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Abstract

:

This study aimed to assess the effect of mechanical pretreatment on bleached eucalyptus kraft pulp fibers and investigate the influence of reaction time and temperature on the properties and yield of nanocrystalline cellulose (NCC) and microcrystalline cellulose (MCC). Two types of pulps were hydrolyzed, pulp 1 (control, whole fibers) and pulp 2 (mechanically pretreated, disintegrated fibers). NCC and MCC particles were obtained by sulfuric acid hydrolysis (60% w/w) of eucalyptus pulps under different conditions of time (30–120 min) and temperature (45–55 °C). Physical treatment of kraft pulp facilitated acid hydrolysis, resulting in higher NCC yields compared with no pretreatment. The morphologic properties and crystallinity index (CI) of NCC and MCC were little affected by pulp pretreatment. NCC particles obtained from pulps 1 and 2 were needle-shaped, with mean diameters of 6 and 4 nm, mean lengths of 154 and 130 nm, and CI of 74.6 and 76.8%, respectively. MCC particles obtained from pulps 1 and 2 were rod-shaped, with mean diameters of 2.4 and 1.4 µm, mean lengths of 37 and 22 µm, and CI of 73.1 and 74.5%, respectively. Pulps 1 and 2 and their respective NCC and MCC derivatives had a cellulose I crystalline structure.
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1. Introduction


Nanocrystalline cellulose (NCC) particles, also known as nanowhiskers, and microcrystalline cellulose (MCC) particles can be obtained by means of acidic hydrolysis of fibers. In this process, the amorphous regions of pulp are solubilized while small fragments with high crystallinity indices remain in the solid fraction [1,2,3]. When isolated, NCC and MCC differ in physicochemical properties from native cellulose. NCC exhibits low density, high degree of crystallinity, high stiffness [1,4], high modulus of elasticity [5], low thermal expansion coefficient [6], and high surface area for polymer and resin bonding [7,8,9,10]. Such properties make NCC promising for a wide range of applications with important commercial potential [11,12,13,14]. MCC can be obtained by specific acid hydrolysis processes or as a by-product of NCC. The properties of MCC are also superior to those of native cellulose [15,16], explaining its wide use in chemical and pharmaceutical industries [17,18,19].



Some reaction conditions for obtaining nanocrystals and microcrystals are well documented, such as acid concentration and type [20,21,22]. However, reaction time and temperature need to be further studied to determine optimal parameters according to the raw material used. Reaction time and temperature are known to influence NCC yield, crystallinity, and morphology [20,21,22,23,24].



Wood fibers are composed of microfibrils of cellulose, lignin, hemicellulose, and extractive contents as well as lignin in the middle lamella between fibers [25,26]. These compounds must be eliminated before subjecting the fibers to acid hydrolysis for NCC production [27,28,29]. Bleached eucalyptus cellulose pulp stands out as an excellent raw material for the production of NCC because of its high cellulose content and high availability in the market, especially in Brazil [30,31,32,33,34].



We highlight that it is not trivial to obtain cellulose nanocrystals in high yields and that optimal reaction conditions may differ according to fiber morphology and chemical composition. Furthermore, some pretreatments have been used to facilitate accessibility of the acid to substrate and, consequently, enhance pulp hydrolysis, including mechanical pretreatment [20,21] and chemical pretreatment for improved fiber swelling [35]. Pretreatments not only positively influence NCC yield but also alter crystallinity degree, surface charge, and dimensions.



This study aimed to evaluate the effect of mechanical pretreatment on bleached eucalypt kraft pulp fibers and investigate the influence of reaction time and temperature on NCC and MCC yield.




2. Materials and Methods


2.1. Materials


A bleached eucalyptus kraft dry lap pulp (Cenibra S.A, Belo Oriente, MG, Brazil) was used as raw material, reagent-grade sulfuric acid (Synth) was used for hydrolysis, and cellulose membrane tubes (43 mm × 27 mm × 40 cm, Sigma–Aldrich, St. Louis, MO, USA) were used for dialysis.




