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WATERPROOF PAPER PACKAGING
MATERIALS: OPTIMIZATION
OF HYDROPHOBIC COMPOSITION

The influence of the three-component system parameters of hydrophobic composition
(polyvinyl alcohol, polyamideamineepichlorhydrin, carbamide) on the treated paper proper-
ties was investigated. Mathematical models of type "composition - properties” were deve-
loped, which allow to optimize the hydrophobic composition ratio components and to obtain
paper packaging materials with specified properties (air permeability — 10-30 cm’/min, wet-
strength — 30—40% and surface absorption — 10-20 g/m’).

Keywords: paper packaging materials, mathematical modeling, hydrophobic com-
position, polyvinyl alcohol, polyamideamineepichlorhydrin, carbamide, optimal composition.

Ocvika B., Kapasaee T., Komaxa B. Bnazonpounsie dymaiicnvle ynaxogouHuvle
Mmamepuansl: onmumuzayus 2uopogodnozo cocmasa. Hccnedosano emsiHue napa-
Mempo8 cocmasea MpexKoMHOHEHMHOU cucmemvl 2UOPoPoOHO KoMNno3uyuu (NoaueuU-
HULOBBIL CRUPM, NOTUAMUOAMUHERUXTOPSUOPUH, KaApOAMUuod) Ha NOKA3amMenu C8oucma
obpabomannoi oymaeu. Paspabomaner mamemamuueckue mooenu muna "cocmas —
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ceoticmea”, Komopwvlie nO360AUNU ONTHUMUUPOBANL COOMHOUEHUE KOMNOHEHMO8 2UOpPO-
Gobroco cocmasa u nonYyuUMb OYMAJICHBIE YNAKOBOUHLIEC MAMEPUANbl C 3aA0aHHbIMU
ceoticmeamu (6030yxonponuyaemocmos — 10-30 cm’/mun, eénazonpounocme — 3040 %
u nosepxnocmuas enumsieaemocmo — 10—-20 2/m?).

Knwuesvie cnoea: 6YMa)KHI>I€ YIIAaKOBOYHBIC MaTCpHUalibl, MATCMATHYCCKOC
MOACIIUPOBAHUC, FI/II[pO(l)O6HI>II‘/1 COCTaB, IIOJIMBUHMIIOBBII CIIUpPT, MOJIUaMUIAMUHCIIN-
XJIOPruapuvH, Kap6aMI/I,I[, OIITHMAaJIbHBIN COCTaB.

Background. The environmental friendliness of packaging materials
and their safety is a global problem. The solving of this problem has being
attending both leading scientists and practitioners in the packaging industry
and international environmental organizations. The development of paper-
based packaging materials requires the use of such materials, chemicals and
its combinations as would be able to meet all requirements for packaging a
wide range of goods. Such requirements determined by the chemical nature
of the packaged product, its physical condition, sensitivity to moisture, oxygen,
light, the need of total isolation from the environment during storage.

The barrier properties of the paper are usually formed by increasing
the material density by using of highly fibrillated cellulose fibers and calen-
dering the paper huckaback made from them, treating by sizing substances or
parchment. However, these methods do not provide a high level of wet-
strength and waterproof of paper packaging materials (hereinafter — PPM).
One of a way to solve this problem is the paper surface treatment with
hydrophobic compositions that have the ability to create a protective layer
that to prevent the migration of any substance to the packed product from the
environment, provide the necessary level of resistance to penetration of
moisture, steam, i.e. provide a complex barrier and protective properties.

The scientific research of A. E. Kolosov [1], V. L. Fleisher [2],
N. D. Kornienko [3], P. Samyn [4], C. Silvestre [5] are devoted to the prob-
lems of the quality forming of paper packaging materials and their properties
the study. In particular, these authors propose to use of polymer coatings to
obtain packaging materials with the required properties.

In the scientists’ research attention is paid to only a few parameters
related with the problem of manufacturing PPM with the required properties.
At the same time, the complex influence of compositions components on
paper processing on the quality of finish products has not been sufficiently
investigated.

