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Refining Technologies And their Impact in Natural Fibers: A Brief Review
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	ABSTRACT:

Aims: Review the most relevant and available technologies for refining processes considering their commercial availability and fiber manipulation and quality control.
Review design: This review study was caried out focusing on a short and concise scientific literature background review in scientific periodic and published background information.
Summary: To access the polymer matrix in the fiber wall for many biomasses, the most usual process is chemical delignification. However, besides the chemical delignification, the interior of the fiber wall and the fiber surface structures are also affected by mechanical shear stresses, such as the refining process, which is an important treatment in papermaking to increase sheet strength. At the microscopic level of fibers and fiber flocs, refining effects are dependent on the magnitude and frequency of deformations. The refining process evolved in this process will be affect according to the disk designer and the refiner equipment structure. There exist many types of refiners utilizing different technologies for fiber individualization and fibrillation. Disk and conical refining are the main technologies available commercially and in the existent pulp and paper industries all over the world. Generally, the disk refiner is a low-cost machine. It can be classified into two groups: the single disk refiner and the multiple disk refiners. Fiber Quality Analyzer (FQA) have been used as strategy to control quality and enhance final product quality in these industries and their affiliated users.
Conclusion: This review paper will conscise bring the understanding of the fiber organization and cell structure and how to acces these fibers and change their properties according to the available technologies in the market. Finally, elucidating the shear forces evolved in the process and how they act to complete the refining process.
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1. INTRODUCTION
Today’s pulp, paper board and tissue markets are driven by high competitiveness, increasing utility cost, and ever-increasing environmental regulations with the result that profit margins decline for pulp and paper manufacturers [1]. This requires manufacturers to investigate new avenues of cost savings as well as revisit existing production processes to decrease production cost [1.2.3,4]
The refining process, which is also called beating in the paper industry, is today applied in all the pulp and paper industries all over the world for modification of the pulp or fiber quality to improve the paper properties [5]. It is one of the important processes in the pulp and paper manufacturing segment. It is a commonly used, but also complicated method to increase the bonding ability of all virgin and recycled fibers used for paper production and can influence paper quality and paper production from both a process and a paper property standpoint [2].
To lower production costs, paper manufacturers may target fiber production processes such as refining to save on production costs and to improve and optimize fiber properties of the paper and board grades at the same time. Often there is a trade-off between different paper properties required and the refining process. 

Refining, of pulp fiber is the mechanical treatment and modification of fibers bonding ability so they can be formed into strong and smooth paper or board of desired properties with ideal properties for converting and printing [1,4], mostly done before the fiber suspension enters the et end process [1,4].

Refining of pulp fibers is done in the presence of water at consistencies of 3% to 5% with metallic plates also called fillings which are arranged on discs (disc refiner), cylinders (cylinder refiner) or cones (conical refiner) [1,4]. The metallic fillings are grooved so that the bars that treat fibers and the grooves between bars allow fiber transportation through the refining machine [6]. Each refiner machine has a stator and rotor component with metallic fillings attached. 
During the refining operation, the stator or rotor is pressed with force against the turning rotor, or the rotor is pressed against the stator. A set gap allows the pulp fiber suspension to pass through the rotor and stator fillings. Figure 1 displays the interaction for one bar of the rotor and stator filling arrangement [Doelle]. The interaction between rotor and stator applies the beating interaction to the fibers as described by Doelle and Bajrami [1] as follows: In the fiber Pick-Up stage in Fig. 1. a), the pulp fibers are collected on the leading edges of the rotor and stator bars. When the leading edge of the rotor bar approaches the leading edge of the stator and moves over the stator bar, an edge to surface treatment shown in Fig. 1.b) is initiated. During the edge to surface treatment, the pulp fibers are compressed and receive a forceful strike. As a result, most of the water is compressed out of the pulp fibers. Simultaneously, short fibers with low flocculation ability are likely to be separated and flow into the grooves between the bars. Only those fibers remaining between rotor and stator surface are compressed between the two metallic bar surfaces and receive beating interaction. After this, both leading edges slide along the pulp fibers and press them against the flat bar surface of the rotor and stator. Most beating is performed during this surface-to-surface stage, shown in Fig. 1.c), when the bar edges give mechanical treatment and friction between fibers. This stage continues until the leading edges reach the tailing edges of the opposite bars. During the edge-to-surface stage, the pulp fibers are still pressed between the flat bar surfaces until the tailing edge of the rotor bar has passed the tailing edge of the stator bar, releasing the fibers into the grove of the filling during the release stage shown in Fig. 1.d) [1,4,6]. 
Fig. 1. Refining principle of rotor and stator interaction [7]
Changes made by beating on the fiber materials are irreversible and influence the paper production process and final paper properties of the product produced.
Refining has a direct impact on the fiber wall structure caused by the mechanical forces generated by the refiner bar rotation and fiber shear promoting internal and external fibrillation, increasing fiber flexibility and conformability. Nowadays new venues are explored by the paper manufacturing industry to incorporate emerging bio-based and non-lignocellulosic materials with natural fibers to improve production efficiency [1].
Considering the industrial refining process, many available technologies exist that fulfill the requirements for each paper mill or paper production sector tailored to the produced product or process that evolves natural softwood and hardwood fibers, recycled fibers, and or a, mix of fibers, and other non-lignocellulosic materials that are blend prior to the refining process of the papermaking slurry.   

