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A B S T R A C T   

The leather industry needs innovative products to meet the continued demands of the global market. To achieve 
a good performance in the finishing operation, crosslinking of the polymers used in this leather production stage 
is necessary. These crosslinkers are irritating and harmful. 

This study is based on the synthesis of functionalized acryl polymers with epoxy groups to improve the 
properties of the leather finishing to avoid the use of external crosslinkers, and consequently; harmful products 
for health and the environment will not be necessary. 

Likewise, the affectation in the health of workers exposed to crosslinker has been investigated when the 
leather finish is carried out. To do this research, a clinical analysis has been carried out prior authorization of the 
workers. 

The study demonstrates a good performance finishing avoiding the use of crosslinkers. In addition, it has been 
determined that molecular fragments of the decomposition of polyaziridine are present in the urine of one of the 
employees. Although the human metabolism may metabolize these polyaziridine fragments being non detectable 
in the urine samples, a positive result was obtained in the analysis by GC-MSD of the urine, and therefore; it 
could affect the health of this employee.   

1. Introduction 

The hide of animals is a byproduct that, after certain processes, be-
comes the raw material of other industries. The transformation of the 
hide into leather that the consumer knows in the form of shoes, belts, 
jackets and many other items, involves the realization of several phys-
ical, chemical and mechanical processes [1]. 

The process of tanning of the skin begins with the beamhouse op-
erations that are, mainly: soaking, unhairing, liming, unfleshing, split-
ting, deliming, and bating. Then the tanning process is carried out 
(vegetable or mineral), the hide is drained. Once the hide is tanned, the 
post-tanning processes are performed. They consist of retanning, dyeing 
and fatliquoring. Finally, the hides are finished [2]. 

The leather finishing consists of the application, on the surface of the 
leather, of different layers formed by a mixture of substances of varied 
chemical nature, which by drying form a more or less subtle, more or 
less transparent, and more elastic film or harder depending on the 

desired item [3]. 
The last coat applied in leather finishing is the top coat, and it con-

sists in the application of synthetic products in solvent or aqueous me-
dium. Some of the most commonly used compounds in the organic 
solvent phase are cellulose derivatives, such as cellulose acetate butyrate 
or nitrocellulose. These chemicals provide high fastness values than the 
water-based finishing coats. One of the main environmental drawbacks 
of the leather finishing process is the emission into the atmosphere of 
organic solvents considered as volatile organic compounds (VOCs), as 
well as water pollution. For this reason, it is essential to eliminate or 
minimize the solvent content in the finishing formulations [4]. 

An alternative to the problem is to use aqueous finishes instead of 
solvent finishes. However, the technical specifications of already 
finished leather are increasingly demanding, and this means that 
aqueous finishes are not capable of achieving, by themselves, these 
technical requirements. 

To achieve a good performance finishing, crosslinking of the 
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polymers used in this leather production stage is necessary. The cross-
linkers that allow to achieve high performance are irritating and 
harmful, and therefore, toxic to both the environment and the human 
health. One of the most used crosslinker in leather sector is polyaziridine 
(polyethylenimine) [5–7]. 

The polyaziridine has the ability to react through the active 
hydrogen of the aziridine terminal groups with the carboxyl groups 
present in the acrylic or polyurethane polymers. 

The crosslinking reaction is based on acid catalysis, in this case with 
carboxylic groups in acrylic polymers. The reaction mechanism is based 
on the opening of the aziridine ring from an active hydrogen as can be 
seen in Fig. 1. 

Crosslinking consists in increasing the network density of acrylic or 
polyurethane polymers through the trifunctionality of polyaziridines. 
This crosslinking occurs when the active hydrogen of the carboxylic 
group of the polymer reacts with the nitrogen of the polyazirine and 
therefore the ring is opened. 

Thanks to crosslinking, acrylic or polyurethane polymers improve 
their physical and chemical properties. 

The crosslinking reaction occurs under environmental conditions 
when the polymer dries on the surface on which it is applied. If the 
drying temperature is increased, the reaction rate can be increased since 
as the polymer dries, the pH decreases, and the reaction of the active 
hydrogen of the carboxylic acid with the polyaziridine accelerates. The 
polyaziridine used in leather sector is found in commercial concentra-
tions higher than 95% and is classified according to EC regulation 1272/ 
2008 (CLP / GHS) “as a carcinogenic substance with the following hazard 
statements: 

H225: Highly Flammable liquid and vapour [Danger Flammable 
liquids] 

