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Abstract. The technology of recycling of polymer-coated
paper waste is described. Physical and chemical properties
of fibers obtained from wallpaper wastes and from their
derivative compositions were investigated. A special
crusher with primary and secondary grinding stages and
with a section for separating paper fibers from polymer
coating was designed. Industrial trials of cellulose
obtained from wallpaper wastes for the ashestos cement
sheets manufacturing were held. Its impact on the quality
and physical and mechanical properties of sheets was
shown. Methods of thermogravimetry, microscopy, and
differential thermal, infrared spectral and chemical
analysis were applied to investigate cellulose fibers
derived from recycled wallpaper. Their properties were
compared to the natural cellulose and polyvinylacetate
fibers, which are used in the production of asbestos
cement sheets.
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1. Introduction

In the production of polymer-coated decorative
wallpapers in Ukraine (EDEM PJSC, Sntra Ltd., TM
“Vernissage’, LLC “Krokus’, TM “Slavik Wallpapers’),
up to 5-10 % of products are wasted [1] — defective by
colour or quality products. According to the technology of
production, these rolls are made of paper (pulp or non-
woven base) covered with polyvinylchloride (PVC)
polymer. Polymer coating consists of dyes, inorganic
fillers and foaming agents [2]. High mass content of PVC
makes it difficult to proceed with mechanical sorting and
disposal of such wastes by burning because it causes the

release of alarge amount of harmful chlorine compounds
such as hydrogen chloride and even dioxins into the
atmosphere [3]. Therefore, the development of technology
for the processing of waste products to separate polymer
coating from paper substrate is crucial. The existing
methods allow separating polymer coating from cellulose
fibersin aliquid phase [4]. Thisis a time-consuming and
costly way, which generates another kind of liquid wastes
that require disposal [5]. Furthermore, cellulose obtained
in such away is of an extremely poor quality.

In this article, we propose a method that involves
mechanical grinding and dry separation of loosened
particles of crushed cellulose and polymeric PV C coating
fractions [6]. Grinding is carried out in two stages. At
Stage 1, cutting mills are used, and Stage 2 includes the
use of aflat-knife hammer crusher.

2. Experimental

The newly devel oped technology implies the use of
two types of crushers for the recycling of defective
wallpaper rolls (wastes of “Sintra” Limited Liability
Company (LLC), in Kalush, Ukraine) [5]. At Stage 1, they
were cut with the help of chopping-cutting type of
crushers. At Stage 2, the paper wastes were processed in
the drum crushers where the separation of cellulose fibers
from polymer coating occurred.

The experiment was conducted both in the
laboratory and with the specially designed industrial
crushers, which afforded combining of all stages:
crushing, separation, and purification of fibers in the air
flow (Fig. 1) [6].

In order to recycle cellulose and paper waste with
polymer coating, wallpaper rolls werefirst (Fig. 1, pos.11)



220

supplied with the belt-fed conveyor (Fig. 1, pos.10),
which was situated on the same level with the primary
chopping-cutting crusher (Fig. 1, pos.9), perpendicular to
the knives that were attached to the rotor. Further, to
purify crushed wallpaper particles from metal impurities,
they were delivered to the magnetic separator via
connecting channel (Fig. 1, pos.12) and to the secondary
crushing knife or flat-hammer drum (Fig. 1, pos.2) with
the centrifugal fan at the output (Fig 1, pos.3).

The centrifugal fan was connected to the crushing
drum (Fig. 1, pos.2) through the central axial hole that
was covered with drum knives or hammers in the axial
direction. With the help of the complex crusher (Fig. 1),
the waste paper was cut and torn with the secondary knife
or hammer type crusher at 1500-3000 rpm with dlight
decrease in fiber length, which afforded high quality
cellulose fibers, which could further be used for paper
manufacturing. To simplify the process of separating
loosened cellulose from polymer coating, the complex
crusher was equipped with cyclone and textile-deeve
filter (Fig. 1, pos4,7) .

Under the laboratory conditions, the separation of
cdlulose fibers from polymer coating was performed on
seveswith holes of 4 different diameters (mm): 5; 2; 1; <1.

Obtained cellulose fibers (celulose  from
coniferous species of wood — 79 %; pulp of hardwood —
5% and polyester fiber — 16%) were used in the
production of asbestos cement sheets, which are
commonly used for covering roofs. Asbestos cement is a
building material made from an agueous mixture of
cement and asbestos.

