that the hydrophobic modification of HEC results in an increase in its surface activity, which is in agreement with studies comparing ethyl(hydroxyethyl) cellulose and hydrophobically modified ethyl(hydroxyethyl) cellulose [28].



In addition, the surface tension of a 1% (w/w) solution of CMC was previously reported to be 71 mN/m—also in line with the values in Table 6 [25]. These data suggest that CMC is very soluble in the bulk phase, and there is little migration to the air–water interface. For comparison, we measured the surface tension of deionized water, resulting in an average value of 71.479 ± 0.119 mN/m, which is consistent with the generally accepted values obtained for water.



The surface tension data presented thus far represent a single concentration point. By measuring surface tension at various concentrations, a plot can be constructed, allowing the critical aggregation concentration (CAC) to be determined. CAC is analogous to critical micelle concentration (CMC), which describes the bulk-phase concentration of a surfactant solution at which any additionally added surfactant will form micelles. Prior to reaching the CMC, the surface tension undergoes a sharp drop; however, once the CMC is reached, the surface tension remains steady with the added surfactant. While CMC is specific for micelle formation, CAC refers to the formation of any type of aggregate, regardless of its shape, and is commonly used to describe the behavior of polymer solutions. We measured the surface tension for two molecular weight grades of HEC (HEC-1 and HEC-3) at various concentrations and found the CAC to be 0.001% (w/w). A surface tension study of MC revealed a CAC of 0.001% (w/w), similar to our value obtained for HEC [29]. In agreement with our observations, the same researchers found that molecular weight does not affect the equilibrium surface tension or CAC of MC.




3.6. Thermal Analysis


DSC and TGA were carried out to characterize the influence of temperature on the physical and chemical structure of the cellulose ethers. In a DSC experiment, the heat flow of a sample is monitored as a function of temperature in a controlled environment. Thermal transitions that occur during the heating ramp can be endothermic or exothermic events. Amorphous (non-crystalline or semi-crystalline) materials have a characteristic Tg, which can be determined with DSC, whereas Tm represents the onset of melting for crystalline domains in the polymer. The Tg represents the inflection in the DSC heat flow curve, which indicates that sufficient energy has been provided to enable neighboring segments in the polymer to synchronously wiggle and vibrate. At the Tg, the volume and heat capacity of the glassy material increase, and the substance undergoes a physical transition to a rubbery state. The determination of Tg is important for pharmaceutical applications, such as spray drying and hot-melt extrusion, where polymers are used to enhance the solubility of active pharmaceutical ingredients [30]. It is also a key parameter that is used to characterize hair-styling ingredients, providing insight into the dissipative mechanical properties of film-forming polymers [31]. During a Tm transition, which involves a change in physical state, thermal energy scrambles the ordered chain segments. The increase in entropy dissolves the crystal lattice and abruptly increases sample volume while exchanging heat with its surroundings. After melting, film pliability and tack properties increase, and with additional heating, the polymer chains undergo translational flow.



Measuring the dry Tg of cellulose derivatives is not a trivial task. The inherent structural backbone of cellulose is rigid, meaning that the free rotation of chemical bonds around the chain axis is limited. Hence, at the glass transition, the change in heat capacity is minimal, making it difficult to observe a marked heat flow inflection. One simple solution to enhance the thermal transition sensitivity for cellulosic polymers is to increase the heating rate (e.g., from 10 to 20 °C/min); however, increasing the heating rate decreases thermogram resolution.



A second tactic involves using hermetically sealed DSC pans to retain physisorbed atmospheric moisture during heating. The added water increases the free volume surrounding the cellulose chains to provide a sharp but plasticized Tg, which emerges in the thermogram for most cellulose ethers in the first heat, between 40 and 70 °C. Note that using hermetically sealed pans and trapped ambient water vapor likely provides the best Tg value for predicting the mechanics of ambient film applications.



A third approach (used in this work) is to closely approximate the dry glass transition by using a controlled drying step (prior to the first heat) to leave residual bound moisture on the cellulose backbone, whereby the increase in free volume is sufficient to clearly resolve a heat flow inflection. Finally, to further complicate the success of a dry Tg measurement, bear in mind that MS, substituent blockiness, and consequential structural microheterogeneity tend to broaden otherwise sharp heat flow inflections, thereby rendering the assignment of precise dry glass transitions non-trivial.



