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This study investigates the process of cardboard surface 
modification with an aqueous solution of Al2(OH)nCl6–n 
and its effect on the indicators of contact angle and surface 
charge of dissolved substances in cardboard for the manu-
facture of packaging and disposable tableware.

The task addressed relates to the lack of a technologi-
cal approach to modifying the surface of cardboard, which 
would simultaneously enable high adhesion between card-
board and polymer by controlled change in wettability and 
surface energy without loss of its barrier properties. A solu-
tion option is to improve the technology of modifying card-
board for the production of disposable tableware with an 
aqueous solution of Al2(OH)nCl6–n.

The experimental studies involved manufacturing a 
series of cardboard samples with different compositions, 
determining the contact angle by the lying drop meth-
od and the surface charge of dissolved substances. The 
effect of surface treatment on the indicators of the contact 
angle and surface charge of dissolved substances of card-
board for the manufacture of packaging and disposable 
tableware has been established. It was found that the con-
tact angle decreases to 82.8–84.7° compared to 91.8–93.4° 
for unmodified samples (without applied polymer) and  
116.1–116.6° versus 112.1–115.9°, respectively, for samples 
with a polymer coating. At the same time, the surface 
charge of dissolved substances increases from –18.3–25.9 to  
–51.3–54.1 μg-equiv./l, that is, by 2–3 times.

The results indicate that the treated cardboard samples 
have better wettability. This property will contribute to bet-
ter contact between the cardboard surface and the polymer 
melt during its application and subsequent gluing of the 
structural elements of an article.

The proposed approach to modifying the cardboard 
sheet is promising for further implementation in industri-
al processes, in particular to produce packaging materi-
als and disposable tableware. This will make it possible to 
influence the barrier properties of the finished cardboard 
paper, as well as to improve the functional properties of 
packaging and disposable tableware made of modified 
cardboard
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1. Introduction 

Paper and cardboard are inexpensive materials that are 
widely used in the production of packaging products and dis-
posable tableware, due to their sufficiently high mechanical 
strength and flexibility.

Manufacturers of disposable tableware and cardboard 
packaging products face numerous limitations, in particular, 
insufficient mechanical and barrier properties, such as the 
water permeability of cardboard, which is due to its hydro-
philic nature and porous structure.

However, although hydrophobicity, which is achieved by 
gluing [1‒3] paper pulp and which increases the material’s re-
sistance to moisture, may be insufficient to enable the required 
level of water resistance of cardboard materials and articles. 

To achieve the required level of properties of raw materials 
for the production of disposable tableware, attention is paid to 
the use of composite materials, such as cardboard/polyethylene, 
cardboard/foil/polyethylene [2, 3].

Important indicators of the quality of raw materials for 
disposable tableware and cardboard packaging are moisture 
resistance. In papers [2, 3] it is indicated that moisture-proof 
cardboard has a fairly wide range of applications: packaging 
of dry food products (bread, flour, confectionery, tea, yeast), 
various light industry products, pharmaceuticals, medical 
supplies, flowers, etc. [4].

It has been shown that for the storage of many food prod-
ucts, the moisture resistance of the packaging material is a 
determining protective property, which consists in increased 
resistance to moisture penetration [5, 6].
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The task to control surface wettability is of considerable in-
terest in the scientific community due to its importance for both 
theoretical research and practical applications [5]. These sub-
stances are added to improve the stiffness and wet strength. The 
use of NaOH/urea has also shown a positive effect on the tensile 
strength and air permeability of paper [5]. However, obtaining 
materials with better barrier properties has not been achieved: 
with increasing tensile strength, the tensile strength decreases, 
and air permeability increases: treatment of corrugated card-
board with NaOH–urea increases the tensile strength by 8–12% 
and reduces air permeability by 15–20% [5, 6].

Studies have shown that polymer coatings of polylactide 
provide a 25–30% reduction in water absorption but partially 
reduce the stiffness of the cardboard, which demonstrates 
a compromise between improving barrier and mechanical 
properties [5]. However, papers [5, 6] that investigated the 
effect of alkaline treatment (NaOH/urea) on cardboard from 
recycled materials showed that with an improvement in 
tensile strength by 25%, the Hurley air permeability index in-
creases, which indicates a loosening of the fiber structure and 
a deterioration in barrier properties, which requires further 
research and resolution of these limitations.