During the formation of ashestos cement sheets
with loosened cellulose obtained from wallpaper rolls
waste instead of natural cdlulose, the following
parameters were received: rolling sheet humidity 25 %;
raw sheet density 1.52 g/cm?®, and residue concentration at
the outgoing from bath water — 3.0; 3.9 and 4.9. During
the formation of sheets with the addition of natural
cellulose, the parameters were as follows: rolling sheet
humidity 22-24 %, raw sheet density 1.52—1.54 g/cn’,
and residue concentration in the water from the baths —
3.0. Aswe can seg, all the parameters fit to the regulations
of JSC *Ivano-Frankivskcement” [7]. The tests showed
that even unseparated crushed waste products can be used
as a part of asbestos cement sheets with the weight
proportion of about 5-10%. Moreover, the physico-
mechanical and technological properties of asbestos
cement sheets were not affected. On the contrary, the
content of other additives in the sheets decreased. Finally,
by substantially reducing the prices of these celulosic
waste products, when compared with the price of
indicated natural supplements, the significant economic
impact can be achieved. Through the reduction of asbestos
content, it is possible to decrease the toxicity and other
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harmful effects of asbestos cement sheets on the
environment.

Through the application of infrared spectroscopy
and thermal analysis, the experiment was conducted to
investigate natural cellulose fibers used at JSC “Ivano-
Frankivskcement” for filling the ashestos cement sheets
and the fibers obtained from the wastes that had been
modified with water-repellent agents.

For the thermal analysis, the pressed samples were
crushed into pieces, and the fraction with particles size of
0.5-1 mm was selected. Thermal studies were performed
with Q-1500 IOM derivatograph (Hungary) with the
computer data registration at 288-1273 K. Hesating rate
was 10deg/min. Simultaneously, the curves of the
differential thermal analysis (DTA), thermogravimetric
curve (TG) and differential thermogravimetric curve
(DTG) wererecorded.

Infrared  (IR)  transmittance  spectra  at
4000-400 cm™ were recorded using Thermo Nicolet
Nexus FT-IR spectrometer (silicac KBr = 1. 10).

3. Results and Discussion

Results of industrial processng of defective
wallpaper rolls with and without PVC coating are shown
inTable 1.

As shown in Table 1, crushing and separation of
different products in the above described crusher run more
efficiently. It ensures a higher yield of loosened cellulose
and polymer particles with minimal losses that do not
exceed 5%, in contrast to other existing methods [9]
where losses reach 2040 %. The samples of products are
shownin Fig. 2.

L oosened cdlul ose received from crushed wal l paper
rolls waste of LLC “Sintra” (Kalush, Ukraine) was tested
on the industrial equipment for receiving asbestos cement
sheets at JSC “lvano-Frankivskcement”. The results of
physical and mechanical tests of ashbestos cement sheets
received with loosened cdlulose fibers and obtained from
crushed waste wall paper rallsare shownin Table 2.

Table 2 shows that the sheets produced through this
method met the parameters of the technical specifications
for asbestos cement sheets and can be used in
construction.

Partial decrease of physical and mechanical
parameters of asbestos cement sheets as presented in
Table 2 occurs due to the partial length reduction of
cellulose fibers during mechanical processng of
wallpaper wastes as well as due to the random positioning
of fibers with remaining 5-10% PVC particles and
irregular shape of the cellulose fibers in comparison to
polyester fibers which are aso used in the production of
asbestos cement sheets (Fig. 3).
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Fig. 1. Technica chart of acomplex crusher of
paper waste: bunker for metal contaminants (1);
crushing knife or flat-hammer drum (2); centrifugal
fan (3); cyclone (4); bellmouth (5); floodgate (6);
filtering textile deeve (7); damper (8); chopping-
cutting knives (9); belt-fed conveyor (10); wallpaper
rolls (11); magnetic separator (12); bunker for
polymer particles (13); textile bag for cellulose (14);
small hopper for receiving waste paper products
(15); adjustable pushing device (16) and rotor (17)
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Table 1
Results of industrial processing of defective wallpaper rollswith and without PVC coating
Size of
. . . . lymer
Size of particles | Size of particles poly Mass
Sp?ﬁg of Sp?ﬁg of of paper waste | of paper waste g{fﬂ?fi com;?ts of Mass content of
Tvpe of waste fim second after the after the second olvmer content of pure
yp grushaéry orush :rry primary crusher secondary crusthry part)i/cl s celulose | cdllulosein
rpm ’ rpm | (width: height), | crusher (width: (width: P % " | fibers, % | separated
. : 0
mm height), mm height), wastes, %
mm
Wall paper . .
Type 1 (PVC 1000 3000 (égg——fgc))b) o(cc))il-_c})i) 05-10 | 4549 | 4549 | 9097
content — 50 %) ' )
Wall paper . .
Type 1 (PVC 1000 2000 (égg——fgc))b) (c()%i:cl))i) 055 | 2023 | 2024 | 8595
content — 25 %) ' )
Wall paper . .
Type 1 (PVC 750 1500 ((1%)%——45%) ((%%?‘_%51))' 0110 | 24 | 99 | 890
content -5 %) ' )
Waste paper
(PVC comtent— | 500 1000 (10-40). 005-0.29: | 4949 14 | 9599 | 8085
lessthan 5 %) (100-500) (0.01-0.2) -