2.2. Preparation and Characterization of Kraft Pulps


The control consisted of disaggregated fibers (pulp 1). Briefly, pulp fibers were separated at 5% consistency using 5000 revolutions at 312 rpm, subsequently centrifuged to 40% absolutely dry, and again disaggregated at 40% absolutely dry. Then, samples were oven-dried at 65 °C for 48 h. For mechanical pretreatment, the pulp was disintegrated into sheets using a Wiley mill (American Lab/Star FT 50) and sieved at 20 mesh, affording pulp 2.



The characteristics of pulps 1 and 2 are described in Table 1. The following parameters were determined: crystallinity [36], brightness [37], total lignin content [38,39], degree of polymerization (DP), and carbohydrate content [40]. DP was estimated by its correlation with intrinsic viscosity (|ɳ|), as shown by the equation DP0.905 = 0.75 × |ɳ|, described by Inmergut, Shurtz, and Mark [41]. The cellulose and hemicellulose contents of eucalyptus kraft pulp (hardwood) were determined using the following considerations:


Cellulose content = glycan − mannan;










Hemicellulose content = xylan + galactan + mannan + arabinan.












2.3. Acid Hydrolysis


NCC production was performed by acid hydrolysis [20]. Two sets of acid hydrolysis experiments were carried out, one with disaggregated fibers (pulp 1) and the other with mechanically pretreated fibers (pulp 2), using a sulfuric acid solution (60% w/w) and an acid-to-pulp (oven-dry weight) ratio of 8:1 (v/w) for pulp 1 and 10:1 (v/w) for pulp 2.



The hydrolysis reaction was carried out in a 1 L Erlenmeyer flask in a thermostat-controlled water bath. Pulps were hydrolyzed at three different temperatures: 45, 50, and 55 °C. Reaction times ranged from 30 to 120 min. The pulp/acid suspension was manually mixed at 5 min intervals during hydrolysis.



Upon completion, the reaction was stopped by diluting the sulfuric acid solution 10 times with deionized water, followed by immersion in an ice bath. The sample was centrifuged at 4000 rpm for 5 min to separate the acid solution from the hydrolyzed pulp. Subsequently, the hydrolyzed pulp was washed with deionized water and subjected to a further centrifugation step; this process was repeated twice. The hydrolyzed washed pulp was dialyzed against deionized water using a cellulose membrane. After pH stabilization, the solution was centrifuged at 12,000 rpm for 10 min to separate the supernatant NCC suspension from the sedimented MCC.




2.4. Yield Determination and Particle Characterization


Yield was determined as the ratio of the final weight (g) to the initial weight (10 g). The final weight was determined by the concentration of final solutions and by weighing the absolutely dry particles in powder form, obtained by lyophilization or concentration of solutions. For lyophilization, NCC and MCC were stored in capped aluminum tubes, frozen at −80 °C for 24 h, and dehydrated in a LIOTOP/LP510 freeze dryer for 72 h. Subsequently, particles were processed in a pulverizing mill (Fritsch/Pulverisette 14).



Characterization of the morphology and crystallinity index of NCC and MCC was performed only for samples obtained using the best hydrolysis conditions, which were defined as those that resulted in the highest yield and the lowest mass loss for each pulp.



Morphological characterization of NCC was carried out with the material in solution (0.5 g L−1). Images were obtained using a transmission electron microscope (TEM) (Libra 120, Zeiss) at an acceleration of 80 kV. NCC particles were sonicated for 5 min at 16 kHz (Soni-Tech, Soni-Top 412), deposited onto 300-mesh copper grids coated with Formvar (0.5% in chloroform), and subsequently stained with 2% uranyl acetate to facilitate observation of crystal structures. The length and diameter of nanocrystals were measured using Image Pro-Plus 4.5 from 100 measurements taken after individual calibration of each image.



