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PAPER PACKAGING MATERIALS:
MODELING AND OPTIMIZATION
OF HYDROOLEOPHOBIC
PROPERTIES

Introduction. A high level of barrier and
protective properties, resistance to moisture
penetration (water, steam) and air resistance are
the main requirements for packaging paper for
food products.

Problem. Polyvinyl alcohol-based polymer
coatings are widely used for packaging paper;
however, such coatings tend to have poor water
resistance due to the hydrophilic and water-
soluble nature of polyvinyl alcohol. Polyamide-
epichlorohydrin resins are used to provide mois-
ture resistance of the paper, and glycerol is used
for the elasticity of the coating. At the same time,
the complex effect of these components in the
mixture for surface treatment of paper on the
quality of the products has not been sufficiently
investigated.
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IIATIEPOBI ITIAKYBAABHI
MATEPIAAH: MOIEAIOBAHHS
TA OIITHMI3AIIIS
TTIPOOAEO®POBHIX BAACTUBOCTEH

Beryn. Bucokwii piBeHb 0ap’epHUX 1 3aXHC-
HUX BJIACTUBOCTEH, CTIKOCTI 1O MPOHUKHEHHS
BOJIOTH (BOIM, TApH) i TOBITPS € OCHOBHOIO
BHUMOTOI0 JI0 TIaKyBaJIbHOT'O Mamepy Ui Xapuo-
BUX IIPOAYKTIB.

IIpo6Jema. [ToxiMepHi MOKPUTTS HA OCHOBI
TOJTIBIHIJIOBOTO CIIUPTY ILIMPOKO BUKOPHCTOBYIOTHCS
JUISL BUTOTOBJICHHSI [TAKYBAJIBHOTO Tarepy, OJHaK
BOHH MarOTh HU3bKY BOJOCTIHKICTB Uepes IiIpo-
(¢UTbHY Ta BOJOPO3YMHHY HPUPOJIY MOJiBiHI-
JIOBOTO cnupTy. [ HagaHHS BOJOTOMIITHOCTI
narnepy BHKOPHCTOBYIOTh IOJiaMilaMiHEMiXjiop-
TiIPUHOBI CMOJH, & I eJIaCTHIHOCTI TIOKPUTTS —
rminepud. [Ipy 1bOMY KOMIUIEKCHUH BIUIHB
3a3HAYCHUX KOMIIOHEHTIB B CYMIIIi [T TOBEPX-
HEBOro 0OpOOJICHHS marnepy Ha AKicTh BUPOOiB

HEQOCTATHHO HOCIIIKEHMUIA.

Copyright © The Author(s). This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)
Contribution of the authors: Osyka V. — 60 %, Komakha O. — 20 %, Komakha V. — 20 %.

The authors received no direct funding for this study.

Osyka V., Komakha

O., Komakha V. Paper packaging materials:

modeling and optimization of hydro-

oleophobic properties. Mizhnarodnyj naukovo-praktychnyj zhurnal "Tovary i rynky". 2023. Ne 1 (45). S. 89-99.

https://doi.org/10.31617/2.2023(45)08

KHHAIVVHOMOOY A

g9I1dvd0.L HILOD0dHULOVVE



YOOCKOHAAEHHS

~

BAACTHBOCTEH TOBAPIB

ISSN 1998-2666; eISSN 2616-6755. Togapu i punxu. 2023. Nel

..... N eseesecsesscsscsessesecsececsessecsessecseseesscsececcscsscsscssesessrssessesssssssesscsscscsscsdocccsccolfocccscsccscccccsccccsccsccccsacne

Methods. Compositions based on aqueous
solutions of polyvinyl alcohol brand 7/18 of the
highest grade, polyamideamineepichlorhydrin
EKA WS 325 and glycerol brand PK-94 were
used to obtain a moisture-resistant, waterproof
and fat-proof packaging material. Polyacrylamide
in the amount of 0.25 wt. % was used as a func-
tional additive, a viscosity regulator of the com-
position, and water was used as a solvent. Model
compositions with different ratios of the main
components in accordance with the central com-
posite rotatable plan of the experiment were app-
lied to the tests according to the methods adopted
in the pulp and paper industry. STAT-SENS
software was used for mathematical processing
of the experimental results. A multi-criteria opti-
mization method was used to find the optimal
range of parameters of the hydrooleophobic
composition.