H300: Fatal if swallowed [Danger Acute toxicity, oral] 
H310: Fatal in contact with skin [Danger Acute toxicity, dermal] 
H314: Causes severe skin burns and eye damage [Danger Skin 

corrosion/irritation] 
H330: Fatal if inhaled [Danger Acute toxicity, inhalation] 
H340: May cause genetic defects [Danger Germ cell mutagenicity] 
H350: May cause cancer [Danger Carcinogenicity] 
H411: Toxic to aquatic life with long lasting effects [Hazardous to the 

aquatic environment, long-term hazard]” 
Polyaziridine is classified as extremely toxic with a probable oral 

lethal dose of 5− 50 mg/kg [8]. 
In order to counteract this harmful effect on the work environment 

and health of the workers, a new epoxy acrylic self-crosslinking polymer 
has been developed for its application both in the base coat and the top 
coat, avoiding the use of such harmful crosslinkers [9–16]. 

2. Materials and methods 

This study was divided in two steps. The first step consisted in the 
synthesis of an acrylic polymer functionalized with carboxylic groups 
and the synthesis of an acrylic polymer functionalized with glycidyl 
methacrylate (epoxy groups) and by means of a bicomponent system, 
obtaining a high performance leather finishing and, at the same time, 
avoiding the use of external crosslinkers, which, as mentioned, are 
compounds harmful to both the environment and people. 

The second step of the work consisted in the evaluation of the human 
health-risk applying the conventional finishing using polyaziridine 
versus the new bicomponent system. 

2.1. Synthesis of the new epoxy acrylic self-crosslinking polymer 

The synthesis of the polymers is carried out by vinyl polymerization 
(specifically free radical reaction), in aqueous media and with initiator 
by shots. 

It is the most important polymerization method from the commercial 
point of view, since most plastics, elastomers and some fibers are 
manufactured through this system. 

Vinyl polymerization by free radicals is a rapid reaction that consists 
of three stages: initiation, propagation and termination. The formation 
of these radicals depends on high energy forces or the existence of weak 
covalent bonds. 

The polymerization reaction starts with an increase in temperature. 
The increase in temperature causes the decomposition in radicals of the 
initiator used, called homolytic bond cleavage. 

In the batch emulsion polymerization (by shots), all chemicals are 
added in the reactor at the beginning of the polymerization and an oil-in- 
water emulsion is formed. By using batch emulsion polymerization, 
polymers with 35% of solids will be obtained. Polymerization starts at 
20 ◦C and the temperature increases once the reaction has started. The 
temperature rises to a maximum depending on the type of monomers 
used in the polymerization [17]. A high amount of monomer will cause a 
high rise in temperature. It is important that this temperature rise does 
not exceed up to 75− 80⁰C, so that the reactor contents do not boil. This 
type of process allows to calculate the thermal rise (ΔT) before starting 
the reaction, by the heat of reaction at constant pressure of the mono-
mers, the heat capacity and the molecular weight. 

Acrylic polymers can be produced from methyl methacrylate, butyl 
acrylate, 2-ethylhexyl acrylate, acrylic acid, methyl acrylate, etc. In this 
work, the monomers used in the polymerization were methyl methac-
rylate (MMA), butyl acrylate (BA), methyl acrylate acid (MAA) and 
glycidyl methacrylate (GMA), and were supplied by Dow Chemical. 

As mentioned before, to obtain the bicomponent system, an acrylic 
polymer with carboxylic functional groups and an acrylic polymer with 
epoxy functional groups have been synthesized at industrial scale. The 
monomer composition of both resins can be seen in Table 1. 

To perform the polymerization, all the products (67.5% water, 2% 
surfactant, and 25% monomers in the proportion described in Table 1) 
were added to the reactor. Then, nitrogen was applied to the reactor, 
ensuring that all oxygen was dissipated. Afterwards, 0.0006%v ferrous 
sulphate heptahydrate was added to the reactor to promote the reaction 
in a redox system (i.e., 0.1% ammonium persulphate and 0.07% sodium 
metabisulphite). The reaction was maintained at 85 ◦C for 30 min. 
Ferrous sulphate heptahydrate and ammonium persulphate were sup-
plied by Dow Chemicals. Sodium metabisulphite was supplied by BASF. 

To characterize the emulsion of both synthesized polymers, the 
following parameters were determined:  

- Percentage of solids, by gravimetry.  
- pH, by pH Meter.  
- Viscosity, by Ford viscosity cup 4 mm.  
- Glass transition temperature, theoretically calculated.  
- Density, by volumetric system. 

To characterize the films obtained from both synthesized polymers, 
the following properties were analyzed:  

- Gloss, by means of a three-angle glossmeter DRLANGE REFO 3-D in 
accordance with the ASTM D523 Standard (20◦ and 60◦) 

Fig. 1. Reaction mechanism of polyaziridine.  

