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Abstract

:

Recently, IL/cosolvent systems have generated a lot of interest as cellulose-dissolving solvents and reaction media for various kinds of cellulose modification. In the present study, both 1-allyl-3-methylimidazolium chloride (AmimCl)/dimethyl sulfoxide (DMSO) and AmimCl/N,N-dimethylformamide (DMF) systems were employed to synthesize cellulose acetate by transesterification. Microcrystalline cellulose, 1,8-diazabicyclo[5.4.0]undec-7-ene and isopropenyl acetate were chosen as the raw material, catalyst and acetylation reagent, respectively. The results revealed that DMSO was a suitable cosolvent for the transesterification in the homogeneous solution. Moreover, DMSO had a positive effect on the reaction as the cosolvent under the given conditions and the degree of the substitution of cellulose acetate could be significantly enhanced through increasing the molar ratio of DMSO. The synthesized products were characterized by Fourier transform infrared (FT-IR) spectroscopy, 1H and 13C nuclear magnetic resonance spectroscopy (1H-NMR and 13C-NMR), correlation spectroscopy (COSY), heteronuclear single quantum correlation (HSQC) spectroscopy, and X-ray diffraction (XRD) to confirm the chemical and physical structure of the cellulose acetate generated. The thermal properties were also evaluated using thermogravimetric analysis (TGA)/derivative thermogravimetry (DTG).
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1. Introduction


In the last few decades, cellulose, the most abundant biopolymer, has been broadly studied and applied in many different fields due to advantages such as renewability, biodegradability, and biocompatibility. However, there are some limits in the application of cellulose because it does not dissolve in water or common organic solvents and is difficult to mold by compression and extrusion due to the lack of thermoplasticity. Therefore, chemical modification is a vital method for the application of cellulose.



Cellulose acetate (CA), one of the most commonly used cellulose esters, has been commercially produced for many decades. Due to its great processibility, it could be used to prepare filter membrane, separation membrane, coating materials and so on. Although CA can be achieved in heterogeneous and homogeneous system, CA obtained from homogeneous systems has more uniform structure and degree of substitution (DS) [1]. Recently, it has been reported that several solvents, including dimethyl sulfoxide/tetrabutylammonium fluoride (DMSO/TBAF) [2], N,N-dimethylacetamide/lithium chloride (DMAC/LiCl) [3], N-methylmorpholine-N-oxide (NMMO) [4] and NaOH/urea [5] could dissolve cellulose. However, these solvent systems are either toxic or applied in extreme conditions.



Fortunately, a novel promising set of cellulose solvents called ionic liquids (ILs), made up of cations and anions, has been developed. Due to their extremely low vapor pressure, ILs would not discharge volatile organic compounds and could be easily separated from volatile components by simple evaporation allowing for recycle processes. The lack of fugitive emissions and ease of recycling makes these suitable “green” solvents for cellulose dissolution and processing. In addition, some types of IL can dissolve large amounts of cellulose-up to 25 wt % [6]. Many attempts have been made to modify cellulose in ILs, often with great success [7,8]. Although ILs have a lot of fascinating properties, the dissolution of cellulose in IL can be time consuming [9] and the high viscosity of the obtained solutions limits the efficiency of cellulose modification. Recently, IL/cosolvent systems have generated a lot of interest [10,11,12]. The addition of cosolvents to the IL can significantly reduce the viscosity, which can accelerate mass transport processes and increase the dissolution rate of cellulose [13]. It was reported that polar aprotic solvents like DMSO, N,N-dimethylformamide (DMF), and 1,3-dimethyl-2-imidazolidinone (DMI) can act as cosolvents [14]. Although, there have been previous reports on the transesterification of cellulose catalyzed by IL, these processes nonetheless required a great deal of time to dissolve and modify cellulose [15]. As reported in the literature [16], ionic liquid 1-allyl-3-methylimidazolium chloride (AmimCl) could rapidly dissolve cellulose, and the viscosity of the obtained solution was low [17]. To shorten the dissolution and transesterification time, both AmimCl/DMSO and AmimCl/DMF were selected as the reaction media to synthesize CA by transesterification in this study. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) and isopropenyl acetate (IPA) were chosen as catalyst and acetylation reagent, respectively. The products were characterized using Fourier transform infrared (FT-IR) spectroscopy, 1H and 13C nuclear magnetic resonance spectroscopy (1H-NMR and 13C-NMR), 1H-1H correlation spectroscopy (COSY), 1H-13C heteronuclear single quantum correlation spectroscopy (HSQC), thermogravimetric analysis (TGA)/derivative thermogravimetry (DTG), and X-ray diffraction (XRD).




