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Abstract. Wood processing soft waste is mainly used in the production of fuel briquettes,
irrecoverable (non-recyclable) waste from spinning flax and cotton are incinerated or sent to
dump. The development of methods for recycling non-recyclable cellulosic waste through
the product manufacturing is relevant, both from the resource conservation perspective, as
well as the environmental point of view. The issues of plant waste recycling through the
manufacturing of various types of products are widely developed in the Russian and foreign
scientific research practice. Researchers deal with the processing of wheat, rice straw, bamboo
stalks, and other cellulosic materials. There is a plenty of published information on methods of
soft wood waste recycling. However, no research on recycling irrecoverable waste of spinning
flax and cotton fibers had been carried out before this paper. We propose to produce thermal
insulation boards based on phenol-formaldehyde resol binder using flax and cotton spinning
waste and soft wood processing waste. The wet production method used here involves mixing
the filler with water, a precipitant solution and a binder. After spinning the material is dried.
The paper presents the results of determining the physical and mechanical properties and
thermal conductivity coefficient of boards made of plant waste. The research was carried out
according to the B-plan of the second order. Adequate regression mathematical models of the
dependences of physical and mechanical parameters of the boards on the varying factors of
the production process were developed according to the experimental data processing results.
Using the developed regression models we built the response surfaces of the composite
parameters: the bending strength of the boards, the thickness swelling of the boards after
24 h of exposure in water and the thermal conductivity coefficient. Nomograms of the
dependencies of board parameters on the values of varying factors have been developed based
on the mathematical models analysis. The nomograms are the basis for the development of
practical recommendations for determining the rational values of the parameters of insulation
board materials production from irrecoverable waste of spinning flax and cotton and soft
wood processing waste.
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Annomayus. MArkue oTxXozpl IepepadOTKH TPEBECHHBI B OCHOBHOM HCIIONB3YIOT JUIS MTPO-
M3BOJICTBA TOIUTMBHBIX OPUKETOB, HEBO3BPATHBIC (HEUCIIOIB3YEMbIC) OTXO/BI TPSIICHNS JIbHA
1 XJIOTIKA COKHMTAIOT WM OTIPABIISIIOT HA CBAJIKY. [IoMCK CIIOCOO0B yTHIM3AIMK HEBO3BpAT-
HBIX IIEJUTION030COAEPKAIINX OTXOI0B IyTeM MPOU3BOACTBA NPOJYKINU aKTyalleH U ¢ MO-
3UIUH pecypcocOepeskeHns], U ¢ SKOJIOTHYECKOW TOYKH 3peHUs. B IpakTHKe poCCHUICKNX |
3apyOeKHBIX HAayYHBIX HMCCIICIOBAaHWH MIMPOKO pa3paldaThiBacTcs Takoe HarpaBieHHE, Kak
YTUIM3alMs PACTUTEIBHBIX OTXOJOB IyTEM MPOU3BOJACTBA MpOoAyKIHH. M3ydarorcs Bompo-
CBI TIEPEPadOTKH MIICHUYHOH, PUCOBON COIIOMBI, cTebIel 0amOyka 1 PYTHX [EJITI0I030C0-
Jeprkamux Marepuanos. CymiecTByeT MHOTO ITyOiIMKaIMid O Croco0ax yTHIIN3aluu MATKHAX
JIPEBECHBIX 0TX070B. OHAKO MCCIENOBaHUI B 00JacTH MepepaboTKN HEBO3BPATHBIX OTXO-
JIOB TIPSIJICHUS JIBHSHBIX U XJIOTTKOBBIX BOJIOKOH JI0 pabOTHI aBTOPOB CTAaThbH HE TIPOBOMIIOCH.
Hamu npeutaraetcst I3roTaBianBaTh U3 OTXOAOB MPS/ICHUS JIbHA M XJIOTKA M MSTKHAX OTXOJ/I0B
nepepaboTKN JIPEBECHHBI TETUION3O0JISIIIMOHHBIC TUINTHI Ha (heHOoIodopMabIeTHIHOM pe3o-
JIBHOM cBsizytomieM. Mcronp3yercst MOKpBIH crtoco0 Mpou3BOICTBA, IPH KOTOPOM HAarlOJIHHU-
TEJIb CMEIINBAETCS C BOJOU, pACTBOPOM OCATUTENS U CBSI3YIOIIETO, TOCIIE OT)KAMa MaTepHa
cymmutcs. [IpencraBieHsl pe3yabTaThl ONpenesieHNsT (PU3UKO-MEXaHMYECKUX MOKazaTenel u
KO3 PUIIEHTa TEIUIONPOBOIHOCTH TIIUT, M3TOTOBJICHHBIX M3 PACTHUTENBHBIX OTXOIOB. Mc-
ClIe/IoBaHKE TPOBOAMIOCH 10 B-mtany Broporo mopsaka. O0paboTka SKCIIepUMEHTAIBHBIX
JIAaHHBIX TTO3BOJIMIIA pa3paboTaTh aJeKBaTHBIC PErPECCHOHHBIC MATEMaTHUYECKUE MOJICIH 3a-
BHCHMOCTH (PU3MKO-MEXaHWYECKUX TT0Ka3aTesel IINT OT BapbHPyeMBIX (DaKTOPOB Ipolecca
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Mpou3BoACTBa. [10 ITUM PErpecCHOHHBIM MOJECISM MOCTPOCHBI TTOBEPXHOCTH OTKJIMKA TMO-
KasaTelicil KOMIIO3UTA: Mpejielia MPOYHOCTHU IUIUT MPH CTATUYCCKOM M3THOe, UX pa30yXxaHus
O TOJIIIMHE 32 24 4 npeObIBaHus B BoAe U ko3 duienTa TeronpoBonqHoctd. Ha ocHoBe
aHaJIM3a MOJICIICH MOTy4YeHbI HOMOTPAMMBI 3aBUCHMOCTH ITOKA3aTeJICH IUTUT OT BAPHUPYEMBIX
(dakTopoB. HoMorpamMMelI SIBISIFOTCSI OCHOBOM JIJIsl pa3pabOTKU MPAKTHUCCKUAX PECKOMEHTAIUI
IO OIIPE/ICIICHHUIO PAIMOHATBHBIX TAPAMETPOB MTPOU3BO/ICTBA TCIUIOM30JSIIIMOHHBIX ITUTHBIX
MaTepHaJIOB U3 HEUCIIOIb3yEeMbIX (HCBO3BPATHBIX) OTXOIOB MPSACHHUS JIbHA M XJIOTKA U MSIT-
KHX OTXOJIOB IepepabOTKH JIPEBECUHBI.

