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Abstract: The aim of this study was to characterize two types of cellulosic fibers
obtained from bleached wood pulp and unbleached recycled waste paper with
different cellulose content (from 47.4 percent up to 82 percent), to compare and
to analyze the potential use of the recycled fibers for building application, such
as plastering mortar. Changes in the chemical composition, cellulose crystallinity
and degree of polymerization of the fibers were found. The recycled fibers of
lower quality showed heterogeneity in the fiber sizes (width and length), and
they had greater surface roughness in comparison to high purity wood pulp
samples. The high purity fibers (cellulose content > 80.0 percent) had greater
crystallinity and more homogeneous and smooth surfaces than the recycled fibers.
The presence of calcite and kaolinite in all of the recycled cellulosic fibers
samples was confirmed, whereas only one wood pulp sample contained calcite.
The influence of the chemical composition was reflected in the fiber density
values. Changes in the chemical composition and cellulose structure of the fibers
affected the specific surface area, porosity and thermo physical properties of the
fibers. More favorable values of thermal conductivity were reached for the
recycled fibers than for the wood pulp samples. Testing the suitability of the
recycled fibers with inorganic impurities originating from the paper-making
processes for their use as fillers in plastering mortars (0.5 wt.% fiber content of
the total weight of the filler and binder) confirmed their application by achieving
a compressive strength value of 28 day-cured fiber-cement mortar required by
the standard as well as by measured more favorable value of capillary water
absorption coefficient.
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1 Introduction

There is general public awareness of the exhaustion of nonrenewable sources of raw materials, much
of which has been caused by industrial and agricultural production that is connected to extensive pollution
of all the components of the environment, thus causing climatic changes; as a result, there is an enhanced
demand for sustainable products based on renewable sources [1]. The construction sector is one of the
pillars in the economy of the society that negatively affects the surrounding environment with pollutants
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due to high consumption of raw materials and energy resources. The actual key issue in forming a
sustainable building industry is to minimize the excavation of natural resources, to reduce the effect of
human activities on the people’s health and the environment, and to replace petroleum and other non-
biodegradable based products with bio-based materials from renewable resources [2]. Therefore,
sustainable building structures play an important role in the reduction of material and energy costs, and
contribute to healthy living in building by reducing negative environmental impacts. The focus on the
sustainable use of natural and biodegradable resources in civil engineering involves the reuse of
recyclable construction materials after the demolition of buildings but mainly to utilize environmentally
compatible raw and secondary materials related to manufacturing environmental friendly
materials/products [3]. The development of sustainable building materials is increasingly linked to the use
of raw materials from fast-renewable sources represented by biomass. The utilization of this attractive
organic material in building materials preparing allows on the one hand reducing the load on the
environment [4], and on the other hand assists the development of societies centered upon bio-based
economies, which are characterized by both reduced dependence upon imported fossil fuels or mineral
resources and reduced greenhouse gases emissions [5].

The use of green materials in the building industry as a major strategic approach of this century is
mainly focused on the development bio-based building materials [6]. In this context, cellulosic fibers
obtained from biomass are attractive because of their advantageous properties and environmental benefit
[7]. They are readily available, environmental friendly, and technologically suitable; therefore, they are an
excellent raw material for the future application. This fibrous substance as a nonhazardous and relatively
low cost material offers the potential of a zero carbon footprint, biodegradability, renewability, and
recyclability [8], and it is being intensively investigated for the potential to be applied as a filler and
reinforcement in biomass-based cement composites [9]. Plant fibers, in regard to their implementation in
building materials are classified as non-wood and wood fibers [10]. Non-wood cellulosic fibers are
mainly derived from agricultural plants. Wood pulp in the form of cellulosic fibers is the main product
from wood-biomass processing [11]. Currently, research has been concentrated on the utilization of non-
wood agricultural waste for many applications in comparison to woody biomass [12].

In addition to the above mentioned advantages of cellulosic fibers, this material has a number of
fascinating mechanical (acceptable specific strength) and physical properties (low density approximately
1.5 g/cm3; low thermal conductivity ~ 0.3 W/m.K in the longitudinal direction; ~ 0.2 W/m.K in the
transverse direction) [7,13]. Their mechanical properties depend on their physical, chemical and
morphological characteristics such as chemical composition, crystal structure, fiber orientation,
diameter/cross-sectional area of the fiber and average chain length of the cellulose polymer. Natural fibers
are comprised of microfibrils of cellulose in a matrix of hemicellulose and lignin. As generally known,
this type of structure and its chemical composition is responsible for its mechanical properties. Because
hydrogen bonds between the long chains are in the natural fibers, they have the necessary stiffness and
strength. However, microfibril angles as structural parameters of wood cells have an important influence
on their mechanical properties. The smaller the microfibrils angle, the higher the longitudinal Young’s
modulus of the wood cell [14].

The strength of the fiber varies with its diameter and length and depends on fiber origin. This is
probably the reason why the mechanical properties of the different fiber types cover relatively wide range
[15]. It has been found that industrially pulped hardwood fibers have a higher stiffness (approximately 40
GPa) than their corresponding soft wood fibers (14-27 GPa) [16]. The tensile strength of wood fibers is in
the range of 1000-1200 MPa.

As it was found [17], the matrix cracks initiated during tensile-stress response test of sisal fiber
reinforced composite are bridged by the longitudinal fibers.

All of these aforementioned properties are potential advantages that make cellulose fibers convenient
materials for fiber-cement application. The natural-fiber cement composites are mainly applied in non-
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structural thin-walled materials, mainly thin-sheet products for partitions, building envelopes or flat
sheets for ceilings, roofing tiles and pre-manufactured components in general [18].

However, some issues of cellulosic fibers, such as their hydrophilic nature, low resistance against
fire, degradation of fibers in the cement matrix, tendency for forming fiber clumps, and low compatibility
between both the inorganic and organic phases are negative attributes for their application in building
products [19]. Production of commercial cellulosic fibers (CFs) with low degree of water absorbency is
costly. Therefore there are efforts to find a cheaper replacement for CFs. One of alternatives is to use the
waste paper as a possible and valuable resource of CFs in cement-based materials. Waste paper recycling
offers an economic benefit associated with the reduction of the risks of environmental impact of the
primary produced CFs by chemical pulping. This trend of the incorporation of recycled CFs in cement-
based composites is at the centre of current attention [20]. To develop cement composites/mortars based
on recycled CFs providing thermal comfort inside buildings, it requires a complex characterization of
their properties (chemical and phase composition, degree of crystallinity, morphology, and thermal
conductivity and stability) by using adequate methods. The purpose of this study was to assess and
compare morphology, dimensions, thermal conductivity, chemical composition, structure, and the thermal
behavior of two kinds of cellulosic fibers (bleached wood pulp and recycled waste paper). To confirm
their suitability for use as filler in plastering mortars, the compressive strength of 28-day-cured fiber-
cement samples was tested.