2. Results and Discussion


2.1. Transesterification of Microcrystalline Cellulose (MCC)


As can be seen from Table 1, the transesterification reaction was successfully performed. To investigate the effect of the temperature on the DS, different temperatures were employed for the reaction. It was observed that DS of the CA samples increased when elevating the temperature in different solvent systems. For example, the DS of CA-1, CA-2, CA-3, CA-4 and CA-5 increased from 1.82 at 80 °C to 1.97 at 90 °C, 2.16 at 100 °C, 2.31 at 110 °C and 2.38 at 120 °C, respectively. This increase was probably due to the more flexible cellulose chains and the more active catalyst (DBU) at higher temperature.



The results in Table 1 indicated that the DS of the CA samples produced in AmimCl/DMF cosolvent system was relatively lower under the same conditions, compared with that in neat IL. This implied that, although the addition of DMF could decrease the viscosity and facilitate mixing, it hardly improves the transesterification. On the contrary, the DS of the CA samples synthesized in AmimCl/DMSO was marginally higher than that in neat IL, suggesting that DMSO as the cosolovent had a greater effect on the reaction under the given conditions. The results were similar to the previous literature [18].



To further elucidate the effect of the DMSO on the reaction, different molar ratio of IL and DMSO was investigated. The DS of the sample was improved when increasing the molar ratio of DMSO. This improvement was probably due to the following aspects: the DMSO reduced the viscosity of IL solution, which increased the mass transfer and heat transfer rate; secondly, the interaction between DMSO and the imidazolium cation weakened the interactive force of IL and cellulose hydroxyl group [15], which was helpful to reduce the steric hindrance of the large cations and make the cellulose hydroxyl group more accessible [19]; last but not the least, the synthesized CA could be quickly dissolved in DMSO, avoiding being hydrolyzed after transesterification [20,21]. It was interesting that the total DS could be controlled by adjusting the molar ratio of IL and DMSO. Moreover, the DS of CA-16 was high: up to 2.75 with the molar ratio IL0.23/DMSO0.77. Herein, the IL acted more like an electrolyte and the cosolvent system was composed essentially of inexpensive DMSO. These results showed cellulose triacetate could be successfully obtained by transesterification in AmimCl/DMSO as a decreased cost homogeneous system, while it could not be achieved in neat AmimCl under the same conditions.



The solubility of the CA samples produced by transesterification in IL/cosolvent system was also examined in organic solvent, including DMSO, DMF and acetone, and found to vary. CA samples (10 g) were added into 0.5 mL of solvent and stirred for 12 h, and the results are recorded in Table 1. The CA samples were insoluble, but swollen, in DMF. As expected, the CA samples dissolved readily in DMSO. However, the solubility in acetone greatly depends on the total DS value. The CA samples with DS more than 2.31 were readily dissolved in acetone, making it possible to produce CA membranes from this volatile solvent. Similar results were also reported recently [22].