All the fiber changes after refining can be today online controlled by installing online equipment for quality measurements and process control, called Fiber Quality Analyses (FAQ). This equipment can be integrated into the mill management software’s thus ensuring the fiber quality as enhancing the final product quality.

FQA equipment presents innumerous morphological indexes that are easily quantified and monitored with a integrated camera and software. Considering each type of FQA equipment and their suppliers, the apparatus for certain fiber evaluation could change generally based on the camera and software developed. The major part of the FQA equipment will allow the evaluation of key morphological properties for example fiber dimensions (length and width); fines particles; optical and gravimetric coarseness; curl; dirt; blend ratios (hardwood/softwood, synthetic/natural); fibrillation; kink; vessel cells; shives and mini shives; fiber bundles; flocks; stone cells; parenchyma and cell wall thickness & cross-sectional area [8,9,10,11].

This review paper will concisely bring the understanding of the fiber organization and cell structure and how to access these fibers and change their properties accordingly to the available technologies in the market. Finally, elucidating the shear forces evolved in the process and how they act to complete the refining process.
2. Fiber structure
Natural fiber are considered an fibrous fiber material. They can be extracted from three subdivided classes such as plant fibers, animal fibers and fibers from mineral sources. Today natural fibers are usually derived from plants [12]. Cellulose is a worldwide abundant, available and safe polymer used for a variation of applications. 
Paper products are typically produced from various softwood and hardwood mixtures. Long and coarse softwood fibers act as a reinforcement material, whereas short and fine hardwood fibers form a good printing base.
Fibers, originally produced from wood, are one of the most popular fiber sources for paper production. Fibers produced from a wooden raw material source contain a mix of chemical molecules embedded in a matrix such as cellulose, hemicellulose, lignin, and secondary components based on their production process [6]. Before wooden fibers can be used to produce paper on a paper machine, they must be refined to the specific production and operational requirements of the paper machine and the desired paper properties needed for the final paper product [13]. 
Figure 2 shows an idealized model by Esteves et. al.[17] of cellulose. The dominating allomorph in cellulosic fibers, is made of β-(1,4) D-glucan polymers, which are arranged in bundles, herein called fibrils. Fibrils are the smallest fiber wall structures and are estimated to be between 2 and 4 nm in diameter [14]. Fengel also proposed that cellulose fibrils are surrounded by loosely packed hemicelluloses surrounded by a layer of lignin [14]. The diameter of fibril aggregates has been reported to range from 10 to 30 nm [15]. Apart from fibril aggregation, removal of lignin and hemicellulose can increase cavities in the fiber wall, increasing therefore their porosity [16], this porosity could be translated in more reactivity of this matrix. The cellulose fibrils and fibril aggregates is part of the cellulose supramolecular structure of the fiber wall together with the interstitial spaces between the fibrils and fibril aggregates [17].
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Fig. 2: Idealized representation of wood matrix structure (represented by the early and late wood), fibers (represented by the different layers: (M) middle lamella, (P) primary layer and secondary layers (S1, S2 and S3), fibrils, and fibril aggregates. The elementary fibrils are composed by the D-glucose chains subunits from cellulose linked by β-1–4 glycosidic bonds [17].
3. Refining process
To access the polymer matrix in the fiber wall, the most usual process is chemical delignification. However, besides the chemical delignification, the interior of the fiber wall and the fiber surface structures are also affected by mechanical shear stresses, such as the refining process, which is an important treatment in papermaking to increase sheet strength [17]. 