2 Materials and Methods
2.1 Materials

Two kinds of cellulosic fibers, from wood processing (mainly the sulfate beech tree cellulose) and
recycling wastepaper, were used. Six cellulosic fibers samples were provided by the company Greencel
Ltd. (Hencovce, Slovakia). As shown in Fig. 1, these samples are visually different in color. Samples 1-3
represent white wood pulps (WPs) and samples 4-6 correspond to gray recycled cellulosic fibers (RCFs).

Figure 1: Greencel cellulosic fibers: wood pulp (a) and recycled wastepaper fibers (b)

2.2 Methods of Fiber Characterization

The physical and chemical properties of fibers after they were dried in a muffle furnace (Labotherm
L5/11/B180; Nabertherm GmbH, Lilienthal, Germany) at a temperature of 80°C to a constant weight (24
hours) were characterized by sophisticated methods.

2.2.1 Density

This elementary physical property of cellulosic fibers was determined by a pycnometric method. A
glass pycnometer flask NS 10/19 (Paul Marienfeld GmbH & Co.KG, Lauda-Kénigshofen, Germany) with
a 25 ml volume and a close-fitting ground glass stopper with a capillary hole through it was used. Hexane
(655 kg/m®) was used as the working liquid. The measurement was carried out under laboratory
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conditions at a temperature of 23 + 1°C. The density of cellulosic fibers was calculated as the weight
difference of a pycnometer with and without a fiber sample. The sample density is the average of three
measurements.

2.2.2 Bulk Density

The bulk density of cellulosic fibers as the ratio of the mass of an untapped powdered sample and its
volume (including the voids between fibers) was determined by using the tester EV-02 (Electrolab,
Mumbai, India). The fiber sample was poured through a funnel into a measuring cup of 25 cm’. By
weighing the empty cup and a subsequently fiber-filled cup, the bulk density was calculated. For the
determination of this property, we repeated the measurement of each sample three times in order to reach
a good accuracy (< 5%).

2.2.3 Dimensions Characterization of Fibers

Average fiber length (L) and width (D) as well as aspect ratio (L/D) of the WP and RCF samples
were determined by an image analysis method on the L&W Fiber Tester (ABB AB/Lorentzen & Wettre,
Kista, Sweden). L&W Fiber Tester is an instrument for advanced analysis of fiber dimensions and fiber
length distributions. It is fully automated and comes with a carousel with 6 glass beakers. The apparatus is
a type of two-dimensional imaging technology. For fiber dimensions measurement, a fiber suspension
containing 1 g of fibers in 1 liter of suspension is prepared. Approximately 300 ml of this suspension is
placed in a beaker and then it is placed on the carousel. The fiber suspension is sucked in the
measurement area. The fibers are oriented in a plane between two glass plates with 90° angle relative to
the illumination/camera axis. A very small measurement gap between plates (0.5 mm) secures a good
alignment of the fibers. The entire fiber can then be seen and detected by the camera. True fiber length
instead of projected fiber length and fiber deformations is measured. The fiber length distribution is in 75
classes that are divided by 0.1 mm, and they are in the measuring range from 0.01 to 7.5 mm. The fiber
width distribution is in 50 classes that are divided by 2 um, and they are in the measuring range from 10
to 100 um. The test is completed after a measurement time of 150 seconds, which corresponds to the
measurement of the necessary number of fibers (20,000). Resolution within measurement range is 0.1 pm.
Repeatability is as follows: length 1.5%, width 1%. A cleaning system with automatic separation of the
plates keeps the passage free. The test of each fiber sample was performed in triplicate. A histogram
showing the fiber lengths distribution into six fractions for each investigated cellulosic sample is
presented in 3.2.2.

2.2.4 Specific Surface Area and Porosity

The principle of specific surface area measurement is based on the well-known theory developed by
Brunauer, Emmett and Teller (B.E.T. theory) for multilayer gas molecules adsorption on the evacuated
surface of the solid particles. For comparison, Langmuir theory was also used. Low-temperature nitrogen
molecules adsorption isotherms were experimentally measured at 77 K using a Quantachrome Nova
1000e (Quantachrome GmbH & Co. KG, Odelzhausen, Germany). The sample’s surface area is
calculated as the product of the number of adsorbed molecules in a monolayer covering the fiber surface
and the cross-sectional area of an adsorbate molecule. Experimental isotherms of adsorbed gas volumes
at equilibrium gas pressures allow for the computation of pore sizes distributions. The classical HK
(Horvath-Kawazoe), DR (Dubinin-Radushkevich), SF (Saito-Foley) modes and the more accurate
NLDFT (non-local density functional theory) were used to analyze the total micropore volume and
micropore radius.

2.2.5 Heat Transfer Characteristics

The heat transfer characteristics such as thermal conductivity, volume heat capacity and thermal
diffusivity of cellulosic fibrous samples were measured by the commercial device ISOMET 2114
(Applied Precision, Bratislava, Slovakia) with a noodle probe. The course of the time dependence of the
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thermal response to the pulses of heat flux created by scattered electric power in a probe resistor in the
analyzed material was recorded. The measured temperature is directly evaluated as a function of time by
means of polynomial regression. The value of the coefficient of thermal conductivity is calculated from
the coefficients determined by this regression.

2.2.6 Surface Morphology and Elemental Chemical Composition

A MIRA 3 FE Scanning electron microscopy (SEM) (TESCAN Ltd., Brno, Czech Republic) with a
Schottky emitter for high-resolution was used to observe the surface morphological changes of the
samples. Fiber samples were glued on carbon- adhesive films coated with a gold layer by using a
vacuum-sputter coater to avoid charging under the electron beam. The accelerating voltage of SEM was
10 kV; the magnification was 1500%. The determination of the elemental chemical composition of
samples was performed by an energy-dispersive X-ray unit (EDX).

2.2.7 Chemical Composition

The chemical composition of the main cellulosic and non-cellulosic components of WPs and RCFs
samples was analyzed. The analytical methods for determining of the total content of polysaccharides and
the contents of cellulose, hemicelluloses, acid-insoluble (Klason) lignin, extractives, and ash have been
described in detail in a previous work [21]. The moisture content was determined by a gravimetric
method from the difference in weight of the samples before and after drying. The drying of the fiber
samples to an absolute dry condition was done in a laboratory drying oven (Ecocell 22, BMT Medical
Technology, Brno, Czech Republic) at 103 + 2°C. Mass measurements were made with precision to the
level of 0.0001 g.

2.2.8 Molecular Mass Distribution

The molar mass distribution analysis of the cellulose in the WP and RCF samples was determined by
size exclusion chromatography (SEC) after their conversion into tricarbanilates. This method is described
in detail in previous works [21,22]. Data acquisitions were carried out with the ChemStation software
(Agilent Technologies, Santa Clara, USA) and calculations were performed with the Clarity GPC (Gel
Permeation Chromatography) module (DataApex, Prague, Czech Republic). The numerical outputs
obtained for Mn (number-average molecular mass) and Mw (weight-average molecular mass) were
recalculated to underivatized cellulose by multiplication with the coefficient k = 162/519. The
polydispersity index (PDI) of cellulose was calculated as the ratio Mw/Mn. The degree of polymerization
(DP) values were calculated by dividing the molar mass by the monomer equivalent weight of
anhydroglucose (DPw = M/162).

