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Abstract:

 Biorefinery aims at designing new virtuous and high-efficiency energy chains, achieving the combined production of biofuels (e.g., bioethanol) and biobased products. This emerging philosophy can represent an important opportunity for the industrial world, exploiting a new kind of nano-smart biomaterials in their production chains. This paper will present the lab experience carried out by the Biomass Research Centre (CRB) in extracting cellulose nanocrystals (NCC) from a pretreated (via Steam Explosion) fraction of Cynara cardunculus. This is a very common and invasive arboreal variety in central Italy. The NCC extraction methodology allows the separation of the crystalline content of cellulose. Such a procedure has been considered in the literature with the exception of one step in which the conditions have been optimized by CRB Lab. This procedure has been applied for the production of NCC from both Cynara cardunculus and microcrystalline cellulose (MCC). The paper will discuss some of the results achieved using the obtained nanocrystals as reinforcing filler in a paper sheet; it was found that the tensile strength increased from 3.69 kg/15 mm to 3.98 kg/15 mm, the durability behavior (measured by bending number) changed from the value 95 to the value 141, and the barrier properties (measured by Gurley porosity) were improved, increasing from 38 s to 45 s.
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1. Introduction

Lignocellulosic biomass is a potential source of saccharides that can be converted into alternative fuels as bioethanol. Concerning this aspect, a relevant ongoing experimental program is dedicated to producing bioethanol from residues at CRB labs [1,2,3,4] but also on other energy-from-biomass production technologies [5,6].

Focusing on the bioethanol conversion, it is typically accomplished through the production of hexose and pentose sugars from cellulose and hemicelluloses [7]. In this context, an important aspect to be disclosed (as starting point) is the biomass initial characterization in terms of cellulose, hemicelluloses and lignin content. Several literary studies are available showing the processing of a ligno-cellulosic biomass and calculation of the energy-materials yields obtainable from energy treatments. In higher plants, cellulose plays an essential role as a reinforcing element in the cell wall, generally together with lignin and hemicelluloses. These three polymers are closely associated making up ligno-cellulosic biomass, and the relative content of cellulose and lignin vary among species [8].

The presence of lignin in the plant cell wall, together with the partially crystalline nature of cellulose fibers, results in formidable challenges to deconstruct the lignocellulose matrix and depolymerise its cellulosic content [9,10].

Microfibrils are cellulose chains, around 20 nm wide and several micrometers long that consist of alternate crystalline and amorphous domains. Due to extensive inter- and intra-molecular hydrogen bonds by glucosidic hydroxyl groups, the crystalline domain is packed closely and results in an area of high crystallinity.

Cellulose microfibrils are susceptible to chemical, enzymatic and mechanical attacks that hydrolyze the amorphous regions in glucose and reduce the crystalline regions into nanocrystalline cellulose (NCC).

NCC results in rigid, rod-shaped monocrystalline cellulose domains (whiskers) which are 5 to 100 nm in diameter and 10 to 800 nm in length [11,12]. NCC is still being tested for diversified applications such as: (i) additives for coatings, paints, lacquers, and adhesives, (ii) switchable optical devices, (iii) pharmaceuticals and drug delivery, (iv) bone replacement and tooth repair, (v) improved paper, packaging and building products, (vi) additives for foods and cosmetics, and (vii) aerogels as super insulators. NCC can be chemically modified with other functional groups and conjugated with molecules or nanoparticles giving improved and novel properties. Recently, some emerging bioapplications of functionalized and modified NCC such as drug delivery, enzyme immobilization, nanocatalysis, etc., have been reviewed [13]. Owing to its high mechanical strength, high aspect ratio, large surface area (150–250 m2/g), and other intriguing electrical and optical properties [14], NCC has been fostered for the preparation of industrial composites. Therefore, the incorporation of a small amount of NCC into plastic and paper could enhance the strength of the latters by several orders of magnitude.

NCC-reinforced plastics have mechanical advantages over conventional automotive plastics, being 30% lighter and 3–4 times stronger than the currently used materials. They are also less susceptible to damage from heat, chemicals, and spilled gasoline, so they are employed in car parts such as dashboards, bumpers, and side panels. Due to its low toxicity, NCC’s environmentally benign nature is the key advantage in driving the development of innovative, sustainable, and recyclable materials [15]. This article aims to explore the application of NCC in the manufacturing of reinforced paper. Nanocrystalline cellulose from pretreated biomass, by steam explosion, was obtained through an experimental procedure derived from the literature. This kind of pretreatment is still being studied and optimized as it seems very promising.