Analysis of recent research and publications. This article is based
on the previous study results, which have established an effective fibrous raw
material for the production of paper-bases wet-strength and waterproof
packaging materials (sulfate unbleached pulp of coniferous and deciduous
wood) [6; 7] and optimum grinding rate of cellulose fibers (55-65 degree of
Shopper-Rigler (SR) [8]. According to the studies [9] have scientifically
substantiated and proved the effectiveness of using epichlorohydrin resins in
a composition with polyvinyl alcohol to provide barrier and protective pro-
perties of paper packaging materials.
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The purpose of the article is to optimize the hydrophobic composition
for the production of wet-strength and waterproof paper packaging materials.

Materials and methods. Object of study — is the PPM made by treat-
ment of paper-base with hydrophobic compositions.

The subject of the study is the properties of PPM taking into account
the change in the hydrophobic composition components ratio.

To give the PPM moisture and water resistance, the paper substrate
was subjected to surface treatment with compositions using aqueous solutions
of polyamideamineepichlorhydrin (hereinafter — PAAEC), polyvinyl alcohol
(hereinafter — PVA) and carbamide.

PAAEC manufactured by Eka Chemicals AB (Sweden) of the EKA
WS 325 brand has the following parameters: Brookfield dynamic viscosity —
76.2 MPa-sec, dry matter mass — 19.8%, pH — 3.5.

To ensure better penetration of PAAEC into the structure of the paper,
the carbamide of grade B [10] and polyvinyl alcohol of grade 7/18 of high
quality [11] produced by PJSC “Severodonetsk AZOT” were used.

The composition was prepared by aqueous solution of the components
and mixing them (t = 20-30 min, T = 30-35 °C). Model formulations with
different ratio of the main components were applied to the surface of the
paper-base with a mass of 50 g/m?. The paper was dried, stood for 10 days
and tested by the methods and regulations adopted in the pulp and paper
industry [12-17].

Determination of the solutions optimum composition for providing the
paper with wet-strength and waterproof was performed by the multicriteria
optimization method using the STAT-SENS software.

Mathematical models were obtained using a central composite rota-
table plan (CCRP) of experiment with setpoints of output variables in the
studied range of values.

Modeling of the process "composition — property" was carried out
using of the order 2 model, which has the form [18]:

peb byt Y b+ YA 1)
i=1 i=1

1<i<j<k

To obtain the above model, a plan of a full factorial experiment was
used and after implementation, was completed with points in the center of the
plan and with the 1.682 star shoulder (Table 1).

The significance of the regression coefficients was estimated using the
Student's test [19]. To find the rational range of the multicomponent mixture
parameters, taking into account a given set of constraints, the multicriteria
optimization method was used. The calculations are made with a confidence
probability of 0.95. The practical error of experiments did not exceed 5 %,
taking into account instrument and accidental errors.
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Table 1
Plan of the experiment
Experiment sequence
X1 X2 X3
number

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

Results. The creation of hydrophobic composition to provide wet-
strength and waterproof of paper on the basis of PAAEC using PVA and
carbamide as functional additives was carried out with the determination of
their optimal content in the composition.

Mathematical models have been developed to effectively regulate the
properties of the paper-base, enabling the production of packaging materials
with specified properties, such as strength in dry and moist condition, surface
pickiness and breathability. The most effective for mathematical models
constructing is the method of regression analysis, which is to obtain a mathe-
matical description of the packaging material properties dependence on the
components ratio in the solution for processing the paper-base.

To limit the number of factors in optimizing process of providing the
wet-strength and waterproof of paper-base as the initial variables was selec-
ted factors characterizing the ratio of the main components of the hydro-
phobic composition, wt. %: x1 — PVA content; x» — content of PAAEC; x3 —
carbamide content.

