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Abstract

Improving the collagen structure, which was impacted by the 
curing process, increases the efficiency of all subsequent structural 
transformations during leather production and results in the 
formation of a high-quality leather material. Herein, we studied 
the process of soaking green-salted horsehides in electrochemically 
activated aqueous solutions and the properties of resulting chrome-
tanned leather. It was found that the process of soaking horsehides 
can be effectively carried out using an electrochemically activated 
solution (ECAS) – a mixture of catholyte and anolyte at a volume 
ratio of 5 : 1. Using this soaking solution, sodium sulfide (an 
environmentally harmful reagent), sodium carbonate, and detergent 
can be completely excluded from the technological solution. The use 
of ECAS at the soaking stage effectively regenerates the water balance 
of horsehides while maintaining a stable pH during the soaking 
process and increases the efficacy of liming and all subsequent 
processes. Considering the prominent structural differences (density 
and thickness) between the front and shell of horsehide, the developed 
method, which utilize ECAS for soaking, allows the entire process to 
be carried out on uncut horse hides instead of processing two parts 
separately, which is normally required. The chrome-tanned leather 
produced by the developed method in semi-industrial conditions has 
elastic-plastic properties which are superior compared to the leather 
produced by current technology. The developed method also results 
in increasing the area yield by 2.5%. The resulting elastic leather can 
be used for manufacturing a variety of articles, including clothing, 
accessories, and footwear.

Introduction

The development of innovative technologies to produce leather 
materials involves implementing effective ways to carry out a variety 
of chemocolloidal reactions during the processing of natural raw 
materials. Improving the structure of raw hides, particularly after 
the curing process during preparatory stages, increases the efficacy 
of all subsequent structural transformations and the formation of 
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a high-quality final leather material. The use of aqueous solutions 
with novel chemical compositions can minimize the process length 
which is necessary to protect natural raw materials from biological 
damage by microorganisms, especially in the beginning of the hide 
processing.1 These solutions should be also scalable and inexpensive 
considering the significant volumes which are used during 
multistage processing of raw hides.

Activated aqueous solutions can be used as new alternatives to 
technological solutions during the processing of raw hides. To produce 
the activated aqueous solutions, different methods, such as ultrasonic 
or electric fields, can be used.2,3 Treatment of animal hides and skins 
with activated solutions has a number of advantages over other 
varieties of water treatments which utilize traditional technological 
solutions.3–5 Particularly, activated solutions maintain their properties, 
nonequilibrium thermodynamic state and high oxidation-reduction 
potentials (ORP), for a prolong time. These properties contribute to 
the intensification of biotechnological processes.

Among activated solutions, electrochemically activated (ECA) 
solutions have a potential role as disinfectants in medicine and 
industry due to their biocidal properties, in situ generation 
from inexpensive materials (water and salts such as NaCl), and 
environmental compatibility (refer to the review 6). ECA solutions, 
also denoted as electrolyzed oxidizing (EO) water, mixed oxidant 
(MIOX) solutions, and electrochemically activated water (ECAW), 
are produced by electrolysis of dilute salt solutions in an electrolytic 
cell where the cathode and anode are separated by a membrane. 
Electrochemical activation of water yields two fractions, catholyte 
and anolyte, with highly specific physicochemical properties 
regarding pH, ORP, electroconductivity, and the presence of 
chemically active radicals and ions. The main reactions that occur 
during electroactivation of aqueous sodium chloride solutions can 
be summarized as:
	 anode:	 cathode:

	 2H2O − 4e− → O2 → +4H+	 2H2O + 2e− → H2 → +2HO−

	 2Cl− − 2e− → Cl2 →
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Depending on the operating parameters of electrolytic cell, the 
resulting anolyte solution will have a high ORP (oxidizing), a low pH 
(which can be neutralized by reconfiguring the electrolytic cell), and 
a variable concentration and type of chlorine-containing moieties. 
The catholyte will be characterized by low ORP (reducing) and a 
high pH. Catholyte and anolyte can be also combined in a specific 
proportion to achieve desirable properties of electroactivated 
solution. The relative volumes of catholyte and anolyte in a given 
solution will determine its final pH.

As an alternative to chlorine forms and other oxidants, ECA 
solutions also contain a mixture of reactive oxygen species and free 
radicals. Higher organisms possess antioxidant defense systems, 
whereas microorganisms generally do not. The presence of the 
free radicals, with their high oxidizing effects, in the solutions are 
considered of great importance to effectively destroy a wide variety 
of microorganisms. The active antimicrobial components of ECA 
solutions have been reported to include HOCl, hydroxyl radical, and 
other short-lived oxidative moieties like ClO2.

Based on many reports, it has been shown that anolyte solutions 
have a broad spectrum of antimicrobial activity6–17 while catholyte 
solutions are characterized by their cleaning properties, including 
biofilm removal.10,12,16–19 In addition to antibacterial and sporicidal 
activity,6,20,21 ECA solutions have antiviral and fungicidal activities6,22 
and inactivate toxins6 while maintaining high biocompatibility23 
and antioxidative properties.24,25

ECA solutions have been used in many different areas,6 specifically 
for (i) the treatment and prevention of wound infection and 
periodontal diseases; (ii) medical device disinfection, including 
dental unit water lines,10 which if inadequately disinfected, may 
harbor polymicrobial biofilms containing potentially pathogenic 
organisms; and (iii) for disinfection of surfaces12 and food 
products26–28 which may help to control infection outbreaks.

Authors of the work14 assessed the performance of sodium 
hypochlorite (NaOCl) and ECA water in terms of disinfection 
efficacy, disinfection by-products formation and the stability of the 
disinfectant with respect to storage.14 In the absence of or at low 
concentrations of dissolved organic carbon, ECA solution showed 
better disinfection efficacy in terms of Escherichia coli inactivation 
at both pH 5 and 7 while forming fewer by-products. Also, ECA 
solution was more stable during storage compared with NaOCl 
solution. Acidic ECA solution retains useful bactericidal activity for 
more than 12 months, which can significantly expand its potential 
applications.22 During the recovery of ECA solution, the chemical 
components of the solution will shift spontaneously from their 
thermodynamically unequilibrated conditions to a stable non-
active form. Thus, ECA solution will slowly revert to a dilute salt 
solution without presenting any environmental hazards. Moreover, 
ECA solutions can be effectively inactivated by organic matter and 

are considered as “green biocides” which can help to reduce the 
consumption of free chlorine and replace other toxic chemicals.22

Many industrial processes can benefit from utilizing ECA 
solutions. For example, the high potential of catholyte as an 
environmentally friendly alternative to laundry detergents for 
sustainable consumption of cotton textiles have been described.18 
In addition to its cleaning properties, catholyte also exhibits 
a plasticization effect on the collagen structure of the dermis of 
leather materials which results in reduced stress at the final stage 
of product formation during footwear manufacturing.29 As a result 
of the catholyte treatment of the leather part of fur and leather, the 
plasticity of the materials has been restored.30, 31