MCC samples were examined under a scanning electron microscope (SEM) (LEO, 1430 VP) at an acceleration of 20 kV and a working distance of 16–18 mm. Powdered microparticles were fixed onto metal supports using double-sided carbon tapes and sputter-coated with gold (Balzers, Balzers, Liechtenstein, SCD50). The length and diameter of microcrystals were measured using Image Pro-Plus 4.5 after individual calibration of each image.



Morphological analysis of NCC and MCC was also performed using atomic force microscopy (AFM). NCC/MCC samples were suspended by sonication and applied onto mica slides, which were then oven-dried at 100 °C and attached to an AFM disk. Topography images were recorded using a probe scanning microscope (Ntegra Prima, NT-MDT) and measured automatically using NT-MDT SPM software version 1.0.



The crystallinity index of NCC and MCC were determined in three replicates, with one reading for each hydrolysis condition. X-ray diffraction analysis (X’Pert PRO) was performed at room temperature using Ni filter and Co-kα radiation (λ = 1.78890 Å) at an angular variation of 4–50° (2θ), rate of 3° min−1, 40 kV, and 30 mA. Crystalline and amorphous peak intensities were calculated using Origin 8.0 by applying a Fourier-transform filter to smooth the data and reduce output noise by 15%. Crystallinity index was estimated from the relationship between the crystalline peaks of maximum intensity (I002) and the amorphous halo (Iam) [36].




2.5. Statistical Analysis


The yields of NCC and MCC were analyzed by descriptive statistics (mean and standard deviation) for all treatments, with three replicates. The results of morphological characterization (length and diameter) of NCC and MCC obtained under the best hydrolysis conditions were analyzed by descriptive statistics (mean, standard deviation, and class distribution), with 100 replicates. Crystallinity index data of NCC and MCC obtained under the best hydrolysis conditions were analyzed by descriptive statistics (mean and standard deviation), with three replicates.





3. Results and Discussions


3.1. NCC and MCC Yields


Yield measurements obtained by concentration of the final solutions were confirmed by weight differences between samples before and after lyophilization. Hydrolysis time and temperature influenced NCC and MCC yields from pulp 1 (Figure 1) and pulp 2 (Figure 2).



Hydrolysis of pulp 1 with 60% (w/w) sulfuric acid at 45 or 50 °C did not afford significant amounts of NCC, regardless of the reaction time; under these conditions, NCC yields were lower than 15% (Figure 1). Hydrolysis of pulp 1 for 90 and 120 min at 55 °C resulted in NCC yields of 21 and 24%, respectively, values that, although higher, are still unsatisfactory. Reports of NCC yields lower than 30% are common in the literature, under the most diverse hydrolysis conditions [12,19,25,26,42,43].



The low NCC yields obtained from pulp 1 can be explained by its preserved fiber morphology. This characteristic makes it difficult for the acid to penetrate into the fibers, especially from the primary wall to the cellular lumen, which contained large amounts of partially hydrolyzed cellulosic solid residue (MCC).



MCC yields greater than 63% were obtained by hydrolysis of pulp 1 at 45 or 50 °C. Yields increased to more than 75% under shorter reaction periods (45 and 70 min) (Figure 1). In the present study, MCC is a co-product obtained from NCC extraction, and the mass balance between NCC, MCC, and total mass was used to estimate the mass loss during pulp hydrolysis.



When analyzing total mass balance, we observed that mass loss increased as temperature and reaction time increased. Mass losses of about 15, 18, and 20% occurred at 45, 50, and 55 °C, respectively. Reaction times of 45, 70, 90, and 120 min resulted in mass losses of 15, 18, 19, and 20%, respectively. These mass loss values are higher than the total hemicellulose content of pulps (14%) and are greater than the percentage of amorphous regions (18.8%), which indicates that solubilization of crystalline cellulose regions occurred.



Hemicelluloses are low molecular weight polymers with amorphous structures that are easily solubilized [44]. Cellulose can be solubilized from amorphous regions [40], in which reaction rates are about 30 times higher than those in crystalline regions [45,46]. This leads to chain fractionation, especially under severe conditions, such as prolonged reaction times and high temperatures.