Results. The 15 model compositions have
been developed. The influencing factors were
the content of the polyvinyl alcohol, polyami-
deamineepichlorhydrin, glycerol. The quality indi-
cators of the treated paper-base were selected as
the response functions of mathematical models:
oil permeability, air permeability, destructive force,
moisture resistance, surface absorption.

Conclusions. The developed composition is
optimal and makes it possible not to exceed its
consumption during application to fibrous mate-
rial, in particular paper. The composition pene-
trates the thickness of the paper to an optimal
depth evenly over the entire surface of the paper,
which makes it possible to provide the paper
with uniform barrier properties, mechanical
strength and wet-strength along the plane of the
canvas. In addition, glycerol gives elasticity to
the resulting coating and prevents it from cra-
cking during repeated bending.

Keywords: paper packaging materials, poly-
vinyl alcohol, polyamideamineepichlorohydrin,
wet-strength, oil resistance, water resistance,
properties modeling, multi-criteria optimization.

MeTtoan. BukopricTaHo KOMITO3HIT Ha OCHOBI
BOJIHUX PO3UYHHIB HOJIBIHIIOBOTO CIIUPTY MapKH
7/18 BUILIOTO TaTyHKY, MOJMiaMilaMiHEMiXJIOPTij-
pury EKA WS 325 Tta rninepuny mapku [1K-94.
Sk dyHKUiOHANBEHY H00aBKY, PEryisiTop B’s3-
KOCTi CKJIaJy, 3aCTOCOBAHO IOiaKpWIaMia Y
kutpKkocTi 0.25 Mac. %, a Ik PO3YUHHUK — BOIY.
JlociimkeHo MOAENbHI CKIaay 3 PI3HUMH CIiB-
BIZIHOIICHHSIMH OCHOBHHMX KOMIIOHEHTIB 32
MPUAHSATAMHA B TEITFOJI03HO-TIATIEPOBIii IPOMHC-
JOBOCTI MeTonamu. J[iist MaTreMaTnaHOT 00pOOKH
pe3ynbTariB Bukopuctano STAT-SENS. 3amns
TMOIIYKY ONTUMAIBHOI 00J1acTi mapaMeTpiB Tifpo-
011e0(poOHOTO CKITaay 3aCTOCOBAHO METOJ| Oararo-
KpHUTEPIATLHOT ONITUMI3aIIi].

PesyabTatn pmocaimkennsi. Po3spoOiieHo
15 MonerbHEX cKiiafiB. PakTopaMu BIUIUBY BU3HA-
YEHO BMICT Y KOMITO3MIIiT KOMIIOHEHTIB CyMIllli:
I1BC, [TAAEX, rininepuny. @yHKIIsIMA BiATyKY
MaTeMaTHYHUX MOyIeNieit 00paHo MOKa3HNUKH SKOCTI
00pO0OJIEHOTO TManepy-OCHOBH:  KHPOIIPOHHK-
HICTb, TOBITPONIPOHUKHICTD, PYHHIBHE 3yCHILIA,
BOJIOTOMIIIHICTh, TOBEPXHEBA BOMPHICTB.

BucnoBku. Po3po0iieHnii ckiiag Mae OmNTH-
MalbHy KOMIIO3HIIIIO, IO Ja€ 3MOTYy HE Iepe-
BHUIIYBaTH HOTO BUTPATH IiJl Yac HAHECEHHS Ha
BOJIOKHHCTUH Matepian, 30kpeMa mamip. Ckiana
[IPOHUKAE B TOBILY Iallepy Ha ONTUMAJIbHY TJIU-
OuHYy pPIBHOMIpPHO MO BCii Iuomyi namnepy, Lo
YMOJKJIMBITIOE HaJIaHHI ITaniepy piBHOMIPHHX Oap’ep-
HUX BJIACTHUBOCTEH, MeXaHIYHOI MII[HOCTI Ta
BOJIOTOMIIIHOCTI IO IUIOIIMHI moJjoTHa. Kpim
TOTO, TIILEPHUH JOAA€ EIACTHYHOCTI OTpHUMa-
HOMY TIOKPHUTTIO Ta 3amo0irae #oro po3Tpicky-
BaHHIO 11111 4ac 0araropa3oBHX IMEPETHHIB.