2.2. FT-IR Spectra


The FT-IR spectra of the CA samples reacted in different cosolvents are illustrated in Figure 1. Compared with the unmodified MCC, there were several new signals in the spectra of CA-5, CA-8 and CA-11. The band around 1750 cm−1 relates to C=O stretching and the peak at 1438 cm−1 is associated with the scissoring of the methylene group. The peaks at 1380 cm−1 and 1250 cm−1 are attributed to the C–H bending and symmetric stretching of C–O in the ester, respectively, while the signal at 1045 cm−1 is attributed to the asymmetric stretching of the C–O–C glycosidic bond from the pyranose ring. The peaks at 2909 cm−1 and 2957 cm−1 originate from asymmetric stretching of the alpha-saturated methyl groups and the methylene groups, respectively [23]. The presence of these absorbances revealed that the CA was successfully synthesized by DBU-catalyzed transesterification in different cosolvent systems.




2.3. NMR Analysis


The chemical structure of the synthesized CA sample was further investigated using 1D and 2D NMR. In order to remove the interference of water, a drop of trifluoroacetic acid-d6 was added. The signals from 1.60 to 2.30 ppm (Figure S1) are attributed to the protons of the methyl group, indicating that the acetylation of cellulose was successfully achieved in the cosolvent system, and the signals between 3.00 and 5.20 ppm arise from to the protons of anhydroglucose units [24].



The COSY spectrum reveals the directly coupled 1H-1H spin couplings, and the HSQC spectrum of CA provides the directly coupled 1H-13C spin coupling. The correlations in the COSY spectrum of CA with DS of 2.75 (Figure S2A) at δH/δH 4.69/4.69, 4.54/4.54, 5.09/5.09, 3.68/3.68, 3.84/3.84, 4.01/4.01 and 4.24/4.24 ppm can be assigned to H1/H1, H2/H2, H3/H3, H4/H4, H5/H5, H6`/H6`, and H6/H6 of the glucose ring. The cross correlations at δH/δH 5.10/3.70 and 4.57/5.09 ppm arise from H3/H4 and H2/H3, respectively. Based on the chemical shifts of protons of CA, the strong correlations at δC/δH 99.79/4.69, 71.62/4.54, 72.61/5.09, 76.59/3.68, 72.03/3.84, 62.49/4.01, 62.54/4.24 ppm in the HSQC spectrum of CA with DS of 2.75 (Figure S2B) are attributed to C1/H1, C2/H2, C3/H3, C4/H4, C5/H5, C6`/H6` and C6/H6, while the strong correlations at δC/δH 21.02/2.08, 20.67/1.95, 20.59/1.88 ppm are characteristic of the correlations of methyl group, thus further confirming the successful transesterification of cellulose in AmimCl/DMSO system.



Figure 2 illustrates the difference between cellulose triacetate (DS = 2.75) and partially acetylated cellulose (DS = 2.18) reflected in 13C-NMR spectra. The chemical shifts of the partially acetylated cellulose were as follows: signals at 103.03, 99.88, 80.05, 76.63, 71.62–72.45, and 62.67 ppm are assigned to C1, C1S (the hydroxyl group of C2 is substituted), C4, C4S (the hydroxyl group of C3 is substituted), integrated carbons (C2, C3 and C5), and C6S (the hydroxyl group of C-6 is substituted) of the AGU, respectively. The signals at 170.74, 169.80, 169.47 ppm correspond to carbonyl carbons at the position 7 and the signals at 20.65 and 21.03 ppm are associated with the methyl carbon at the position 8, providing direct evidence of the occurrence of the DBU-catalyzed transesterification in the cosolvent system. Compared with spectrum A, the absences of the signals of C1 and C4 in spectrum B confirmed that almost all the hydroxyl groups in the AGU were reacted with acyl groups. Moreover, the inset in the upper left corner shows three clearly resolved carbon resonances, indicating the structure of cellulose triacetate. The percentages of substitution of hydroxyl groups at different positions could be calculated by integrating the unmodified and esterified signals for C2, C3, and C6 of AGU from 13C-NMR and HSQC spectra [25]. In the present study, the percentages of substitution of C2-OH, C3-OH, and C6-OH of sample CA-17 were 50.6%, 49.1%, and 100%, respectively, suggesting the reactivity of hydroxyl groups was as follows: C6-OH > C2-OH > C3-OH. This was consistent with the results in the reported literature [22].