In [7], the association of cellulose microfibrils with sili-
cates was studied. It was shown that the rigidity of the card-
board increases by 12%, but the surface roughness becomes 
uneven, which complicates uniform wetting by the polymer 
melt. In [9], the results of studies on the effect of modifying 
the cardboard surface with calcium silicate (Ca2O4Si) and 
magnesium silicate (MgO3Si) and evaluating their character-
istics as a coating on cardboard are reported; their character-
istics are evaluated. The authors of [9, 11] studied the effect 
of the coating, which was prepared in different concentra-
tions, on packaging materials, which were evaluated by the 
indicators of thickness, stiffness, water absorption, wetting 
angle, and surface tension. It was shown that chemical 
treatment (modification) of the starting raw materials for the 
production of packaging materials significantly changes the 
properties of cardboard or paper. Study [9] establishes a direct 
correlation (R2 = 0.94) between the surface free energy and 
adhesion between polyethylene and cardboard. The authors 
argue that for reliable adhesion, the polar component of the 
surface energy should be maximized. In turn, the high cor-
relation between surface energy and adhesion (R2 = 0.94) es-
tablished in [9] indicates the important role of surface energy 
characteristics in shaping the quality of composite materials.

The authors [10] demonstrate methods that make it pos-
sible to obtain, on one substrate, zones with a wetting angle 
of θ ≈ 10° (superhydrophilicity) and θ > 150° (superhydro-
phobicity).

Chemical treatment of cardboard has both positive and 
negative consequences, such as a decrease in strength and 
stiffness by 12–15%; water absorption is reduced by 18% com-
pared to uncoated cardboard or paper on the one hand and an 
increase in plasticity on the other hand [11]. In an ideal event, 
the chemically treated (modified) surface layer of cardboard 
should form a rougher surface, while the deeper (middle) 
layers should remain unchanged [11]. However, issues related 
to the scaling of this method of surface modification, which 
are limited by the conditions of research, remain unresolved.

In the packaging sector of the printing industry, various 
techniques of coating are being tested and investigated to 
improve the surface appearance and performance charac-
teristics of paper and cardboard (strength, tensile strength, 
shrinkage during drying, warping, surface energy) [1, 11].

Achieving moisture resistance of the starting raw materi-
als for the manufacture of disposable tableware and compos-
ite packaging materials from cardboard should be enabled by 
appropriate pre-treatment.

Since manufacturers often use cardboard with polyeth-
ylene melt applied to it using extrusion technology [3–5] for 
the production of disposable tableware, the question arises of 
achieving a reliable degree of adhesion between cardboard 
and sizing polymers in finished articles.

Increasing the degree of adhesion between fibrous ma-
terials, such as cardboard, and polyethylene melt can be 
achieved, as is known [6, 7], by improving the wettability 
of the cardboard surface and increasing its surface energy. 
However, when cardboard manufacturers try to improve 
the mechanical and barrier properties of cardboard [8, 9], its 
hydrophilic properties decrease: wettability, absorbency, etc. 
The consequence of this is unsatisfactory adhesion of the 
cardboard surface with polyethylene and the lack of conti-
nuity of the polyethylene coating on the products. However, 
existing methods of increasing adhesion, namely increasing 
the stickiness, which indicates increased hydrophilicity and 
insufficient barrier protection [10], are not capable of pro-
viding high barrier properties of cardboard, which leads to 
unsatisfactory quality of finished articles [11, 12]. Because 
of this, the task of modifying cardboard and paper raw ma-
terials arises in such a way as to achieve the best degree of 
adhesion between the polyethylene melt and the cardboard 
and paper base.

Therefore, in-depth research on the surface treatment of 
cardboard sheet for the manufacture of disposable cardboard 
articles is a relevant task.

2. Literature review and problem statement

As is known, chemical surface treatment of raw materials 
is one of the ways to improve the mechanical and protective 
characteristics of packaging paper or cardboard. In study [1], 
it was found that the application of nanocrystalline cellulose 
in combination with polyvinyl alcohol on packaging card-
board increases the tear resistance by 15–20%. At the same 
time, the decrease in vapor permeability indicates the limit-
ed use of such materials for packaging, where gas exchange 
control is important. In work [2], the hydrophobic properties 
of cardboard coated with polylactic acid and ethylene ab-
sorbers are considered. Experiments have shown that the 
wetting angle increases to 95–105°, which provides high 
water resistance but the adhesion between the layers at high 
temperatures remains unstable. In [4], the design of super-
hydrophobic paper (CA > 150°) is described by introducing 
halloysite nanotubes into the material structure; however, 
the technology requires the use of aggressive solvents, which 
limits the industrial implementation of such technologies.

Thus, work [2] demonstrates that the improvement of 
some properties of cardboard such as increased water resis-
tance is often accompanied by a deterioration of others – in-
stability of adhesion at high temperatures, which indicates 
the absence of a universal technological solution and the 
need for in-depth study of the problem.