Table 7 provides the Tg, Tm, and Tp data for each polymer. Immediately apparent are the differences in Tg and Tp for each category of cellulose ether. In general, chemistry, DS/MS, and molecular weight influence the value of the dry Tg. The chemistry of the cellulose ethers affects Tg since different pendant groups influence intrinsic polymeric hydrogen bonding and interactions with water vapor, which acts as a plasticizing agent and lowers the Tg. Hence, the drying steps in a DSC method influence the reported Tg, where polymers containing hydrophilic groups are expected to retain some residual moisture [32,33,34,35]. Typically, increasing polymer molecular weight results in an increase in Tg since a higher molecular weight polymer with longer chains is more entangled and has less free wiggle volume than a lower molecular weight polymer. As indicated in Table 7, this was observed for HEC and HMHEC.



Keep in mind that DS and/or MS influence free volume and, therefore, play an important role in the evaluated Tg of a cellulose ether. If DS and MS are very low, the polymer would be expected to display higher Tg values, approaching the Tg of cellulose fibers (190-250 °C) [36]. For example, HPC likely produces lower Tg values than HEC simply because the number and length of pendant chains in HPC are greater than those observed in HEC. The HPMC variants have Tg values higher than HEC, which conceivably stems from the introduction of methyl substitution (i.e., no pendant chain growth) and low hydroxypropyl MS. Interestingly, we see only slight differences in Tg when comparing the three CMC derivatives with various DS values (CMC-1, CMC-2, and CMC-3) and at higher and lower molecular weight (CMC-1 vs. CMC-4). The differences in DS may be too small to influence Tg. An alternative explanation could be that hydroxy and carboxy groups lead to similar plasticization of depolymerized cellulose linters. Moreover, molecular weight does not produce any differentiation in the Tg of CMC, and this may be related to the molecular weights chosen for the study (MW > 250 kDa). According to Flory and Huggins, for polymers of the same composition, the Tg is expected to plateau at a maximum value as the number average molecular weight (Mn) of the polymer increases (e.g., Mn > 50–100 kDa). Hence, thermal measurements provided poor differentiation for the various molecular weight grades of CMC.



The HPMC variants yielded the highest Tg values followed by HMHEC, MC, CMC, HEC, and HPC. Note that HPC is the only derivative with a measurable melting transition (173–179 °C; ΔHfus = 3–5 J/g), suggesting that HPC is approximately 15% crystalline [36]. Further, although not provided in Table 7, HPC also shows a secondary thermal transition that more closely parallels the characteristic cellulose ether transitions displayed in Table 7. As with other cellulose ether grades, the location of the transient 100–135 °C inflection is influenced by residual water and thermal history and is likely related to segmental vibrations of the plasticized cellulose backbone.



In TGA, the sample is heated above the pyrolysis temperature (Tp) of the material in an oxygen-free environment, and changes in the sample weight are continuously monitored as a function of increasing temperature. Tp is defined as the extrapolated onset of a mass loss event in the weight vs. temperature thermogram [37]. For cellulose derivatives, factors such as reactivity, porosity, and the type of atmosphere (i.e., air vs. nitrogen gas) affect the magnitude of Tp. The Tp for cellulose ethers is governed by chemical composition and is lowest for the CMC variants followed by (in increasing order): HEC, HMHEC, HPMC, MC, and HPC. Likely, the specific substituent and DS and/or MS influence the bond dissociation energy and stability of the physical polymer–polymer chain interactions. Based on the data, it is likely that Tp is not influenced by polymer molecular weight.