Mechanical pretreatment of pulp, that is, disintegration of fibers before hydrolysis, improved the access of acid to fibers, thereby increasing NCC yields compared with no pretreatment. NCC yield from pulp 2 varied with reaction time and temperature (Figure 2).



Pulp 2 had increased fiber exposure, reduced fiber size, and exposed cellular lumen resulting from external fibrillation, likely contributing to the higher NCC yield. Such factors increased the impregnation of acid onto the cell wall and doubled the access path for the acid, toward the primary wall into the cell wall and vice versa. The greater access of acid to the cell wall might have resulted in a more homogeneous hydrolysis of disintegrated fiber.



The highest NCC yields from pulp 2 (39, 42, and 44%) were obtained by hydrolysis at 50 °C for 60, 90, and 120 min, respectively. At 45 °C and 120 min of reaction, the maximum yield was 20%, and yields decreased with shorter reaction times. At 55 °C, the maximum yield (35%) was obtained in 60 min of reaction. In 90 and 120 min of reaction, yields were lower than 35%.



Similar yields were reported in previous studies that subjected bleached eucalyptus kraft pulp to sulfuric acid hydrolysis (using the same concentration as that applied here) at 45 or 55 °C for 102 min [13,21]. Acid concentration is a critical factor influencing NCC yield and morphology. Some studies have shown that concentrations close to 60% (w/w) afford higher yields [47]. Other studies used different sulfuric acid concentrations for the hydrolysis of disintegrated eucalyptus pulp fibers and obtained NCC yields of 70% [47,48]. The referred studies conducted kinetic analyses to optimize NCC yield [47,48].



A large amount of pulp was solubilized during hydrolysis at 50 or 55 °C for 60 min. A mass loss of more than 37% occurred during hydrolysis at 50 °C for 90 min, reaching 46% in 120 min of reaction. At 55 °C, mass losses were even higher, with a mean of 37% in 60 min of reaction, 50% in 90 min, and 70% in 120 min. These findings indicate that hemicelluloses, amorphous cellulose regions, and most regions of crystalline cellulose were solubilized under severe time–temperature conditions. The best hydrolysis conditions for pulp 1 were 55 °C and 120 min of reaction and those for pulp 2, 50 °C and 120 min of reaction.



Degradation of hemicelluloses and parts of cellulose in hydrolyzed pulps can be observed by changes in color. Pulps subjected to hydrolysis at 50 °C for more than 60 min acquired a greenish-brown color (Figure 3a,b).



Color intensity increased with reaction time. When hydrolysis was carried out at 55 °C, pulps had an altered color after 40 min of reaction. The dark color of hydrolyzed pulps resulted in dark NCC and MCC powders (Figure 3e,f) as a consequence of chromophore formation during hydrolysis. Degradation of hemicellulose in concentrated acid medium gives rise to chromophoric compounds through conversion of pentoses to furfural and of hexoses to hydroxymethylfurfural [49]. Thus, it is recommended to bleach NCC and MCC with 4% (w/w) sodium hypochlorite solution after extraction [50].




3.2. NCC and MCC Morphology


TEM and AFM images of NCC samples showed needle-shaped particles of nanoscale dimensions (length and diameter) (Figure 4). Surface topography of NCC obtained from pulps 1 and 2 revealed rod-like shapes [51].



NCC samples obtained from pulp 1 were 6 (±0.5) nm in diameter and 154 (±13) nm in length, as measured by TEM. These values were confirmed by AFM. NCC length ranged from 80–280 nm, and more than 60% of NCC particles were between 140–180 nm in length (Figure 5a). Regarding the diameter, NCC ranged from 1–10 nm, and 80% of NCC particles ranged from 4–8 nm (Figure 5b). Mechanical pretreatment of pulp 2 resulted in smaller NCC particles. Length ranged from 80–220 nm, with a mean of 130 (±12) nm. More than 50% of NCC particles were between 120–140 nm in length (Figure 5c). The mean diameter of NCC obtained from pulp 2 was 4 (±0.5) nm; NCC diameter ranged from 1–10 nm, and 73% of nanocrystals had diameters ranging from 3–7 nm (Figure 5d).