It should be noted that raw material modifiers are usually 
introduced into the paper pulp at the stage of its manufacture 
to provide moisture resistance. This is the approach proposed 
when applied as a coating directly to the surface of the fin-
ished sheet at the technological stage of the sizing press [3, 6].
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One of the key indicators in the analysis of the impact of 
chemical treatment of cardboard is the value of the contact 
angle [12, 13]. It clearly demonstrates the degree of wettabil-
ity of the surface of the cardboard raw material and depends 
on the contact time of the liquid with the cardboard surface 
and its physical and mechanical properties (roughness, ab-
sorbency, porosity, etc.). Thus, for cardboard coatings with 
nanocoating, the contact angle value ranges from 55° to 78° 
for water, depending on the concentration of the modifier and 
the application technique [13]. This indicates the possibility 
of controlling wettability, but such approaches are mostly 
implemented for printing technologies and are not adapted 
to the production of materials for disposable tableware and 
packaging.

An option to overcome the problem is to study and apply 
controlled surface wettability for printing technologies, with 
an emphasis on designing and manufacturing precise surface 
wettability by enhancing the contrast between hydrophilicity 
and hydrophobicity, for example, superhydrophilicity and 
superhydrophobicity, which are reported in [14, 15].

This is the approach used in [15, 16], which mainly cov-
er surface wettability in lithographic printing with various 
methods of making molds, wettability for printing with a 
patterned stamp, as well as special microtransfer printing 
with indirect wetting.

In addition, there is information on the wettability of 
suitable materials for inkjet printing with control over the 
wettability of the substrate surface and the print head with 
ink, as well as patterned wettability, which is achieved by 
combining different printing methods [14, 17].

Studies [17, 18] confirmed the existence of a correlation be-
tween the energy characteristics of the material surface, which 
depend on its structure, and the magnitude of the wetting an-
gle. The authors of those papers established that the wettability 
directly depends on the atomic structure of the plane: on polar 
faces, the wetting angle with water is θ ≈ 40°–45°, and on 
non-polar or stable faces, the angle increases to θ ≈ 65°–80°. 
This confirms that changing the energy characteristics of the 
surface is an effective tool for controlling its properties.

In particular, in studies that report analyses of the wettabili-
ty of single crystals, it was established that the higher the density 
of broken bonds per unit area of the solid surface, the higher its 
reactivity and, accordingly, the better the wettability [14, 15]. 
The researchers considered the wettability of both inorganic 
and organic (such as thymol, salol, benzophenone, etc.) [16, 18].

Studies on the influence of preliminary modification of 
cardboard raw materials for the manufacture of packaging 
and disposable tableware on a change in the indicators of the 
contact angle of wetting and surface energy are extremely 
limited [18, 19]. Namely, these indicators directly affect the 
degree of wetting of the cardboard surface during the subse-
quent application of the polymer melt.

Among the known modifiers that are usually introduced 
into the composition of the starting raw materials at the 
stage of manufacturing cardboard and paper pulp are acrylic 
dispersion, acrylic emulsions, polyvinyl alcohol or lignosul-
fonate solutions, moisture-resistant adhesives, etc. [20, 21].

However, studying the relationship between the indica-
tors of the wetting angle, surface energy, and the quality of 
raw materials for the manufacture of disposable tableware 
and composite packaging materials has not been widely 
implemented. This does not make it possible to obtain consis-
tently high quality characteristics of the specified cardboard 
articles.

Studies [21, 22] on the use of modification of cardboard 
and paper raw materials for the manufacture of packaging 
and disposable tableware show the prospects of using sur-
face treatment of paper and cardboard. Papers [23, 24] have 
shown that surface modification of cardboard sheet could 
have an effect on the indicators of the contact angle, which 
would make it possible to influence its adhesive properties. 
Among the modifiers, the authors of [25, 26] considered 
aqueous solutions based on aluminum sulfates and oxysul-
fates, in particular, based on Al2(SO4)3 × 18H2O coagulants 
and hydroxychlorides – Al2(OH)nCl6–n-coagulants.

The properties of hybrid flocculants and coagulants 
based on aluminum hydroxychloride are described in detail 
in [27, 28]. It has been proven that these substances are capa-
ble of effectively changing the surface potential of particles, 
which is key to their enlargement and removal from the 
aqueous phase.

These substances are usually used for the treatment of 
drinking water, wastewater treatment, as well as in techno-
logical processes of various industries, including the pulp and 
paper industry.

Such modifiers-coagulants contribute to the increase in 
the surface energy of harmful substances dissolved in water 
and thereby enable their aggregation (coagulation) and subse-
quent removal from water [27, 28]. This creates the prerequi-
sites for their use as cardboard surface modifiers.

Determining the advantages and disadvantages of pre-
liminary modification of raw materials for packaging and 
disposable tableware opens up opportunities for improving 
the absorption capacity, roughness, surface energy index, 
and contact angle. This, in turn, at the next technological 
stage of applying a polyethylene coating could contribute to 
better penetration of the polyethylene melt into the depth of 
the cardboard and, accordingly, to achieving a greater degree 
of adhesion.

Therefore, given the modern requirements for disposable 
cardboard articles and packaging, there is a need to devise 
technological approaches that will allow for a controlled 
influence on the wettability of the cardboard surface and its 
energy characteristics without deteriorating mechanical and 
barrier properties.