Experimentally, the use of both catholyte and anolyte in the 
processing of raw fur materials was reported previously.32 The anolyte 
was effectively used in the process of restoring the collagen structure 
of the raw material and releasing inter-fiber proteins, polysaccharides 
and partially lipids.32 Owing to anolyte bactericidal properties it 
was possible to carry out the process without adding antiseptic 
substances. At the second stage of soaking and degreasing the raw 
biomaterial, catholyte was used to remove the remaining lipids. The 
use of ECA solutions resulted in decreasing the time required to 
process fur materials without the application of toxic reagents.33

Thus, the results of the aforementioned studies specify the particular 
physicochemical, cleaning and antiseptic properties of the ECA 
solutions, especially, for processing plant and animal raw materials. 
This can indicate their promising application for the improvement 
and development of innovative methods for producing leather and 
fur. Utilizing solutions with a broad spectrum of antimicrobial 
activity at the preparatory stages becomes especially highly 
important after a new kind of bacterial defect on hides/skins and 
leather has been identified as a microbial biofilm which differs from 
the previously well-known bacteria-borne defects such as hair slip, 
red discoloration, and grain pilling.1 

Thus, the goal of this work was to study the process of soaking green-
salted horsehide using electrochemically activated solutions. To 
achieve this goal, the following tasks were defined:

– �to determine the effect of various fractions of electrochemically 
activated water on the kinetics of water absorption by different 
areas (cuts) of horsehide;

– �to establish the relationship between water sorption by horsehide 
and pH of the solutions used during the soaking;

– �to determine the effect of the soaking process on the chemical 
composition and properties of the chrome-tanned leather which 
was produced by the developed method including soaking 
in electrochemically activated aqueous solutions in the semi-
industrial conditions.
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Materials and Methods

Leather, as a natural material, can differ significantly in properties 
not only between different types of hides and skins but also between 
its different regions.34 The difference in properties between various 
regions is the most prominent for horsehides, yet the information on 
the tear strength variability and collagen fibril orientation together 
with other properties across horsehide are very scarce. 

In this study, the green-salted horse raw hide with the thickness 
and initial moisture content in the areas of the horsefront and shell 
(Fig. 1) equal to 2.2–2.7 mm and 47.8% and 4.8–5.9 mm and 44.1%, 
respectively, were used.

Laboratory Testing 
After raw hide fleshing and mechanical removal of its pelage and 
before soaking, three samples (approx. 100 g each) were cut out 
from the horsehides and washed with water (50% excess of the total 
sample mass) for an hour at 26–28°С. Washing and soaking were 
carried out at a rotational speed of 15–17 rpm (in a vertical plane) 
using custom-made laboratory equipment shown in Fig. 2.

Fractions of ECA water – anolyte and catholyte with a pH 3.3 and 
10.3, respectively, were produced by electrolysis of 5 mM NaCl 
solution in an electrolytic cell (Ekovod, technical specifications: TU 
У29.1-1285006876.001-2000) with a silicon anode, a steel cathode, 
and an ion-exchange cotton membrane35,36. For the regeneration 
of water balance which was affected during the curing process and 
transportation, horsehide soaking in solutions based on ECA water 
was studied. Particularly, catholyte, catholyte supplemented with 
Na2S (2 g/L) and 5:1 catholyte-anolyte mixture was used to study 
the kinetics of water absorption. For controls, distilled water and 
industrial soaking solution37 containing non-ionic surface-active 
substance SPK-50 (0.25% of the sample mass, technical specifications: 
TU 2484-014-22284995-99), sodium carbonate (0.45% of the sample 
mass) and sodium sulfide (0.30% of the sample mass) were used.

The pH of the soaking solutions was measured with a pH meter 
(Gomel Plant of Measuring Devices, pH-340), while water content of 
the samples was determined gravimetrically. 

For water absorption studies three samples per group were cut from 
the right and left half-skins of cured raw hides after their fleshing in 
the form of symmetrical strips close to the line separating front and 
shell. After removing the hair with a razor blade knife, the samples 
were weighed on scales (AXIS, AD200). After all the samples were 
washed simultaneously, they were carefully but thoroughly dried 
with filter paper to remove the excess surface water and weighed 
again. This procedure was repeated after 2, 4, 7, 17 h (Fig. 3) and 1, 
3, 6, 16 h (Fig. 4). The water content in the samples was calculated 
according to the following formula:

where WA – water absorbed by the sample [%]; m1 and m2 – the 
sample weight before and after drying [g]. To determine the dry 
weight after measurements the samples (2–2.5 g) were dried at 
102±2°С for 4 h, equilibrated for 30  min in a desiccator at room 
temperature and weighed.

Semi-Industrial Testing
After laboratory experiments, the horse hides were processed in 
semi-industrial conditions using the developed method and the 
current technology as a control. In the developed method a slightly 
alkaline ECA solution obtained by mixing catholyte and anolyte 
fractions at volume ratio 5 : 1 was used for soaking. In the developed 
method the soaking process was carried out using three halves (~1.2 
m2 each) of hides along the back bone line, while according to the 
current technology the horsefront and shell were processed separately 
yielding, respectively, elastic and boardy leather materials (Fig. 6).

For removal of the epidermis and hair from the horse pelts, the raw 
hide was further subjected to liming using a mixture of calcium 
hydroxide (4% of the sample mass) and sodium sulfide (3% of the 

WA =                 100%(m1–m2)
m2

Figure 1. Standard horsehide leather cuts: front and shell.

Figure 2. Photo of custom-made laboratory equipment used for washing and 
soaking of horsehide samples.
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sample mass). The processing of horse raw hides was carried out in 
a revolving drum (Dose, 0.39 m3) at a private joint-stock company 
“Chinbar” (Kyiv, Ukraine). Further processing of the limed hides, 
including deliming, pickling, tanning, shaving, neutralizing, 
tanning with chromium salts and plant extracts, fat-liquoring, 
samming, setting out and final drying were performed according 
to the previously described technology.37 Briefly, the horsehide after 
tanning with chromium (III) compounds (technical specifications: 
TU 2141-033-54138686-2003) was skived to a uniform thickness of 
1.4–1.5 mm; post-tanned with chromium (III) compounds in the 
amount of 2% of the hide mass; neutralized with a mixture of sodium 
formate and sodium bicarbonate with a weight ratio of 4 : 1; filled with 
organic compounds: acrylic polymer Retanal RCN-40 (Cromogenia 
Units SA, 4% of the hide mass) and quebracho (5% of the hide mass); 
and fat-liquored with Trupol RA (Trumpler, 8% of the hide weight 
mass). The filling-fat-liquoring process was completed after fixation 
of reagents in the structure of re-tanned hides with 10% formic acid 
at pH 4.2. After the drying-moisturizing processes,38 the samples of 
the resulting semi-finished leather were set out.