Table 1 
Monomer composition of the synthesized polymers.   

MMA BA MAA GMA 

Resin with carboxylic groups 30% 50% 20% – 
Resin with epoxy groups 30% 67% – 3%  
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- Water absorption, by Kubelka method.  
- Hardness, by a shore durometer.  
- IR spectra were recorded by the IR Spectrum One (serial number 

57458), manufactured by PerkinElmer (Beaconsfield, UK) and 
equipped with an ATR module of internal reflectance (universal 
sampling accessory, serial number P0DL01101418) and Fourier 
transform infrared spectra (FTIR). 

2.2. Application of the new epoxy acrylic self-crosslinking polymer 

Once the new polymers were synthesized, they were applied to full 
grain bovine chrome-tanned leather using a spraying machine. The 
finishing formulation is shown in Table 2. 

Once all finishing operations were carried out, the most important 
physical aspects were evaluated in accordance with the GERIC 
(Grouping of European Leather Technology Centers) quality re-
quirements for footwear leather as well as a leather finished with con-
ventional polymers crosslinked with polyaziridine (see Table 3). The 
parameters assessed were the following:  

- IUP 9. Measurement of distension and strength of grain by the ball 
burst test (IUP 9, 1960). Correspondence with ISO 3379:1976.  

- IUP 15. Measurement of water vapour permeability. Correspondence 
with ISO 14268:2012.  

- IUP 20. Measurement of flex resistance by flexometer method (dry 
and wet). Corresponding with ISO 5402:2002.  

- IUF 420. Colour fastness to water spotting. Correspondence with ISO 
15700:1998.  

- IUF 450. Colour fastness of leather to dry and wet rubbing (50 rubs). 
Corresponding with ISO 11640. 

2.3. Human health-risk evaluation 

In order to evaluate the human health-risk using the new epoxy 
acrylic self-crosslinking polymer versus using the conventional finishing 
formulation with polyaziridine, a company from the tanning sector is 
contacted to enable the use of these resins at industrial scale for a period 
of 30 days sufficient to observe the health affectation of the worker 
exposed to both systems. 

Then, the presence of polyaziridine in urine samples of 6 workers of 
the same company is determined. Three workers have regular contact 
with polyaziridine and the other three will proceed to change their daily 
tasks to start applying the new epoxy acrylic self-crosslinking polymer in 
the leather finishing unit. 

Specifically, the presence of polyaziridine in urine is analyzed by 
simple quadrupole mass-chromatography (GC-MSD). The polyaziridine 
polymer is not volatile, but the eluted peaks in the analysis by GC–MS of 
urine samples show a thermal decomposition of the polymeric com-
pound in molecular fragments, which are object of the study. 

The GC–MS chromatograms of a polyaziridine standard and the urine 
samples are acquired in the SIM mode, where a selective monitoring of 
the qualifier ions of the compounds present in the urine samples is made. 
The MDS detector in SIM mode has greater selectivity and sensitivity to 
trace analysis of compounds. 

The SIM chromatograms of the polyaziridine standard and the urine 
samples were compared. It is determined whether the qualifying ions 
obtained in the polyaziridine standard are observed in the chromato-
grams of the analyzed urine samples. 

The 6 urine samples are subjected to a liquid-liquid extraction pro-
cess in n-hexane solvent medium of chromatographic quality. The pH of 
urine samples is adjusted to pH 9 prior to the extraction process, to 
facilitate the separation of the amino compounds. A series of liquid- 
liquid extraction processes of the urine samples were carried out, until 
the organic fraction is separated from the aqueous fraction. 

The n-hexane soluble organic fraction is analyzed by mass chroma-
tography (Agilent 7820-A + 5975-C) in SIM mode. A commercial stan-
dard of 150 mg / L polyaziridine dissolved in n-hexane is also analyzed 
to compare the results obtained with the samples. 

The chromatographic method used is shown in Table 4. 

3. Results and discussion 

3.1. Synthesis of the new epoxy acrylic self-crosslinking polymer 

After synthesizing the polymers mentioned in the experimental part, 

Table 2 
Coating formulation.  

Coating formulation 

Percentage Product 

Base coat 
50 Black pigment 
30 Micronized dispersion of a silica complex for use in aqueous medium 
50 Wax emulsion 
70 Casein 
100 Polymer with epoxy groups 
9 Polymer with carboxylic groups 
691 Water 
Application 2 x spraying machine (4 g wet/ft2) 
Ironing at 80 ◦C/80 bar/1 s 
Top coat 
502 Water 
400 Polymer with epoxy groups 
36 Polymer with carboxylic groups 
12 Silicone 
Application 2 x spraying machine (4 g wet/ft2) 
Ironing at 80 ◦C/80 bar/1 s  

Table 3 
Coating formulation using polyazridine.  