A complete factor experiment was implemented and mathematical
models of the form (2) were obtained in order to receive the data array for
further optimization of the hydrophobic composition:

Y =a,+ax +ax, +ax, +axx, +axxy, + a5y +ax’ +ax’ +ax’ . (2)
To obtain the mathematical dependences of the form y = f{x;) at i =3
the zero level of the selected factors and their variation interval are set: x; = 2
+ 1; x2 =4 £ 2; x3=4 £+ 2. According to the central composite rotatable
experiment plan, 15 model compositions were developed to increase the wet-

strength and waterproof of the paper, illustrated by the ratio components
examples indicated in the fable 2.
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Table 2 N

The content of components in the compositions of solutions, wt. % g
Solution Composition number =
component | 7 | 2 | 3141516171819 011|12[3[14]15 o
PVA 3 13 1 3 1 3 13604 2 2 2:2 2 E
PAAEC 6 6 2 2:6: 6 2 2:4:4 7208 44 4 >
Carbamide 6 6 6 6:2 2 2 2:4 4 4 4 72 08 4 =
Water 85 87 89 91 89 91 93 95 88.491.686.893.2.86.893.2: 90 ‘g
M

The efficiency of the process of providing the moisture-strength and
waterproof of the paper is determined by the properties obtained after
treatment of materials: y1 — air permeability, cm*/min; y» — destructive force,
N; y3 — wet-strength, %; y4 — surface absorption, g/m?.

The obtained results are shown in the fable 3.

9I1dvVvd0.L HALDO0dHU.LOVVd

Table 3

The quality of the paper-base treated with a hydrophobic composition
at different ratio of the main components

- Component content, wt. % Indicator of the properties

g -

Z 2 p 9 é £z| £z ;\o 2 &

= 2 Q .« e A=

H| 2| 2| & |FeE| Gi| 2T |zis

O [ 8 a o 8 [ }&;« 72} S
1 3 6 6 19 78 40 15
2 1 6 6 28 55 35 21
3 3 2 6 22 71 25 26
4 1 2 6 39 53 19 34
5 3 6 2 20 75 32 15
6 1 6 2 29 51 20 17
7 3 2 2 20 70 30 24
8 1 2 2 38 50 17 28
9 3.6 4 4 14 86 36 17
10 0.4 4 4 38 48 26 23
11 2 7.2 4 24 63 39 14
12 2 0.8 4 34 58 21 31
13 2 4 7,2 29 65 27 21
14 2 4 0,8 28 60 20 19
15 2 4 4 36 62 31 16

Adding of polyamideamineepichlorhydrin resin to the composition with
carbamide contributes not only to the reduction of permeability, but also to
increase the ductility and mechanical strength in the dry and humidity states.

The obtained results of studies and tests of treated paper samples
confirm that the use of PVA in model solutions, even with low content (1—
2 wt. %) in combination with PAAEC contributes to the creation of a more
tight microporous structure that confirmed by surface absorption indices of
the treated paper.
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The analysis of the strength indices of the test samples treated with
different variants of the model solutions shows that the content of carbamide
does not significantly affect on the paper wet-strength. The main increase in
mechanical strength, especially in the wet state, is ensured by the increase of
the PAAEC content in the model solution, which reach the optimal properties
in the range of 4-6 %.

The use of the solution with PVA content of more than 3 % is unrea-
sonably, since the high viscosity of the composition leads to its poor penet-
ration into the cellulose fibers, requires an increase of the time to leak the
paper, causing the coating to stick to the drying cylinders during drying. As
a consequence, it causes to the paper quality deteriorate by some indicators,
such as wet-strength, and damage its structure.

According to the obtained array of experimental data, mathematical
models of components influence indices on the study system properties (3—6)
were created, according to which the packing material were tested:

a) by the air permeability index (y1):
y, = +80.089—9.8363x —1.9156x, +0.19637x, +0.125x,x, +

+1.125xx, —0.625x,x, — 6.6584x” —0.5978x,” — 2.7746x,; ©)
b) by the destructive force index (32):
¥, =4+39.103+8.904x, +2.7141x, +1.4212x, +1.125x,x, —0.375x,x, + @
+0.375x,x, +1.6246x> —0.67348x,” +0.033621x,;
c) by the wet-strength index (y3):
y, =+2.143+3.8675x, +4.8527x, +2.3265x, — 0.25x x, — )
—1.75xx, +3.25x,x, —0.19774x7 —0.55129x,” —2.8494x;
d) by the surface absorption index (y4):
v, =+25.737-2.2033x, —7.3153x, +1.125x; +0.5x,x, — ©)

~lxx, —0.5x,x, +1.7789x +0.6627x, +1.7789x..

