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Abstract  Paper is an omnipresent and everyday composite material. However, not all papers are alike. Different 
kinds of paper have characteristics specific to the respective application area which are modified by the use of 
different paper additives in paper production. Because those paper products are an integral part of the students' 
everyday lives, adequate model experiments have been developed that enable the students to reproduce complex 
paper production processes in chemistry class. This article therefore presents two reliable hands-on experiments that 
show the history of paper gluing (experiment I) as well as the use and detection of polyvinyl alcohols as typical 
sizing agent of different kinds of paper (experiment II). Both experiments primarily use easily accessible everyday 
materials, which from a didactic perspective again create an everyday reference for the students. From an 
organizational and experimental perspective the use of everyday materials results in an inexpensive and 
environmentally friendly lab work with low safety-risks, so that the experiments make a valuable contribution to the 
introduction of paper chemistry for advanced chemistry teaching in secondary schools. 
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1. Introduction 

The history of human culture is strongly linked to the 
medium of paper. In Central Europe it has been used as a 
data carrier for the printed image since the 14th century, 
followed by its use for the printed word through the 
invention of letterpress printing by Gutenberg in the 
second half of the century. Due to its flexibility and 
lightness, it served as an important documentation 
medium for trade and thereby replaced clay and wax 
tablets. Since then, more and more areas of application 
emerged. From writing and printing papers, hygienic 
papers to packaging material, paper now has an 
omnipresence and relevance to everyday life that people 
oftentimes are not actively aware of. Hardly any student 
will associate the wet cleaning tissue and the packaging 
cardboard with the same raw material. This immense 
relevance can be demonstrated in chemistry class, for 
example by addressing specific characteristics of several 
types of paper, like the ability to label its surface or its  
wet or dry strength. To change and improve these 
characteristics, papers have been glued (sized is used 
equally) over the years with various sizing agents and are 
treated with so-called paper additives in various process 
steps of paper production. In this way, the properties of 
the paper are adapted to the particular application area and 
its needs. The underlying large-scale industrial processes 

are highly complex, multiple sub-steps often run 
simultaneously in one single production step. In order to 
be able to illustrate individual chemical processes in 
chemistry class, reliable and didactically valuable model 
experiments have been developed and tested. Experiment I 
is initially concerned with historically grown processes of 
paper surface sizing including the hydrophobization of 
banknotes, experiment II deals with paper additives. One 
of these additives are polyvinyl alcohols which are mainly 
used in the paper pulp as dry strength agent to glue the 
paper and make it greaseproof. In this second experiment, 
the students can detect different concentrations of 
polyvinyl alcohols in different kinds of paper and cardboard, 
as they form different colored complexes with boric acid 
iodide solution, depending on their concentration. 

Both experiments are therefore suitable for teaching the 
application of natural and synthetic macromolecules as 
well as complex chemistry using paper as an example.  
All experiments are mainly carried out with everyday 
materials. They can be done with little preparation, 
inexpensively, safely and environmentally friendly.  

2. History of Paper Gluing 

Since the invention of paper, it has been glued  
with various sizing agents to improve its writability. From 
the 7th century, Arabs glued their paper with starch 
solution for their calligraphic art of writing. To achieve 
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parchment-like characteristics, Europeans in the 13th 
century started treating their paper with animal glue, 
which mainly consists of collagen. At the beginning of the 
19th century, Illig invented the cheaper gluing with resin 
acids, which were a low-cost waste product of the oil 
industries turpentine production from tree resins [1]. Ever 
since, techniques for paper gluing continued to evolve. 
Newer products make it possible to produce almost 
hydrophobic papers by gluing the paper fibers with stearic 
acid that is first saponified and then fixed to the fiber with 
aluminium ions.  

Within experiment I the students follow this historical 
path of knowledge and reproduce the corresponding processes. 
Therefore they glue paper with (a) starch solution  
(b) collagen solution, which in this model-experiment is 
obtained from gelatin (c) abietic acid, which is the main 
component of resin acids in colophony and (d) sodium 
stearate solution to produce hydrophobic play money. In 
experiment (c) and (d), alum solution is additionally 
required as a fixing salt to the fiber. 