Knwuesvie cnosa: PaCTUTCIIBHBIC OTXOAbI, JICH, XJIOIOK, APE€BECHHA, KOMIIO3UIIMOHHBLIC TN~
ThbI, peTrpe€CCUOHHAaA MOAECJIb, IPEACT MPOUYHOCTH, CTaTU4eCKuM I/I3FI/I6, pa36yxaHMe 110 TOJIIIH-
HC, KOS(I)(l)I/IHI/IeHT TCIIOMIPOBOAHOCTH

/na yumupoeanusa: Cycoena 1.B., Baxauna T.H., Tutynun A.A., Pymsuuena B.E. Texno-
Joruueckue (hakTOphl U CBOMCTBA TEIIOU3OJSIIMOHHBIX [UTUT U3 PACTUTEIBHBIX HATIOJHUTE-
neit // 13B. By3oB. JlecH. xypH. 2022. No 4. C. 185-197. https://doi.org/10.37482/0536-1036-
2022-4-185-197

Introduction

Processing of plant materials, such as wood and annuals (flax, cotton, etc.)
inevitably generates waste, some of which is irrecoverable, i.e. is sent to the dump
or incinerated. Both ways of plant waste disposal negatively affect the biosphere.
The problem of recycling waste by using it in product manufacturing is relevant
worldwide. Russia generates about 4.5 million tons of wood waste per year, and
despite there has been a decline in wood waste over the past three years its amount
exceeds the data from 2012 according to the Federal Service for Supervision of
Natural Resources (Rosprirodnadzor) [24]. Approximately 1 million tons of wood
waste in Russia remains unrecycled annually [39]. However, not only Russia rich
with wood resources generates a significant amount of irrecoverable wood waste.
According to the Statistical Office of the European Union (Eurostat) such countries as
Germany, France, Great Britain, etc., generate a vast amount of wood waste annually
[6]. Germany leads here with about 400 thousand tons per year [5].

This is the reason for the high relevance of works on waste recycling.
Conventionally, plant waste is used in hydrolysis production [16, 30]; since the 20th
century it has been used for fuel needs [8]. Further increase in the use of wood waste
as a fuel is predicted both abroad [27] and in Russia [35], which is positive from an
energy point of view [15, 28]. However, this trend does not reduce the environmental
impact caused by the burning of plant materials [17]. More preferable methods of
plant waste recycling are bioconversion [1, 3, 4, 19, 29] and hydrolysis [18, 23,
27, 30]; plant waste recycling for the purpose of producing phenolic compounds,
oligosaccharides, and polysaccharides with a low degree of polymerization is also
promising [14].