2.4. TGA/DTG Analysis


In order to investigate the thermal properties of the raw material (MCC) and the synthesized CA samples, selected samples were characterized by TGA measurement in a N2 atmosphere. Figure 3A shows the TGA curves of MCC and the prepared CA samples with DS of 1.97, 2.31 and 2.75, respectively. From 30 °C to 100 °C, the weight of MCC was slightly lower due to the removal of water, while the loss of the CA samples were not obvious, revealing that the CA samples were less likely to absorb water than MCC [26]. MCC started to decompose at around 290 °C while the CA samples started to decompose at slightly higher temperature and yielded more pyrolysis residues. Figure 3B shows the DTG curves of the samples. The maximum degradation rate of the modified samples appeared at higher temperature than that of MCC, indicating that the thermal properties of the synthesized CA were slightly improved by introducing the acetyl group into cellulose. In addition, the thermal stability increased with increasing DS, in accordance with previous reports [27,28].




2.5. XRD


The XRD patterns of MCC and the CA samples are shown in Figure 4. The diffraction peaks at 2θ = 15.1°, 16.6°, 22.7° and 34.6° are assigned to the (1 −1 0), (1 1 0), (2 0 0) and (0 0 4) diffraction planes, reflecting the cellulose I structure of the raw material MCC. It should be noted that, in the patterns of the CA samples, the intensity of these peaks decreased, and new peaks appeared at 2θ = 8.3°, 10.4° and 13.3° indicating changes in structure upon transesterification in the AmimCl/DMSO cosolvent system. Moreover, compared to MCC, the crystallinity of the CA samples gradually decreased with the increased DS, indicating a reduction in crystallinity.




2.6. Intrinsic Viscosity Analysis


The Mark-Houwink-Sakuruda equation (Equation (1)) describes the relationship between intrinsic viscosity and molecular weight of the cellulose derivatives.


    [ η ]  = K    (     M v   ¯   )   a    



(1)




where K and a are constants dependent on the type of polymer and solvent at a certain temperature.



Although K and a are not proposed for CA in DMSO, the changes of the molecular weight can be still inferred through the variation of the intrinsic viscosity of the CA solutions, because the intrinsic viscosity of cellulose derivatives depends on their molecular weight. Herein, sample CA 1~5 and CA 13~17 were used to investigate the effect of reaction temperature and molar ratio of IL: cosolvent on the intrinsic viscosity of the resulting CA. As it can be seen from Figure 5, there was a clear increase in the intrinsic viscosity when increasing the reaction temperature from 80 °C to 120 °C (A) and decreasing the molar ratio of IL from 0.43 to 0.22 (B). The result here was in accordance with the data in Table 1: the increase in DS increased the molecular weight of CA, which led to an increase in the intrinsic viscosity of the CA solution. No degradation was observed even at high temperature (120 °C) and at 6 h reaction time, suggesting that this is a promising method to produce CA via transesterification in AmimCl/DMSO cosolvent system, using DBU and IPA as super base catalyst and acetylation reagent, respectively.





3. Materials and Methods


3.1. Materials


MCC was purchased from Sinopharm Chemical Reagent Company (Shanghai, China). DMSO, IPA and DBU were purchased from Sigma-Aldrich Co. (Guangzhou, China). DMF was purchased from Jinhuada Chemical Reagent Co. Ltd. (Guangzhou, China). AmimCl with purity of 99% was purchased from Cheng-Jie Chemical Co., Ltd. (Shanghai, China) and used without further purification. Other chemicals (analytical grade) were purchased from Guangzhou Chemical Reagent Factory (Guangzhou, China) and used as received.




3.2. Synthesis of CA via Transesterification


MCC (0.2 g) was dispersed in 3 g of DMSO, or DMF with stirring. Then 10 g of AmimCl was added to the mixture and heated to a certain temperature (80–120 °C). After the cellulose was dissolved, 1.8 mL of IPA and 0.3 mL of DBU (corresponding to the molar ratio of IPA/AGU 13.3:1 and DBU/IPA 1:6) were added into the solution under agitation. After the required time, 200 mL of 99 wt % ethanol was poured into the solution. The precipitates were centrifuged, washed thoroughly with ethanol (three times, total 600 mL) and dried in the vacuum oven at 50 °C for 24 h.