Physicochemical Characterization
The chemical composition and physicomechanical properties of the 
leather samples were determined by the methods described in our 
previous work39 after conditioning at 20±2°С and 65±5% relative 
humidity of the air (ASTM D1610–18). Briefly, the total ash was 
determined thermogravimetrically after oxidizing the sample (7.5 g) 
in air at 600±25°C until constant mass was reached (ASTM D2617–
17a and GOST 938.2-67). The weighed residual matter, termed “ash”, 
was calculated as a percentage from the original sample. Liquid 
pycnometry was utilized to measure the apparent density of the 
samples (10 g) at 22°C using kerosene as a solvent. Considering that 
collagen is the primary structural element in the extracellular matrix 
in animal hides/skins, the heat resistance of leather against shrinkage 
was characterized by the hydrothermal denaturation or shrinkage 
temperature (TS) of collagen molecules40 by gradually heating the 
sample in a mixture of glycerol and water with a 4 : 1 weight ratio at 
the heating rate of 2–3°C/min (ASTM D6076–18 and DSTU 2726-
94). Before the measurements, the samples were thoroughly soaked 
in water for 4 h at 20±1°C. Chromium content was determined by 
iodometric titration and expressed as the mass fraction of chromium 
(III) oxide. Mechanical properties (tensile stress and elongation) were 
measured using a tensile testing machine (РМ-250М) at extension 
rate 90  mm/min. Initial length of 10 mm wide leather samples 
between clamps was 50 mm. Content of the bound organic tannins 
(BOT) [%] in the leather samples was calculated using the following 
formula: ωBOT = ωL – ωN, where ωL = 100 – (ωTA + ωOS + ωOWS) – the 
mass fraction of leather substances calculated on the dry basis [%]; 
ωTA – the mass fraction of total ash [%]; ωOS – the mass fraction of 
organic substances (OS), unbound fatty acids, extracted with organic 
solvents (GOST 938.5-68) [%]; ωOWS – the mass fraction of organic 
water-soluble substances (OWS) (GOST 938.6-68) [%]; ωN – the 
mass fraction of nitrogen-containing water extractable materials 
(determined according to the previously described methodology,38 

ASTM D6016 – 17) [%]. The content of substances extracted with 
organic solvents was determined using a Zaivhenko extraction 
apparatus. A crushed sample (5 g) within a paper shell was put into 
the extractor and solvent extraction with tetrachloromethane was 
carried out for 1.5 h. After solvent evaporation under vacuum, the 
fatty substances were dried in an oven at 128–130°C for 1 h. After 
cooling the flask in the desiccator, the flask with unbound fatty acids 
was weighed and the mass fraction of OS was calculated. To calculate 
the yield, the surface area of leather was determined using specialized 
electromechanical machinery (Svit, model 07484/P1).

Result and Discussion

Structure and Composition of Raw Hides
Collagen is the main and the most abundant structural protein in 
the extracellular matrix of various animal tissues, including skin, 
bone and tendon. The fibrous collagen provides tensile strength, 
while glycosaminoglycans (GAGs), covalently linked to proteins 
to form proteoglycans, act as space-fillers and provide resistance 
to compression.41 Skin components such as keratin, albumins, and 
globulins together with GAGs (e.g., hyaluronic acid), proteoglycans 
(e.g., dermatan sulfate), triglycerides and lipids are usually removed 
during the earlier stages of hide and skin processing.42 Removal of 
these non-collagenous proteins is a necessary step to produce soft 
leather material as it allows the collagen fiber structure to split apart. 
This “opening up” effect results in a successful implementation of all 
subsequent structural transformations.

Many varieties of collagen have been identified; for example, 
mammals have about 20 different genes which code various forms 
of collagen.41 As a function of structure and supramolecular 
organization, collagen can be classified as fibril-forming (types 
I, II, III, V, and XI), fibril-associated (types IX, XII, and XIV), or 
network-forming (types IV, VII, VIII, and X).43 Tropocollagen, a 
collagen molecule, being a right-handed triple helix stabilized mostly 
by hydrogen bonding is the major structural element of collagen. 
Heterotrimers of two α1(I) and one α2(I) protein chains which only 
slightly differ in amino acid sequence are the dominant isoform of 
type I collagen. The polypeptide chains contain glycine at every third 
position and have a high proline and hydroxyproline content.41,42 
All collagen molecules in a precursor form, called procollagen, 
are synthesized intracellularly by connective-tissue cells and then 
secreted by exocytosis. Additional peptide extensions at each end 
of procollagen hinder premature assembly of collagen molecules. 
Extracellular enzymes, procollagen proteinases, cut off these terminal 
extensions to allow collagen assembly only after the molecules have 
been extracted. At each end of the helical region of the procollagen 
molecule, there is a non-helical region known as telopeptide. 
Collagen, being a multi-hierarchical structure, is organized in four 
levels of macromolecular structure: first the collagen molecules pack 
together into collagen fibrils, then the fibrils are further organized 
into larger fibril bundles, then they are arranged into fascicles and 
finally – into fiber bundles.
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Water Absorption by Horsehide
The chemical treatments and mechanical processes used to produce 
leather from hides and skins result in structural changes in collagen 
fibrils and their supramolecular organization.44 Even though the 
general chemistry used in hide and skin processing is well-known, 
the structural changes at the level of the collagen fibrils is just starting 
to be revealed utilizing x-ray scattering techniques.45–47 Herein we 
focused on the macroscopic effect of the composition of the soaking 
solutions on water sorption by horsehide and the correlations with 
the properties of corresponding final leather material.

Generally the water sorption of collagen and other fibrous proteins 
in acidic and alkaline solutions is predominantly governed by the 
osmotic pressure difference arising between the protein phase 
and the external solution and by protein cohesion.48 According to 
the literature data, the isoelectric point of collagen, which can be 
affected by the nature and ionic strength of the salts presented in 
the solution, is 4.7, although a second critical point in the collagen 
behavior has frequently been noted at pH 7.7.49 The maximum 
equilibrium swelling is usually observed at an external pH between 
2–3 and 11–12, while the minimum – at the isoelectric point.50

The kinetics of water absorption by green-salted horsehide was 
determined for technological solutions with different compositions 
(Fig. 3 and Fig. 4). It should be noted that the soaking process of the 
raw hide was carried out after washing the salt off the samples. To 
estimate the sorption of ECA solution by the dermis, the soaking 
process was also carried out using distilled water as an additional 
control (Fig. 4).

As it can be seen from the data, after rapid solution uptake within the 
first 3 h, a further increase in water content, which was not complete 
after 16–17 h, was observed. The results also indicate that solution 

Figure 3. Kinetics of water absorption (WA) by the dermis of horsehide in a 5 : 1 
mixture of catholyte and anolyte (1) and in a control soaking solution according to 
the existing technology (2) for horsefront (a, solid lines) and shell (b, dash lines).

Figure 5. Change in the pH of technological solutions during soaking of horse 
raw hide.