The effects of this process are: cleavage of some accessible glycosidic links, cleavage of β-ether linkages of lignin, cleavage of lignin carbohydrates complex bonds and minor chemical modification of lignin and carbohydrates. Nanocellulose recovery yield obtained by this technique was found to be high compared to other methods [16]. The various colloidal solutions of NCC have been employed to reinforce paper sheets, which have been tested in tensile strength, in durability and in barrier properties.

The possibility to use the NCC for the improvement of several properties of materials has been also largely explored in literature. Concerning the mechanical behavior of both synthetic (e.g., PVOH) and natural (e.g., starch) polymers, a significant increase in the Young’s modulus and tensile strength has been demonstrated after treatment with NCC [17]. The improvement of the barrier properties of the membranes has been also experienced in several cases [18,19], addressing the food packaging issue. In addition, using the crystalline content of cellulose matrix seems to be contributory to the development of new biobased prostheses for human wellbeing [20]. Drug delivery and optical iridescence properties are additional fields of constructive applications for NCC [21,22].

A parallel emerging sector is the nanopaper world. There are a limited number of facilities, mainly located in the northern Europe, operative at industrial scale [23] for the combined production of NCC and its incorporation in the common paper pulp in order to produce an increase in resistance and durability of the paper sheets. Such an opportunity should correspond to a reduction of the paper waste volumes, contributing in the sustainability of the production and disposal processes.

In this context, the purpose of the presented research is to demonstrate that the enhancement of the properties of the paper can be obtained also using NCC obtained from residues (e.g., residual biomasses) and not only from dedicated pure cellulosic materials (e.g., cotton, paper, wood, etc.).



2. Experimental Section


2.1. Materials and Methods for NCC Processing

The following section illustrates the experimental phases of the work including the description of used materials and laboratory procedures.


2.1.1. Raw Materials

The experimentation was carried out using the following initial raw materials:


	Cynara Cardunculus untreated samples


	MCC commercial powder




The following paragraph provides a description of the main features of the used materials.

The Cynara Cardunculus samples were firstly characterized using all the equipments that are available at CRB laboratories, using the related quality measurements protocols. In particular, the cellulose, hemicelluloses, acetyl groups, extractives, ashes and lignin components were measured and the results are reported in Table 1.

Table 1. Main components of the Cynara Cardunculus samples.


	Cynara Cardunculus component
	Measured percentage in weight (% dry basis)





	Cellulose
	34.96 ± 0.29



	Hemicelluloses
	16.17 ± 0.29



	Acetyl groups
	4.54 ± 0.17



	Extractives
	11.22 ± 1.08



	Ashes
	7.72 ± 0.21



	Lignin
	16.89 ± 0.45



	Other
	4.82 ± 0.47








The used MCC powder is a commercial product; named MCC CAS 9004-34-6 Alfa Aesar ©.





2.1.2. NCC Produced Samples

The experimental procedure was applied to produce three different NCC enriched suspensions obtained from the Cynara cardunculus pretreated (by Steam Explosion) and from the cellulose micro crystals (MCC) varying the duration of the ultrasound treatment (further described in Section 2.2). Table 2 summarizes the characteristics of the samples.

Table 2. Characteristics of the liquid cellulose nanocrystals (NCC) samples.


	Sample name
	Input matrix used for extraction
	Sonication time (h)





	NCC cardoon
	Cynara cardunculus pretreated by steam explosion
	20



	NCC (10 h)
	Commercial MCC
	10



	NCC (5 h)
	Commercial MCC
	5










The relative amount of NCC in the obtained liquid suspension was of 1.5% w/w.




2.2. The Extraction Methodology of NCC from Pretreated Biomass

The extraction methodology consists of a five step protocol allowing the separation of the nanocrystalline content of cellulose. Such a procedure is literary captured [24] with the exception of one step that has been optimized by CRB Lab and it can be applied for the production of NCC from residual biomass and from the micro crystalline cellulose (MCC). In the second case, the procedure was applied starting from Section 2.2.4. Figure 1 shows a picture of the NCC dedicated experimental setup in CRB Labs and Figure 2 is a flow diagram of the experimental procedure.