4. Conclusions


In this work, we monitored a number of important physicochemical properties of cellulose ethers commonly used in personal care products. The rheological behavior of these ingredients is predominantly controlled by molecular weight and hydrophobic modification. In addition to conventional flow curves, Lissajous–Bowditch curves were obtained from LAOS experiments to provide insight into the influence of molecular weight and chemistry to the sensorial/textural properties of these ingredients. Further, we found that surface tension is greatly influenced by DS/MS, which provides an overall indicator of chemistry for each cellulose ether analogue. The vapor sorption characteristics of the cellulose ethers closely parallel the results one would expect based on a molecule’s chemical composition, where cellulose ethers with more hydrophobic characteristics absorb less water. Finally, thermal analysis was carried out to determine key parameters, such as Tg, of the cellulose ether variants. In general, increasing the molecular weight leads to an increase in Tg. The chemistry of pendant groups on the anhydroglucose ring also influences the measured values of Tg with greater hydrophobicity correlating with a higher Tg.
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Figure 1. Molecular structure of the cellulose backbone for various cellulose ethers: cellulose, R=OH; MC, R=OH or CH3; HEC, R=OH or CH2CH2OH; CMC, R=OH or CH2COONa; HPC, R=OH or CH2CH(OH)CH3; HPMC, R=OH or CH3 or CH2CH(OH)CH3. 
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Figure 2. Shear viscosity plotted as a function of shear rate for variants of HEC and HMHEC. 
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Figure 3. Shear viscosity plotted as a function of shear rate for variants of HPC. 
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Figure 4. Shear viscosity plotted as a function of shear rate for variants of MC and HPMC. 
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Figure 5. Shear viscosity plotted as a function of shear rate for variants of CMC. 
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Figure 6. Lissajous–Bowditch curves for HEC-1, HEC-2, HEC-3, HEC-4, HEC-5, HMHEC-1, and HMHEC-2. 
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Figure 7. Lissajous–Bowditch curves for HPC-1, HPC-2, HPC-3, HPC-4, and HPC-5. 
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Figure 8. Lissajous–Bowditch curves for HPMC-1, HPMC -2, HPMC-3, HPMC-4, HPMC-5, MC-1, and MC-2. 
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Figure 9. Lissajous–Bowditch curves for CMC-1, CMC -2, CMC-3, and CMC-4. 
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Table 1. Various commercial grades of cellulose ethers were investigated in this study. The polymers were obtained from Ashland LLC, Wilmington, DE, USA. Data were compiled from internal reports produced by the Measurement Science department at Ashland LLC. In addition to the abbreviations already introduced in the body of the text, the following apply in the table: HM = hydrophobically modified; Me = methyl; HP = hydroxypropyl.
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	Type of Cellulose Ether
	Abbreviation in This Article
	Approximate Molecular Weight (Mw, Daltons)
	Approximate DS/MS





	HEC
	HEC-1
	90,000
	2.6 MS



	HEC
	HEC-2
	300,000
	2.6 MS



	HEC
	HEC-3
	720,000
	2.6 MS



	HEC
	HEC-4
	1,000,000
	2.6 MS



	HEC
	HEC-5
	1,300,000
	2.6 MS



	HMHEC
	HMHEC-1
	350,000
	0.005 HM DS



	HMHEC
	HMHEC-2
	550,000
	0.005 HM DS



	HPC
	HPC-1
	80,000
	4.0 MS



	HPC
	HPC-2
	95,000
	4.0 MS



	HPC
	HPC-3
	370,000
	4.0 MS



	HPC
	HPC-4
	850,000
	4.0 MS



	HPC
	HPC-5
	1,150,000
	4.0 MS



	HPMC
	HPMC-1
	400,000
	1.5 Me DS

0.3 HP MS



	HPMC
	HPMC-2
	575,000
	1.5 Me DS

0.3 HP MS



	HPMC
	HPMC-3
	675,000
	1.5 Me DS

0.3 HP MS



	HPMC
	HPMC-4
	1,000,000
	1.5 Me DS

0.3 HP MS



	HPMC
	HPMC-5
	1,200,000
	1.5 Me DS

0.3 HP MS



	MC
	MC-1
	140,000
	1.8 DS



	MC
	MC-2
	370,000
	1.8 DS



	CMC
	CMC-1
	250,000
	0.7 DS



	CMC
	CMC-2
	250,000
	0.9 DS



	CMC
	CMC-3
	250,000
	1.2 DS



	CMC
	CMC-4
	725,000
	0.7 DS
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Table 2. Ratio of the polymer solution containing salt (NaCl) to the polymer solution without salt at two shear rates for the tested cellulose ethers.
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	Cellulose Ether
	Salt/No Salt (0.1 s−1)
	Salt/No Salt (1000 s−1)