2.1. Experiment I 
Materials: Heating plate with magnetic stirrer, stirring 

fish, 4 x 50 ml beaker, 100 ml beaker, 200 ml beaker, 50 
ml Erlenmeyer flask, 5 petri dishes, tweezer, 5 filter 
papers, hairdryer, various pens (e.g. ink roller, fineliner 
and highlighter) Chemicals: Potato starch, leaf gelatin, 
sodium stearate, colophony, sodium hydroxide, ethanol, 
distilled water, saturated alum solution (KAl(SO4)2) 

2.1.1. Experimental Instructions 
Preparation of the required solutions: (a) for the starch 

solution, 0.25 g of potato starch with 50 ml of water are 
heated until just before boiling. The hot to warm starch 
solution is then transferred into a petri dish. One of the 
filter papers is immediately immersed in the solution, 
drained and dried with a hairdryer. (b) The same 
procedure is used for gluing with collagen solution. The 
collagen is obtained by dissolving 2 sheets of gelatin 
(approx. 3.3 g) in 150 ml distilled water during heat 
supply and stirring. (c) To glue the paper with abietic acid, 
colophony is saponified. The resin acids of colophony 
(mainly) consist of abietic acid which is then saponified to 
sodium abietate and other resinates that are water-soluble. 
Therefore 1 g of colophony is dissolved in 10 ml ethanol 
in an Erlenmeyer flask while heating and stirring on a 
heating plate. Afterwards 10 ml of sodium hydroxide 
solution (w= 25 %) are added and heated to boiling while 
stirring. In this step two phases are formed. When the 
lower phase has almost evaporated, the Erlenmeyer flask 
is removed from the heating plate. After cooling, 2 spatula 
tips (approx. 0.5 g) of sodium abietate from the obtained 
colophony soap are dissolved in 20 ml water. This 
solution is transferred into a petri dish and the filter paper 
soaked with the sodium abietate solution. The drained 
paper is then turned in a petri dish with saturated alum 
solution, drained again and dried with a hairdryer. (d) To 
glue the paper with stearic acid, 0.5 g of sodium stearate 
are dissolved in 20 ml distilled water while stirring and 
heating. The hot sodium stearate solution is transferred 
into a petri dish. The filter paper is immediately soaked 
with the solution, drained, also turned over in saturated 

alum solution, drained again and dried with a hairdryer. It 
is possible to replace sodium stearate with curd soap with 
a high concentration of stearates.  

In order to test the sizing effect of the different 
solutions, the dried filter papers are marked with various 
water-based pens. The results are shown in Figure 1. 

 

Figure 1. Sizing effect of the tested sizing agents 

2.1.2. Evaluation 
(a) The polysaccharides of starch are solvated by water 

molecules. The hydroxyl groups of the starch molecules 
then interact with the cellulose fibers of the paper pulp via 
hydrogen bonds. The so-called webbed effect (Figure 2) 
strengthens the fiber-fiber bonds formed at the crossing 
points of the cellulose fibers [2].  

 
Figure 2. Representation of the webbed effect [3] 

The starch remains in the fiber fleece of the pulp. As 
the paper dries and the water evaporates, the starch 
concentration in the fiber fleece increases and becomes 
denser at the fiber-fiber crossing points. Further hydrogen 
bonds are formed between the starch molecules and the 
cellulose building blocks of the fibers (Figure 3). The 
result is a starch skeleton that cross-links the fibers, 
stabilizes the fiber-fiber bonds and thus increases the 
strength of the paper: the paper is glued.  

 

Figure 3. Interactions of amylose (top) with cellulose (bottom) 

(b) Analogous to starch, hydrolyzed collagen is also 
solvated by water molecules. Within this gelatin sol, the 
water molecules interact with the polar groups of the 
collagen structure, whereby the protein fractions of the 
gelatin can more or less move freely. When the mixture 
cools down, the protein fractions cross-link three-
dimensionally to form a spatial structure: the gelatin gels 
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[4]. The reinforcement of the paper structure by the 
formation of hydrogen bonds can also be assumed, since 
the protein fractions of collagen are composed of 
polypeptides with G-X-Y sequences. Glycine is usually 
found at location G, proline at location X and 4-
hydroxyproline at location Y, so each sequence has at 
least one polar amino acid [5]. In addition, the oxygen of 
the peptide bonds is negatively polarized. Finally, these 
polar groups can build up hydrogen bonds to the hydroxyl 
groups of the cellulose fibers (Figure 4). Again, the 
webbed effect strengthens the fiber-fiber bonds in the 
cellulose skeleton of the paper.  

(c) By immersing the filter paper in water-soluble 
sodium abietate, the abietate gets in contact with the paper 
pulp. The abietate as well as other resinates can now 
attach to hydroxyl groups of the cellulose fibers via 
hydrogen bonds. In order to increase the adhesion, alum is 
used as a fixing salt. Aluminium ions therefore form a 
complex with abietate and hydroxyl groups of the 
cellulose fiber. This way the resin acid is fixed to the 
cellulose fiber (Figure 5).  