Fig. 2. Pictures of crushed wallpaper wastes: unseparated crushed wastes (a);
purified cellulose(b) and PVC partides (c). Imagescale 1: 1
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Table 2
Physical and mechanical properties of asbestos cement sheets produced
with cellulose fiber sreceived from wallpaper wastes
Samples (1)
Para_meters obtained through Samples (2)
\o N Urits | roedng 1o | theadditionof | obtained throlgh
e oo, fibers received the addition of
Frankivskcement” from wall paper natural cellulose
wastes

1 | Planck’sloading (after 7 days) 3826 4262

2 | Planck’sloading (after 14 days) N/m not less than 2500 3309 4262

3 | Planck’sloading (after 28 days) 3558 4262

4 | Ultimate bending strength (after 7 days) 206.9 1755

5 | Ultimate bending strength (after14 days) MPa not less than 160 169.7 1755

6 | Ultimate bending strength (after28 days) 166.4 1755

7 | Bending strength (after 7 days) 79.3 76.2

8 | Bending strength (after 14 days) N/m not less than 40 68.7 76.2

9 | Bending strength (after 28 days) 63.3 76.2

10 | Density (after 14 days) 3 1.64 1.669

11 | Density (28 after days) glom™ | notlessthan 1.6 167 1,669

12 | Impact strength (after 7 days) 2 19 2.19

13 | Impact strength (after 28 days) kJm® | notlessthan 1.4 188 219

Fig. 3. Microphotographs cellul ose fiber obtained during the grinding wastes wall (a), natural fiber paper (b)
and PVA fiber used in "lvano-Frankivsk" () to get asbestos cement roofing slate. The sizes of cellulose
fiberswere: L = 0.1-1 mm; D = 0.01-0.1 mm. Photos were taken with RV -3320 microscope (image scal e 1:100)

The results receved from IR transmittance
spectrum (Fig. 4) and TG (Fig. 6) tests support our
hypothesis of an additional length reduction and
stratification of cellulose fibers during the dry mechanical
grinding of wallpaper wastes.

The wide line of absorption at 3350cm™ of
cellulose IR transmittance spectrum (Fig. 4) is related to
the valence vibrations of hydroxyl groups included in
hydrogen bonds. At 2900-2800cm”, the valence
vibrations of C-H bonds of cedlulose methyl and
methylene groups were observed. At the spectrum of
modified cellulose, such valence vibrations overlap with
the absorption of CHs-groups, which are a part of
dimethyl silica coating of cellulose fibers. This leads to
the increase in intensity of the absorption lines at

2900 cm™* due to the fact that the additional CHs-groups
get attached to the surface of cellulose during its
interaction with the modifier agent -
dimethyldichlorosilane. Vibrations of C—H bonds are also
apparent at the spectrum at 1470-1430 cm™ and 1380
1370 cm™. Reducing the intensity of the absorption line of
the modified compared to unmodified cellulose is
associated with the decrease in the degree of cellulose
crystallinity asaresult of chemical modification.

The line at 1150 cm™ in the IR transmittance
spectrum of cellulose is associated with the valence
vibrations of C-O—C ether bonds of cellulose fibers cyclic
structure. It is much stronger for natural uncrushed
cellulose than for crushed cellulose fibers (Fig. 4). That is
probably due to the rupture of bonds during crushing of
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cellulose as shown in the reaction (Fig. 5) [10-14]. At the
same time, this line substantially shifts to 1125-1025 cmi*
and increases in intensity up to 20-30% during the
interaction of dimethyldichlorosilane modifier with
cellulose -C-OH surface groups which are formed at
broken bonds of cellulosic residues of six-member cycles.