The study of mathematical descriptions was conducted to determine
and establish patterns of an object behavior in conditions that were not consi-
dered in the experiment. The developed models with high precision can be
used to calculate the values of the solution-impregnated packing material
with any concentration of components. Such models make it possible to pre-
dict changes in the relevant indicators in situations and conditions that are not
reflected experimentally. When calculating the optimal composition of the
solution it is necessary to take into account that all the components of the com-
position interact therefore to change the value of a certain index by changing
the concentration of only one component is impossible. For this reason, the
determination of the solution optimum composition for waterproof providing
of the paper packaging material was carried out by the multicriterion optimi-
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zation method that allow to obtain the value of the factors that characterize
the optimal composition, in order to provide the specified barrier and pro-
tective properties of the packaging material for moisture-content products.

The main indices for calculating the optimal composition are shown in
the table 4. The upper values of these indices and the range of the wet-strength
and air permeability indices have been established taking into account the
results of the experimental studies and are maximum acceptable. They ensure
compliance with the lower levels of the key indicators.

Table 4

Optimization parameters of hydrophobic composition for providing wet-
strength and waterproof to paper packaging materials

9I1dvVvd0.L HALDO0dHU.LOVVd

Criteria and calculation | Air permeability,| Destructive | Wet-strength, Surface
of optimization M’/min force, N % absorption, g/m?
The minimum value 10 58 30 10
The maximum value 30 78 40 20

The parameters and results of finding the components optimal ratio of
the hydrophobic composition are shown on the figure.

Therefore, treatment of the paper-base with hydrophobic composition
containing, wt. %: 1-2 PVA, 4-6 PAAEC, 4-6 carbamide and water as a sol-
vent, gives the paper water resistance, wet-strength and also increases the
level of barriers properties and reduces its surface absorption.

According to the regression analysis results, mathematical models of the
treated paper change depending on the solution components content were created.

PAAEC content in the composition, wt. %

6

‘ L
N T
54—+ — ~<40).

4 =10
4,8 \ )
10
10 | —
\/30 \ | —

42 A 75— ’

L’Si’/ M 30

—T | | 30

36 58— \ \ /

3 30 10420

~air permeability
—destructive force
—wet-strength
—surface absorption

0 04 08 12 16 2 24 28 32 36 4

PVA content in the composition, wt. %

Compromise optimal composition area
to provide surface absorption and wet-strength of the paper

Source: Created by the authors.
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These models application allows to predict the value of a particular
index, which made it possible to optimize the hydrophobic composition to pro-
vide the paper with increased water resistance, wet-strength and other strength
and barrier properties.

Conclusion. The main increase of mechanical strength of the paper,
especially in wet state, is ensured with the PAAEC increase in the range of
4-6 wt. % in the model solution content.

The PVA usage in model solutions in the range of 1-2 wt. % together
with PAAEC contribute to the creation of a more closed microporous struc-
ture, as evidenced by the surface absorption index of the treated samples. The
use of the solution with PVA content of more than 3 wt. % is unreasonably,
since the high viscosity of the composition leads to its poor penetration into
the cellulose fibers, requires an increase of the time to leak the paper, causing
the coating to stick to the drying cylinders.

The optimal components range of the hydrophobic composition was
determined, wt. %: PAAEC — 4-6, PVA — 1-2, carbamide — 46, which gives
to the PPM the specified barrier and strength properties (air permeability —
10-30 cm?/min , wet-strength — 30-40 %, surface absorption —10-20 g/m?).
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Ocuxa B., Kapasace T., Komaxa B. Bonozomiyni naneposi nakyseanvhi mamepianu:
onmumizayis 2iopoghoénozo cknaoy.