The mean length and diameter of NCC obtained from pulp 2 were in agreement with literature data. Previous research reported lengths and diameters of 147 (±7) nm and 4.8 (±0.4) nm, respectively [20], and 145 (±25) nm and 6 (±1.5) nm, respectively [52]. In one study, a higher mean diameter was recorded (17.3 nm) [21].



MCC particles were found to have micrometric dimensions. SEM images of microparticles obtained from pulps 1 and 2 show several morphologies, including cylindrical, oval, and irregular shapes. Elongated rod-shaped microparticles were the most frequent (Figure 6a). Many particles formed small aggregates (Figure 6b), probably as a result of lyophilization. Aggregation occurs because of the presence of hydroxyl groups on the particle surface [53]. Cellulose nanofibrils were produced individually and separated by very mild mechanical fibrillation of MCC [21,54].



MCC obtained from pulp 1 had a mean length of 37 (±2.2) µm, ranging from 1–55 µm, as measured by SEM. Most MCC particles (43%) were 35–40 µm in length (Figure 7a). The mean diameter was 2.4 (±0.3) µm. Some MCC particles had diameters in the nanoscale range, whereas others were up to 5 µm in diameter. More than 90% of MCC particles were 1–4 µm in diameter (Figure 7b).



MCC particles obtained from pulp 2 were smaller than those obtained from pulp 1, with a mean length of 22 (±1.2) µm and a mean diameter of 1.4 (±0.2) µm. More than 50% of MCC crystals were 10–30 µm in length, and 90% were 1–3 µm in diameter (Figure 7c,d).



The microscale dimensions of MCC fragments directly reflect the size of eucalyptus fiber cell walls, which are 5 µm thick and 1000 µm long [55]. Fiber length was reduced by 25–30 times and the diameter by half. Previous studies produced MCC with lengths greater than those observed here, as follows: 30–118 µm with a mean of 74 µm [56]; 240 µm [57]; and 50–170 µm [58].




3.3. Crystallinity Index of NCC and MCC


X-ray diffractograms of pulps 1 and 2 show typical patterns of semicrystalline materials (Figure 8), with amorphous regions and crystalline peaks. Mechanical pretreatment of pulp 2 reduced the intensity of the crystalline peak by 12% in relation to that of pulp 1 and was responsible for the 2.5% lower crystallinity index (79.2 vs. 81.2%, respectively). Partial degradation of cellulose as a result of fiber disintegration was evidenced by a 5% reduction in the DP of pulp 2 compared with that of pulp 1; cellulose and hemicellulose contents, however, were similar (Table 1).



Figure 8 shows that the diffraction angle of amorphous halos (2θ = 22.3°) and crystalline peaks (2θ = 26.8°) were the same in pulps 1 and 2. X-ray diffractogram patterns are characteristic of cellulose I [59,60]. This result shows that fiber disintegration, despite causing a reduction in crystallinity, did not modify the cellulose I crystalline structure of pulps. Furthermore, the alkaline treatments used for bleaching, such as oxygen delignification and alkaline extraction, did not alter the crystalline structure of pulps.



Similar crystallinity indices and polymorphisms were reported by other studies evaluating bleached eucalyptus kraft pulp subjected to the same bleaching sequence used for reaction wood, DHT-EP-D-P [61]. On the other hand, some studies did not observe transformation of cellulose I into cellulose II in eucalyptus pulp [62].



Hydrolysis of pulps 1 and 2 affected the crystallinity index of NCC and MCC. NCC obtained from pulps 1 and 2 had X-ray patterns characteristic of cellulose I [59]. Cellulose I is less reactive and thermodynamically stable than cellulose II [60,63]. The mean crystallinity indices of NCC obtained from pulps 1 and 2 were 74.6 and 76.8%, respectively (Figure 8). These values represent a reduction of 8 and 3% in relation to the crystallinity indices of pulps 1 and 2, respectively.