Figure 4. Kinetics of water absorption (WA) by the dermis of horsehide in 
catholyte (1), catholyte supplemented with Na2S (2), and distilled water (3) for 
horsefront (a, solid lines) and shell (b, dash lines).

composition significantly a ffects th e ki netics of  wa ter ab sorption 
and the final water content in the samples. The most prominent effect 
was observed for the sample soaked in the mixture of catholyte and 
anolyte with a 5 : 1 volume ratio (Fig. 3) and catholyte (Fig. 4). This 
is manifested by faster water absorption, especially in the beginning 
of the soaking, and a higher water content after 1 7 h  o f s oaking 
compared to the control group (existing technology). After the first 
hour of soaking, the horsefront absorbs twice as much water as the 
shell. Additionally, the pH of the solution is reduced to a greater 
extent for the control group (ΔpH = 3.4) and for catholyte group 
(ΔpH = 3.1) compared with the mixture of catholyte and anolyte for 
which the pH difference was 1.1 (Fig. 5).
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The water sorption by horse raw hides is sensitive to the solution 
pH and its composition and increases with increasing pH until 
it reaches a maximum at 8.2 (Fig. 4 and Fig. 5). At pH lower than 
8.2 the water content is decreased, while at higher pH it remains 
almost the same for horsefront or decreases for shell. The effect of 
solution composition can be seen comparing the kinetics of swelling 
horsehide in catholyte supplemented with Na2S and in control 
soaking solution. Even though the initial pH of the solution is the 
same, the water sorption rate and the water content is lower for the 
samples swollen in the latter solution.

The water sorption by horsehides, in addition to hydration of 
hydrophilic groups of macromolecules, can be explained by the local 
change in the protonation degree of carboxyl groups of collagen, 
GAGs/proteoglycans, and other macromolecules in the beginning 
of the soaking.51 The observed decrease in pH within the first few 
hours (Fig. 5) can be explained by the neutralization of hydroxyl 
anions presented in the solutions by protons which were released 
during dissociation of carboxyl groups. The electrostatic repulsion 
between negatively charged carboxylate groups and an increased 
ion concentration inside the dermis due to ionization will result 
in an increase in osmotic pressure which can cause the observed 
increase in the water content. In addition to the increased osmotic 
pressure, the increased mobility of the collagen macromolecules due 
to the disruption of some of its physical and chemical crosslinks 
and removing (washing out) of non-collagenous components of 
the dermis can also contribute to the increased water content. 
Furthermore, negatively charged polysaccharide chains of GAGs 
even at low concentrations can form hydrophilic gels: their multiple 
negative charges at carboxyl groups attract cations, such as Na+, 
that are osmotically active, causing large amounts of water to be 
absorbed by the sample. This gives rise to a swelling pressure, which 
is balanced by tension in the collagen fibers interwoven with the 
proteoglycans.41

During the soaking process using an industrial soaking solution, 
uneven hydration (blistering), caused by the lower density of the 
outer layers and faster water absorption of alkaline solution (pH 10.7) 
which results almost in complete ionization of carboxyl groups, was 

observed. A similar effect of water absorption by the skin dermis was 
also found for the samples soaked in alkaline solutions of catholyte 
with and without sodium sulfide with pH 10.3 and 10.7, respectively. 
A uniform hydration, probably due to less rapid pH change and more 
effective and homogeneous water absorption by the whole dermis 
using catholyte and anolyte mixture can indicate deeper changes in 
the structure of the dermis on the microfibrillar level.

Generally, faster kinetics of water absorption was observed for the 
horsehides soaked in electroactivated solutions (Fig. 3 and Fig. 4). 
This effect can be explained by the declasterization of the water 
structure after its activation and additional changes in the water 
structure and water/macromolecule interactions in the presence of 
ions and free radicals.32

Thus, among tested soaking solutions, the catholyte and anolyte 
mixture provides uniform swelling without blistering and more 
effective regeneration of water balance of raw leather material while 
maintaining a stable pH during the soaking process. Higher water 
content in the horsefront and shell samples soaked in a mixture 
of catholyte and anolyte and a smaller difference between them 
compared with the control group (Fig. 3) indicates the possibility of 
simultaneous processing of the whole hide rather than processing 
the two parts separately (i.e., horsefront and shell).

Thus, in slightly alkaline solutions with moderate salt concentration 
(to avoid electrostatic screening and corresponding decrease in 
hydration) the water sorption will depend on solution solubilizing 
efficacy and its ability to decrease the collagen crosslinking degree.

The higher content of organic substances extracted from the raw 
material after soaking in ECA solution (Table I) compared with 
the control group (industrial soaking solution) also indicates more 
effective interaction of the activated water with the components of 
the dermis. This effect is more pronounced for the samples from 
shell which contains more soluble proteins and GAGs than the 
horsefront. Despite increased density of shell samples compared to 
the horsefront samples, 5.6% more organic substances were extracted 
from the former samples. It should be noted that the process of 

Table I

Content of inorganic and organic substances in solutions after soaking of horsehide, 
apparent density, and hydrothermal stability.

Horsehide  
leather cut Solution 

Mass fraction of substances [%]
Density [g/cm3] ТS [°С]Inorganic Organic

Horsefront
catholyte + anolyte 14.4 ± 0.3 85.6 ± 1.7 1.18 ± 0.04 64.0 ± 0.6

control 15.4 ± 0.3 84.6 ± 1.7 1.18 ± 0.04 63.0 ± 0.6

Shell
catholyte + anolyte 13.4 ± 0.3 86.6 ± 1.7 1.24 ± 0.04 62.0 ± 0.6

control 18.2 ± 0.4 81.1 ± 1.6 1.21 ± 0.04 63.0 ± 0.6
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soaking the shell samples in activated solutions is accompanied by 
significant foam formation indirectly indicating the extraction of 
GAGs along with other water-soluble proteins.

Based on the results, soaking the horsehide in solutions of ECA 
water results in a higher efficacy of carrying out this process using a 
mixture of catholyte and anolyte at a volume ratio of 5 : 1 with pH 
8.2. This eliminates the need to use the environmentally harmful 
sodium sulfide for soaking and facilitates the process with a smaller 
change in pH at the initial soaking stage. Higher water content and 
less variation in water content between the horsefront and the shell 
after soaking using a mixture of catholyte and anolyte compared 
with the control indicate the possibility of carrying out the entire 
technological cycle of manufacturing leather from green-salted raw 
hide using the whole horsehide.

Properties of the Horse Leather Produced  
in Semi-Industrial Conditions
To test the developed method in the semi-industrial conditions, 
the three half-skins from green-salted horse hides were used. The 
differences between developed method and current technology are 
summarized in Fig. 6.

The results of the liming process are shown in Table II and Table 
III. As it can be seen from the data, the pickled horsehide produced 
by the developed method contains 8.2% and 12.4% more inorganic 
substances for horsefront and shell areas compared with the existing 
technology. This indicates the profound structural changes in the 
soaked hides using ECA water, especially within the denser parts of 
raw hides – shell.