The line at 1100 cm™ corresponds to asymmetric
synphase valence vibrations of the cycle. Meanwhile, the
absorption lines at 1020-1100 cm™ are typical for valence
vibrations of siloxane bonds. This explains the increase in
the intensity of absorption lines in this area for cellulose,
modified according to Eq. (1).

Surface/cellulose -C—OH + (CH3),SICl, —

« surface/cellulose -C—O-SiCI(CH3),+ HCl (1)

The lines at 1750 cm™ of crushed cellulose
spectrum correspond to carbonyl groups which can be
formed after breaking ether bonds of six-membered
cellulose cycles (Fig. 4). This line appears in the spectra
of cellulose obtained during the crushing wallpaper wastes
that may indicate the destruction of chemical bonds of
cellulose residues of six-membered cycles during
mechanical processing of cellulose.

These data were aso confirmed by thermogra-
vimetric analysis (Fig. 6). The cellulose sample obtained
from wallpaper wastes dstarts to lose water during
dehydration and decarboxylation at the temperature which
is 510 degrees lower when compared to naturall
celulose sample (Table 3), and the maximum
decomposition temperature for cellulose obtained from
wallpaper wastes is 563K, which is much lower than
598 K for natural cellulose.

Transmittance, %

30

Fig. 4. IR transmittance spectra of cellulose fibers
used for the asbestos cement sheets .
20

manufacturing: natural cellulose fibers used to
manufacture asbestos sheets (1); cellulose fibers -
derived waste recycling wall paper (2); cellulose 10

fibers derived waste processing wall whose
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Mass | osses during the decarboxylation of cellulose
waste are lower than those from natural cellulose, where
the overall mass loss reaches 99 %, while they make up
only 91 % for cellulose from wastes (Table 3).

All this evidence supports our assumption
regarding partial degradation of cellulose chemical bonds
in the process of mechanical grinding of wallpaper wastes.

Dehydration, decarboxylation, and degradation
temperatures of modified cellulose decrease even more in
comparison to the unmodified naturd and even
mechanically crushed cellulose, which is associated with
low strength of a bond between the modifier and cellulose
fiber surface after the chemical treatment.

The high value of fina temperature of
decomposition of cellulose wasteis963 K (Fig. 6) whileit
is 753 K for natural cellulose due to the presence of PVC
and inorganic impurities such as calcium carbonate and
titanium dioxide. These inorganic fillers do not
completely decompose by heating, which results in a
higher content of total residue after calcination for the
cellulose derived from wallpaper wastes.

The modified samples after the prior chemical
treatment also have lower temperatures of decarboxylation
and destruction than the waste celulose and natural
cellulose samples, indicating the partial destruction of the
structure in the modification process (Table 3). Hydro-
phobization efficiency is confirmed by the data shown in
Table 4, which compares water absorption [15] and
moisture absorption [16] for modified and unmodified fibers.

1250

1140

3400 =

surface modified silicon water repellents (3) and 0
polyvinyl acetate fibers used to manufacture 4000
asbestos sheets (4)

y T
3500

— T
2000, 1500 1000 500
Vv, cm
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Fig. 5. Bresking of ether bonds of six-member cellulose cycles during mechanical grinding

Table 3
Results of ther mogravimetric examination of cellulose and polyvinyl acetate samples
Cellulose Modified
Natural cellulose from silicon PVA fiber from JSC
Parameter from JSC*“Ivano- crushed cellulosefrom “lvano-
Frankivskcement” wall paper wall paper Frankivskcement”
waste wastes
Temperatureindicators
Maximum temperature of dehydration, K 353 348 358 363
Temperature of cellulose decarboxylation
and degradation, K 523 513 463 518
Temperature of the maximum rate of
decarboxylation and degradation of 598 563 548 633
celulosg K
Temperature of carbon formation, K 723 733 683 703
Fina temperature of carbon formation from 753 963 843 873
cdlulosg K
I ndicators of mass losses
(l)\//(l)a& losses during dehydration of cellulose, 8 8 8 4
Mass | osses from decarboxylation and
degradation of cellulose, % 65 45 37 a4
Mass | osses from the compl ete degradation 99.0 915 933 100
of cellulose, %
Timeand speed indicators
Cdlulose dehydration rate, mg/min 0.82 0.81 0.675 0.50
Decarboxylation rate, mg/min 264 234 122 1.06
Degradation rate, mg/min 1.08 0.53 0.98 134
ﬁ\]\é’errnaﬁ]e rate of decompoasition of cellulose, 116 077 0.99 0.90
Cdlulose dehydration start time, min 5 4 4 4
Cdlulose decarboxylation start time, min 16 14 10 16
Cédlulose degradation completion time, min 42 66 51 56
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Fig. 6. DTA (a) and TG (b) fibers diagrams: natural fibers (1);
fibers obtained from wallpaper wastes (2) and modified silicon fibers (3)