Coating formulation 

Percentage Product 

Base coat 
50 Black pigment 
30 Micronized dispersion of a silica complex for use in aqueous medium 
50 Wax emulsion 
70 Casein 
100 Acrylic resin 
200 Polyurethane resin 
4 Polyaziridine 
404 Water 
Application 2 x spraying machine (4 g wet/ft2) 
Ironing at 80 ◦C/80 bar/1 s 
Top coat 
584 Water 
400 Top polyurethane 
4 Polyaziridine 
12 Silicone 
Application 2 x spraying machine (4 g wet/ft2) 
Ironing at 80 ◦C/80 bar/1 s  

Table 4 
Chromatographic method.  

Column DB5-phenyl methyl siloxane (30 m x250 μm x 025 μm) 

Injection volume 1 μL 
Mode Split (5:1) 
Injector temperature 250 ◦C 
Helium flow-rate 1,2 mL/min. 

Column oven 
temperature 

Started at 60 ◦C, and it was held for 1 min. 
Heated at 12 ◦C/min. to 210 ◦C. 
Heated at 15 ◦C/min. to 230 ◦C. 
Heated at 2 ◦C/min. to 280 ◦C, then maintained for 2 
min.  
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the characterization of the obtained polymers was assessed. The results 
are shown in Table 4. 

As can be seen in Table 4, both polymers are well synthesized, with 
similar density, viscosity, pH and solid percentage. Both polymers have 
a bluish white final color, which is an indication of small particle size. 
The theoretical calculation of the glass transition temperature gives 

different results, 14 ◦C for acrylic polymer with carboxylic groups and 
-20 ◦C for acrylic polymer with epoxy groups. This difference is due to 
the type and percentage of monomers used in the polymerization. 

In Table 5 the characterization of the films of both synthesized 
polymers can be seen. 

As can be seen in Table 5, both polymers show significant differ-
ences. The polymer with epoxy groups presents a gloss and hardness 
character much lower than the polymer with carboxylic groups. On the 
other hand, it presents much more water absorption, which confirms 
that epoxy groups contribute significantly to the improvement of the wet 
resistance without hardening the leather finish. As the polymer with 
epoxy groups is polymerized by means of Glycidyl methacrylate it pre-
sents a greater water absorption the polymer with carboxylic groups due 
to the fact that the epoxy group is linked with an ester group. Then, it has 
bear in mind that the ester is one of the most hydrolysable. 

The infrared spectra of both polymers show the characteristic bands 
of each functional group (see Fig. 2). 

Table 5 
Characterization of the emulsion of synthesized polymers.   

Polymer with COOH 
groups 

Polymer with epoxy 
groups 

pH 7.1 8.1 
Viscosity (seconds) 14 ± 0 12 ± 0 
Density (g/mL) 1.05 ± 0.01 1.02 ± 0.01 
Solids percentage (%) 35.0 ± 0.1 34.9 ± 0.1 
Glass transition 

temperature (ºC) 
14 − 20  

Fig. 2. IR spectra of the synthesized polymers.  
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3.2. Application of the new epoxy acrylic self-crosslinking polymer 

Once the optimal polymers were established, the aim of this part of 
this study is to assess whether the leathers processed with this new 
system present advantages over the leathers finished using a conven-
tional finishing. Then, the demands required for footwear in accordance 
with GERIC specifications were checked in the leather samples. The 
results obtained are shown in Table 6. 

As explained in experimental part, the coating formulation shown in 
Table 2 was applied on full grain bovine chrome-tanned leather using a 
spraying machine, with the aim to apply a bicomponent system formed 
by an acrylic polymer with carboxylic groups and acrylic polymer with 
epoxy groups, obtaining a high performance leather finishing and at the 
same time, avoiding the use of external crosslinkers. 

Using this bicomponent system, a well-balanced finish between the 
hardness provided by the carboxylic group, and the wet resistance given 
by the epoxy group is obtained. This combination of functional groups 
also improves the results of water vapour permeability, an important 
property in leather for footwear. In addition, the new bicomponent 
system improve the flex resistance obtained with the conventional sys-
tem using polyazridine and also improve the water vapour permeability. 

As can be seen in Table 6, leathers meet the quality requirements for 
footwear, and are commercially accepted. 