Kniouogi cnoea: manepoBi NakyBalbHi
MaTepiaid, NOTIBIHITOBHIA CIIUPT, MmoJiaminami-
HEeMiXJIOPTiIPHH, BOJIOTOMIIHICTD, XKUPOHENPO-
HUKHICTh, BOIOHCIPOHUKHICTh, MOJCIIOBAHHS
BJIACTUBOCTEH, OararoKpHuTepiajibHa ONTUMI3aLlisL.

Introduction. The use of paper-based packaging materials is explain-
ned by their ecological safety and minimal impact on the environment, their
ability to provide the required level of barrier properties, and the possibility
of reusing their waste as a valuable raw material for the production of new
products. The development of the paper packaging production requires the
use of new materials and their compositions to ensure the preservation of the
consumer properties of packaged products from the effects of the envi-

ronment [ 1-4].

During the storage of food products, complex biochemical processes
of interaction between products, packaging and the natural environment
occur under the influence of various factors (moisture, steam, gas). A high
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level of barrier and protective properties, resistance to moisture penetration
(water, steam) and air resistance are the main requirements for food
packaging paper [5].

Problem. The results of numerous studies show that the barrier
properties of paper are formed, usually, by increasing the density of the
material by using highly fibrillated cellulose fibers and calendering the paper
fabric made from them, by treating it with sizing agents or parchment [6; 7].
However, these methods do not provide a high level of wet-strength, oil and
water resistance of paper packaging materials [8-9].

To improve the barrier properties of capillary-porous paper, one of the
effective methods is to close the pores on the paper surface and thus block
the diffusion path of liquid/gas molecules through the paper. The general
approach of creating paper packaging materials is to apply polymers with
good film-forming characteristics to the paper substrate and thus form a
continuous and impermeable film [10].

Polvinyl alcohol (hereinafter — PVA) based polymer coatings are
widely used for the production of packaging paper due to its film-forming
ability, good barrier and mechanical properties [11; 12; 13]. However, such
coatings, as a rule, have low water resistance due to the hydrophilic and
water-soluble nature of PVA [14].

Analysis of recent research and publications. In order to form the
barrier properties of paper, polymer coatings based on PVA are used due to
its ability to form impermeable films. Numerous researches show that the use
of PV A led to an increase in the resistance of packaging paper to water vapor
(from 533 to 1.3 g/m?/24 h) and water resistance (wetting angle > 100°) [12],
mechanical strength of paper materials in the dry state [13; 14]. However, the
disadvantage of paper treated with PV A, which makes it difficult to use it for
wet and fat-containing food products, is the low-level mechanical strength of
paper in the wet state and the low elasticity of the coating. Polyamide-
epichlorohydrin (hereinafter — PAE) resins [15; 16] are used to provide wet-
strength to paper, and glycerol is used for elasticity of the coating. At the
same time, the complex effect of these components in the mixture for surface
treatment of paper on the quality of the products has not been sufficiently
investigated. In the research of scientists on the problem of manufacturing
paper packaging materials with specified properties, attention is paid only to
certain parameters.

This article is based on the results of previous studies [5; 8; 17], where
it was determined that the most effective fibrous raw material for the
production of base paper is sulfate-bleached and unbleached cellulose from
coniferous wood species at the optimal degree of grinding of cellulose fibers
65-75° SR. Also, the effectiveness of using PVA in a composition with PAE
and glycerol for the formation of barrier and protective properties of paper
has been tested and proven [18].

In order to achieve a high level of barrier properties, elasticity,
mechanical strength in dry and wet conditions, it 1s proposed to treat the
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surface of the base paper with a hydrooleophobic composition based on PVA,
PAE and glycerol.

The aim of the research is to develop mathematical models of the
dependence of the packaging material properties on the content of the main
components of the composition for processing the base paper and the opti-
mization of the hydrooleophobic composition to obtain paper packaging
materials with the specified properties.

Methods. To give packaging paper materials wet-strength, oil and
water resistance, the surface of the base paper was treated with compositions
using aqueous solutions of polyvinyl alcohol (PVA), polyamideamineepi-
chlorohydrin (PAE) and glycerol.