Figure 1. NCC dedicated setup in Biomass Research Centre (CRB) Labs: (a) hydrolysis reactor and sonication device; (b) dialysis device; (c) centrifuge.
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Figure 2. Flow diagram of the experimental procedure carried out by CRB.
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2.2.1. Extractives Removal from the Residual Biomass Using the Soxhlet Apparatus [25]

The extractive removal is carried out with a mixture of toluene and ethanol in a 2:1 ratio for 6 h. The thimble containing the residual biomass is cooled at ambient conditions for 6 h and dried under suction from a vacuum pump to remove the solvent excess. The extractive removal is then further carried out with pure ethanol, to remove traces of toluene under the same conditions as the previous phase. The sample is dried under suction of the vacuum pump for 24 h in order to remove residual solvents.



2.2.2. Lignin Separation

In order to separate lignin from the cellulose component, a basic hydrolysis is carried out applying the conditions described below. The extractive-free biomass is treated with an alkaline solution of sodium hydroxide at 4% w/w with a ratio solvent/residue of 8/1 (v/w). The operation is conducted at 95 °C for 2 h. The whole resulting sample is filtered and the liquid component includes the dissolved lignin. The solid part remained into the filter (containing the cellulose component) is washed with deionized water, recovered and dried in air for two days or under suction with a vacuum pump at ambient temperature to reduce the time.



2.2.3. Energy Bleaching

The third step involves a processing stage by energy bleaching [1] with sodium chlorite at controlled pH. The sample is rehydrated with 700 mL of deionized water and placed in a 1L flask. It is then preheated to 70 °C and 1.5 mL of acetic acid and 6.7 g of sodium chlorite are added. The sample is maintained under these conditions for 12 h during which 4 additions of the initial reagents are required (1.5 mL of acetic acid and 6.7 g of sodium chlorite) at regular intervals of about 2.5 h. After the last addition the sample is kept at 70 °C for 12 h. At the end of the process, a large excess of deionized water is added, the sample is left to decant, and the supernatant is removed. The precipitate is recovered, centrifuged and re-washed with deionized water in order to eliminate any trace of the reagents used during the bleaching process.



2.2.4. Acid Hydrolysis

After the bleaching process, the sample appears in the form of paper pieces. The fourth step allows the deconstruction of the cellulose into its two components: crystalline and amorphous. Moreover it degrades the latter in order to obtain the nanocrystalline cellulose in acid solution. The obtained sample is inserted into a one-liter flask and 64% w/w sulfuric acid is added so as to obtain a sample/solvent ratio of 1/18 (w/v). The whole solution is brought to a temperature of 45 °C and left for 3 h. The reaction is quickly interrupted with cooled deionized water and ice and left to decant overnight in a large bowl. The precipitate matter is than centrifuged and washed with deionized water to regain a neutral solution. The traces of sulfuric acid are removed by dialysis membrane with deionized water in the dedicated apparatus (Figure 1).



2.2.5. Ultrasound Treatment

The sample was treated with ultrasound equipment in order to break down NCC agglomerates. In particular, the used ultrasound device is the LABSONIC M-BBI 8535027. This device allowed the continuous treatment at fixed 200 W power by means of deep probe type 30-750mL/BBI-8535671. The duration of the treatment was varied as described in Table 1. Some aliquots were filtered with 0.22 µm Nylon filters, dried at 45 °C for 3 h and weighed on an analytical balance for NCC quantification. The yield of the process was estimated by comparing the obtained amount of NCC with the cellulose percentage present in the initial residual biomass. Concerning the NCC steps in Section 2.2.4 and Section 2.2.5, some experimental procedures using an integrated approach of acid hydrolysis and ultrasonic treatment are available in the literature [26,27].




2.3. SEM Analysis Methodology

The experimental procedure used for SEM analysis [28] consisted in the application of the standard test protocol used by the laboratory of the Department of Physics of the University of Perugia [29]. In particular, this methodology is articulated in two phases:


	samples preparation (i.e., mineralization and arrangement on glass supports);


	SEM protocol execution.




Some of the pictures obtained by SEM analysis are presented in the Results and Discussion section.



2.4. Paper Reinforcement Tests

The reinforcement properties of the prepared liquid samples were tested according to some relevant ISO standard regulations. The same references were used for the calculation of the significance of the results. The lab tests were carried out by the Laboratory of the Cartiere Fabriano Company. Indeed, the three liquid NCC enriched samples were added to a paper sheet (called linter) by immersion [30].