The refining processes direct impact on the fiber wall structure is caused by the mechanical forces generated by the rotor and stator interaction of the fillings promoting shear between the individual fibers. This causes internal and external fibrillation which increases fiber flexibility, conformability and exposing the polymer matrix [17,18,19]. Internal fibrillation is the most important effect obtained through beating process, leading to the physical breakage of inner chemical-joints between cellulose fibrils and promoting an increase of pores inside the fiber wall [20]. An additional effect of this is external fibrillation, characterized by peeling off fibrils from the fiber surface, which will give rise to better inter-fiber bonding [19,21].
One of the first researchers to introduce refining theory was Jagenberg in 1887 defining such terms as "edge length per second" and beating area. Both concepts are still used in the basic theories of refining today applicable to all commercial refining processes. C-factor was another theory for characterization of pulp refiners by the number and intensity of impact inflicted on fibers. The common feature of current refining theories is that the total refining power is divided into two components, net and no-load power [22].
3.1 Refining Forces
Figure 3 by Nugroho [22], shows the mechanics of refining. Two parallel plates, comprised of a stator and rotor, are grooved and because of that, the bars treat fibers which flow along the grooves between the bars, thus the fibers suspension flow through the refiner according the 3 steps described A, B and C. Stage A of the figure, fibers make contact with the plates and get the first hit from edge to edge on the bars of the plates. Stage B the fibers pressed between bars and finally stage C fibers also hit the bars on the surface to edge and the movement in repetition follows the same path edge to edge.
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Fig.3: - Refining Mechanism, two parallel plates, comprised of a stator and rotor, are grooved. 3 fiber positions are illustrated as A, B and C. Stage A of the figure, fibers are picked up, making contact with the plates and get the first hit from edge to edge on the bars of the plates. Stage B shows the fibers pressed between bars and finally stage C fibers also hit the bars on the surface to edge and again edge to edge [22].
Fiber’s suspensions passing through the contact area of stator and rotor could also have a different solids content, which is called consistency in paper making terms. Consistency is also the process parameter that is not dependent on the fiber species but will have an impact on the refiner machine equipment operation. However, the fiber material, source and type will influence the filling design and refiner process operational parameters and therefore the refining process outcome.
It is expected that the refined area creates the fibrillation of the fibers. Some different mechanisms and forces shown in Figure 4 explaining the different forces imparted to fibers during bar crossing. The shear forces resultants are applied not only through fibers in contact with the bars, but also to fibers in contact with other fibers.
Fig.4: Shear forces applied onto fibers during the refining process9. FB, FS, FN and FC are the vectors that represent the forces that evolved in the refining process. FB (Force that represents equipment surface shear); FS (Force that represent fiber surface shear); FN (Force that represents compression) and FC (Force that represent tensile rupture) [22].
3.2 Specific Edge Load (SEL)
At the microscopic level of fibers and fiber flocs, refining effects are dependent on the magnitude and frequency of deformations [10]. The refining process will be affected by the refiners filling design and the refiner equipment design itself. However, the Specific Edge Load (SEL) theory calculation can predict the amount of work transformed into fibrillation of the fibers.

To calculate SEL, we can first assume that the greater the number of bar edges available in the refining zone, the greater the number of fibers will be able to absorb a given refining load because fiber flocs are collected on bar edges. In addition, the torque applied by a refiner motor is directly proportional to the normal force acting to push a refiner rotor against a stator. With these two assumptions, it is possible to conclude that the average magnitude of fiber deformation is directly related to the applied power divided by the product of rotating speed and edge length. The basis of the Specific Edge Load Theory which was first introduced back in the 1960’s [23]. The calculated variable is referred to as ‘refining intensity’ or ‘specific edge load’ (SEL) and is typically expressed in units of watt-seconds per meter (Ws/m) [23] according to equations in the Table 1.
Table 1: Parameters and equations to calculate Specific Edge Load Theory (SEL) or Intensity (I), Cutting-Edge Length (CEL), Bar Edge Length (BEL) and Net power (Pnet) for fiber refining process

	Index
	Equation
	Units
	Reference

	SEL or I
	I = (Applied Motor Power – NoLoad) / [RPM x Bar Edge Length x (min/60s)]
	Watt-seconds per meter (Ws/m)
	[23]

	SEL or I
	SEL = Pnet/CEL
	Ws/m or J/m
	[5,22]

	CEL
	CEL = BEL x n or CEL = BEL × ω 
	m
	[5,22,23]

	Pnet
	Pnet = Ptot – Pnoload 
	kW
	[5,22]

	BEL
	BEL = Zr x Zs x l 
	km/Rev
	[22]