 

Figure 4. Interactions of collagen with cellulose 

 

Figure 5. Complexation of abietate to cellulose via Al3+ ions 

(d) The sodium stearate dissolves in water by heating, 
whereby the stearate together with the cellulose fiber and 
the alum solution forms an aluminium complex and is thus 
fixed to the cellulose fiber (Figure 6). 

 

Figure 6. Complexation of stearate to cellulose via Al3+ ions 

All the solutions used are sizing agents that seal the 
surface of the paper. If the dried, impregnated papers are 
now marked with different water-based pens, the paper 
fibers get penetrated differently depending on the 
viscosity and application thickness of the dyes as well as 
the degree of gluing and hydrophobization.  

In Figure 1 it becomes visible that starch also is a dry 
strength agent. This effect results from the fact that, due to 
the polarity of the water molecule, hydrogen bonds 
between water and hydroxyl groups of polysaccharides are 
stronger than hydrogen bonds between hydroxyl groups of 

the starch and cellulose. The latter bonds can therefore 
easily be cleaved by water molecules and removed from 
the fiber. As a result, the water in the dye of the pencils 
dissolves the starch, which reduces the sizing effect and 
allows the dye to penetrate better into the paper. It is not 
wet-strength. Similar to starch, collagen is also a dry 
strength agent, since the hydrogen bonds between collagen 
and cellulose can also be cleaved by water molecules.  

For sodium abietate and the stearate solution the results 
are different. The abietate or stearate fills the gaps 
between cellulose fibers of the paper and causes a 
hydrophobic effect [6]. Using aluminium ions the 
cellulose fibers are then complexed with abietate or 
stearate and thus provided with hydrophobic ends. This 
leads on the one hand to a smooth paper surface and on 
the other hand to the fact that dye from the pencils can 
draw in less easily.  

2.1.3. Didactic Suggestions 
As mentioned in the introduction, experiment I (a-d) 

enables the students to follow the historical path of 
knowledge on the development of industrial processes for 
paper sizing in a modeled way and to comprehend it 
through the corresponding evaluation. Empirical 
knowledge about aluminium as fixing salt, that people 
already had before the time of industrialization, can now 
be explained chemically as well [1]. In order to internalize 
that acquired knowledge, the students can be given the 
task to research differences and analogies in the industrial 
production steps to the processes they learned in the 
experiment.  

The etymology of the term glue can be addressed as 
well since its original meaning refers to gluing cellulose 
fibers in the pulp by animal glue containing mainly 
collagen [1]. In the experiment, collagen is obtained from 
gelatin [4]. This networking of chemistry with everyday 
life materials shows that chemistry is not an isolated 
science. Instead, it demonstrates the variability of 
everyday products due to their chemical properties. The 
same applies to colophony, available from electronics 
retailers and its chemical modification by saponification. 
The further use of the substance demonstrates the diversity 
of its application in everyday contexts. Today, for 
example, strings of string instruments as well as the 
surface of handballs are rubbed with colophony to 
increase adhesion; climbers often rub their hands with it as 
well.  

The students experience an enormous technical 
relevance of these developed processes for modern paper 
production. For example aluminium stearate is used to 
make paper surfaces hydrophobic [7]. To demonstrate this 
effect in class, a reference to banknotes is particularly 
suitable, as their washing out is prevented by 
hydrophobization. This can be illustrated with solution (d) 
and with play money instead of filter paper. Figure 7 
shows the change in the structural integrity of the paper 
when water penetrates the fibers. Water-repellent paper 
retains its structure. If water can penetrate, the paper will 
soften, hang down smoothly and can easily be torn.  
Figure 8 moreover shows the opacity of impregnated and 
non-impregnated paper in front of a dark background.  

In the sense of an everyday life oriented teaching, the 
teacher could refer to a media outcry of the vegan 
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population of Great Britain: Newly issued 5 pound 
sterling banknotes are treated with beef tallow. Vegan 
supermarkets then refused to accept the banknotes. The 
company producing the banknotes then assured that no 
animal ingredients would be used in production. The SUN 
magazine finally published an article stating that the 
material used to impregnate the banknotes was stearic acid, 
a synthetically modified component of beef tallow [8]. 
The students could follow the discussion on the internet.  