The practical significance of such research implies the 
possibility of ensuring better interaction between cardboard 
and polymer coating, which will contribute to increasing 
adhesion between the cardboard sheet and the polymer and 
improving the quality of finished articles.

All this gives grounds to argue that it is advisable to 
conduct a study to determine the influence of technological 
factors of cardboard surface modification using an aqueous 
solution of Al2(OH)nCl6-n on the indicators of the contact an-
gle of the surface and surface energy. These indicators are de-
cisive for ensuring such a level of wettability of the cardboard 
surface, which, when further coated with polyethylene melt, 
will contribute to achieving a high degree of adhesion of the 
polyethylene film to the cardboard. The specified technolog-
ical approach is capable of enabling the production of card-
board packaging and disposable tableware of high quality.

The above motivated our implementation of research 
aimed at improving the technology of modifying raw materials 
for the production of disposable tableware. This will significant-
ly improve the mechanical barrier properties, as well as adhe-
sion between cardboard and polyethylene, which will contribute 
to the high quality of finished articles. The coagulant aluminum 
hydroxychloride was chosen to modify the cardboard surface.
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3. The aim and objectives of the study

The purpose of our study is to determine the effect of 
surface treatment of cardboard with an aqueous solution 
of aluminum hydroxide chloride on the indicators of the 
contact angle and surface energy, and to identify the rela-
tionship between the use of the specified modification of the 
cardboard surface. This will make it possible to influence 
the quality parameters, namely the barrier properties of the 
finished cardboard article, and will significantly improve the 
functional properties of packaging and disposable tableware 
made of modified cardboard.

To achieve this goal, the following tasks were set:
– to measure the contact angle, compare the results with 

untreated cardboard samples, and establish the influence of 
the obtained surface parameters on the barrier properties of 
the studied samples;

– to conduct a study on the surface charge indicators of 
dissolved substances, compare the results with untreated 
cardboard samples, and establish the influence of the ob-
tained surface parameters (hydrophilicity, energy indicators) 
on the barrier properties of the studied samples.

4. The study materials and methods

The object of our study is the process of surface mod-
ification of cardboard with an aqueous solution of alumi-
num hydroxychloride and its effect on the indicators of the 
contact angle and surface charge of dissolved substances of 
cardboard for the manufacture of packaging and disposable 
cardboard tableware.

The hypothesis of the study assumes that surface treat-
ment of cardboard sheet with coagulants containing alumi-
num hydroxychloride could make it possible to form such a 
sheet structure that would provide an increase in the cationic 
charge of the cardboard surface. In turn, an increase in the 
cationic charge and surface energy of the cardboard sheet 
would make it possible to improve the wettability of the sur-
face and expect improved adhesion between the cardboard 
and the polymer melt during its subsequent application in the 
process of manufacturing an article. 

It was hypothesized that changing the surface properties of 
the cardboard sheet by surface modification would affect the 
degree of adhesion between the cardboard and the polyeth-
ylene melt at the stage of its application. It was expected that 
surface modification with aluminum hydroxychloride could 
change such indicators as absorption capacity and moisture 
resistance and make it possible to improve the physical, me-
chanical, and barrier properties of the finished article.

Before the study began, it was assumed that cardboard 
samples manufactured using standard technology are ho-
mogeneous and comparable to each other, the differences in 
their properties are due to surface modification. It is believed 
that the conditions for manufacturing and processing the 
samples are reproducible, the methods used to determine the 
contact angle, surface energy, and surface charge of dissolved 
substances make it possible to characterize changes in the 
physicochemical properties of the samples under study.

In the process of preparing for the study, existing coagu-
lants were analyzed, a comparative analysis was conducted, 
and on its basis, the aluminum hydroxychloride substance 
Al2(OH)nCl6-n was selected, which has the greatest impact 
on the surface energy of the materials processed by it [28].

It is known [29] that the intermolecular interaction be-
tween a solid and a liquid can include several types of compo-
nents, in particular polar, dispersive, hydrogen, etc.

The surface energy of solid materials is closely related 
to the contact angles of surface wetting by various liq-
uids [29, 30].

In the process of research, an aqueous solution of alu-
minum hydroxychlorides with the general formula Al2(OH)
nCl6-n was selected from among existing coagulants, which 
correspond to the PAC (Polyaluminium Chloride) type coag-
ulants in the European classification.

It was assumed that surface treatment with an aqueous 
solution of aluminum hydroxide chloride would increase the 
cationic charge of the cardboard surface at the stage of its 
manufacture. And this, in turn, would affect the wettability 
and barrier properties of the cardboard.

At the beginning of the research, several types of card-
board sheets of different compositions were manufactured 
using standard industrial technology [26].