2.2.9 Phase Analysis

The presence of crystalline and/or amorphous phases in the samples was analyzed using a Bruker D2
Phaser X-ray powder diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) in Bragg-Brentano
geometry. The relative amount of crystalline cellulose as crystallinity index (Crl) and crystallite size of
crystalline cellulose in six different samples were established. The diffraction patterns produced using
CuKa radiation (A = 0.154060 nm) with Ni K filters, and a scintillation detector at a voltage of 30 kV
and a current of 10 mA were recorded in the range of 20 from 5° to 50°. The scan conditions include a
recording time of 6.5 hours and a step size of 0.02° (26), counting by 10 seconds per step. The XRD
patterns were processed by using the software Diffrac. EVA v. 2.1. The ICDD-PDF2 database (ICDD,
Philadelphia, USA) containing approximately 300,000 entries was utilized for the phase identification. In
this study, the crystallinity index of cellulose Crl (Eq. (1)), such as the relative degree of crystallinity, was
calculated from the XRD patterns of the fibrous samples by using the Segal peak height method [23].

Crl = 2o lM o 10004 (1)

200
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where Iy is the maximum intensity of the diffraction (200) peak at a 20 angle ranging between 22°-23°,
which represents both crystalline and amorphous cellulose. Iam is the intensity of the diffraction peak of
the amorphous material. It is taken at a 20 angle between 18° and 19°, where a minimum intensity is
observable [24]. The apparent crystallite sizes (L) of the Greencel cellulosic fibers in the (200) planes
were calculated by using Scherrer’s formula (2) [25] as follows:

Exi

L= (Bwcozd) (2)

where K is a dimensionless correction factor (0.94) called Scherrer’s constant, A is the wavelength of the
X-ray beam (0.15406 nm), B is the width of the peak at the half maximum height of the diffraction peak
[radians] and 8 is the Bragg angle corresponding to the (200) plane.

2.2.10 Chemical Functional Groups Identification

The identification of the different chemical groups that constitute the WP and RCF samples was
performed from the Fourier-transform infrared spectra measured on an Alpha Bruker Platinum-ATR
(Bruker Optic GmbH, Ettlingen, Germany) spectrometer within the wave number range of 4000-400 cm™!
at a resolution of 4 cm!. A total of 24 scans were taken for each sample. Avicel microcrystalline cellulose
(Sigma-Aldrich, Saint-Louis, USA) was used as a reference cellulosic material of high purity for a correct
identification of function groups in FTIR spectra of WP and RCF samples.

2.2.11 Thermal Behavior

The thermo gravimetric (TG) analysis and differential scanning calorimetric (DSC) method were
carried out by using an STA 449F3 Jupiter instrument (Netzsch, Selb, Germany). The record of mass loss
of each sample in response to an ambient temperature of up to 1000°C was collected to determine both
the TG and derivative thermo gravimetric (DTG) curves. Approximately 8 = 1 mg of the sample was
uniformly placed into the alumina crucible of the thermal analyzer, and the thermal decomposition of the
samples was monitored at atmospheric pressure in the presence of high-purity nitrogen with a flow rate of
100 mL/min at a constant heating rate of 10 °C/min.

2.3 Preparation of Mortar Specimens and Testing Methods

The application potential in making cement-plastering mortars of low quality cellulosic fibers
originating from waste paper in comparison to the bleached wood pulp with high cellulose content was
evaluated by the mechanical properties of the mortar bodies after 28 days of curing. Mortar mixtures
consisted of the Ordinary Portland cement CEM 1 42.5 N (Povazska Cement Factory Ltd., Ladce,
Slovakia), standard natural silica sand (Filtracni pisky Ltd, Chlum, Czech Republic), WP and RCF
addition and water. Mortar mixtures with 0.5 wt.% WP and RCF addition related to the total weight of the
filler and binder were prepared. The composition of fiber-cement mixture was based on STN EN 196-1
[26] and the water/cement ratio (w/c) was 0.55.

The preparation of mortars started with soaking of dry fibers and manual mixing in approximately 50
wt.% of water. The remaining water, the required amount of sand, and the cement were mixed by
mechanical stirring in a laboratory mixer BS MI-CM5AX (BETON SYSTEM Ltd, Brno, Czech Republic)
in accordance with standard [37] (to ensure the homogenous distribution of fibers in a cement mixture) at
a low speed for 5.5 min. Filling the moulds (40 % 40 x 160 mm) with fresh fiber-cement mixture took
place in two layers, and each layer was optimally compacted on a flow table by upsetting with 60 impacts
[26]. The compaction process ensures the relative movement of all the components of the mixture so as to
group as closely as possible and form a compact mass without air gaps. The filled molds were covered
with a PVC foil to prevent the water from evaporating from the fresh mixture as it is needed to hydrate
the cement. Two days after filling, the specimens were demolded and placed in a water bath.
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The strength tests of 28-day-cured fiber-cement mortars were carried out by using a compression test
machine (FORM+TEST Seidner & Co. GmbH, Germany) according to standard [27]. In the compressive
strength testing, the loading rate was 2400 &+ 200 N/s, while the three-point bending test was performed at
a loading rate 50 = 10 N/s. To determine the mechanical average values of the fiber-cement mortar, a
series of three prisms with and without fibers was fabricated.

The capillary water absorption coefficient of two selected 28-day-cured fiber-cement mortars based
on fiber samples 2 and 5 representing corresponding fiber group was determined according to standard
procedure [28]. Sealing compound-paraffin wax was applied to the longitudinal sides of the test
specimens and they were broken into two halves. The bodies thus prepared were inserted downwards into
a water vessel having a water level of 5-10 mm. To ensure complete contact with water, washers were
placed between the bottom of the vessel and the test body (its fractured surface). A constant water level
was maintained throughout the test. The capillary water absorption coefficient (C) [kg/m’min®3] was
determined from the difference of the two measured values after 10 and 90 minutes, respectively,
according to the Eq. (3)

C=0.1 x (M2 -Ml) (3)

where M1 and M2 is the sample mass after 10 and 90 minutes, respectively. The resulting average
capillary water absorption coefficient value is given with an accuracy of 0.03 kg/m?min®3,

3 Results and Discussion
3.1 Chemical Composition

Tab. 1 shows the chemical composition of the studied cellulosic fiber samples. As shown, two sets of
cellulosic fiber samples (WP and RCF) differ in the content of a main component (hollocellulose). The
first high purity set of samples (1-3) is characterized by a high holocellulose content > 99 percent,
whereas the samples of the second set (4-6) have a lower holocellulose content by 18-29 percent. A
relatively large difference in the cellulose content in the samples is also observed. The cellulose portion in
the WP samples (1 and 2) is approximately 81-82 percent, but this substance is represented by only 47-62
percent of the WP sample (3) and RCF (samples 4-6). The amount of hemicelluloses in the samples
ranges from 17-37 percent; the highest content is in sample 3. Four samples (samples 3-6) have a
cellulose/hemicellulose ratio ranging between 1.7 to 2.3 what is similar to nanocellulose samples with
typical ratios between 1 and 2.2 [29]. As expected, the cellulose/hemicellulose ratio was relatively high
(4.2-4.8) in the two WP samples (1 and 2).