 

Figure 7. Hydrophobic effect of sodium stearate. Left: banknote glued 
with sodium stearate, right: non-glued banknote, both soaked in water  

 

Figure 8. Opacity of an impregnated (left) and non-impregnated 
banknote (right) 

3. Polyvinyl Alcohols as Paper Additive 

Polyvinyl alcohols (PVA) are used in the paper industry 
as dry strength agent in a large number of papers. They 
can be detected either directly in the paper or in hot water 
extracts of the paper. The experiment described below 
presents a clear detection for PVA in hot water extracts of 
different paper and cardboard. Moreover different 
concentrations of PVA in different types of paper can be 
detected since they form light green to deep blue 
complexes with boric acid iodide solution depending on 
the concentration of PVA in the extract. The use of boric 
acid in class is permitted without restriction due to its low 
concentration in this experiment [9].  

3.1 Experiment II 
Materials: 2 x 200 ml beaker, 500 ml beaker, 50 ml 

plastic beaker with screw cap, heating plate with magnetic 
stirring function, stirring fish, 3 plastic pipettes, test tube 
holder, 10 test tubes, 5 large test tubes, Bunsen burner, tripod 
material, crucible tongs, paper types shown in Table 1. 
Chemicals: Aqueous boric acid solution (c= 0.5-mol/l), 
iodine, potassium iodide, α-Amylase, distilled water, PVP 
iodine ointment (PVP-I), sodium thiosulfate. 

3.1.1. Experimental Instruction 
(a) 0.063 g of iodine and 0.10 g of potassium iodide are 

dissolved in 100 ml of boric acid solution under stirring 

and low heat. A boric acid iodide solution (BS-I) is 
obtained. (b) In another beaker, two heaped spatula tips of 
PVP-I are dissolved in 100 ml of water. (c) For a solution 
of α-amylase, 1 g of α-amylase is dissolved in 40 ml of 
water in the plastic beaker.  

As pre-tests, a drop of BS-I (a) and of PVP-I (b) are 
given directly on each tested paper. The color intensities 
in the pre-samples may already indicate the presence of 
PVA. However, the pre-tests are not unambiguous since 
starch can interfere with the experiment and first has to be 
removed by α-amylase. Therefore hot water extracts are 
prepared from the paper types. The papers are cut  
into 1 cm pieces, filled into large test tubes and covered 
with distilled water. The test tubes are then heated  
above the Bunsen burner, while evaporating water is 
added. The hot water extracts are then decanted. For  
PVA detection, 1 ml of each hot water extract is given into 
two test tubes, labelled and mixed with one drop each of 
the α-amylase solution (c). The test tubes are heated in a 
water bath for 15 min at 40 °C and then placed in the test 
tube rack. For each extract, one of the two test tubes is 
mixed with 1 ml BS-I solution (a) and the other with 1 ml 
PVP-I solution (b). The results are shown in Table 1 and 
Figure 9 - Figure 11. 

Table 1. Detection of PVA and Starch in Papers (brand in italics) 

detection  
agent 

paper type 
+ BS-I + PVP-I 

extract + 
α-amylase + 

BS-I 

extract + 
α-amylase + 

PVP-I 
self-made 
+ PVA dark blue rose-violet dark blue yellow 

self-made 
- PVA blue soft 

light blue yellow yellow 

cardboard (Ikea) dark blue light blue dark blue yellow 

sandwich paper 
(Toppits) dark blue dark blue yellow yellow 

play money 
(Simba) 

dark blue 
to violet blue-violet green yellow 

 

Figure 9. Left: paper extract with α-amylase + PVP-I. Right: paper 
extract with α-amylase + BS-I 

 

Figure 10. PVA-glued paper with PVP-I (left), with BS-I (right) 

 

Figure 11. Non PVA-glued paper with PVP-I (left), with BS-I (right) 
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Table 1 also includes results for self-made paper glued 
with PVA. For this purpose, 5 g of toilet paper are 
coarsely plucked, placed in a 1 liter beaker with 250 ml of 
distilled water and then placed in a glass container. After 
adding water, the paper is mixed for approx. 3 minutes 
with a hand mixer to make paper pulp. Half of the pulp is 
then mixed with 15 g PVA adhesive, which has been 
solvated in 50 ml water while stirring. The paper is then 
filled into a plastic tub, scooped with a grid, dried and 
smoothed with an iron. For comparison, the other half of 
the pulp is used to produce a paper without PVA. 