We used PAE produced by Eka Chemicals AB (Sweden) brand
EKA WS 325 (dynamic viscosity according to Brookfield — 76.2 mPa-s, mass
fraction of dry substances — 19.8 %; pH 3.5), PVA produced by PrJSC
"Severodonetske combination of AZOT" grade 7/18 of the highest grade
(dynamic viscosity of a 4 % solution —28.0 Pa-s-10°; mass fraction of acetate
groups — no more than 19.8 %; pH of a 4 % aqueous solution — 4.5).

At low humidity, PVA coatings become brittle, and at high humidity,
they may lose their tensile strength. A number of functional additives were
used to stabilize the properties of PVA: PK-94 glycerol (saponification
coefficient — 0.7 mg/g KOH, density at 20 °C — 1.25 g/cm?), which is used in
the pharmacological, food and cosmetic industries and polyacrylamide
manufactured by Kemira Oyj (Finland) Fennopol K 3450 (dynamic viscosity
of a 5 % solution — 41.0 Pa-s-10°; pH of a 5 % aqueous solution — 6).

In order to ensure the maximum solubility of all components of the
composition, a polar substance (water) was chosen as a solvent. The compo-
sition was prepared by mixing the components (t = 20-30 min., T = 30—
35 °C). The scheme for preparing a hydrooleophobic composition for paper
processing is shown in Figure 1.

—

Mixing components (PVA N Heating the mixture to a
powder, prepared water) temperature of 70-75 °C
PVA while stirring (10-20 rpm)
(solution in water) — ¢

Cooling the solution Complete dissolution
to T=30-40°C PVA in water

PAE g Mixing of composition
(emulsion in water) i components
/ (t = 30-40 min., T = 30-40° C)
Polyacrylamide
(powder)
A 4
Glycerol

Hydrooleophobic composition

to provide wet-strength, water and oil resistance to paper
packaging materials

Figure 1. Scheme of preparation of a hydrooleophobic composition to provide
wet-strength, water and oil resistance to paper packaging materials



ISSN 1998-2666; eISSN 2616-6755. Tosapu i punxu. 2023. Nel

.......................................................................................................................................... focoes

Model compositions were applied to the surface of paper weighing
45 g/m?, the samples were dried, conditioned for 10 days and tested accor-
ding to the methods adopted in the pulp and paper industry [19-23].

Mathematical models of the 2nd order of the type "composition —
property" (1) were obtained by processing an array of experimental data using
the STAT-SENS software [24].

y=b+ ibixi + ibijxix L+ ibixf (1)
i=1 i=1

1<i<j<k

The central composite rotatable plan of the full factorial experiment
was used, completed with points in the center of the plan and a star arm of
1.682 (Table 1).

Table 1
Experiment plan
Serial number of the experiment Xi x> X3
1 -1 -1 -1
2 1 -1 -1
3 —1 1 -1
4 1 1 -1
5 -1 -1 1
6 1 -1 1
7 -1 1 1
8 1 1 1
9 1.6818 0 0
10 —1.6818 0 0
11 0 1.6818 0
12 0 —1.6818 0
13 0 0 1.6818
14 0 0 —1.6818
15 0 0 0

The method of multi-criteria optimization was used to find a rational
range of parameters of a multi-component mixture for paper processing,
taking into account a given set of limitations of the quality indicators of the
packaging material. Calculations were carried out with a confidence
probability of 0.95.

Results. Modeling of a multicomponent hydrooleophobic composition
based on PVA, PAE and glycerol to give paper packaging materials wet-strength,
water and grease resistance was carried out using the implementation of a central
composite rotatable experimental plan. When planning an experiment on the
study of changes in the quality indicators of packaging paper, the indicators
of the content of the main components of the hydrooleophobic composition
were chosen as the initial variables, wt. %, namely x; — PVA, x> — PAE, x3—
glycerol. The quality indicators of the treated paper-base were selected as the
response functions of the mathematical models: Y;— oil permeability, mg; ¥>—
air permeability, cm®/min; Y3 — destructive force, N; Yy — wet-strength, %;
Y 5s— surface absorption, g/m?.
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The study of the influence of the components of the solution for
processing the paper-base and the technological parameters of their appli-
cation made it possible to establish the area of the experiment to obtain the
dependences of the form Y = f(x;) at i = 3. At the same time, the center of the
orthogonal rotatable plan is located at the points x; = 10, x> = 3, x3 = 2, with
variation intervals of 4, £ 1, £ 1, respectively.