Table 1: Chemical composition of WP (1-3) and RC (4-6) fiber samples

Components of Component content (%) in cellulosic fibers samples
cellulosic fibers (%) 1 2 3 4 5 6
Holocellulose 99.11£19  99.67+£1.6 99.09+2.1 71.03+2.1 71.98+1.3 81.30+£2.2
Cellulose 81.99+2.1 80.49+1.7 62.13+32 4740+28 4695+15 56.97+1.1
Hemicellulose 17.12+0.5 19.18£0.7 3696+12 23.63+09  2503+1.1 2433+0.8
Lignin 0.42£0.02  0.05+0.02 0.12+0.04 17.05+0.7  20.05+0.9 20.11+£0.9
Ash 0.08+0.004 021+£0.06 12.11+£0.6 1991+1.1 22.80+1.3 16.54+0.9
Extractives 0.54+0.03 033+0.02 033+0.02 1.39+0.05 1.69 +0.06 1.72+£0.07
Moisture 1.81£0.09 1.74+0.08 2.01+0.18 1.61+0.14  1.50+0.09 1.99+0.08

The lignin content is very low (< 0.5 percent) in WP samples (1-3) due to the bleaching process
which is also related to the white color of the samples. In contrast, lignin is present in a relatively high
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percentage in all of the RCF samples. The gray color of the RCFs corresponds to the remaining inks used
in newspaper printing.

The highest ash content was determined in the RCF samples (4-6), ranging from 16 to 23 percent.
The WP sample (3) also shows a higher ash proportion in comparison to the samples of the first set.

A decrease in lipophilic extractives quantity in all WP samples in comparison with the RCF samples
was measured. By comparing the results of both sample sets, we clearly observed a better quality in WP
samples 1 and 2.

Low moisture content values in the samples were found (approximately 1.5-2 wt.%).

3.2 Physical Properties
The results of the selected physical properties of the WP and RC fiber samples are given in Tab. 2.

3.2.1 Density and Bulk Density

The properties of the WP and RCF samples as bulk and porous substances are described by density
and bulk density (Tab. 2). Density is an important material parameter since it affects other properties such
as thermal conductivity and mechanical properties. The absolute density excludes all of the pores and
therefore it is a measure of the solid matter of the fiber [30]. It is evident that density values are
determined by the representation of the individual constituents in the cellulosic samples. The lowest
density value was found in sample 1 (1508 kg/m?), which had the highest content of cellulose (81.99
percent); this result was in accordance with the reported density value of pure cellulose (1592 kg/m?). As
shown in Fig. 2, the increasing trend in densities is caused by the content of non-cellulosic components,
such as hemicelluloses, lignin and ash. The calculated value of the correlation coefficient (0.9854) shows
a strong relationship between both of the mentioned variables. As is known, various physical properties
are directly or indirectly influenced by the chemical composition of cellulosic fibers [31].

Table 2: Properties of Greencel cellulosic fibers (WP: 1-3; RCF: 4-6)

Cellulosic fiber samples

Characteristics of cellulosic fibers

1 2 3 4 5 6
Density (kg/m?) 1508 £28 1524 +20 183119 184322 1966+23 1943+21
Bulk density (kg/m?) 60£2 40£3 80t4 754 55+3 40+2
Max. fiber length (um) 500 +£25 1000£40 500+25 400+15 600+20 120055
Dry matter (%) 931 93+1 901 93+1 93+1 93+1
pH 6=+1 61 7+1 7+1 7+1 75+1
Average fiber width D (um) 21.7+22 213+£26 21.8+23 295+2.1 309+15 29.0+2.0
Average fiber length L (pm) 504+24  514+15 640 £ 31 556+29 701 +3l1 796 £ 29
Aspect ratio L/D (-) 232 23.6 30 18.8 22.7 27.5
Thermal conductivityx 104 (W/m.K) 67432  664+38 65643  634+22 599+27  595+30
Volume heat capacityx 10 (J/m3.K) 0.1454 0.1472 0.1818 0.2097 0.1785 0.1709

Thermal diffusivityx10° (m?/s) 0.4639 0.4377 0.3827 0.3024 0.3354 0.3478
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Figure 2: Density vs. total content of non-cellulosic components of the WP (1-3) and RCF (4-6) samples

The bulk density of WP and RCF samples reached their average values ranging from 40 to 80 kg/m°.
It is generally known that cellulosic fibers are low bulk density, closed-air polymeric materials in a
porous structure. Therefore, the bulk density is always lower than the density. Fig. 3 shows that bulk
density increases with decreasing average fiber length in the studied range of variables. The calculated

value of the correlation coefficient (0.7663) confirms a moderate dependence between both of the
mentioned variables.
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Figure 3: Bulk density vs. average fiber length of the WP (1-3) and RCF (4-6) samples

3.2.2 Dimensions and Morphology Study

Dimension data of cellulosic fibers in Tab. 2 show heterogeneity in the fiber sizes of the RCF
samples in comparison to the WP samples. The histogram showing the frequency of fiber lengths
distribution of WP and RCF samples is in Fig. 4. Two fractions have a majority representation (200-500
pm and 500-100 um). The highest portion (54.7 and 52.8 percent) of the fraction with the smallest fiber
length (200-500 um) is recorded for the samples 1 and 2. RCF samples (4-6) and WP sample (3) have
lower portion of this fraction (48.1 to 33.3 percent) in the order of samples (4 > 5 > 3 > 6). The portion of
the second fraction (500-1000 um) is very similar (42.4-44.8 percent) in five samples except for the
sample 3. These differences in the fiber lengths distribution are reflected by the average fiber length (Tab.
2). The lowest average fiber lengths were measured for WP samples 1 and 2 (504 and 514 pm) and higher
values (by 8-56%) were obtained for RCF samples (up to 796 um) and sample 3 (640 um).
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Figure 4: Histogram of fiber length fractions of WP (1-3) and RCF (4-6) samples

As shown in Tab. 2, the same values of the average width of the fibers in the samples (bleached wood
pulp) were found (approximately 21-22 pum), but the RCF samples are thicker (approximately 29-31 um).
The cause of this phenomenon is probably related to inorganic impurities. The heterogeneity in the fiber
sizes is also reflected by the aspect ratio of the studied fiber samples. L/D ratio is in the range of 18.8-30.