3.1.2. Evaluation 
Polyvinyl alcohols are polymers consisting of polymerized 

ethenols. In industry, PVA are produced by polymerization 
of vinyl acetate and subsequent saponification of the 
polyvinyl acetate. PVA have one functional hydroxyl 
group per vinyl unit. Analogous to the hydroxyl groups of 
the glucose units in cellulose and amylose, this group can 
form hydrogen bonds or can be esterified again, which is 
why PVA are water-soluble. By linking the cellulose 
fibers within the polymer, PVA exhibit a sizing effect [6]. 
They are added directly to the pulp, whereby such mass 
sizing modifies the paper structure in a way that water 
cannot penetrate into the paper fibers so easily. They are 
also used to make papers greaseproof. 

In the hot water extract BS-I and PVA form green to 
blue complexes of PVA and polyiodide ions. The boric acid 
solution thereby has a stabilizing effect by cross linking 
PVA chains by esterification. This reduces the distance 
between the polymer chains and limits its mobility [10]. 
Depending on the concentration of PVA in the extract, 
either a didiol complex (Figure 12) or a monodiol complex 
(Figure 13) is formed. In aqueous solutions the formation 
of monodiol complexes is assumed [11]. However, the 
formation of a didiol complex is not excluded [12].  

 

Figure 12. Didiol complex 

 

Figure 13. Monodiol complex 

The coloration of the complex is determined by the 
PVA I5

- ions in aqueous solution and I3
- ions in saturated 

solution [13]. The complexes are stabilized by charge transfer 
mechanisms. The polyiodide ion thereby serves as electron 
acceptor and its ligands, the oxygen atoms of the hydroxyl 
groups in the PVA, as electron donor. With increasing 
complex formation, the charge transfer increases and the 
emission spectrum of the PVA-iodine-complex shifts from 
green (low concentration) to blue (high concentration) [13].  

Starch can interfere with the experiment as the polyiodide 
ions become embedded in the helix of the amylose, 
forming a blue-violet polyiodide-starch complex [14]. In 
order to completely remove the starch from the hot water 
extract, the paper extract is first mixed with α-amylase and 
then with BS-I reagent. PVA detection from paper extract 
mixed with α-amylase is considered as clear detection, 
since the enzyme completely converts the starch into oligo 
and simple sugars [15]. To test the sample for the presence 
of starch molecules, PVP-I with α-amylase is added to the 
hot water extract in the absence of boric acid. A yellow 
coloration verifies the absence of starch in the extract. 

3.1.3. Didactic Suggestions 
Through the experiment, the students learn a simple 

method for detecting PVA in different packaging papers. 
PVA can not only be detected in the packaging but is also 
contained as a food additive with the European label E 
1203 [16] in products consumed by the students. 
Analogous to the first experiment, reference can be made 
between chemistry as a scientific discipline and industry 
to the students' life. In this way, a critical examination of 
the use and production of everyday paper products can be 
encouraged, and the students can be sensitized to 
environmental issues. For example, research on recycling 
processes can be carried out and discussed against the 
background of sustainability of raw materials, product 
quality control and the increasing use of paper additives 
due to the deteriorated fiber material of recycled paper. 

It should be mentioned that the students can also use 
yeast to split the starch in the hot water extract. Yeast is 
available in any supermarket as a freeze-dried product and 
again shows the students how to use everyday products for 
chemical analysis. From biology class they are familiar 
with its properties, applications and the processes 
involved in yeast fermentation. In this way, the 
experiment enables cross-disciplinary references and 
again makes chemistry tangible as a non-isolated science. 
However, the detection of PVA in an extract mixed with 
yeast is not clear because boric acid inhibits the growth of 
yeast fungus [17]. Blind samples of all extracts assumed a 
violet to blue coloration when mixed with high amounts of 
BS-I solution. This is why boric acid is used to treat yeast 
infections of the mucous membranes. It remains at the 
decision of the teacher which reagent is used. For the 
papers to be tested, it is also recommended that the  
teacher makes a selection in order to obtain the intended 
results. 

4. Discussion 

The experiments shown are part of organic chemistry 
teaching in secondary school chemistry. The topic of 
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complex chemistry can be linked to the use and properties 
of natural and synthetic macromolecules. Syllabus content 
of the intermediate level, such as intermolecular forces, 
are repeated and deepened in the same way. It can be 
stated that the experiments presented are model 
experiments for complex paper manufacturing processes 
that help to develop an understanding of the function of 
paper additives. Concrete examples like banknotes and the 
frequent use of everyday life materials illustrate the 
importance of paper production for the life of the students. 
The hands-on experiments can be used for a simple but 
didactically valuable application of paper chemistry in 
chemistry teaching. 
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