The properties of leather material are closely related to organization 
and supramolecular structure of collagen and results from 
the interplay of electrostatic, hydrophobic and van der Waals 
interactions in addition to hydrogen and covalent bonds.43 During 
liming in a strongly alkaline environment further disruption of 
intra- and intermolecular bonds within fibrous collagen structure 

and the formation of weakly dissociated salts of calcium hydroxide 
with carboxyl groups were observed.52 The hydrothermal stability 
of a leather material will reflect the stability of collagen structures 
at the molecular level and at several levels of supramolecular 
structure.43 The shrinkage temperature of leather is affected by 
many different factors, most of which appear to alter the number 
and nature of crosslinks between adjacent polypeptide chains of the 
collagen protein macromolecules53–56. The value of the shrinkage 
temperature of leather is commonly used as an indicator of the type 
and degree of tannage or both. For both the developed and current 
method, this is testified by a decrease in the density after liming with 
a corresponding decrease in hydrothermal stability (Table III and 
Table IV). Based on shrinkage temperature, the pickled horse half-
skins processed according to the developed method are structurally 
more “opened up” and prepared for the effective tanning-fat-
liquoring.

Figure 6. The differences in soaking stage between developed method and current technology during semi-industrial 
processing of horse raw hides.

Table II

Content of inorganic substances in the pickled horsehides 
processed in semi-industrial conditions.

Technology /Method Horsehide leather cut Total ash [%]

Developed 
horsefront 0.92 ± 0.02

shell 1.18 ± 0.02

Existing
horsefront 0.85 ± 0.02

shell 1.05 ± 0.02

Table III

Properties of the pickled horsehides limed in semi-industrial 
conditions according to the existing technology.

Technology /
Method

Density [g/cm3] ТS [°С]
horsefront shell horsefront shell

Developed

Existing

1.03 ± 0.03

1.03 ± 0.03

1.12 ± 0.03

1.12 ± 0.03

51.0 ± 0.5

52.0 ± 0.5

57.5 ± 0.6

59.0 ± 0.6
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The half-skins processed by the developed method and current 
technology in semi-industrial conditions after drying-moisturizing 
treatments were analyzed based on their chemical composition and 
physicomechanical properties (Table IV). Comparative analysis 
of leather samples obtained according to the developed method 
indicates a higher content of tanning compounds of chromium 
and organic matter than those obtained by existing technology. At 
the same time, the amount of unbound fatty substances is 6% and 
12% higher for areas of horsefront and shell processed using the 
developed method. These data correlate with the heat resistance 
of leather samples. The filled leather obtained according to the 
developed method is 2–3 °С more hydrothermally stable.

The increased content of fatty substances and uniform distribution 
within the structure of the leather obtained by the developed method 
will promote the mobility of the collagen fibrils under deformation. 
This statement is confirmed by the observed decrease in the density 
and increase in elastic-plastic properties of the leather material. This 
is especially true for the tensile strength and deformation of leather 
from the horsefront and shell areas. Both characteristics increase by 
9–11% (tensile strength) and 8–9% (elongation before fracture).

Overall, the developed method utilizing ECA solution for soaking 
provides an efficient regeneration of water balance of horse raw hide 
and its further processing. This is also evidenced by an increase 
in the area to 0.4 m2 per 100 kg of raw hides. Based on the studied 
properties, the resulting leather can be used for manufacturing of 
clothing, accessories, and footwear.

Conclusions

It was established that the process of soaking of horse raw hides 
can be effectively carried out using the ECA solution – a mixture of 
catholyte and anolyte at a volume ratio of 5 : 1. The environmentally 
harmful reagent which is commonly used for leather soaking, such as 
sodium sulfide, together with sodium carbonate and surface-active 
substance(s) have been completely excluded from the composition 
of the soaking solution. Taking into account the peculiarities of 
the structure of horsehide, particularly, drastic difference in the 
thickness and the density of the horsefront and shell, an effective 
regeneration of water balance of the dermis takes place when 
a mixture of catholyte and anolyte is used to provide a stable pH 
environment during entire soaking process. The higher water 
content for the horsefront and shell samples during soaking and 
smaller difference between them compared to the samples processed 
using existing technology provide (1) the effective process of liming 
and (2) the basis for the processing of the whole horse raw hide at 
once into elastic leather. Soaking of green-salted horse raw hides in 
a mixture of catholyte and anolyte results in the formation of leather 
with the increased elastic-plastic properties and increase area yield by 
2.5% compared with the existing technology which involves separate 
processing of the horsefront and shell. The leather made from the 
horse raw hides processed using the developed method meets the 
requirements of DSTU 3115-95 “Leather for garments - General 
specifications” and the international standard ISO 9001:2008 for 
“Quality management systems - requirements” and can be used for 
manufacturing of clothing, accessories and footwear.

Table IV

Characteristics of the filled leather.

Characteristic Developed method Current technology

– Mass fraction* [%]

• chromium (ІІІ) oxide 4.1 ± 0.08 
3.6 ± 0.08

3.8 ± 0.08 
3.3 ± 0.08

• substances extracted with organic solvents 8.7 ± 0.2 
6.6 ± 0.1

8.2 ± 0.2 
5.9 ± 0.1

• bound organic tannings 12.9 ± 0.3 
8.7 ± 0.2

12.2 ± 0.2 
7.9 ± 0.2

– Shrinkage temperature, ТS [°С] 115 ± 1 
111 ± 1

113 ± 1 
108 ± 1

– Density [g/cm3] 0.63 ± 0.02 
0.66 ± 0.02

0.65 ± 0.02 
0.70 ± 0.02

– Tensile strength [MPa] 19.7 ± 1.2 
22.6 ± 1.4

17.7 ± 1.1 
20.8 ± 1.2

– Relative elongation at 10 MPa load [%] 36 ± 2 
25 ± 3

34 ± 2 
24 ± 1

– Relative elongation before fracture [%] 67 ± 4 
49 ± 3

62 ± 4 
45 ± 3

– Yield [m2/(100 kg of raw hides)] 15.1 ± 0.3 14.7 ± 0.3

Note: The numerator and denominator correspond to the values for horsefront and shell, respectively, while * 
denotes that the mass fraction was recalculated on the dry basis.
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Abstract 

Long-term or improper use of antibacterial agents utilized in the 
soaking process has led to the resistance of some bacteria in the 
leather industry. New agents may be the solution to combat these 
antibacterial resistant bacteria in the soaking process. As a natural 
resource, lichens are known to have many biological activities. In 
previous studies, we demonstrated that the acetone extracts of several 
lichen species including Usnea sp. may have potential antibacterial 
and anti–biofilm properties against some Bacillus species, which 
were isolated from different soak liquor samples. In the present 
study, it was questioned whether the same bioactivities of acetone 
extracts of Usnea sp. can be seen in the mixed cultures of tank 
surface samples and pre-and main soak liquor samples, which were 
obtained from different tanneries. Although the extracts did not 
show noteworthy antibacterial effect against one of the tank surface 
samples (inhibition ratios; 6.5–16.22%), inhibition percentages were 
detected as 69.32 and 46.33 at the concentrations of 240 and 120 µg/
mL for the other tank surface sample. The anti-biofilm potential 
of the extracts was tested on the sample where the antibacterial 
activity of the extracts was not observed. One of the mixed culture of 
samples from the tank surface could not be inhibited by the extracts 
in terms of bacterial growth. However, the extracts were tested on 
this biofilm-forming sample and detected more than 50% inhibition. 
Furthermore, the extracts inhibited the growth of the mixed culture 
of bacteria from pre-soak liquor by the percentages of 78.96, 61.5, 
51.3, 45.1, and 33.4 at the concentrations of 240, 120, 60, 30 and 
15 µg/mL, respectively. On the other hand, the same antibacterial 
efficacy could not be observed in the other mixed culture from pre-
soak liquor sample obtained from a different tannery whereas this 
sample formed a biofilm structure. The mixed culture of samples 
from the main soaking process was inhibited by the extracts at 
the inhibition percentages of 62.13–78.17 at the concentrations 
of 240- 30 µg/mL. Similar results were also obtained for the other 
sample (64.6–76.5%) from main soak liquor sample obtained from a 
different tannery. In conclusion, lichen extracts may have potential 
antibacterial and anti-biofilm properties against the mixed culture 
of bacteria from tank surface, pre-and main soak liquor samples and 
maybe alternatively utilized in the leather industry. 
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Introduction