According to the central composite rotatable plan, 15 model compo-
sitions were developed to increase the wet-strength, water and oil resistance

of paper, which are illustrated by examples (7able 2).
Table 2

Compositions of solutions to provide wet-strength,
water and oil resistance to the paper-base

The name Content of solution components, wt. %

of the solution (depending on the version of the composition)
component [ 1 | 2 | 3 4 5 6 7 |8 9 10 11 12 13 14 | 15
PVA 1416 | 14] 6 141 6 14 |1 6 |16.73| 3.27 10 10 10 10 | 10
PAE 41412 2 4 4 2 |2 3 3 4.69 | 1.32 | 3 3 3
Glycerol 31313 3 1 1 1 1 2 2 2 2 1369[032]| 2
Water 79187 | 81 | 89 | 81 | 8 | 83 |91 | 78.7 [91.73 | 83.31 | 86.68 |83.31|86.68| 85

The model compositions were applied to the surface of the paper-base
with a weight of 45 g/m?, the obtained samples were dried, conditioned and
tested according to the standards adopted in the pulp and paper industry.

The obtained results are shown in the Table 3.

Table 3
Quality indicators of paper-base treated with model hydrooleophobic compounds
Content L
5 of the component, wt. % Property indicators
° R r
g S B} g . g
g =) E E = =§ éo =
) = < < = ) =] 8 ~
=3 ™ o g E o 93
a. ) a a o 2 5] Q
g = = 2 = ‘*g
O o < = 2
1 14 4 3 0.31 2.9 81 44.6 7.9
2 6 4 3 9.1 111 56 17.1 16.2
3 14 2 3 0.36 2.2 76 38.1 7.1
4 6 2 3 11.2 10.1 53 12 17.3
5 14 4 1 0.38 2.8 79 43.2 8.2
6 6 4 1 12.2 10.2 52 16.2 16.9
7 14 2 1 0.41 2.8 74 37.8 9.1
8 6 2 1 12.9 10.1 49 111 18.4
9 | 1673 3 2 0.2 3.1 78 43.9 6.4
10 | 327 3 2 19.1 19.9 49 10.2 38
11 10 4.69 2 2.2 4.2 72 44.8 10.2
12 10 1.32 2 2.6 4.8 64 32.2 12.2
13 10 3 3.69 1.8 4.2 69 38 10.7
14 10 3 0.32 24 4.8 66 333 11.8
15 10 3 2 2.3 4.6 68 36.5 11.7
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To obtain mathematical models, a regression analysis of the obtained
array of experimental data was carried out. As a result, we obtained equations
describing the influence of the components of the hydrooleophobic compo-
sition on the properties of the studied system (2-6):

a) mathematical model based on the oil permeability indicator (Y;):

Yi=+35371—-5.6087x1—1.8475x2—2.1391x3 + 0.0849x1x2 + 0.126x1x3 @)
—0.1375x2x3 + 0.1887x1° + 0.3985x2% + 0.2936x5°

b) mathematical model based on the air permeability indicator (Y2):

Yo=+27.853—-3.8547x1 + 0.7074x2 + 0.4074x3 — 0.0125x1x2 —

0.0437x1x3 + 0.1998x2x3 + 0.1449x17 — 0.1539x2° — 0.1534x5° (3)
¢) mathematical model based on the indicator of destructive force in the dry
state (Y3):
Ys=+4 16463 + 4.6844x1 + 2.8316x2 + 4.4889x3 + 0.1253x1x2 — )
0.1247x1x3+ 0.001 Ix2x3 — 0.1194x — 0.3217x27 — 0.4987x3’

d) mathematical model based on the wet-strength indicator (Y4):

Yi=—47.362 + 7.997x1 + 6.5979x2 + 8.9498x3 + 0.0533x1x2 — (5)
0.0302x1x3 + 0.1382x2x3 — 0.2875x1° — 0.9723x2> — 0.8723x5°

e) mathematical model based on the indicator of surface absorption (Ys):

Ys=+442935-5.6675x1 + 2.1912x2 + 1.7383x3 + 0.1181x1x2 — 6)
0.0156x1x3 + 0.2625x2x3 + 0.1911x7° — 0.8228x2* — 0.7691x5°

All three factors that characterize the quantitative ratio of the components
of the hydrooleophobic composition affect the oil permeability of the packaging
material. The most significant influence on the oil permeability of the packaging
material is the content of PVA and glycerin in the composition of which the
processing was carried out.