SEL - Specific Edge Load (Ws/m); I – Intensity (Ws/m); CEL - Cutting-Edge Length (m); BEL - Bar Edge Length (km/Rev); Pnet - net power (KW); RPM – rotation per/minute; n or ω - rotational speed (RPM); Ptot - total power (KW); Pnoload - initial power (KW); Zr - bar number of rotor ; Zs – bar number of stator and l - average of the length (km).
To calculate the refining intensity, it is necessary to first determine the true load applied to the fibers [23]. The Specific Edge Load or SEL (Ws/m or J/m) is also described in Table 1. Typical SEL for softwood and hardwood is 1.5–3 J/m and 0.2–1.0 J/m respectively [5,22]. Where Pnet is the net power (kW), Ptot is the total power, meaning the gross power in an actual situation, and Pnoload is the initial power. Initial power indicates the power consumed when the gap size backed off (increased) until there is no noticeable change in pulp properties. CEL or Cutting-Edge Length is calculated as Bar Edge Length/ BEL (km/Rev) multiplied by rotational speed/n (RPM). Finaly Zr and Zs are the bar number of rotor and stator and l (km) [5,22,23]. Some of the parameters such as BEL/CEL normally is given by the suppliers of refiner plates as km/Rev [22].
3.2 Specific Refining Energy (SRE)
Specific Refining Energy (SRE) differs from SEL because SRE is used for calculating how much energy is given from the refiner to the fibers [22] in kWh/t. This parameter is one of the most important to determine energy consumption for fiber refining as well as refining processes, at a laboratory, pilot and industrial scale for single and blend fiber mixtures at the  micro and nano scale. SRE could be calculated using the following equation described:
SRE = Pnet / m (Equation 1) [22]
It was mentioned above that Pnet is the net power applied to the fibers (kW), and ṁ is the mass of the fibers through the refiner (t/h). In this case ṁ is the result of multiplying the flow rate (liter/h) by pulp consistency (mass/unit volume). And generally speaking, the specific refining energy is the net energy expended per unit mass of fibers [22].
4. Refining types
Table 2 below summarizes a major part of equipment’s available for fiber refining process. There exist many types of refiners utilizing different technologies for fiber individualization and fibrillation. The available technologies could be found on different scales such as laboratory, pilot and industrial type refining. For each technology the industrial design of the equipment will change and their associated parts too. It is important to mention that laboratory refining is a standardized process and closely simulates existing industrial equipment. 
Table 2 – Refining process equipment’s their technology and scale

	Refining process
	Technology
	Scale
	Reference

	Disk refining
	Plate/Disk
	Lab and Industrial
	[5,24]

	Conical refining
	Conical disks
	Industrial
	[5,24]

	PFI
	Inner toothed fixed beater unit with blades
	Lab*
	[5]

	Hollander or Valley beater
	Beater fixed roll
	Lab and Industrial
	[5]

	Jockro
	Inner toothed not fixed  beater unit with blades
	Lab*
	[5]

	Cylindrical refining
	Cylindrical refining zone
	Industrial
	[11,25]

	Unstickers
	Plates
	Industrial
	[24]

	Stone grinding
	Abrasive stone
	Lab and Industrial
	[26]

	Fine/Ultrafine/Micro and Nano
	Disk/Pressurized
	Lab and Industrial
	[5,23,27]


Lab – laboratorial; PFI – laboratory beating equipment.