The leather industry has great economic value as one of the oldest 
industries in the world.1 Bacterial microflora on hides/skins 
composes of many resident or transient bacteria which come 
from the animal itself or environmental sources. Whereas these 
bacteria are not harmful and do not cause any defects on hides of 
live animals under normal circumstances, the flaying process and 
a possible delay between the flaying and curing process trigger 
bacterial population growth. These bacterial population may have 
proteolytic and also other catabolic activities which cause to break 
down collagen network and diffuse into the hide and also bacterial 
attack to the grain surface. It was reported that protease and lipase 
producing bacteria cause hair-slip, putrefaction, grain peeling, 
loose grain, holes on the hides/skins, uneven dyeing, etc. Especially 
extremely halophilic archaea may cause red heat resulting in sueded 
grain.2-5 It is well known that many bacteria can multiply in 1–3 h 
under optimal conditions and bacterial deterioration of hides/skins 
may occur within 5–6 h after flaying.1, 6-8 It is obvious that bacterial 
density on raw hides/skins and in soak liquor may rapidly reach 
high levels in a short time period.6 Hide preservation techniques 
ensures the destruction of harmful bacteria, prevention of bacterial 
activities and contamination; and resistance of hides/skins against 
putrefaction during transport and storage.1 However, the adverse 
effects of bacterial activities on hides/skins in the production of 
high–quality leather have been emphasized in many studies.4-6, 9-13 In 
this context, the accuracy of the preservation methods of raw hides/
skins and also the proper soaking process gains importance. The 
researchers investigated the bacterial numbers from salt samples 
which were utilized for salt–curing, fresh, salted, and soaked hides 
and also from soak liquor samples.2, 6, 9, 14, 15 The number of bacteria 
from fresh hides were reported to be 108 CFU/g.14 Furthermore, the 
numbers of non–halophilic bacteria and extremely halophilic archaea 
were reported to be 104–108 CFU/g and 103–108 CFU/g on 36 salted 
hides. In the same study, the number of non-halophilic bacteria on 
soaked hides (105–108 CFU/g) and in soak liquors (105–107 CFU/mL) 
was also high.2 On the other hand, it was reported that the number 
of bacterial populations in soak liquors should be up to 105 CFU/
mL.16 Therefore, the number of bacteria do not seem to be efficiently 
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controlled by curing methods and the use of common antibacterial 
agents. Unfortunately, the presence of a large number of bacteria on 
the hides/skins and soaking liquor also reveals some consequences. 
Most bacteria, which were isolated from the leather industry, have 
been reported to secrete degrading enzymes such as protease and 
lipase. These enzymatic activities may cause degradation of the hide 
substance.2, 4, 5, 11, 17

The researchers emphasized that the mixed culture of bacteria on 
salted hides/skins may act synergistically and may cause unwanted 
defects on leather quality.6 It is well known that many bacteria coexist 
by interacting with other bacteria in their surrounding milieu 
and utilize various functions.18 To survive or dominate, bacteria 
must compete with each other because of their nutritional needs.19

Recently, researchers have reported that bacterial social behaviors 
such as intraspecies, interspecies or interkingdom interactions 
are regulated by quorum sensing system (QS) when bacterial 
population density reaches to higher levels in the environment. 
This bacterial communication is achieved by signaling molecules 
called autoinducers (AIs). Three types of AIs were identified: 
AI–1, also called homoserine lactones (HSLs) for Gram–negative 
bacteria, autoinducing peptides (AIP) for Gram–positive bacteria, 
and autoinducer–2 (AI–2) for Gram–positive and Gram–negative 
bacteria for interspecies interaction.20-23 In some circumstances, 
aggregated multicellular communities can form a three-dimensional 
biofilm structure, which is associated with the QS system, via 
extracellular polymeric substances (EPS).24-27 The biofilm structure 
ensures resistance to disinfectants, antibiotics, U.V., etc. in favor of 
bacteria so that these bacteria can easily escape from these conditions 
and continue to survive.28 Furthermore, this biofilm form has more 
resistance up to 10–1000 times against antibiotics when compared 
to its planktonic (free–swimming) forms.29 In general, research on 
biofilm structures are performed by using monocultures. However, 
these mono-cultures of biofilm communities are reported to be 
rarely encountered in nature.30 Moreover, it has been reported that 
mixed–culture biofilms are more resistant to disinfectants than 
monoculture biofilms.30 This antimicrobial resistance property 
of bacteria in such biofilm structures also leads to the multidrug 
resistance problems.31 In this respect, high bacterial density on 
the hides/skins and/or in soak liquor may activate the QS system 
followed by secretion of some virulence factors (protease, etc.) and/
or biofilm formation. Then, unwanted defects may be seen due to all 
these features. 

Due to resistance (intrinsic or acquired) problem of most bacteria to 
commonly utilized antibacterial agents, it has been suggested that 
some bactericides may not have efficient inhibitory effects against 
both total bacteria, proteolytic and lipolytic bacteria in soak liquors 
because of high organic content in soak liquors.2, 32 In a previous 
study supporting this suggestion, the presence of many non-
halophilic bacteria was demonstrated despite the antimicrobial 
agent at a twofold increased concentration (0.8 g/L).32 The mixed 
cultures are sub–samples of complex natural communities 

consisting of two or more bacterial strains and can be utilized as 
model communities.33 Since bacterial cells can survive despite the 
use of antibacterial agents, the difficulty of inactivation in mixed 
bacterial cultures with these agents has been reported.34 Moreover, 
the physiological behaviors of bacteria in their natural community, 
i.e. in a mixed culture can change.33 Furthermore, the efficacy of
antimicrobials may change in multi-species biofilms in comparison 
to single-species cultures and planktonic cells.35

Recently, new bioactive compounds from natural sources are 
thought to be an alternative to overcome the potential antimicrobial 
resistance of many bacteria. Lichens, symbiotic organisms between 
fungus and one or more algae or cyanobacteria, can synthesize 
many novel secondary metabolites with biological activities such as 
antibacterial, anti–biofilm, anti–oxidant, etc. against some Gram–
positive and Gram–negative bacteria.36-38 In the past decade, it was 
reported that preservation and storage and/or early stages of beam 
house processes are suitable for biofilm formation on hides/skins.39 

More recently, the potential antibacterial and anti–biofilm activities 
of several lichen species against some Bacillus species from soak 
liquor samples were demonstrated in our previous studies.40, 41 

In this way, we aimed to examine the potential antibacterial and 
anti–biofilm activities of Usnea sp. on mixed culture, which is 
similar to the natural environment but is an uncomplicated and 
also sufficient community. For this purpose, the acetone extracts 
of Usnea sp. were tested for their antibacterial and anti–biofilm 
properties on mixed cultures of samples from tank surfaces, as well 
as mixed cultures of pre– and main soak liquor samples collected 
from different tanneries. 