Engineering progress in the field of chemical and chemical-mechanical
processing of plant raw materials allows almost all biomass to be used, but different
types of processing have different efficiency. The share of the final product output
in the wood chemical industry (pulp and paper production, hydrolysis production,
including ethanol production) is 62—68 %, while the output in the board production
reaches 90 % [19]. Technologies for the production of board materials from fine plant
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particles enable the use of various types of lignocellulosic waste for the production
of construction materials. However, the extensive damage of plant cells in waste [36]
hinders its use for the production of structural building materials, excluding materials
on mineral binders. There are solutions for the return of industrial waste of wood
fiberboard production to the main process, but usually this is wood fiber lost with
circulating water [2] or during board size trimming [20].

A promising direction for recycling plant waste is the production of thermal
insulation board materials, such as soft fiberboard. T. Tabarsa remarks that the
production of thermal insulation boards is important in terms of resource-saving
technologies, but problematic for European countries due to the limited reserves of
forest resources near industrially developed areas. So it requires the use of alternative
plant materials [12, 21, 34]. Urea-formaldehyde (UFC), polyisocyanate (PMDI), and
phenol-formaldehyde (PFC) resins are used as binders [21, 22].

There is a great deal of research in the field of producing composite materials
from non-wood plant fibers and waste, including those based on a combined wood
waste filler with the addition of plant fibers. G. Han et al. [11] and S. Halvarsson
et al. [9, 10] studied the performance of wood fiberboards with wheat and reed grass
added based on UFC and melamine-formaldehyde (MFS) binders. J.E.G. van Dam
et al. used coconut fiber as a composite filler [7, 40]. Composites made of bamboo
and rice straw have been developed [25]. J. Kanagaraj et al. [13] studied composite
materials of cotton fibers and corn stalks. Work [26] presents the results of studying
the physical and mechanical properties of composite materials made of kenaf fibers
carried out by M.J. Saad and 1. Kamal. The research results on the use of flax fiber
processing waste in the production of composites are also known [31, 34].

A wide range of research on recycling plant waste into composite materials
shows the relevance of this direction — development of thermal insulation boards
made of plant waste and based on thermosetting binder. However, there are no
developments in Russian and foreign research practice on usage of soft wood
processing waste and irrecoverable waste of flax and cotton spinning as a filler of
thermal insulation board composite materials. The research aims at substantiation
of rational values of production factors of thermal insulation composites made of
soft wood waste and irrecoverable cellulosic fiber spinning waste with the necessary
physical-mechanical and operational properties.

Research objects and methods

The laboratory of the Department of Logging and Wood Processing Industries
(Kostroma State University, Kostroma, Russia) develops thermal insulation board
materials with a filler made of wood waste and irrecoverable waste of the flax and
cotton fibers production [38].

The analogue material is wet-processed thermal insulation soft fiberboard
(grade M3 according to the Russian state standard GOST 4598-2018). The material
being developed is not a complete analogue of soft fiberboard, therefore, it is not
possible to speak of the compliance of its parameters with the fiberboard parameters.
The materials are united by the method of wet formation and drying of boards. It is
impossible to obtain a low-density material with the desired complex of performance
properties by the wet method only from soft wood waste. This is due to the insufficient
amount of active hydroxyls in pulp microfibrils without wood grinding. Grinding



Lesnoy Zhurnal = Russian Forestry Journal. 2022. No. 4 189

of this wood material will be ineffective due to significant damage of the original
wood fine material and a high yield of fiber fragments. Finely-dispersed waste from
the spinning of plant annuals is formed after chemical treatment of raw materials at
the stage preceding fiber spinning and subsequent repeated mechanical exposures.
At the same time, the cellulose polymerization degree of materials decreases [32,
36], the mobility of cellulose macromolecules increases and hydroxyls are activated
on the microfibril surface, which leads to an increase in the material intermolecular
hydrogen bonds [33].

The fractional composition of the filler made of plant waste was determined
by sieving in a sieve analyzer and weighing the fraction share. The results of
determining the fractional composition of the filler are presented in table 1.

Table 1
Results of determining the filler fractional composition
Fraction share i, %
Fraction cotton waste flax waste soft W(.)Od waste
(coniferous)
—/10 1.14 6.01 1.34
10/7 1.82 0.60 20.16
7/5 2.94 0.90 14.0
5/2 19.64 7.46 29.72
2/0.5 36.36 33.82 28.29
Tray 38.10 51.21 6.49

Irrevocable waste of flax and cotton spinning has an average length: 4.76 mm
for cotton; 4.12 mm for flax.