IHocTanoBka nmpodaemu. /s HagaHHS TANIEpy 3aJaHUX TOKA3HUKIB Oap’€pHHX
1 MIITHICHAX BJIACTUBOCTEH IMaImip-0CHOBY MiJTaBaIM OBEPXHEBOMY 0OpOOIEHHIO TiIpo-
($hoOHuMHU KoMIo3MLisAMH. [1s1 epeKTHBHOTO PErysroBaHHS BJIACTHBOCTEH Marepy-OCHOBH
pO3po0IeHO MaTeMaTUYHI MOJIE, 1110 JaF0Th 3MOTY BUTOTOBJISTH MaKyBaJlbHI MaTepiain
13 TAaKMMH 3aJaHAMH BJIACTHBOCTSMH, SIK MIITHICTh Y CYXOMY Ta BOJIOTOMY CTaHi, ITOBEPX-
HeBa BOMPHICTb, MOBITPOIIPOHUKHICTB.

Mema cmammi — ontumizanis rigpodoOHOro ckiagy A OTPUMAHHS BOJIOTO-
MIITHAX BOJAOHEIIPOHUKHUX IMAIICPOBUX MMAKyBAIBHUX MaTepialliB.

Marepiaau Ta MeToau. Ilamip migmaBaim MOBEPXHEBOMY OOpPOOJIECHHIO KOMIIO-
3ULISMU 3 BUKOPHCTaHHSM BOAHUX PO3UMHIB MOJiaMiJaMiHENiXJIOpriApHHY, TMOJiBiHi-
JIOBOTO CTIHMPTY Ta KapOaMimy.

MeTom0oM perpeciiHOro aHalli3y eKCHepUMEHTATbHUX JaHUX 3 BUKOPHCTAHHIM
LHEHTPAJIBLHOTO KOMITO3HLIHHOTO POTOTA0ENBFHOTO IUIAaHY OTPHUMAaHO MaTeMaTH4YHI OIUCH
3aJIe)KHOCTI BJIACTHBOCTEH Mamepy BiJl BMICTY KOMIIOHEHTIB TiIpo(OOHOTO CKIamy.
Marematnyna 00poOka pe3yiabTaTiB €KCIEPUMEHTY 3IIMCHIOBANIACH 13 BHKOPHUCTAHHSIM
nporpamuoro 3abesneueHHst STAT-SENS.

PesyabTaTu gocaimxenss. OCHOBHUI NpUPICT MEXaHIYHOI MIIIHOCTi, 0COONHBO
y BOJIOTOMY CTaHi, 3a0€3MeUy€eThCs 3aBASKU ITiIBHINCHHIO BMICTY Y PO3YHHI ITOJIiaMifa-
MIHENIXJIOPTiIpUHY, SKUH MPOSABISE ONMTHMAIbHI BIaCTUBOCTI B Aiana3oHi 4—6 %. Buxo-
pHUCTaHHS TOJiBIHIIOBOT'O CIIMPTY Y PO3YMHAX HABITh 32 HE3HAYHOTO BMicTy (1-2 Mac.%)
CYMICHO 3 TTOTiaMiJaMiHETIXJIOPTIAPHUHOM CIIPUSE CTBOPEHHIO OLBIT 3IMKHYTOI MIKPOTIO-
PHCTOI CTPYKTYPH, TPO 1110 CBIAYATh IIOKa3HUKH IOBEPXHEBOI BOMPHOCTI 00POOIICHHX 3pa3KiB.

BucHoBkH. Bu3HaueHO ONTUMANBLHUN Jlianla30H BMIiCTy KOMIIOHEHTIB Tiapog00-
Horo cknany, %: [TAAEX — 4-6, TIBC — 1-2, kapbaminy — 4—6, mo nangae [1[IM 3ananmnx
NOKa3HMKIB 6ap’€pHMX i MILHICHMX BJIACTHBOCTEH: IOBITPONPOHMKHICTE — 10-30 cM?/xB,
BOJOroMitHicTh — 30-40 %, moBepxHeBy BOMpHicTH — 10-20 /M2,

Knwuosi croea: mamepoBi MakyBaJbHI Marepiayii, MaTeMaTUYHE MOJICIIO-
BaHHS, TiApohoOHMI CKiIad, MOMIBIHIIOBHA CIHPT, MOJiaMilaMiHeXIOPTiIprH, Kapoa-
MiJl, ONTUMAaJIbHUAM CKJIa.