Disk and conical refining are the main technologies available commercially and in the pulp and paper industries today all over the world. Cylindrical and Unstickers are also technologies chosen for many industries considering different proposals of pulp or fiber treatment.  These technologies consist of rotor and stator, which could have various patterns of plates with different grooves and bar dimensions. Nowadays, the manufacturers are proposing new refiners by considering the industrial demand [5]. 
Generally, the disk refiner is a low-cost machine. It can be classified into two groups: the single disk refiner and the multiple disk refiners. Nowadays, disk refiners have been used for manufacturing the micro fibrillated and nano fibrillated cellulose [5,23,27]. Conical refiners. Several types of conical refiners with different cone angles such as Jordan-type, Claflin-type and Conflo-type have been introduced. Conical refiners have higher capacity compared to disk refiners.  Finally, the cylindrical refiners are not popular like disk or conical refiners, but they are gradually attracting some attention because of their ability to increase the homogeneity [5] “Papillon” is one of the newest types of cylindrical refiners. Due to the cylindrical shape, it has less pumping action than disk or conical refiners; also, it has one gap, so the gap control could be done more accurately. On the other hand, it is a costly machine, and the industry is still evaluating economic investments, however, it is claimed that it has very low no-load power, and this leads to the saving of energy [5,25].
5. Fibers changes
The mechanical action that is done by the bars on the plates of the refiner causes considerable modification of the fiber properties. Figure 5 by Kerekes [28], shows the fiber changes and their resultant morphology after the refining and illustrates how pulp slurry and strength properties could change accordingly with the beating time. The main factor that affects strength properties is bonding area. With refining the bonding area increases. Tensile and burst strength will increase after refining. When refining is applied to the fiber, the tear strength decreases after a slight increase at the beginning.
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Fig. 5: Fiber, pulp slurry and paper properties effect after refining process. A - Summary of fiber change9 and B – Pulp slurry and strength according beating time [28].
Major effects of refining fibers result in changes in the fiber structure are categorized as: fibrillation (external fibrillation, internal fibrillation (swelling), fines formation, fiber shortening and fiber straightening [5]. Except for these fundamental variations, as crystalline and redistribution of surface chemical compositions resulting from chemical treatments or other chemical-linked processes. Often fibers from pulp mills are kinked, crimped, and curly. fibers must be stretched first because if they remain curly or kinked in a paper network, it will reduce the paper strength. There are three ways to cause fiber straightening: firstly, by the tension in the refiner gap, secondly by swelling and lastly by segment stretching during drying [22].
6. Fiber analyzers
Fiber Quality Analyzer (FQA) have been used in laboratory and for industrial applications to monitoring fiber quality many years since the rapid development of digital image analysis technology within the last years has led to a multitude of new applications in the field of fiber assessment [29]. Table 3 below sumarizes the main equipments commercialy available and already used in the pulp and paper industries. Each FQA equipment have their own technology and principle for fiber mesuarements, thus this will result and different parameters indexes when compared.
Examining the available technologies, FS5 (Valmet) present a comprehensive set of measurements that could be applied to analyze virgin and recycled fibers, micro cellulose, as well as synthetic and non-wood fibers such as cotton, hemp, jute, and flax. Measurements comply with the ISO standards and can be easily used to verify data from online measurements [8].
Considering the equipment handling, software acquisition, data collection and manipulation it is well know that all parameters adjustable including fibers & fines definitions; instant data recalculation is available considering real time fiber images displayed on screen as well as the data acquisition [9]. In Addition the FQA equipment present options for full data exportation and multi test exportation for easy result analysis provided by the user software option.
Table 3: Fiber quality analyzer (FQA) their supplier and scale

	Fiber Quality Analyzer (FQA)
	Supplier
	Scale
	Reference

	FS5
	Valmet
	Lab and Industrial
	[8]

	Morfi, Morfi-Neo
	Techpap
	Lab and Industrial
	[9]

	L&W
	ABB
	Lab and Industrial
	[10]

	Pulpeye
	PulpEye
	Lab and Industrial
	[11]


Many fiber parameters could be measured using the FQA equipment, however the most useful for a pulp and paper mill operation and refining control are fiber length, fines content and coarseness. ABB is one of the suppliers together with Pulpeye [10,11] that had the most recent innovation in terms of FQA tools incorporated in their measurements, called crill analyzes. Crill analyzes pulp suspensions to monitor refining and dewatering. Refining the pulp increases the L&W Crill quota. During the refining process, the fibers are affected in different ways. For example, the fibrils of the fiber walls are exposed to a certain degree; these fibrillary particles on the fiber walls are described by crill. Crill is not based on image analysis, it is not limited by the resolution of an imaging system. Instead, L&W Crill analyzes how particles with different diameters absorb and scatter light of different wave lengths. By sending UV-light and IR-light through a pulp suspension, it detects if small particles are present in the solution. This new tool available in the both supplies demonstrate how these technologies have being changed accordingly the demands from this sector [22].
The disk and refining design change has allowed the pulp and paper industries to produce different grades of fiber materials. These new fiber materials in micro-nano sizes have been pushed by the FQA suppliers to deliver new tools for adequate measurements and reporting according to the refining processes used.
7. Remarks and conclusions 

Pulp and paper industry have been a technological influence for many other sectors in the 
world. Refining is one of the processes that have many applications for several materials’ composition and their industrial manipulation for different purposes. The technological status of this mechanical process changed over the years and became even more detailed according to the products’ specifications. Finally, linked to product needs and technological and theoretical understanding the quality measures became the usual control in many industries that have been adhered to different types of refining processes. Refining process has been a transformative technology since the macro to the nano scale.
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