At the stage of drying the cardboard sheet, surface treat-
ment of part of the cardboard was carried out by wetting 
with an aqueous solution of aluminum hydroxide chloride, 
and the rest of the cardboard sheet was left without surface 
treatment.

For our research, 20 samples measuring 210 × 291 mm 
were manufactured from each type of cardboard sheet, the 
composition of which is given below.

Given the assumption that, according to the test results, 
the cardboard used will be applied for the production of 
disposable tableware, part of the manufactured samples was 
covered with a layer of polyethylene by extrusion.

Since brown cardboard is often used in the manufacture 
of disposable beverage containers, some of the samples for 
research were made with the addition of brown dye.

Thus, samples with the following compositions were used 
for our experiments:

No. 1 – Cardboard samples made of bleached cellulose on 
the front side and wastepaper on the back;

No. 2 – Cardboard samples made of bleached cellulose on 
the front side and wastepaper covered with a layer of polyeth-
ylene on the back;

No. 3 – Cardboard samples made of unbleached cellulose 
on the front side and wastepaper, with the addition of brown 
dye on the back;

No. 4 – Cardboard samples made of unbleached cellulose 
on the front side and wastepaper, with the addition of brown 
dye and covered with a layer of polyethylene on the back.

The front and back surfaces of samples No. 1 and No. 2 
were not modified with an aqueous solution of aluminum 
hydroxide chloride.

Samples No. 3 and No. 4 were treated with an aqueous 
solution of aluminum hydroxychloride on both sides by im-
mersion in a bath with a solution of aluminum hydroxychlo-
ride in the following dosage: 5.5 μl per 1 l of water for treat-
ment of 11 g of the tested samples, immersion time – 0.065 s.

After the treatment, a layer of polyethylene was applied to 
samples No. 2 and No. 4.

To assess the achieved modification effect, the indicator 
of the contact angle and the surface charge of the dissolved 
substances of the obtained samples were investigated.

Wetting was carried out with distilled water as a chemi-
cally inert substance.

Measurements were carried out at a relative humidity of the 
environment of 50 (+/–2) % and a temperature of 23 (+/–1) °C.
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The contact angle was measured using a goniometer (Fig. 1) 
using the lying drop method [3, 26]. The contact angle indica-
tors were determined according to the scheme in Fig. 2 [27].

Fig. 1. General view of the contact angle measuring device 
DSA25, Krüss (Germany)

A drop of water was applied to the 
surface of cardboard samples placed hor-
izontally in the device, after which the 
contact angle was measured after 0.5; 1; 2; 
5; 10; and 60 seconds. Almost all colloids 
and solid particles carry electrical charges 
when dissolved in water [28, 29]. This leads 
to a concentration of oppositely charged 
ions, the so-called counterions, on the sur-
face of the particles. If these counterions 
are separated from the particle or torn off 
from it, a flow potential arises, which can 
be measured in mV and the surface charge 
of the solutes of the materials under study 
can be estimated [28, 29]. 

Since, as noted above, most materi-
als dispersed in water carry an electrical 
charge [28, 29], this makes it possible to 

predict and estimate the relationship between the sur-
face charge of the solutes and the surface energy of the 
cardboard sheet. This is fundamental for understand-
ing the behavior of colloidal systems and adsorption  
processes [30].

To measure the surface charge of wastepaper and cellu-
lose fibers, samples were ground in a disintegrator (Fig. 3) for 
15 min and mixed with distilled water to obtain a suspension 
with a solid phase concentration of 1% (Fig. 4).

Fig. 3. General view of the Labtech disintegrator (Canada)

Next, the obtained suspension was placed in the mea-
suring cell of the device. The measurement of the surface 
charge of the dissolved substances of the studied samples was 
carried out using the Mütek™ SZP-10 System Zeta Potential 
device (Fig. 5) according to the scheme in Fig. 6.

The state-of-the-art equipment that was used in the 
research allows us to obtain correct and reliable results.

Measurement of the contact angle and surface charge of 
dissolved substances allows us to assess the effectiveness of 
the surface treatment of the studied cardboard samples with 
aluminum hydroxychloride.

Fig. 2. Schematic of measuring the contact angle [27]: 	
1 – cardboard surface, 2 – liquid drop, 3 – gas; θС – contact 

angle, defined as the angle between the tangent to the drop 
surface at the point of three-phase contact and the surface of 

the solid; γSL – surface tension at the solid-liquid interface; 
γSG – surface tension at the solid-gas interface; γLG – surface 

tension at the liquid-gas interface

 1  2  3  4 

Fig. 4. General view of the samples crushed in the disintegrator: 1 – a sample 
of cardboard made of bleached cellulose on the front side and waste paper on 
the back; 2 – a sample of cardboard made of bleached cellulose on the front 

side and waste paper covered with a layer of polyethylene on the back; 	
3 – a sample of cardboard made of unbleached cellulose on the front side 

and waste paper, with the addition of brown dye on the back; 4 – a sample of 
cardboard made of unbleached cellulose on the front side and waste paper, with 
the addition of brown dye and covered with a layer of polyethylene on the back
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5. Results of investigating the influence of 
modification of the cardboard surface with  

Al2(OH)nCl6-n solution on wettability and energy 
indicators

5. 1. Results of measuring the contact angle
The measurement data, contact angle indicators, were 

entered in Table 1.
The measurement results given in Table 1 show a com-

parison of the values of the contact angle of the surface of 
pre-treated with aluminum hydroxide chloride solution and 
untreated samples when wetting with water.