Experimental

Lichen Samples 
The lichen samples belonging to the Usnea sp. were collected from 
fir trees of Kastamonu province in the north–west of Turkey by all 
of the authors. The identification of the samples was confirmed by 
classical taxonomic methods based on microscopic examination by 
Çobanoğlu G.42-43

Usnea sp.: Turkey, Kastamonu province, Kapaklı Village, 41.24492, 
34.18330.

Extraction of Lichen Samples 
The lichen samples were washed, dried in air and weighed. After 
the samples were taken into sterile bottles, acetone (ACS, ISO, 
Reag. Ph Eur) was added and kept in a dark place for 24 h followed 
by filtration through filter paper. The acetone was evaporated 
in a rotary evaporator and crude lichen acetone extracts were 
obtained.40, 41, 44
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Samples 
The mixed culture samples from pre– (two samples) and main (two 
samples) soak liquors, as well as tank surfaces (two samples) were 
tested in the present study. Each pre- and main-soak liquor sample 
and tank surface sample was collected from different tanneries 
in Leather Organized Tannery Region, Tuzla–İstanbul, Turkey to 
obtain comparative results amongst the tanneries. The mixed culture 
samples of pre- and main soak liquor were taken into sterile glass 
bottles. The mixed culture samples were taken from the tank surfaces 
with transport swabs. Then, these samples were immediately placed 
into sterile sample bags and carried on ice during transportation. 
The samples were brought to the laboratory as soon as possible 
and the experiments were started. The pre- and main soak liquor 
samples were transferred into 50 mL sterile falcon tubes in the sterile 
cabinet. After these samples were centrifuged twice at 10000 rpm 
for 10 minutes, the supernatants in the tubes were removed. Then, 
tryptic soy broth (TSB) medium added onto cell pellets. The optical 
density (OD) values for each sample was checked at 600 nm for the 
antibacterial assays. On the other hand, the mixed culture of tank 
surface samples was also inoculated into TSB medium and the OD 
values at 600 nm were measured. In this way, bacterial suspensions 
with 0.02 OD values were prepared to examine antibacterial and 
anti–biofilm assays. 

Antibacterial Assays 
The antibacterial assays were performed in 96–well microplates 
(Greiner Bio–One, Cell Star, F–bottom, with lid). TSB medium 
was added to each well and five-fold serial dilutions of the acetone 
extracts of Usnea sp. were made. The final concentrations of 
lichen extracts were 240, 120, 60, 30 and 15 µg/mL. The prepared 
bacterial suspensions were added to obtain a total volume of 100 
µL. The untreated (TSB medium and test bacteria) and blind wells 
(only the TSB medium) were included in the study. The tests were 
performed in three replicates. The bacterial growth was evaluated 
at 24th h using Cytation 3 multimode microplate reader (Biotek), 
by measuring the absorbance. The antibacterial effects of acetone 
extracts of Usnea sp. against the test samples were compared with 
the untreated ones.40

Anti–biofilm Assays 
The anti–biofilm potential of the acetone extracts of Usnea sp. 
were also tested against the mixed culture samples from pre– and 
main soak liquors and tank surfaces. The assays were performed 
in 96–well microplates (Greiner Bio–One, Cell Star, F–bottom, 
with lid). TSB medium was added to each well and fivefold serial 
dilutions of the acetone extracts of Usnea sp. were made. The final 
concentrations of lichen extracts were 240, 120, 60, 30, and 15 µg/
mL. The prepared bacterial suspensions were added to obtain a 
total volume of 100 µL. These samples were incubated overnight at 
37°C in TSB medium in 96–well microplates without shaking. After 
incubation, we confirmed that the extracts did not kill bacterial 
strains in the samples tested. For this purpose, bacterial growth 
ratios at OD 600 nm were checked in the microplates before biofilm 

staining procedure in a microplate reader (Cytation 3-BioTek). 
Then, the microplates, in which no antibacterial effects were 
observed, were washed by physiological saline solution and dried at 
600C. Then, 200 μl of 0.1% crystal violet was added to each well for 
biofilm staining. The microplates were kept at room temperature 
for 10 min and washed three times. Following the second drying 
step, 200 μl ethanol was added and absorbance values were 
measured at OD 590 nm in a microplate reader (Cytation 3-BioTek). 
The experiments included untreated (the TSB medium and test 
bacteria) and blind wells (only the TSB medium). The anti–biofilm 
effect of acetone extracts of Usnea sp. against the test samples was 
compared with the untreated isolates. The tests were performed in 
three replicates.38, 41, 45

Results and Discussion

To the best of our knowledge, antibacterial and anti–biofilm effects 
of Usnea sp. against mixed–culture of bacteria from soak liquor 
and tank surface samples of leather processing plant have not been 
studied yet. In this study, we examined the acetone extracts of Usnea 
sp. for their antibacterial and anti–biofilm properties against mixed 
culture of bacteria from pre-and main–soak liquor samples and tank 
surface samples obtained from different tanneries. 

The potential biological activities of various extracts obtained by 
different solvents from some lichen species have been indicated 
in the literature. In a recent study, the antibacterial properties 
of acetone extracts of Hypogymnia physodes, Evernia divaricata, 
Pseudevernia furfuracea and Usnea sp. at different concentrations 
were evaluated against Bacillus toyonensis, Bacillus mojavensis, 
Bacillus subtilis, Bacillus amyloliquefaciens, Bacillus velezensis, 
Bacillus cereus, and Bacillus licheniformis, which were isolated from 
different soak liquor samples. In the same study, Usnea sp. acetone 
extracts were determined to have considerably high inhibitory 
effects on Bacillus species (86.6–97.9%) even at low concentrations.40 
In a continuation of this work, biofilm–forming Bacillus species 
were detected as B. subtilis, B. amyloliquefaciens, and B. velezensis 
and the acetone extracts of Usnea sp. have been detected to have 
potential anti–biofilm properties depending on the tested bacteria 
or concentrations applied.41