The linter paper sheets were obtained from the conventional paper-making procedure used by Cartiere Fabriano Company and it consists of some organized α-cellulose fibers. The characteristics of the untreated material are reported in Table 4, Table 5, Table 6, Table 7 and Table 8. Three different NCC-linter paper sheets were produced, obtained from the three original NCC suspended solutions.

Table 4. Results of the weight tests before and after the NCC enrichment of the linter paper sheet.


	Type of sample
	Linter paper sheet without NCC
	Linter paper sheet + NCC from Cynara cardunculus
	Linter paper sheet + NCC from MCC (10 h)
	Linter paper sheet + NCC from MCC (5 h)





	Weight measured value (g/m2)
	75.00 (±0.01)
	75.60 (±0.01)
	75.30 (±0.01)
	75.00 (±0.01)








Table 5. Gurley porosity tests before and after the NCC enrichment of the linter paper sheet.


	Type of sample
	Linter paper sheet without NCC
	Linter paper sheet + NCC from Cynara cardunculus
	Linter paper sheet + NCC from MCC (10 h)
	Linter paper sheet + NCC from MCC (5 h)





	Gurley porosity measured value (s)
	38
	45
	43
	42








Table 6. Breaking load tests before and after the NCC enrichment of the linter paper sheet.


	Type of sample
	Linter paper sheet without NCC
	Linter paper sheet + NCC from Cynara cardunculus
	Linter paper sheet + NCC from MCC (10 h)
	Linter paper sheet + NCC from MCC (5 h)





	Tensile strength (kg/15 mm)
	3.69
	3.98
	3.72
	3.69








Table 7. Statistical analysis of the breaking load tests before and after the NCC enrichment of the linter paper sheet.


	Type of sample
	Linter paper sheet without NCC
	Linter paper sheet + NCC from Cynara cardunculus
	Linter paper sheet + NCC from MCC (10 h)
	Linter paper sheet + NCC from MCC (5 h)





	Number of measures
	4
	4
	4
	4



	Variance (σ2)
	0.0137
	0.0019
	0.0139
	0.0134



	Standard deviation (σ)
	0.1170
	0.0436
	0.1179
	0.1158








Table 8. Results of the Bending tests before and after the NCC enrichment of the linter paper sheet.


	Type of sample
	Linter paper sheet without NCC
	Linter paper sheet + NCC from Cynara cardunculus
	Linter paper sheet + NCC from MCC (10 h)
	Linter paper sheet + NCC from MCC (5 h)





	Bending measured value (number)
	95
	141
	101
	95








The tests performed over the paper sheets are reported in Table 3:


Table 3. Paper sheet reinforced typologies and type of mechanical test carried out.



	
Type of mechanical test

	
U.M.

	
Type of sample

	
Standard test method






	
Paper weight

	
g/m2

	
Linter paper sheet without NCC

	
Linter paper sheet + NCC from Cynara cardunculus

	
Linter paper sheet + NCC from MCC (10 h)

	
Linter paper sheet + NCC from MCC (5 h)

	
ISO 536




	
Gurley porosity

	
s

	
ISO 5636/5




	
Breaking load

	
kg/15 mm

	
ISO 3781




	
Bending tests

	
Number of maxima folds

	
ISO 5626














3. Results and Discussion


3.1. SEM Analysis

The three obtained NCC samples were characterized by SEM analysis in order to verify the existence of the nano-crystalline structure. Some SEM images showing the obtained nanostructure are reported in Figure 3 and Figure 4.

Figure 3. SEM image of NCC obtained from Cynara cardunculus.
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Figure 4. SEM image of NCC obtained from MCC (10 h).
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Figure 3 and Figure 4 show a bed of NCC whiskers in the background. The round highlighted elements are some residual agglomerates of cellulose. Although the latter structures are not properly hydrolyzed, they are at nanometric scale. The definition and quality of the nanometric structure is a function of many parameters such as the procedure used to obtain NCC and the control of the regulatory parameters. In addition, the structure of the initial matrix strongly influence the nanometric organization of the NCC particles. Some SEM images of NCC produced from wood pine powder [31], from rice straw and from potato tuber [32] are available. In these images, the NCCs appear more defined and clear.