As can be seen from Table 1, samples No. 3 and No. 4, 
pre-treated with an aqueous solution of aluminum hy-
droxide chloride, are characterized by lower values of 
the contact angle compared to untreated samples No. 1  
and No. 2.

In particular, for samples No. 3 this indicator is  
116.1–116.6°, and for samples No. 4 – 82.8–84.7° (front side) 
throughout the entire observation period – 0.5, 1, 2, 5, 10, 
and 60 seconds. For the reverse side, the contact angle is 
120.0–121.1° for samples No. 3 and 119.4–120.5° for sam-
ples No. 4.

For comparison, in untreated samples No. 1, the contact 
angle reaches 112.1–115.9° and sample No. 2 – 91.8–93.4°, 
respectively, on the front side and 122.3–122.6° for sample 
No. 1 and sample No. 2 – 114.9–115.6°, respectively, on the 
back side under similar measurement conditions.

A visual illustration of the compared values of the contact 
angle for the front and back sides of samples No. 1 and 3 is 
shown in Fig. 7, 8.

As can be seen from Table 1 and Fig. 7, 8, sam-
ples No. 3, which were treated with an aqueous solution 
of aluminum hydroxide chloride, have lower contact angle 
values, which, as is known [3], indicates better surface 
wettability of the studied samples. The decrease in contact 
angle occurs both from the front and back sides of the 
studied samples.

Fig. 5. General view of MütekTM SZP-10 (Germany)

Fig. 6. Schematic representation of the Mtek TM SZP-10 
measuring cell with a sample

Table 1

Results of measuring the contact angle, degrees

No. Sample composition 
Treatment with  

aluminum  
hydroxychloride

Measurement 
side

Contact angle, degree
Measurement time, s

0.5 1 2 5 10 60

1
Bleached cellulose

–
front 115.9 112.8 112.9 112.1 112.9 112.1

Waste paper back 122.5 122.3 122.6 122.5 122.6 122.5

2
Bleached cellulose

–
front 93.4 93.2 92.8 91.8 92.8 91.8

PE coated wastepaper back 114.9 115.2 115.6 115.3 115.6 115.3

3
Unbleached cellulose

+
front 116.1 116.9 116.8 116.6 116.8 116.6

Waste paper with added brown dye back 120 120.6 121.1 120.2 121.1 120.2

4
Unbleached cellulose

+
front 84.7 84.6 84.2 82.8 84.2 82.8

Waste paper with added brown dye 
with PE coating back 119.4 120 120.5 119.5 120.5 119.5

Notes: PE – polyethylene.

115.9

112.8 112.9 112.1 112.9 112.1

122.5 122.3 122.6 122.5 122.6 122.5

106
108
110
112
114
116
118
120
122
124

0.5 1 2 5 10 60

W
at

er
 c

on
ta

ct
 a

ng
le

, d
eg

.

Measurement time, s

Water contact angle indicator, sample No. 1
Water contact angle indicator, sample No. 3

Fig. 7. Comparison of water contact angle indicators, front side 
(for samples without polyethylene coating)
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A similar pattern was observed when studying the con-
tact angle values for the front side of samples No. 2 and No. 4 
with polyethylene coating (PE), which is shown in Fig. 9, 10.

As can be seen from Fig. 9, 10, the front side of samples 
No. 3, 4, which were modified with an aqueous solution of alu-
minum hydroxychloride, demonstrate lower contact angle val-
ues, compared to samples No. 1, 2, which were not modified.

5. 2. Results of measuring the surface charge of dis-
solved substances

The next stage in the research process was to deter-
mine the value of the surface charge of dissolved sub-
stances of samples that were pre-treated with a solution of 
aluminum hydroxychlorides Al2(OH)nCl6-n, and samples 
without treatment.

The results of measurements of the surface charge 
of dissolved substances of the studied samples are given 
in Table 2.

Table 2 shows that the surface treatment of cardboard 
significantly affects the surface charge of solutes, name-
ly, it is ‒51.3 μg-equiv./l for samples No. 3 (with surface 
treatment) and ‒25.9 μg-equiv./l for samples No. 1 (without 
treatment). A similar trend is observed for samples with a 
layer of polyethylene applied No. 2 and 4: –54.1 μg-equiv./l 
for samples No. 4 (with surface treatment) and ‒18.3 for sam-
ples No. 2 (without treatment).