As can be seen from the SEM micrographs in Fig. 5, it was difficult with this method to determine
the correct length of fibers in the samples, mainly in the RCFs because of their irregular shape, wide
distribution of particle size, aggregation of fibers and presence of fiber fragments.

Significant changes on the fiber surfaces of the examined WP and RCF samples were observed. A
comparison of the WP and RCF samples” micrographs (Fig. 5) shows that bleaching treatment of fibers
affects the quality of the fiber surfaces. More homogeneous and smooth fiber surfaces were observed in
samples 1 and 2 than in sample 3. This finding relates to the high surface purity of the fibers
corresponding to the cellulose content. The topography of the fiber surface of these samples does not
show the presence of surface impurities compared to the native form of cellulose fibers. From the
micrographs 4-6 in Fig. 5, a greater heterogeneity on fiber dimensions and the roughness of the fiber
surface due to the presence of fiber fragments and impurities is clearly observed in the RCF samples
(cellulose content approximately 47-57 percent). The fragments are formed by the mechanical damage to
the fibers due to the recycling process of waste paper. The impurities in the RCF samples originate from
paper-making processes by means of different additives, inks, and fillers.

The results of EDX elemental analysis of selected wood pulp and recycled fibers are shown in Fig. 6.
The elemental analysis of the fiber samples with lower cellulose content (samples 3 and 4) revealed the
presence of calcium (Fig. 6(b)), aluminium and silicon (Fig. 6(c)). The spectrum of WP sample 1 (Fig.
6(a)) was the same as the spectrum of sample 2 and contained only the peaks attributed to carbon and
oxygen. The peaks observed at energy levels of 2.1 keV belong to the gold from the sample covering.
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3.2.3 Specific Surface Area and Pore Characteristics

The specific surface area and micro pore volume radius are parameters used for characterization of
porous materials. In this work, various empirical models were applied to analyze the surface and pore
characteristics calculated using the BET equation for WP and RCF samples. As seen in Tab. 3, the values
of the specific surface area of fibers measured by monolayer and multilayer adsorption are different.

Table 3: Specific surface area and pores characteristics of Greencel cellulosic fibers (WP: 1-3; RCF: 4-6)

Cellulosic fiber samples

Parameter
1 2 3 4 5 6

Langmuir specific surface area (m?%g) 184 194 192 215 172 14.0
BET specific surface area (m?%/g) 826 941 742 948 863 7.60
HK total micro pore volume (10° cm?/g) 2,16 2.17 171 244 270 2.62
HK pore radius (nm) 7.14 184 7.01 699 701 184
DR micro pore volume (10° cm?/g) 1.01 11.62 7.32 9.58 569 8.13
DR micro pore radius (nm) 8.89 8.65 828 503 4.06 4.12
NLDFT cumulative pore volume (10°cm®/g) 4.00 12.65 11.37 20.64 1298 22.06
NLDFT pore radius (nm) 1.06 1.66 3.11 271 1.66 2.08
SF cumulative pore volume (10° cm?/g) 232 280 1.82 259 283 272
SF pore radius (nm) .75 175 1.75 175 175 1.75

Langmuir specific surface area values are higher than BET values due the fact that BET theory
ignores non-homogeneity of the surface and the measured surface area does not completely reflect a real
internal surface [32]. On the other hand, BET surface area presents the external surface area in the range
from 7.42 to 9.48 m?/g. The surface area also depends on the number active sites on the fiber surface. It is
evident that changes in the chemical composition on the fiber surface affect the specific surface area value
but also the pore structure. The lowest value of the specific surface area was measured for sample 3,
which corresponds to the highest hemicellulose content (Tab. 2). This finding is supported by the results
found in a previous publication [33], where the changes in pore structure and in pulp swelling behavior
after recycling were explained by the presence of a significant variety of hemicellulose content in the pulp
samples. The porous structure of native cellulosic fibers is one of the important factors influencing their
properties such as their accessibility during chemical reactions, swelling and mechanical properties [33].
The cumulative pore volume and average pore size values are determined by the measuring and
calculating methods used. The reported values of these pore characteristics are different due to
fundamental differences in measuring techniques and sample materials. As is known, pores creation also
takes place during the pulping and bleaching processes, when lignin and hemicelluloses are removed from
the cellulose fiber wall structure [34]. Many disordered and connected pores can be formed in meso-
porous materials. Therefore, some models overestimate or underestimate their value and are not reliable.
The NLDFT model can provide realistic pore volume estimation and seems to be suitable for meso- and
micro-porous materials [32]. The cumulative pore volumes determined by this method range between 4 X
107 and 22 x 107 cm®/g with the lowest value coming for sample 1 and the highest value belonging to
sample 6. The average pore radius is estimated from the pore volume assuming cylindrical pore geometry.
The average values of the NLDFT pore radius were found in the range of 1.06 to 3.11 nm. While samples
1, 2 and 5 have an average pore radius belonging to micro-porous material, this parameter for samples 3,
4 and 6 is higher than 2 nm and characterizes a meso-pore radius. Sample 3 with the highest value of
average pore radius (3.11 nm) shows the lowest values of HK total micro pore volume (1.71 x 107 cm?/g)
and specific surface area (7.42 m?/g™).
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3.2.4 Crystalinity and Crystallite Size

The XRD patterns of the cellulosic samples (Figs. 7 and 8) show the peaks attributed to cellulose 1
[35]. As is known, the crystalline structure of cellulose I is a mixture of two distinct crystalline forms:
celluloses I, (triclinic) and I (monoclinic), which are in their ordered and amorphous phases. The relative
amounts of celluloses I, and I vary with the source of the cellulose.
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Figure 7: XRD diffractograms of WP fiber samples (1-3)

The XRD patterns of the WP and RCF cellulosic samples present three characteristic peaks of
cellulose. The intensity of the main (002) peak between 20° and 24°, with a maximum at 20 = 22.6°-22.8°
represents both crystalline and amorphous cellulose; the minimum height at 26 = 18.5° (J110 = Iam)
corresponds to the amorphous phase [33]. Another peak of lower intensity is located between 14° and 18°,
with a maximum at 16.4°-16.6°. A further peak of weak intensity is seen at approximately 260 = 34°. In
previous papers [36], similar results have been reported. The XRD patterns shows that the ordered
structure of the crystalline region in the cellulosic samples (1 and 2) does not seem to be disrupted by the
bleaching process in comparison to other samples. As seen in Figs. 7 and 8, the lower intensities of the
three peaks attributed to cellulose were found for the RCF samples with lower cellulose content (3-6) in
comparison to high-purity WP samples (1 and 2). Except for the characteristic diffraction lines of
cellulose in Figs. 7 and &, the presence of other peaks was identified. The peaks observed on the XRD
pattern of samples 3 and 5 at 20 = 29.2°, 206 = 35.7°, and higher 20 angles (Figs. 7 and 8) belong to
calcium carbonate (calcite) [37]. In Fig. 8, the peaks observed at 20 = 12.19° and 24.62° in the diffraction
patterns of RCF samples (4-6) are attributed to aluminium silicate hydroxide (kaolinite; Al>Si,Os(OH)4)
[38]. Calcite and kaolinite belong to the most used mineral fillers in the paper-making process. These
results are in a good agreement with the results of the elemental analysis presented in Section 3.2.3.