3.2. Mechanical Testing

The following section shows the results obtained from mechanical tests performed on four samples of linter paper sheets (one sample of linter paper sheet and three samples of NCC-linter paper sheets). After immersion [30] of the linter paper sheet into the three different NCC liquid suspensions, the absorption rate was estimated in 0.5 g/m2 (considering the efficiency of the used film deposition technique) and the size of the cellulose nanocrystals applied as reinforcing filler varies between 10 and 100 nm, as visible from the SEM characterization measures (Figure 3 and Figure 4).


3.2.1. Paper Weight Tests

The weight tests were performed in order to assess the parameter variation after treatment. The results are summarized in Table 4.



The results shown a light sensible increase in the weight measured value after the NCC enrichment treatment. Concerning the significance of the results, the sensibility of the analytic balance used for performing weight measures introduces an error in the range of (±0.01) on the presented numbers.



3.2.2. Gurley Porosity Tests

The barrier properties of the samples were determined by performing several Gurley porosity tests. A known air flux is imposed passing through the surface of each specimen and the time needed to this mass of air to cross the surface is measured. The main results are reported in Table 5. Only one test for each sample was carried out.



It was found that the NCC enrichment treatment produced a sensible increase in the Gurley porosity value. The porosity improvement was between 10.5% and 18.4%, and the best result was obtained for linter paper sheet + NCC from Cynara cardunculus.

This result is in agreement with the literature [33] and it is justified by the produced increase in the crystallinity, i.e., the degree of structural order in a solid. In this context, there is also an increasing interest in the barrier properties, due to increased tortuosity provided by nano-particles. Possible interesting applications of NCC relate to barrier membranes. For instance, barrier membranes of poly (vinyl alcohol), PVOH, were studied by Paralikar et al. [34] who have shown how NCC imparts enhancement of both mechanical and barrier properties to these membranes.



3.2.3. Breaking Load Tests

The mechanical properties of the prepared samples were measured by performing breaking load tests and repeating the tests four times each sample. The test is carried out by applying a variable load intensity, able to produce an elongation of the specimen equal to 15 mm. The isotropic nature of the linter paper sheets allowed us to choose a casual direction for the application of the load.

Results of the mechanical tests are shown in Table 6 and they were averaged for 4 tests/each sample. The statistical analysis of the results is also reported in Table 7.



After statistical evaluations, the obtained results appeared acceptable and significant. In particular, the results demonstrated a sensible increase of the 7.9% in the measured tensile strength for the sample Linter paper sheet + NCC from Cynara cardunculus and of the 0.8% for the sample Linter paper sheet + NCC from MCC (10 h), while not significant improvement for this parameter was measured for the Linter paper sheet + NCC from MCC (5 h) sample.



There has been significant research in the use of NCC to reinforce natural polymers, e.g., starch and produce all bio-based nanocomposites, fully biodegradables and renewable: it has been for instance demonstrated that starch-based polymers can be reinforced by the addiction of a percentage of NCC as filler, as observed by Cao et al. [35].



3.2.4. Bending Tests

The durability properties of the prepared samples were measured by performing one bending test for each sample since the test is destructive.

The number of maxima folds before disruption were computed. The results of bending tests were summarized in Table 8.



The results demonstrated a sensible increase in the observed bending behavior for samples Linter paper sheet + NCC from Cynara cardunculus (plus 48% in bending measured value) and Linter paper sheet + NCC from MCC (10 h) (plus 6.3% in bending measured value), while not significant improvement for this parameter was measured for the Linter paper sheet + NCC from MCC (5 h) sample. This positive result is a consequence of the measured improvement of the mechanical properties of reinforced linter paper sheets.

The results presented in Table 4, Table 5, Table 6, Table 7 and Table 8 can be probably justified by the hydrogen bonding and gel swelling properties of NCC used as filler of a natural polymer and in the presence of water, as already observed in literature [36]; correspondently, the water uptake capacity is expected to decrease referring to the untreated material.





4. Conclusions

The possibility to enhance the mechanical, barrier and durability properties of a paper sheet using NCC was presented. An experimental procedure was applied to produce NCC from Cynara cardunculus and from commercial MCC. The results showed a significant increase in these properties for the investigated samples. Some opportunities for scaling-up the process to a pre-commercial stage will be considered as future development of the research since the paper industry is going to the nano-paper world in order to save resources and increase durability and sustainability of their processes. In this context, a major contributory task could be represented by the further enhancement of biorefinery, obtaining high quality products, e.g., NCC from bio-residues. Moreover the future experimental campaign is dedicated to the development of a new green extraction procedure, using ionic liquids instead of acids as medium agents.
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