Table4
Properties of modified and unmodified fibers
Parameter Unmodified fiber M odified silicon fibers
Theresidue after calcinations at 1073 K, % 4,051 16.252
M oisture absorption, % 6.2 3.2
Water absorption, % 520 80
4. Conclusions References

1. Grinding and separation of fractions is more
effective with the use of the described crusher. It ensuresa
higher yield of loosened cellulose and the particles of
polymer coating with minimal losses that do not exceed
5 %.

2. The proposed technology of crushing and
separation of two different fractions (polymer coating and
loosened cellulose fibers) affords the higher purity of both
fractions reaching 85-97 % for the wallpaper with PVC
coating for loosened cellulose.

3. The structure of cellulose fibers changes during
crushing of wallpaper rolls. They get partially reduced and
deformed with the rupture of chemical bonds of cellulose
fibers leading to changes in cellulose properties. This is
confirmed by the results from thermal and spectral
analysis and by changes in physical and mechanical
properties of ashestos cement sheets.

4. Based on the results of this study, the loosened
cellulose can be used as the reinforcing filler for asbestos
cement sheets and other products due to its improved
hydrophobization, lower humidity and water absorption of
fibers.
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TEXHOJIOI'TA PEHUKJIIHI'Y, BTACTUBOCTI
TA BUKOPUCTAHHS ITAITEPOBHUX BIAXOAIB
3 HOJIBIHIJIXJIOPUJTHUM ITOKPUTTSAM

Anomauia. Onucano mexuonoziio peyuriiney yYenroi03Hux
B0JIOKOH NANEPOBOI OCHOBU — MA 1020 NOAIMEPHO2O0 NOKPUMMA,
00eparcanux npu nepepodYyi-noopiOHenHi YentoI030 GMICHUX WnAlep
3 NONIGIHIIXIOPUOHUM ROKPUMMSAM 6HACTIOOK 11020 Gi00LIeHH s 8I0
nanepogoi’ ocnosu. Onucami I3UKO-XIMIYHI 61ACMUBOCHI] BOLOKOH
ma KoMno3uyiti Ha ix OCHO8I Npu NOBMOPHOMY iX BUKOPUCNAHHS —
peyuiinzy. Cxkoncmpyiiogarno —cneyianeHy S-mu  cmaoitny 2-
MOOYIbHY OpOOAPKY 3 NEPBUHHUM | GIMOPUHHUM NOOPIOHEHHIM ma
8I00LIEHHAM-CENapayicio naneposoi 0CHOBU Gi0 NONIMEPHO20 NO-

Oleksandra Voronych et al.

Kpumms i O4UCMKOI0 Nogimpanozo nomoky. Ilposedeno npomuc-
J1068€e BUNPOOYBAHHS 0O0EPAHCAHOL MAKUM YUHOM 3 8i0X00I8 winaiep
PO3NYUEHol  yenono3u  Olid  8USOMOGIEHHA TUCmié  azbecmo-
yemeHmno2o wugepy i nOKa3aHo ix @nue Ha sIKicme ma @izuKo-
MexaniuHi  xapaxmepucmuku — wugepy. Memodamu  mepmo-
epagimempii, ougepenyiarvnoco mepmiunozo, 14-cnexmpanvhozo,
XIMIYHO2O aHANI3I8 MA MIKPOCKOHII GUEYEHO GOJIOKHA YentoNo3u,
00eparcani  6i0 nepepodKu  Gi0x00ie wnaiep, ma MNOPIGHsIHO iX
611ACIMUBOCTE 3 NPUPOOHUMU Yemtono3Humu ma [IBA eonoknamu, ujo
BUKOPUCIOBYIOMBCA Y BUPOOHUYMET A30eCmOYeMeHMHo20 wugepy.

Knrouosi cnosa. wnanepu, noopioHenns,
PEeYUKTIHS, YeltON03HI B0N0OKHA, NOIIMEPHE NOKPUMMAL.

cenapayisi,