The calculated values of Crl, as one of the most significant crystalline structure parameters of studied
cellulosic fiber samples, are presented in Tab. 4. The Crl values for WP samples (1 and 2) are
approximately 51-52 percent, while for RCFs and WP sample (3), the results are decreased to 44 percent.
The results listed in Tab. 4 indicate that the crystallite size increases with the increasing crystallinity
index of bleached fibers (WP samples) and their purity [39]. On the other hand, the Crl index of the RCF
samples has the opposite character in comparison with the Crl of WP samples. Based on these facts and
the data in the literature [40], the crystalline structure of cellulose depends on its history as well as the
source and the processing of fibers. As stated in the paper [40], the chemical treatment of natural fibers
can influence the crystallinity of cellulose.
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Figure 8: XRD diffractograms of RCF samples (4-6)

Table 4: Crystallinity index and crystallite size of Greencel cellulosic fibers (WP: 1-3; RCF: 4-6)

Sample Crystallinity index  Crystallite size

Crl (%) L (nm)
1 51.07 4.49
2 52.60 4.56
3 49.06 4.29
4 48.89 4.94
5 50.86 4.90
6 44.11 5.21

3.2.5 Degree of Cellulose Polymerization and Polydispersity Index

Size exclusion chromatography (SEC) is an extremely useful type of analysis to characterize the
polymer structure of cellulose. This method allows determine an important structural parameter, degree of
polymerization (DP) that significantly influences the mechanical properties of cellulose [41]. According
to paper [42], an increase in the DP of cellulose leads to an improvement in the strength properties of the
fibers. The DP actually represents the average cellulose chain length that is often expressed in terms of
the molecular mass of the polymer chain, and it is related to the relative molecular mass of the monomers
and the number of monomers connected in the chain. The polymer chains, however, have unequal length,
so the polymer exists as a distribution of chain lengths and molecular masses. The results of the number-
and weight-average molecular mass (Mn and Mw), polydispersity index (PDI) and degree of
polymerization (DP) are displayed in Tab. 5. The results show certain differences in the molecular mass
depending on the various origins of the tested cellulosic fibers in accordance with [43]. The WP samples
have lower Mn and Mw values in comparison to the RCFs; this is probably related to the impurities.
According to previous work [44], the Mw values in wood pulp approximately reached 100,000 g/mol.
The Mw values of the investigated WP and RCF samples are higher than those previously published.
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Table 5: Comparison of the values of the weight-average molecular weight (Mw), number-average
molecular weight (Mn), polydispersity index (PDI) and degree of cellulose polymerization (DP) of WP
and RCF samples

Cellulosic Mw (g/mol) Mn (g/mol) PDI DP
sample
WP 1 175,642 26,233 6.70 1,084
2 181,164 26,731 6.78 1,118
3 184,006 27,840 6.61 1,136
RCF 4 190,475 27,637 6.92 1,176
5 192,747 31,276 6.16 1,190
6 208,100 33,045 6.30 1,285
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Figure 9: Cellulose weight-molecular mass distribution of WP (a) and RCF (b) samples

As is shown in Tab. 5, the DP values are in the range of 1,084 to 1,285. Higher DP values were
found for RCFs in comparison to the DP of cellulosic fibers from WP. Figs. 9(a) and 9(b) show the
weight-molecular mass distribution curves of samples representing two sets of cellulosic fibers. As was
observed from the bimodal distribution of the molecular masses, a large portion represents high molecular
mass fractions and a smaller portion belongs to low molecular mass fractions. No significant differences
were observed between the PDI values of WP (6.61-6.78) and RCF samples (6.16-6.92).

3.2.6 Chemical Functional Groups

In addition to compositional determination, FTIR has been used to study the structure of cellulosic
fiber samples. The FTIR spectra of WP and RCF samples, in comparison to reference sample in Figs. 10
and 11, revealed bands in two wave number regions that are characteristic of the presence of cellulose
(3660-2800 cm™! and 1650-400 cm™) [45]. The observed differences in spectra allow for identifying the
structural changes. The spectra of the WP samples are comparable to a reference sample (Fig. 10), while
differences in absorption band intensities and the presence of new peaks in the spectra of RCF samples
are observed (Fig. 11).
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Figure 10: FTIR spectra of WP samples (1-3) in comparison to microcrystalline cellulose (MC)
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Figure 11: FTIR spectra of RCF samples (4-6) in comparison to microcrystalline cellulose (MC)

The identification of the absorption bands observed in the spectra of the investigated cellulosic fibers
is very similar to that presented for hemp hurds in our previous work [21].

The absorption peaks in the wavelength range 3660-2900 cm™! are characteristic for the stretching
vibration of O-H and C-H bonds in polysaccharides. The absorption peak at 3331 cm! corresponds to the
vibration of the O-H bond, and this broad peak includes inter- and intramolecular hydrogen bond
vibrations in cellulose [46]. The band at 2894 cm™ is attributed to the C-H bond vibrations of all
hydrocarbon constituents in polysaccharides [47].
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In the region of 1630-900 cm™!, many absorption bands corresponding to the vibration of functional
groups that present cellulose are observed. The peaks located at 1633 cm™! belong to the vibration of
water molecules absorbed in cellulose [47]. The absorption bands at 1428, 1367, 1334, 1027, and 896 cm"
I are attributed to the stretching and bending vibrations of the -CH, and -CH, -OH, and C-O bonds
vibrations in cellulose [48]. The peak intensity present approximately 1420-1430 cm™ is associated with
the amount of the crystalline cellulose, while the peak at 896 cm™! is assigned to the amorphous regions in
cellulose [25]. For the spectrum of sample 3 (Fig. 10), visible differences appeared. There can be
observed some modifications of the signals at 1428 cm™!, 896, 875, and 712 cm™!. A broad peak at 1428
cm! includes not only the vibrations of the -CH, and CH bonds from cellulose but also the vibration of
C=0 bonds in the carbonate ion (COs*). The band typical for CO vibration in pure CaCOs is visible at
1475 cm!. Furthermore, two peaks of weak intensity at 875 and 712 ¢m™ also belong to the C=0O bond
vibrations in carbonate anions. The FTIR spectra of the RCF samples in Fig. 11 are very similar to the
spectrum of WP sample 3 (Fig. 10). However, the peaks attributed to the bonds present in the kaolinite
structure were additionally observed. Kaolinite, as a clay layered aluminosilicate mineral, consists of
tetrahedral (Si*", AI’*) and octahedral (Al**, Fe**) layers. The absorptions at 3697, 3669, 3645, and 3620
cm'l are typical for the Al ...O-H stretching vibration of Al in octahedral as well as O-H stretching [49].
The band at approximately 1100-1010 cm™ is assigned to Si-O stretching vibrations. The peaks at 936-
914 cm! correspond to the Al-OH bending vibration of kaolinite [50]. The bands at 914 cm™ and peaks in
the range of 800-784 cm! are attributed to the deformation bands of the OH bonds linked to AI**, and
APP" and Mg?" ions, respectively. The peaks at 540 and 470 cm™ are attributed to Si-O-Al stretching and
Si-O-Si bending vibration (inter tetrahedral bridging bonds in SiO;). These results imply the presence of
calcium carbonate [51] and kaolinite in cellulosic fiber samples as impurities derived from the used filler
in paper-making, which corresponds to cellulose purity (Tab. 1).