The use of a composition containing PVA less than 6 wt. % and glycerol
less than 0.5 wt. %, for the purpose of making the paper greaseproof is impractical,
because the oil resistance of the fibrous material does not reach the required level.
At the same time, for this purpose, it is impractical to use a grease proofing
composition containing more than 10.0 wt. % PVA and more than 3.0 wt. %
glycerol, as the cost of paper production increases, and the level of oil resistance
increases to a small extent.

It should be noted that taking into account the analysis of literary sources,
patent and technical information and based on previous studies on the influence
of components and their combinations on the properties of the paper-base, the
design of the experimental plan was carried out in the area that is close to the
desired optimum.
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According to the developed models, it is possible to calculate the values
of the indicators of the packaging material obtained by processing with a hydro-
oleophobic solution with different concentrations of components with sufficiently
high accuracy.

The obtained mathematical models made it possible to begin the
implementation of the next stage of research, the task of which is to develop
a rational ratio of the components of the hydrooleophobic composition.

The content of the components in the composition for paper processing was
determined by the method of multi-criteria optimization in order to provide the
specified barrier and protective properties of the moisture-resistant, water- and
greaseproof packaging material. The main indicators used to calculate the optimal
composition of the hydrooleophobic composition are: grease resistance, which
should not be higher than 3 mg; air permeability — no higher than 8 cm*/min.;
destructive force in the dry state — in the range of 60—70 N, wet-strength — not
lower than 25 % and surface water absorption — not more than 8 g/m?.

The parameters and results of the search for the optimal ratio of compo-
nents of the hydrooleophobic composition are given in the Table 4 and Figure 2.

Table 4

Optimization parameters of the hydrooleophobic composition to provide wet-
strength and waterproofing to paper packaging materials

Optimization criteria|Oil permeability,| Air permeability, | Destructive | Wet-strength, |Surface absorption,
and calculation mg cm’/min force, N % g/m?
Minimum value 0.5 5 60 25 5
Maximum value 3 8 70 30 8
PAE content in the composition, wt % <0il permeability, mg

6 EAir permeability, cm3/min

+Destructive force, N
~Wet-strength, %

57
—Surface absorption, g/m?

54
5.1
48

45

3.9
36

VAR

6 6.6 72 7.8 8.4 9 96 10,2 10,8 114 12
PVA content in the composition, wt.%

Figure 2. Compromise optimal range of the composition to provide wet-strength,
water and oil resistance of the paper
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The optimal ratio of the components of the hydrooleophobic compo-
sition to provide greaseproofness and wet-strength to paper packaging mate-
rials contains the following ratio (wt. %) of the main components: PVA — 8-9,
PAE — 4-5; glycerol — 1.0-1.5. Polyacrylamide in the amount of 0.25 wt. %
was used as a functional additive, a viscosity regulator of the composition,
and water was used as a solvent.

Conclusions. The developed composition is optimal, which makes it
possible not to exceed its consumption during application to fibrous material,
in particular paper. The composition penetrates the thickness of the paper to
the optimal depth evenly over the entire paper area. This circumstance makes
it possible to provide the paper with uniform oil resistance along the plane of
the canvas. In addition, glycerin gives elasticity to the resulting coating and
prevents it from cracking during repeated bending. After treating the paper-
base with a hydrooleophobic composition, its strength index during double
bending increases from 45 to 65 N, i. e. almost by 1.5-2 times. This property
of the composition allows not to lose greaseproofness in places of bends and
to achieve uniformity of greaseproofness over the entire area of the paper
web during its operation. Due to this, a complex of operational properties is
ensured: a dense and closed structure; high oil resistance; increasing the
mechanical strength of paper, its elasticity, plasticity and flexibility.
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