	HEC-1
	1.03
	1.03



	HEC-2
	1.11
	1.11



	HEC-3
	1.63
	1.43



	HEC-4
	1.02
	1.00



	HEC-5
	1.11
	1.04



	HMHEC-1
	0.99
	1.16



	HMHEC-2
	0.87
	0.99



	HPC-1
	0.96
	0.96



	HPC-2
	0.96
	0.96



	HPC-3
	1.10
	1.07



	HPC-4
	1.13
	1.13



	HPC-5
	0.53
	0.78



	HPMC-1
	0.95
	1.00



	HPMC-2
	1.05
	1.07



	HPMC-3
	0.97
	0.99



	HPMC-4
	0.81
	0.93



	HPMC-5
	0.78
	0.97



	MC-1
	0.85
	1.03



	MC-2
	1.05
	1.08



	CMC-1
	0.71
	0.74



	CMC-2
	0.64
	0.71



	CMC-3
	0.45
	0.60



	CMC-4
	0.80
	0.93
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Table 3. Ratio of the viscosity of the polymer solution containing surfactant (SLES) to the polymer solution without surfactant at two shear rates for the tested cellulose ethers.
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	Cellulose Ether
	SLES/No SLES (0.1 s−1)
	SLES/No SLES (1000 s−1)





	HEC-1
	1.35
	1.35



	HEC-2
	1.44
	1.33



	HEC-3
	0.67
	1.04



	HEC-4
	1.29
	1.07



	HEC-5
	1.16
	1.02



	HMHEC-1
	0.32
	1.16



	HMHEC-2
	0.04
	1.09



	HPC-1
	0.96
	0.96



	HPC-2
	0.84
	0.84



	HPC-3
	0.28
	0.38



	HPC-4
	0.70
	0.70



	HPC-5
	0.01
	0.35



	HPMC-1
	0.53
	0.96



	HPMC-2
	0.46
	0.98



	HPMC-3
	0.29
	0.85



	HPMC-4
	0.34
	0.87



	HPMC-5
	0.48
	1.09



	MC-1
	0.85
	1.14



	MC-2
	0.32
	0.87



	CMC-1
	1.03
	0.88



	CMC-2
	0.88
	0.88



	CMC-3
	0.66
	0.80



	CMC-4
	1.21
	1.05
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Table 4. Static and kinetic friction coefficient data of cellulose ethers.
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	Cellulose Ether
	Static Friction Coefficient
	Kinetic Friction Coefficient





	HEC-1
	0.64 ± 0.23
	0.72 ± 0.04



	HEC-2
	0.58 ± 0.14
	0.60 ± 0.05



	HEC-4
	0.22 ± 0.18
	0.24 ± 0.11



	HEC-5
	0.10 ± 0.06
	0.13 ± 0.04



	HMHEC-1
	0.12 ± 0.07
	0.15 ± 0.02



	HMHEC-2
	0.03 ± 0.01
	0.12 ± 0.02



	HPMC-1
	0.52 ± 0.26
	0.81 ± 0.18



	HPMC-2
	0.30 ± 0.22
	0.47 ± 0.21



	HPMC-3
	0.25 ± 0.19
	0.38 ± 0.19



	HPMC-4
	0.20 ± 0.25
	0.22 ± 0.11



	HPMC-5
	0.04 ± 0.03
	0.12 ± 0.02



	MC-1
	0.69 ± 0.25
	0.91 ± 0.10



	MC-2
	0.41 ± 0.26
	0.65 ± 0.13



	CMC-1
	0.64 ± 0.19
	0.82 ± 0.09



	CMC-2
	0.55 ± 0.23
	0.70 ± 0.05



	CMC-3
	0.58 ± 0.20
	0.71 ± 0.06



	CMC-4
	0.14 ± 0.12
	0.23 ± 0.15
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Table 5. Vapor sorption data of cellulose ethers.






Table 5. Vapor sorption data of cellulose ethers.