Fig. 11 illustrates the relationship between cardboard 
modification and the surface charge of solutes of the studied 
samples.

As can be seen from Fig. 11, there is a clear relationship 
between the modification of the cardboard sheet, a decrease 
in the average contact angle, and an increase in the surface 
charge of dissolved substances. 
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Fig. 8. Comparison of water contact angle indicators, reverse 
side (for samples without polyethylene coating)
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114.9 115.2 115.6 115.3 115.6 115.3

119.4
120 120.5

119.5
120.5

119.5

112
113
114
115
116
117
118
119
120
121

0.5 1 2 5 10 60

W
at

er
 c

on
ta

ct
 a

ng
le

, d
eg

.

Measurement time, s

Water contact angle indicator, sample No. 1
Water contact angle indicator, sample No. 3
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The relationship between the increase in the value of 
the surface charge of dissolved substances with a slight de-
crease in the contact angle is explained by the increase in 
the number of polar functional groups on the surface of the 
fibers, which increases their surface energy and enhances the 
interaction with water. Such indicators testify to an increase 
in the surface energy of the studied samples that were mod-
ified, which could make it possible to obtain better adhesion 
between the cardboard and the polyethylene melt.

6. Discussion of results based on investigating the 
influence of the modification of cardboard sheet with 

an aqueous solution of aluminum hydroxychloride 
Al2(OH)ₙCl6₋ₙ

During our experimental studies, the influence of the 
surface treatment of cardboard with an aqueous solution 
of aluminum hydroxychloride on the key physicochemical 
characteristics of the raw material for the production of dis-
posable tableware was determined. The basic parameters of 
our assessment were the contact angle and the free surface 
energy of the cardboard. Special attention was paid to these 
indicators as determining the degree of adhesion and hydro-
philic properties of the material.

The results of the observations are given in Table 1, Fig. 8. 
As can be seen from the results of our measurements, lower 
contact angle indicators of the modified samples are ob-
served compared to the untreated samples. Namely: for sam-
ples No. 3 – 116.1–116.6° and for samples No. 4 – 82.8–84.7° 
from the front side throughout the entire observation period, 
compared with sample No. 1, for which the contact angle 
reaches 112.1–115.9° and No. 2 – 91.8–93.4°, respectively. 
A larger contact angle is also observed from the back side: 
120.0–121.1° for samples No. 3 and 119.4–120.5° for samples 
No. 4, respectively, throughout the entire observation period. 

Our results indicate an increase in the wettability of 
the surface of the modified cardboard, which gives reason 
to expect an improvement in its adhesive properties. The 
results are consistent with works [18, 19]. In our study, the 
effect was on the surface of the cardboard, unlike studies 
[20, 21], in which modifiers were introduced mainly into the 
mass during its formation to change the surface properties 
of the cardboard. This approach changes the structure of the 
material but is not aimed at influencing the contact angle of 
the cardboard.

Lower values of the contact angle indicators testify to 
better adhesion between the polyethylene-coated and the side 
of the article that does not have a polymer coating at the stage 
of bonding the structural elements of the finished disposable 
tableware. At the same time, better surface wettability helps 

enable better adhesion of cardboard and polyethylene melt 
when applied to a cardboard sheet.

Our study of the surface charge of dissolved substances 
showed a significant (≈ 2–3 times) increase in this indicator 
for samples that were modified with a solution of aluminum 
hydroxychloride Al2(OH)ₙCl6₋ₙ. This indicates the formation 
of a surface that is more energetically stable. This is consis-
tent with works [10, 17], which show that the treatment of 
materials with secondary cellulose significantly affects the 
indicator of free surface energy and its components. At the 
same time, the increase in the surface charge of dissolved 
substances does not depend on the presence or absence of 
a polymer coating. Our research result makes it possible to 
obtain better indicators of adhesion of cardboard sheet and 
polymer in further technological operations.

As can be seen from Fig. 9, at approximately the same 
average indicators of the contact angle, the samples that were 
modified have significantly higher indicators of the surface 
charge of dissolved substances. This is a necessary prerequi-
site for increasing the adhesion between cardboard and the 
polyethylene melt both when it is applied to the cardboard 
sheet and when soldering the structural elements of the fin-
ished article.

Analysis of the results given in Table 2 and Fig. 10 proves 
that there is a relationship between the preliminary modifi-
cation of cardboard with an aqueous solution of aluminum 
hydroxychloride Al2(OH)ₙCl6₋ₙ and a significant increase 
in the charge indicators of dissolved substances. Our results 
indicate better surface wettability and an increase in the sur-
face energy of the studied samples, which is consistent with 
papers [3, 24–26].

Thus, a feature of the proposed modification approach 
is the combination of increasing surface wettability and 
increasing the surface charge of dissolved substances of the 
cardboard sheet for the manufacture of disposable products 
from it. This favorably distinguishes our results from the 
known approaches reported by colleagues.