3.3. Characterization


3.3.1. FT-IR


Samples and KBr was dried in the oven at 105 °C for 8 h. The samples and KBr were mixed together at a ratio of 2:98 (w/w), ground, and pressed into a disc. The FT-IR spectra of samples were recorded using the disk on a Bruker spectrophotometer (Bruker, Karlsruhe, Germany) in the range of 400–4000 cm−1 with a resolution of 4 cm−1.




3.3.2. XRD


X-ray diffraction of samples were performed on a D8 Advance instrument (Bruker AXS, Karlsruhe, Germany) with Nickel-filtered Cu Kα radiation (wavelength = 0.154 nm). The detailed data were as follows: diffraction angle 2θ, 5 to 60°; step size, 0.04°; and time per step, 0.2 s.




3.3.3. TGA/DTG


The thermal stability of samples was characterized by using TGA and DTG on a thermogravimetric analyzer TA Q500 (TA Instruments, New Castle, DE, USA). The device was flushed with nitrogen continually. The samples weighed about 9–11 mg, and were heated from 30 to 600 °C at a heating rate of 10 °C/min.




3.3.4. NMR Analysis


The 1H-NMR, 13C-NMR, 1H-1H COSY, and 1H-13C HSQC spectra of the CA samples were recorded from 40 mg in 0.5 mL of DMSO-d6 on a Bruker Advance III 600 M (Bruker, Karlsruhe, Germany) with a 5 mm multinuclear probe. For 1H-NMR analysis, the detailed collecting and processing parameters were as follows: number of scans, 16; receiver gain, 31; acquisition time, 2.7263 s; relaxation delay, 1.0 s; pulse width, 11.0 s; spectrometer frequency, 600.17 MHz; and spectral width, 12,019.2 Hz. For 13C-NMR, the detailed collecting and processing parameters were as follows: number of scans, 10,000; receiver gain, 31; acquisition time, 0.9088 s; relaxation delay, 2.0 s; pulse width, 12.0 s; spectrometer frequency, 150.91 MHz; and spectral width, 36,057.7 Hz. For 1H-1H COSY analysis, the detailed collecting and processing parameters were as follows: number of scans, 32; receiver gain, 18; acquisition time, 0.1024 s; relaxation delay, 1.5254 s; pulse width, 8.3 s; spectrometer frequency, 600.17/600.17 MHz; and spectral width, 10,000/10,000 Hz. For HSQC analysis, the detailed collecting and processing parameters were as follows: number of scans, 88; receiver gain, 187; acquisition time, 0.1420 s; relaxation delay, 1.0 s; pulse width, 12.3 s; spectrometer frequency, 600.17/150.91 MHz; and spectral width, 7211.5/24,875.6 Hz.




3.3.5. Determination of DS


The DS of CA was calculated with the peak intensity of the corresponding resonances from the 1H-NMR spectra through the Equation (2) as reported previously [29,30,31]:


   DS = 7 ×    I   (  C  H 3  , H  )       [  3 ×  I   (  A G U , H  )     ]      



(2)




where     I   (  C  H 3  , H  )       is the integrated area of the resonances assigned to methyl protons of the acetyl group, 7 and 3 are the numbers of protons in the glucose ring and methyl group, respectively, and     I   (  A G U , H  )       is the integrated area of the resonances assigned to protons of the glucose ring.




3.3.6. Intrinsic Viscosity Analysis


The CA samples were dissolved in DMSO at a concentration of 2 mg/L. The intrinsic viscosity was measured by Ubbelohde viscometer (Shanghai Shendi Glass Instrument Co. Ltd, Shanghai, China) at 25 °C. Using the single-point method [32], the intrinsic viscosity was calculated by the following equations:


   [ η ] =     2 (  η  s p   − ln  (   η r   )  )    C    



(3)






    η  s p   =  η r  − 1   



(4)






    η r  = t /  t 0    



(5)




where [η] is the intrinsic viscosity, ηr is the relative viscosity, ηsp is the specific viscosity, C is the concentration of the solution, and t and t0 are the solution and solvent efflux times, respectively.