	Cellulose Ether
	% Moisture Content





	HEC-1
	52.42 ± 0.13



	HEC-2
	52.09 ± 0.24



	HEC-3
	51.00 ± 0.17



	HEC-4
	52.07 ± 0.42



	HEC-5
	50.50 ± 0.12



	HMHEC-1
	51.05 ± 0.10



	HMHEC-2
	49.35 ± 0.07



	HPC-1
	21.52 ± 0.10



	HPC-2
	21.41 ± 0.07



	HPC-3
	21.13 ± 0.04



	HPC-4
	21.07 ± 0.07



	HPC-5
	20.60 ± 0.15



	HPMC-1
	24.88 ± 0.14



	HPMC-2
	25.08 ± 0.16



	HPMC-3
	24.30 ± 0.11



	HPMC-4
	24.01 ± 0.17



	HPMC-5
	22.96 ± 0.03



	MC-1
	16.48 ± 0.01



	MC-2
	17.64 ± 0.08



	CMC-1
	60.57 ± 0.11



	CMC-2
	62.00 ± 0.26



	CMC-3
	72.95 ± 1.23



	CMC-4
	63.49 ± 0.40
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Table 6. Surface tension data of 0.1% (w/w) solutions of the cellulose ethers at 22.0 °C.






Table 6. Surface tension data of 0.1% (w/w) solutions of the cellulose ethers at 22.0 °C.





	Cellulose Ether
	Surface Tension (mN/m)





	HEC-1
	49.449 ± 0.252



	HEC-2
	49.341 ± 0.186



	HEC-3
	45.463 ± 0.361



	HEC-4
	48.312 ± 0.453



	HEC-5
	46.374 ± 0.294



	HMHEC-1
	58.499 ± 0.098



	HMHEC-2
	60.100 ± 0.085



	HPC-1
	41.672 ± 0.071



	HPC-2
	41.596 ± 0.079



	HPC-3
	41.481 ± 0.040



	HPC-4
	41.231 ± 0.018



	HPC-5
	41.102 ± 0.008



	HPMC-1
	51.110 ± 0.091



	HPMC-2
	52.514 ± 0.636



	HPMC-3
	53.443 ± 0.482



	HPMC-4
	54.154 ± 0.895



	HPMC-5
	51.515 ± 0.027



	MC-1
	57.821 ± 0.844



	MC-2
	56.104 ± 1.124



	CMC-1
	71.173 ± 0.107



	CMC-2
	71.131 ± 0.235



	CMC-3
	71.067 ± 0.197



	CMC-4
	70.502 ± 0.476










[image: Table] 





Table 7. DSC (Tg, Tm) and TGA (Tp) data for the cellulose ethers.






Table 7. DSC (Tg, Tm) and TGA (Tp) data for the cellulose ethers.





	Cellulose Ether
	Tg (°C)
	Tm (°C)
	Tp (°C)





	HEC-1
	95 ± 3
	—
	302 ± 2



	HEC-2
	109 ± 1
	—
	308 ± 1



	HEC-3
	116 ± 1
	—
	318 ± 1



	HEC-4
	115 ± 1
	—
	309 ± 1



	HEC-5
	115 ± 1
	—
	313 ± 1



	HMHEC-1
	149 ± 2
	—
	307 ± 1



	HMHEC-2
	174 ± 1
	—
	302 ± 1



	HPC-1
	15 ± 2
	173 ± 1
	347 ± 1



	HPC-2
	15 ± 1
	179 ± 1
	346 ± 3



	HPC-3
	13 ± 1
	183 ± 1
	344 ± 4



	HPC-4
	9 ± 0
	174 ± 1
	357 ± 2



	HPC-5
	12 ± 0
	194 ± 1
	362 ± 1



	HPMC-1
	188 ± 1
	—
	338 ± 1



	HPMC-2
	193 ± 1
	—
	335 ± 1



	HPMC-3
	196 ± 1
	—
	334 ± 2



	HPMC-4
	192 ± 1
	—
	339 ± 1



	HPMC-5
	194 ± 1
	—
	337 ± 1



	MC-1
	135 ± 1
	—
	337 ± 1



	MC-2
	134 ± 2
	—
	344 ± 1



	CMC-1
	130 ± 1
	—
	274 ± 1



	CMC-2
	131 ± 1
	—
	274 ± 1



	CMC-3
	132 ± 1
	—
	280 ± 1



	CMC-4
	132 ± 1
	—
	274 ± 1
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