Photographs of flax fiber spinning waste and flax waste composite made
by the authors using a FEI QUANTA 3D FEG scanning electron microscope are

shown in fig. 1.

Fig. 1. Photographs: a — flax fiber spinning waste; b — plant waste composite

The particles of the plant waste filler have significant damage and a large
specific surface area, therefore, the binder covers only part of the filler surface
(fig. 1b). Table 2 shows the results of the physicochemical analysis of the plant waste.
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Table 2
Composition of plant materials, %
Filler Cellulose Lignin Ash content Water—solub}ke
substances
Irrevocable spinning | cotton 44.0 22.7 17.0 0.01
waste: flax 54.0 249 5.0 0.02
pine 42.0 25.7 0.3 1.85
Soft wood waste:
spruce 53.8 28.0 0.2 1.70

*Soluble in hot water.

A synthetic phenol-formaldehyde binder (PFB) was used as a matrix for the
composite. The binder consumption varied from 0 to 40 % of the filler weight.

The filler was mixed with water; the binder and the precipitant (aluminum
sulfate AL,(SO,),) were added in an amount of 1 % of the resin weight. The material
was placed in a mold with a grid, squeezed out at a specific pressure of 0.95 MPa,
removed from the mold and placed in a drying oven. Board samples were dried for
2 h at a temperature of 100-170 °C, then conditioned for 24 h at a temperature of
20 °C. The average density of composite boards was 275 kg/m?.

Studies at the previous stage showed a significant scatter in values of parameters
of the composites being developed [37]. The B-plan of the second order was used as
a method of experimental research in order to substantiate the rational values of the
production process factors of plant waste material. Table 3 presents the matrix of the
B, plan. This plan is close to D-optimal, i.e., the generalized variance of the estimates
of the regression coefficients is close to the minimum. This is a significant advantage
of the B-plan.

Table 3
B, plan matrix in coded levels of factors
No. X, X, X,
1 + + +
2 - + +
3 + - +
4 - - +
5 + +
6 - + -
7 + - -
8 _ _ -
9 + 0 0
10 - 0 0
11 0 + 0
12 0 - 0
13 0 0 +
14 0 0 -
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The assessment of the physical and mechanical properties of the boards
was carried out in accordance with the Russian state standard GOST 10633-2018
“Wood-Shaving and Wood-Fiber Plates. General Regulations in Testing Physical and
Mechanical Properties”.

Results and discussion

The factors varied in the experiment and their levels are presented in table 4.
Output values: Y, — static bending strength (c;), MPa; Y, — thickness swelling of
boards for 24 h (P,), %; Y, — thermal conductivity coefficient (1), W/mK.

Table 4
Variable factors and their natural and coded levels
Factor level Variation levels Variation
Factor .
natural | coded -1 0 +1 interval, A,
Mass fraction of binder additive, % | F, X, 0 20 40 20
Drying temperature, °C Ty X, 100 | 135 | 170 35
Share of wood waste additive, %
by weight of a plant filler S X 0 25 30 25

Mathematical models of parameters of flax fiber spinning waste composites
with the addition of soft wood wastes (in coded levels of factors) were obtained based
on the results of experimental data processing. Equations show them:

Y,=0.334 + 0.07LX, + 0.039, — 0.057.X, + 0.026X2 + 0.026X,* + 0.026X,>+
+0.011X,X, — 0.011X,X; — 0.01 LY, X;;

Y,=12.51 —3.85X, — 1.43X, + 0.81.Y,— 0.561X;2 + 0.539X,2 — 0.561.X;2 +
+0.300X,X, + 0.275X,X, — 0.250.X,X;;

Y,=0.067 + 0.003X, — 0.001X, + 0.002X;— 0.002X,>2 — 0.001.X;>— 0.001.X .X;.

Figure 2 shows the response surfaces of the dependences of the output values
on the variable factors. Namely, the dependences of the strength of the boards at
static bending and thickness swelling for 24 h on the share of binder additive (X,) and
drying temperature (X,).