As a result, preliminary surface modification of card-
board with an aqueous solution of aluminum hydroxy-
chloride improves the wettability of the surface during 
subsequent polymer application. Such treatment will enable 
reliable bonding of structural elements of products during 
the manufacture of disposable tableware from cardboard and 
other products of short-term use.

The limitations of this study are attributed to the fact that 
our results relate to the manufactured series of cardboard 
samples and the conditions of their experimental modifica-
tion with an aqueous solution of aluminum hydroxychloride 
Al2(OH)ₙCl6₋ₙ. The adequacy and reproducibility of the ob-
tained wettability and surface charge of dissolved substances 
are ensured within the limits of the investigated solution 

Table 2

Results of measuring the surface charge of dissolved substances of the studied samples

No. of 
entry Composition of the test sample Mass 1 m2, g Treatment with 

Al2(OH)nCl6-n

Surface charge of 
dissolved  

substances, μg-equiv./l

Mean value 
of the  

contact angle 
indicator

1 Waste paper, bleached cellulose 234 ‒ –25.9 117.8
2 Waste paper with PE coating, bleached cellulose 246 ‒ –18.3 103.9
3 Waste paper with added brown dye, unbleached cellulose 179 + –51.3 118.5

4 Waste paper with added brown dye with PE coating, un-
bleached cellulose 195 + –54.1 101.9
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concentrations, drying, acclimatization modes, and used 
compositions of cardboard samples.

The results are relevant for the processes of manufactur-
ing raw materials for disposable tableware and cardboard 
packaging products of short-term use with polyethylene coat-
ing. However, the results do not take into account the use of 
alternative polymer coatings.

The disadvantage of this study is the limited range of 
studied physicochemical parameters of the cardboard sur-
face, which does not make it possible to fully characterize the 
mechanisms of the influence of modification on the surface 
of the cardboard sheet. In the future, this drawback could 
be eliminated by involving additional methods for analyzing 
the cardboard surface and expanding the range of studied 
indicators.

Further advancement of our study may involve improving 
the parameters for the surface treatment of cardboard and 
studying the influence of modification on cardboard with 
other polymer coatings. In this case, possible difficulties may 
include methodological and experimental complications as-
sociated with the reproducibility of results and the stability of 
the obtained effects when changing the technological modes 
of both cardboard production and the production of dispos-
able products from it.

7. Conclusions 

1. We have found that the surface treatment of cardboard 
with an aqueous solution of aluminum hydroxychloride 
makes it possible to influence the contact angle and obtain 
its lower values compared to unmodified samples, which 
contributes to an increase in its hydrophilicity. Specifically: 
for samples No. 3 and No. 4, which were modified with a 
solution of Al2(OH)ₙCl6₋ₙ, the contact angle is within 116.1–
116.6° and 82.8–84.7°, respectively, on the front side and 
120.0–121.1° and 119.4–120.5° on the back side, respectively, 
throughout the entire observation period. Smaller values of 
the contact angle indicators contribute to ensuring better 
adhesion between the polyethylene-coated and untreated 
sides of the article at the next stage of bonding the structural 
elements of the finished disposable tableware. Our results 
from experimental studies of the contact angle indicate that 
the treated cardboard samples have better wettability. Ac-
cordingly, the treated samples have better adhesion to the 
polymer melt during subsequent technological operations, 
both in the case of untreated material and when applying a 
polyethylene coating.

During our study, it was proposed to use the coagulant 
aluminum hydroxychloride as a surface modifier of card-
board sheet. The principle is that Al2(OH)ₙCl6₋ₙ is usually 
used for the preparation of drinking water, wastewater treat-
ment, etc. due to its ability to increase the surface energy of 
the treated substances. 

2. It has been proven that the modification of cardboard 
with an aqueous solution of aluminum hydroxide chloride 
causes a significant increase in the surface energy (an 
increase in the surface charge of dissolved substances by 
2–3 times) of samples that were modified with a solution of 
Al2(OH)ₙCl6₋ₙ compared to untreated samples. Namely, for 
samples No. 3 and No. 4 that were modified with a solution 
of Al2(OH)ₙCl6₋ₙ, the indicator of the surface charge of dis-
solved substances is –51.3 μg-equiv./l for sample No. 3 and 
–54.1 μg-equiv./l for sample No. 4, respectively. This prop-
erty will contribute to better contact between the cardboard 
surface and the polymer melt during its application and 
subsequent gluing of the structural elements of disposable 
tableware. Therefore, the proposed approach to modifying 
cardboard sheets is promising for further implementation in 
industrial processes, in particular in the production of pack-
aging materials and disposable tableware. The use of such 
technology makes it possible to improve the barrier proper-
ties of materials and enable reliable adhesion of structural 
elements of products and their integrity during operation.
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