3.2.7 Thermal Degradation Characteristics

Thermal analysis provides information on the thermal stability of a material as well as heat release
during simultaneous heating. The mass loss curves (TG), DTG and DSC curves of the six tested cellulosic
fiber samples in an inert atmosphere of nitrogen are shown in Figs. 12-14. Tab. 5 summarizes the
parameter values obtained from DSC analysis.
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Figure 12: TG curves of WP (a) samples (1-3) and RCF (b) samples (4-6)

As seen in Figs. 12-14, the thermal decomposition process of cellulosic fiber samples can be divided
into three stages. As is known, the decomposition of cellulosic samples is a complex process involving a
series of consecutive reactions. There were some difficulties in characterizing the decomposition behavior
of substances forming cellulosic fiber samples and recognizing the progress of individual degradation
actions occurring during their heating as a result of the complexity of its microstructure [25]. We have
encountered a similar problem in the thermal degradation studying of organic compounds present in hemp
hurds samples [52]. While only slight differences were observed between the samples in DTG curves
during the course of the degradation (Figs. 13(a) and 13(b)), significant differences were found in the
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DSC curves (Figs. 14(a) and 14(b)). The TG, DSC, and DTG curves of the RC and WP fiber samples,
obtained by analysis in a nitrogen atmosphere, show a very weak initial endothermic peak between 25 and
127°C, where asmall weight loss (0.55-1.22 wt.%) was recorded. In this temperature range, the
evaporation of physically adsorbed water (moisture) from the fiber structure occurs. The moisture content
in the samples determined gravimetrically ranged from 1.5 to 2 percent (Tab. 2). Owing to the
hygroscopic nature of the fibers, the amount of moisture is highly dependent on the ambient humidity and
the manner in which the fibers are handled [53]. Hemicelluloses and lignin constituting the major part of
the amorphous phase play an important role in the storage of moisture in fibers. As shown in [54], a
portion of the bound water in the fibers depends significantly on the crystallinity degree of the cellulose.
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Figure 13: DTG curves of WP (a) samples (1-3) and RCF (b) samples (4-6)
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Figure 14: DSC curves of WP (a) samples (1-3) and RCF (b) samples (4-6)

In the second stage, the greatest mass loss between 206°C and 400°C was recorded due to the
devolatilization process being the main decomposition process of cellulosic fiber samples. It has been
widely accepted that the primary thermal decomposition of cellulosic materials occurs between 200°C
and 400°C [55]. In this temperature range, the organic components are gradually released. Cellulose
decomposition as an endothermic process in an inert atmosphere mostly starts in the amorphous regions
[56]. The endothermic peak on the DSC curves (Figs. 14(a) and 14(b)) and one significant peak on the
DTG curves (Figs. 13(a) and 13(b)) at a temperature of approximately 350°C is accompanied by a mass
loss of 66.71, 78.62, 80.94 wt.% for WP (samples 1-3) and 48.45, 50.85, 56.13 wt.% for RCF (samples 4-
6). This mass loss is a result of the decomposition of the major components of the fibers. As demonstrated
in [57], the temperature of the hemicellulose depolymerization ranged between 180°C and 350°C, but the
decomposition of the largest portion of hemicelluloses occurred in the narrow temperature range of 180-
200°C. Cleavage of the glycosidic linkage of the cellulose units was observed between 275°C and 350°C
[58]. The higher onset temperatures of cellulose decomposition (Tab. 5) indicate its higher thermal
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stability in comparison to hemicelluloses in accordance with a previous paper [59]. According to work
[60], higher cellulose resistance to a thermal treatment is probably due to the presence of a much higher
amount of intra- and intermolecular hydrogen bonds between the cellulose chains, which can lead to more
ordered and packed regions in the cellulose structure.

Table 5: Thermal parameters of cellulosic fiber samples (WP: 1-3; RCF: 4-6) obtained from DSC analysis

Sample Onset temperature (°C)  Peak temperature (°C)

1 3393 339.9
345.5 346.1
- 355.0
550.0 557.4
2 328.5 328.3
- 338.0
363.2 365.0
- 625.0
3 332.1 332.0
- 340.8
363.8 365.8
- 590.1
695.1 710.5
4 350.7 361.9
720.7 729.2
5 351.7 360.9
368.1 368.8
575.3 593.5
- 714.7
6 350.3 362.0
693.4 713.6
850.5 8543

Lignin degradation simultaneously proceeds with the decomposition of cellulose and hemicelluloses
in the first and second temperature range, but its temperature range is broader than for the hollocellulose
components. The decomposition of residual lignin starts at 160°C and slowly continues until its
completed decomposition at 900°C [59].

One broad exothermic peak on the DSC curves (Fig. 14) represents the third decomposition stage
between 375 and 600°C. In the case of sample 1 (Fig. 13(a)) and sample 5 (Fig. 14(b)), there are peaks in
the temperature ranges of 431°C-568°C and 388°C-604°C, leading to further mass loss of 12.71 wt.% and
15.66 wt.%, respectively. These exothermic peaks correspond to the residual lignin decomposition and
kaolinite dehydroxylation that occurs between the temperature 450°C and 650-700°C [61]. Kaolinite
decomposition occurs in the temperature range of 457-711°C with maximum heat release at 519°C [62].

The maximum peak of the release of hydroxyl groups at approximately 515-540°C was recorded for
samples 1 and 5, which is in a good accordance with the findings of paper [62]. The thermal behavior of
kaolinite at a higher temperature is described via a sequence of reactions of the transformation of the
crystalline aluminosilicate phase (Al,03.2Si0,) into 2A1,03.3S10, and amorphous SiO; (925-1050°C).

In the temperature range of 604°C-747°C, the decomposition of residual kaolinite alongside calcite
proceeds in accordance with the papers [62]. For WP sample (3) and all of the RCF samples (4-6), a small
endothermic peak with maximum at 710, 729, 715, and 714°C, respectively, was found. This could be
related to calcite decomposition. In this temperature range, the mass loss of sample 3 was 10.19 wt.%,
and 8.3, 9.96 and 10.04 wt.% for the RCF, respectively. The residues remaining after the thermal
degradation of WP samples (1-3) were approximately 2.77, 4.22, and 13.35wt.%, respectively. For the
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RCF samples (4-6), the residues were higher (22.10, 24.65, and 19.02 wt.%) in comparison to the WP
residues. These residues correspond to inorganic components in the cellulosic fiber samples and their
values are well correlated with the determined ash content by chemical analysis (Tab. 1).