The increase in the share of binder additive and the drying temperature of the
boards in the entire range of factors variation increases their static bending strength.
The increase of the soft wood waste share in the composite filler up to 50 % (by the
filler weight) results in the reduction of the board static bending strength by 0.1 MPa,
i.e., the strength is reduced by 17-30 % (depending on the combination of levels
of the varying processing factors in the experiment). It is recommended to use the
maximum values of the binder additive share and the composite drying temperature
for the maximum share of wood waste additive in order to ensure the minimum
strength of the analogue material — soft thermal insulation wood fiber boards —
0.4 MPa. Sufficient operating strength without a binder will be provided only by the
combination of factors “maximum drying temperature + filler without wood waste”.
It is possible to use the drying temperature of boards of 100—170 © C at any share of
wood waste additive when the share of the binder additive is 20 %.
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Fig. 2. Response surfaces for the composites: a, b — with the maximum share of soft wood
waste in the filler (X; = +1); ¢, d — with maximum share of flax and cotton spinning waste
in the filler (X; =-1)

An increase in the share of the soft wood waste additive to the filler results
in a 10-30 % increase in thickness swelling of the boards after 24 h of exposure in
water (depending on the combination of the levels of factors). A significant decrease
in the thickness swelling of the boards provides an increase in the binder share. An
increase in the drying temperature of the boards reduces their thickness swelling less
significantly.

At any share of soft wood waste additive and any combinations of processing
factors levels the thermal conductivity coefficient of the composite boards is in the
range of 0.058-0.070 W/mK, i.e. the material is characterized by good thermal
insulating properties. The share of the binder additive causes an increase and then
stabilization of the material thermal conductivity coefficient due to the higher value
of the parameter for the cured binder in comparison with the thermal conductivity
coefficient of the cellulosic filler. An increase in the drying temperature of the boards,
in addition to the improvement of the physical and mechanical properties of the
material, also causes a 2.5-3.0 % decrease in the composite thermal conductivity
coefficient.

Based on the research results a set of nomograms was developed for practical
purposes. They enable to rapidly select the structure-forming components of the
composite with the given properties. As an example, figure 3 shows the dependence
of physical and mechanical properties on the share of binder additive for composites
made of flax waste and cotton waste with the addition of various soft wood waste.

The following symbols are used in the figure: FW — flax waste; BC — bark
of conifers; BH — bark of hardwood; SS — shavings of softwood; SH — shavings of
hardwood; numbers indicate the shares of the filler additive.
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Fig. 3. Dependences of physical and mechanical properties on the share
of the binder additive (PFB) for the flax waste composite with the
addition of soft wood waste

Conclusion

Cellulosic waste, such as soft wood, namely wood shavings and bark of
deciduous and coniferous species, and irrecoverable waste of flax and cotton spinning
were used as fillers of thermal insulation boards. The lignin content in irrecoverable
plant waste of flax and cotton is comparable to that in wood raw material. This is due
to the presence of a significant amount of bolls, stalks (cotton waste) and shover (flax
waste) in the spinning waste. The cellulose content in cotton waste is the same as in
wood. The cellulose content in flax production waste is significantly higher than in
wood raw materials. Flax and cotton wastes contain less water-soluble substances
compared to wood raw materials. Flax and cotton plant waste has significant ash
content, which is the reason for the waste contamination. The experiment showed that
despite the high ash content, flax and cotton irrecoverable waste can be used for the
thermal insulation board production. The high content of cellulose in the plant waste
enables to create a composite structure via hydrogen bonds between the particles and
covalent bonds with the binder.

The required operational parameters of the thermal insulation composite
made of industrial production cellulosic waste (soft wood waste and irrecoverable
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fine-dispersed waste of flax and cotton spinning) are provided without the energy-
consuming operation of wood material grinding necessary for the analogue material
(soft fiberboard). Chemical and mechanical effects on flax and cotton plant fibers
in technological processes of raw material preparation and fiber spinning provide
activation of hydroxyls on the surfaces of pulp fibrils, which creates conditions for
the formation of hydrogen bonds front and covalent bonds between pulp and binder.

Different levels of the production process factors depending on the composition
of the filler are recommended to ensure the required physical and mechanical
properties of the composite thermal insulation material with the filler based on the
cellulosic waste and polycondensation phenol-formaldehyde binder.

The recommended drying temperature is 100-170 °C, when using only
irrecoverable flax waste as a filler, according to the schedules the share of the PFB
additive should be not less than 20 %. It is necessary to increase the PFB mass fraction
up to 40 % when using the combined filler of 50 % of soft wood waste and 50 % of
flax fiber spinning waste.

The thermal conductivity coefficient of the material is 0.062—0.070 W/mK at
the PFB additive of 20 % and more, at any drying temperature and at the maximum
share of soft wood waste additive, which indicates strong thermal insulation properties
of the material.

Thus, this combination of processing factors can be recommended for the
production of thermal insulation boards on phenol-formaldehyde binder with a
combined filler of soft wood waste and irrecoverable waste of flax spinning.
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