3.3. Human health-risk evaluation 

As explained in the experimental part, in order to evaluate the 
human health-risk using the new epoxy acrylic self-crosslinking polymer 
versus using the conventional finishing formulation with polyaziridine, 
the presence of polyaziridine in urine samples of 6 workers of the same 
company is determined. 

In the GC–MS chromatogram in SIM mode of the polyaziridine 
standard, 3 major peaks are observed (Fig. 3). 

In Table 7, qualifying ions are indicated for each of the peaks 
identified. 

Said masses correspond to the fractions generated during the analysis 
by GC–MS of the original molecule. In the first stage of the assay, said 
molecule is subjected to 250 ◦C in the injection port of the chromato-
graph; and secondly, said fragments are subjected to the electronic 
impact on the ion source of the mass detector, whereby they may un-
dergo further ruptures that ultimately give rise to the characteristic 
masses indicated in Table 7. 

From the six urine samples analyzed, the presence of the character-
istic masses of the three molecular fragments considered as the repre-
sentative peaks in the polyaziridine standard chromatogram are 
detected in one of the urine samples of the three exposed workers, which 
are in regular contact with polyaziridine compound. 

During the urine assay of the three workers that changed their 
working position to start applying the new epoxy acrylic self- 
crosslinking polymer for a period of 30 days, no coincidence has been 
observed with the peaks obtained with the polyaziridine pattern. 

Like any foreign substance in the body, it can have large individual 
variations over time and even in the same individual. Various factors 
(endogenous and exogenous) can influence the metabolism (absorption, 
distribution, biotransformation and excretion) of foreign substances in 
the organism. There are three fundamental factors involved: genetic, 
psychopathological (age, sex, hormones, nutritional status, obesity and 
other diseases) and environmental (stress, exposure to ionizing radia-
tion, exposure to other influential foreign substances). 

In Table 8, three of the characteristic majority masses are indicated 
for each of the peaks identified in the SIM mode chromatogram of the 

Table 6 
Characterization of the film of the synthesized polymers.   

Polymer with COOH 
groups 

Polymer with epoxy 
groups 

Gloss (%) 59.9 ± 0.4 15.3 ± 0.2 
Water absorption 

(%) 
91.3 ± 0.7 133.0 ± 0.7 

Hardness (⁰⁰Sh A) 88 ± 2 41 ± 2  

Fig. 3. Image of the representative peaks of polyaziridine standard 
chromatogram. 

Table 7 
Results of the new finishing application.   

New epoxy 
acrylic self- 
crosslinking 
polymer 

Finishing with 
polyaziridine 

GERIC 
recommendations 

IUP 20. Dry flex 
resistance (nº flexs) 

100,000 80,000 > 50,000 

IUP 20. Wet flex 
resistance (nº flexs) 

50,000 40,000 > 20,000 

IUF 450. Colour fastness 
to dry rubbing (mark 
from 1 to 5) 

500 5.0 5.0 > 4.0 

IUF 450. Colour fastness 
to wet rubbing (mark 
from 1 to 5) 

50 5.0 5.0 > 4.0 

IUP 9. Distension of 
grain (mm) 

11.0 ± 0.3 12.5 ± 0.2 > 7.0 

IUF 420. Water spotting 
(time) 

> 30 min > 30 min > 15 min 

IUP15. Water vapour 
permeability (%) 

1.85 ± 0.04 1.15 ± 0.07 > 1  

Table 8 
Qualifying ions for polyaziridine standard.  

Peak Retention time (min) m/z major m/z secondary 

1 15.424 198 120 
2 19.597 244 122 
3 21.645 254 244  
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affected worker’s urine sample (Table 9). 

4. Conclusion 

Using this new bicomponent system, a well-balanced finish between 
the hardness provided by the carboxylic group, and the wet resistance 
given by the epoxy group is obtained. 

With the industrial application of the epoxy polymer in the finishing 
formulations and with a total replacement of 100% of the polyaziridine 
as a crosslinker, the results of resistances and fastness are comparable to 
those required in the market. The results obtained from the assessments 
fully meet the quality parameters specified in the GERIC table of values. 

Regarding the human health-risk assessment of the effect of exposure 
of workers to polyaziridine, it has been determined that fragments of 
polyaziridine were present in the urine of one of the three workers 
exposed to this harmful compound. Although the human metabolism 
may metabolize these fragments and are not observed in the urine 
analysis fractions of the other two workers, a positive result has been 
obtained in the GC–MS test and therefore, it can be concluded that it can 
affect the health of workers. As it is observed in only one of the workers, 
the organic nature of the worker should be considered sufficiently pre-
pared to metabolize these products and eliminate them, but this is not 
significant for all exposed persons. 
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