3.2.8 Heat Transfer Characteristics

The values of the thermal conductivity, volume heat capacity and thermal diffusivity of the WP and
RCF samples are introduced in Tab. 2. From a comparison of the thermal conductivities, it follows that
more favorable values have been achieved for the RCF samples (0.0595-0.0634 W/m.K) than for the WP
samples (0.0644-0.0674 W/m.K). As is generally known, polymers consisting of monomers of organic
compounds have low values of this parameter; the value of 0.062 W/m.K was obtained for the
regenerated cellulose fibers (viscose kind) [63]. There are also visible the differences between the volume
heat capacity and the thermal diffusivity of the studied samples (Tab. 2). As is known, thermal properties
of cellulosic fibers are influenced by many factors. Variables influencing their thermal conductivity are
the morphology, molecular structure, porosity, density, crystallinity degree, crystal orientation angle and
mobility of molecular chains in amorphous regions [64]. The differences in the source quality of waste
paper affect the thermal conductivity of cellulose fibers. Obviously, the effect of the cellulose content,
crystallinity and degree of polymerization as well as the porous fiber structure is reflected in thermo
physical characteristics of the cellulosic fibers, as shown in Figs. 15 and 16.
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Figure 15: Dependence of volume heat capacity on cellulose content (a) and crystallinity index (b) in
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Testing the significance of a correlation coefficient based on comparing the calculated absolute and
critical value for the linear dependences as shown in Figs. 15(a) and 16(b) showed that the calculated
correlation coefficients (0.8764 and 0.9546, respectively) are approximately higher than the critical value
of the correlation coefficient (0.8114) for a set of measured values at the selected significance level p =
0.05. There is a very strong dependence among the variables. The value of the correlation coefficient for
the dependence of thermal conductivity on the degree of cellulose polymerization as shown in Fig. 16(a)
was found to be lower (0.7833) than the critical value of the correlation coefficient but very close to this
value. This result is related to a moderate dependence between both variables. The smallest force of
statistical dependence expressed by the correlation coefficient (0.3700) was recorded between volume
heat capacity and crystallinity index (Fig. 15(a)). Fig. 17 shows a very strong dependence (0.8828)
between both variables. The waste paper cellulose fibers of lower quality contribute to a reduction in
thermal conductivity values that can positively affect this parameter of fiber composite.
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Figure 17: Thermal conductivity vs. content of non-cellulosic components in Greencel fibers (WP: 1-3;
RCF: 4-6)

3.3 Mechanical Properties and Capillary Water Absorption of Fiber-Cement Mortars

To gain a complete picture of the response of fibers behavior in cement matrix, an investigation of
compressive and flexural strength of fiber-cement mortars was carried out. The values of flexural and
compressive strength of 28-day-cured fiber-cement mortars compared to the reference sample (without
fibers) are in Tab. 6. As seen, the flexural strengths (5.1-5.3 MPa) of the cured mortars with cellulosic
fibers are definitely lower than the values of compressive strength (28 MPa-34.2 MPa). No significant
differences in flexural and compressive strengths between the mortar groups were recorded. A 17-32
percent decrease in the compressive strength values of all mortar samples compared to the reference
mortar (RM) was observed. According to the standard requirement for interior plasters [27], the obtained
values of compressive strength of 28-day-cured fiber-cement mortars are within the accepted range and
can be assigned based on this strength parameter to class CS IV (> 6 MPa).

Table 6: Flexural and compressive strength of 28-day-cured WP and RC fiber-cement mortars

Fiber-cement mortar specimens

Strength parameter (MPa)

RM 1 2 3 4 5 6
Flexural strength 7+0.4 53+04 5.1+03 5.1+05 5502 49103 53+03
Compressive strength 412+37 342+28 28.0+20 30.8+3.1 312+19 288+24 30.1x2.7

Based on the measured values of the of capillary water absorption coefficient of 28-day-cured fiber-
cement mortars, mortar sample with RCF (sample 2) reached alower value of this parameter (0.23
kg/m’min®®) compared to mortar with WP fiber sample 5 (0.26 kg/m?min®3). This result also confirms the
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suitability of recycled fibers for use in cement mortars. The recycled cellulosic fibers are characterized by
a high content of inorganic substances having a natural adhesion to the cement particles.

Our next aim is to design recipe for plastering mortars based on cellulosic fibers, to optimize the
mixture composition and to evaluate the final effect of a partial replacement of filler in the cement matrix
by using different amounts of both kinds of cellulosic fibers on the mechanical, thermal and sorption
properties of mortars in order to develop environmentally friendly plaster mixtures with good thermal
insulation properties. To predict the fiber-cement material’s stiffness, a deeper analysis of interfacial
adhesion between fiber and matrix will also take place.

4 Conclusion

In this study, cellulosic fibers originating from bleached wood pulps and recycled waste paper were
characterized according to their chemical and physical properties to determine their potential use as fillers
in building composite materials. A morphological study revealed the differences in the quality of the
surface of cellulosic fibers and in their fiber dimensions. The surfaces of the WP fibers were more
homogeneous and smoother than the heterogeneous surfaces of the RC fibers, which were characterized
by the roughness and the presence of impurities and fiber fragments. RCFs had a larger width,
approximately 10 pm, in comparison to samples of bleached WP. Moderate exponential inverse
dependence between bulk density of the samples and average fiber length was observed. Chemical
analysis confirmed the higher portion of inorganic substances as well as the lowest cellulose amount, and
the higher content of hemicellulose and lignin in the RCF samples in comparison to the WP samples with
high holocellulose content (> 99 percent). The linear dependence between the density and content of non-
cellulosic components was found. Lower crystalline cellulose contents and higher values of its degree of
polymerization were found for RCFs in comparison to the cellulosic fibers from wood pulp.

Changes in the chemical composition, cellulose crystalinity and degree of polymerization of the
investigated cellulosic fibers affected the physical properties of the fibers. The results of thermo physical
properties showed that the heat transfer characteristics (thermal conductivity, volume heat capacity and
thermal diffusivity) of the cellulosic fibers depended on their quality as expressed by their cellulose
content, crystallinity and degree of polymerization as well as their porosity. In comparison, more
favorable values of thermal conductivity were achieved with the RCFs (0.0595-0.0634 W/m.K) than for
the WP samples (0.0644-0.0674 W/m.K).

The suitability of recycled cellulosic fibers for their use as fillers in plastering mortars (0.5 wt.%
fiber content of the total weight of the filler and binder) has been confirmed by achieving the required
compressive strength value (approximately 30 MPa). The recycled cellulosic fibers have been identified
more suitable for the application in building materials than bleached wood pulps. These cellulosic fibers
were characterized by a lower value of capillary water absorption and high content of inorganic
substances having a natural adhesion to the cement particles.
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