4. Conclusions


CA was successfully synthesized by transesterification with DBU and IPA as super base catalyst and acylation reagent, respectively, in AmimCl/cosolvent system. DMSO proved to be a more effective cosolvent in this reaction than DMF, under the conditions tested. The DS of the CA samples could be modulated from 1.82 to 2.75 by changing the ratio of DMSO to IL and the reaction temperature. The chemical structure of the CA samples was confirmed by FT-IR, XRD, and NMR analysis. The intrinsic viscosity of the CA samples increased with the growth of DS, while TGA/DTG analysis showed that the thermal stability of the CA samples was improved. The results suggested that DMSO was a suitable cosolvent for the transesterification, which provides a promising method to produce CA in this homogeneous system.
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Figure 1. FT-IR spectra of MCC and the prepared CA-5, CA-8 and CA-11 by DBU-catalyzed transesterification. 
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Figure 2. 13C-NMR spectra of CA-3 (DS = 2.18, A) and CA-17 (DS = 2.75, B). 
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Figure 3. TGA (A) and DTG (B) spectra of MCC and modified samples. 
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Figure 4. XRD patterns of MCC and CA samples with DS of 1.82 and 2.75. 
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Figure 5. Intrinsic viscosity of cellulose acetates prepared at different temperatures (A) and with various molar ratios of IL (B). 
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Table 1. Conditions of cellulose acetylation in different cosolvents and the solubility of the obtained CA.
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Entry

	
T (°C)

	
Time (h)

	
Solvent a

	
DS

	
Solubility b




	
DMSO

	
DMF

	
Acetone






	
CA-1

	
80

	
3

	
IL0.6/DMSO0.4

	
1.82

	
++

	
+

	
−




	
CA-2

	
90

	
3

	
IL0.6/DMSO0.4

	
1.97

	
++

	
+

	
−




	
CA-3

	
100

	
3

	
IL0.6/DMSO0.4

	
2.16

	
++

	
+

	
−




	
CA-4

	
110

	
3

	
IL0.6/DMSO0.4

	
2.31

	
++

	
+

	
++




	
CA-5

	
120

	
3

	
IL0.6/DMSO0.4

	
2.38

	
++

	
+

	
++




	
CA-6

	
100

	
3

	
IL0.6/DMF0.4

	
1.82

	
++

	
+

	
−




	
CA-7

	
110

	
3

	
IL0.6/DMF0.4

	
2.01

	
++

	
+

	
+




	
CA-8

	
120

	
3

	
IL0.6/DMF0.4

	
2.06

	
++

	
+

	
+




	
CA-9

	
100

	
3

	
IL

	
1.84

	
++

	
+

	
−




	
CA-10

	
110

	
3

	
IL

	
2.24

	
++

	
+

	
++




	
CA-11

	
120

	
3

	
IL

	
2.35

	
++

	
+

	
++




	
CA-12

	
120

	
6

	
IL

	
2.36

	
++

	
+

	
++




	
CA-13

	
120

	
6

	
IL0.43/DMSO0.57

	
2.38

	
++

	
+

	
++




	
CA-14

	
120

	
6

	
IL0.3/DMSO0.7

	
2.51

	
++

	
+

	
++




	
CA-15

	
120

	
6

	
IL0.28/DMSO0.72

	
2.59

	
++

	
+

	
++




	
CA-16

	
120

	
6

	
IL0.23/DMSO0.77

	
2.75

	
++

	
+

	
++




	
CA-17

	
120

	
6

	
IL0.22/DMSO0.78

	
2.71

	
++

	
+

	
++








a The molar ratio of IL to cosolvent; b Soluble (++), swollen (+) and insoluble (−) in the solvent.
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