MCC microparticles obtained from pulps 1 and 2 had X-ray patterns characteristic of cellulose I [59] and mean crystallinity indices of 73.1 and 74.5%, respectively (Figure 8). These values represent a reduction of 10 and 6% in relation to the crystallinity indices of the respective pulps. NCC particles obtained in the current study had similar cellulose I crystallinity indices to particles obtained in other studies (65–83%) [64].



The lower crystallinity indices of NCC and MCC compared with those of the pulps can be explained by the partial hydrolysis of amorphous regions and partial degradation of crystalline structures of NCC and MCC during hydrolysis [43]. The diffractograms of MCC obtained from pulp 1 showed a 26 and 30% lower crystalline peak compared with that of pulp 1, whereas the intensity of the amorphous halo was the same.



For MCC obtained from pulp 2, the intensity of the crystalline peak decreased by 45 and 57% and that of the amorphous halo by 38 and 47%. Reduction of MCC particles was also influenced by partial solubilization of amorphous and crystalline regions, evidenced by a mass loss of 46% after hydrolysis.





4. Conclusions


Physical pretreatment of kraft pulp facilitated acid hydrolysis, enhancing NCC yield compared with no pretreatment. Pretreatment, however, did not markedly influence NCC and MCC properties. NCC particles obtained from pulps 1 and 2 were needle-shaped, with mean diameters of 6 and 4 nm, mean lengths of 154 and 130 nm, and crystallinity indices of 74.6 and 74.5%, respectively. MCC samples obtained from pulps 1 and 2 were rod-shaped, with mean diameters of 2.4 and 1.4 µm, mean lengths of 37 and 22 µm, and crystallinity indices of 73.1 and 74.5%, respectively. Pulps 1 and 2 and their respective NCC and MCC derivatives exhibited a cellulose I crystalline structure.
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Figure 1. Effect of hydrolysis time and temperature on the yield of (a) nanocrystalline (NCC) and (b) microcrystalline (MCC) cellulose from eucalyptus kraft pulps. 
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Figure 2. Effect of hydrolysis time and temperature on the yield of (a) nanocrystalline (NCC) and (b) microcrystalline (MCC) cellulose from mechanically pretreated eucalyptus kraft pulps. 
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Figure 3. Visual appearance of eucalyptus kraft pulps hydrolyzed at 50 °C for (a) 60 min or (b) 90 min and nanocrystalline cellulose obtained from pulps hydrolyzed at 50 °C for (c) 30, (d) 60, (e) 90, or (f) 120 min. 
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Figure 4. Transmission electron microscopy images of nanocrystalline cellulose obtained from (a) disaggregated and (b) mechanically disintegrated eucalyptus kraft pulp. 3D atomic force microscopy images of the surface of NCC obtained from (c) disaggregated and (d) mechanically pretreated pulp. 
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Figure 5. Length and diameter distribution of nanocrystalline cellulose obtained from (a,b) desegregated and mechanically disintegrated (c,d) eucalyptus kraft pulp. 
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Figure 6. Scanning electron microscopy images of cellulosic solid residues. (a) Rod-shaped cellulose microcrystals and (b) microparticle agglomerate. 
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Figure 7. Length and diameter distribution of cellulosic solid residues obtained from disaggregated (a,b) and mechanically disintegrated (c,d) eucalyptus kraft pulp. 
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Figure 8. X-ray diffractograms and crystallinity indices (CI) of disaggregated (pulp 1) and mechanically disintegrated (pulp 2) eucalyptus kraft pulp and nanocrystalline (NCC) and microcrystalline (MCC) cellulose obtained from pulps. 
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Table 1. Characteristics of bleached kraft eucalyptus.
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	Parameter
	Pulp 1
	Pulp 2





	Cellulose, (%)
	82.2
	82.1



	Hemicellulose, (%)
	14.0
	14.1



	Total lignin, (%)
	0.1
	0.1



	Viscosity, cm3 g−1
	630
	599



	Degree of polymerization
	901
	853



	Brightness, (%) ISO
	86.9
	87.5
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