In this study, we firstly examined the potential antibacterial and 
anti–biofilm efficacies of acetone extracts of Usnea sp. against a 
mixed culture of bacteria, which were obtained from tank surfaces. 
As mentioned earlier, it is very important to control the number of 
bacteria on raw hides/skins or in soak liquor samples to produce 
high–quality leather because the number of bacteria from raw 
and soaked hides as well as soak liquor samples has been reported 
considerably high in the literature.2, 6, 9 A high number of bacteria 
means that the bacterial activity will be high and, as a result, hide or 
skin will be damaged. It is quite difficult to overcome any bacterial 
degradative activity, which occurs during the storage period or 
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soaking process, in the subsequent stages of tanning operations 
until the production of finished leather. We suggested that many 
bacteria may also colonize and form a biofilm structure on the tank 
surfaces and these bacteria may cause spontaneous contamination 
in every soaking process. From this point, two mixed–culture 
samples (A1 and A2) of tank surfaces from different tanneries 
were tested. According to our results, the acetone extracts of Usnea 
sp. had almost no antibacterial effect against the sample A1. The 
inhibition ratios were detected between 6.5 and 16.22%. On the 
other hand, the potential antibacterial efficacy was observed in the 
sample A2. The maximum inhibition percentages were calculated 
as 69.32 and 46.33 at the concentrations of 240 and 120 µg/mL. At 
the lower concentrations (60, 30 and 15 µg/mL), inhibition ratios 
were between 38.34 and 43.86%. These results demonstrate that 
the acetone extracts of Usnea sp. may have a potential antibacterial 
effect against the bacterial population, which colonized on the tank 
surfaces, depending on the bacterial communities. Considering our 
previous studies, the mixed culture of the tank surface samples may 
have Bacillus species dominancy.40, 41 Therefore, we could detect the 
antibacterial activity of the extracts in the sample A2, but not in the 
sample A1 (Figure 1).

We also tested these mixed cultures of samples obtained from tank 
surfaces for the capability of forming a biofilm. The experiments 
showed that a mixed culture sample of A1 formed a biofilm but the 
sample A2 did not. The difference between the two samples may be 

related to the bacterial composition of mixed culture. This result 
pointed out that disinfection techniques have to be performed 
regularly on tank surfaces. The anti–biofilm potential of the acetone 
extracts of Usnea sp. was only evaluated on the sample A1 because 
the growth of sample A2 was already inhibited by the extracts at 
varying percentages. It is well known that anti-biofilm assays 
are performed at sub‐inhibitory concentrations of antibacterial 
agents below the minimum inhibitory concentration (MIC) value. 
To evaluate the anti-biofilm potential of the extracts, the same 
test concentrations were utilized because we detected that these 
concentrations had no antibacterial effects in the sample A1. The 
extracts suppressed more than 50% biofilm formation of the sample 
A1 at concentrations of 240, 30 and 15 µg/mL (Figure 2). 

According to the results of our anti-biofilm experiments, the 
fluctuating effect by the varying concentrations of the extracts 
was observed. A similar effect was also determined in the biofilm 
formation of some Bacillus species in our previous study.41 Therefore, 
the bacterial population that forms a biofilm structure could probably 
have caused this effect. Since biofilm formation is a multi-step 
process, it may also be suggested that the tested extracts might affect 
different targets. It is well known that the soaking process consists of 
two stages as pre–soaking and main soaking.16 It has been reported 
that the duration of the main soaking process generally changes 
from 1.5 to 24 h, depending on curing methods and countries.2, 

16 In our previous questionnaire study, we determined that the 

Figure 1. The antibacterial effects of the extracts against the samples A1 and A2. 

Figure 2. Anti–biofilm effect of the extracts against the biofilm–forming sample A1. 
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soaking process was generally carried out for 12–18 h in Turkey.46 
Such a quite long soaking process will inevitably trigger the growth 
of bacteria in the presence of high organic matter. Previously, the 
antimicrobial agent including didecyldimethylammonium chloride 
was found to be ineffective to decrease the number of bacteria in 
soak liquor samples at the manufacturers’ recommended dose.32 In 
the present study, we analyzed the antibacterial and anti–biofilm 
potential of the acetone extracts of Usnea sp. in two different samples 
of mixed culture bacteria from pre–soaking process. According to 
the results of the experiments evaluating antibacterial efficacy of 
the extracts, the sample B1, which was isolated from pre–soaking 
process, was inhibited by the percentages of 78.96, 61.5, 51.3, 45.1, 
and 33.4 at the tested concentrations of 240, 120, 60, 30 and 15 µg/
mL, respectively. On the other hand, the same efficacy could not 
be observed in the sample B2. At the initial three concentrations, 
there was no antibacterial effect by the extracts. At the last three 
concentrations (60, 30 and 15 µg/mL), there was a slight inhibition on 
the bacterial growth of the sample B2, which was recorded as below 
10.6% (Figure 3). 

Also, the samples B1 and B2 were tested for the capability of biofilm 
formation. Our findings showed that the mixed culture sample of 
B1 did not form a biofilm structure whereas the sample B2 formed 

a biofilm. As in the mixed culture samples of tank surfaces, the 
difference between the two samples was probably due to the bacterial 
composition of mixed cultures. Moreover, the acetone extracts of 
Usnea sp. could not efficiently inhibit the biofilm formation of the 
sample B2. Slight inhibition ratios were determined and these ratios 
were recorded under 50% (Figure 4). These data suggest that a mixed 
culture of bacteria can survive in a biofilm structure despite the 
utilized antibacterial agents. Although our natural extracts do not 
have a remarkable effect on the inhibition of biofilm formation of 
mixed culture of bacteria from pre–soaking process, further studies 
for antibacterial agents in combination with lichen extracts, which 
are known to have several biological activities, may be performed 
for the evaluation of their antibacterial and anti–biofilm efficacies 
against bacteria in soak liquor. 

We also evaluated the antibacterial and anti–biofilm potential of 
the acetone extracts of Usnea sp. on two different samples of mixed 
culture bacteria from main–soaking process, which were obtained 
from different tanneries. The mixed culture of sample C1 from the 
main–soaking process was inhibited by the extracts at the inhibition 
percentages of 62.13–78.17 at the initial four concentrations (240, 
120, 60, 30 µg/mL). The inhibition ratio for the concentration of 
15 µg/mL was recorded as 48.24. Similarly, the inhibitions by the 

Figure 4. Anti–biofilm effect of the extracts against the biofilm–forming sample B2.

Figure 3. The antibacterial effects of the extracts against the samples B1 and B2.
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acetone extracts of Usnea sp. were detected in the mixed culture of 
sample C2 from main soaking process. The inhibition percentages 
were between 64.6 and 76.5 (Figure 5). However, these samples 
did not form any biofilm structure (data not shown). These results 
might be related to the timing of sample collection because the main 
soak liquor samples were taken approximately at the 4 h of the main 
soaking process from the leather processing plant. Taking samples 
from the soak liquor periodically at certain intervals may be more 
useful to assess the potential of these extracts. Also, the differences 
in bacterial composition or the presence of resistant bacteria in the 
soak liquor samples may affect the biofilm formation. 

There are also several studies in the leather industry that investigate 
the potential antibacterial effects of other natural products against 
bacterial growth. In a study evaluating the antibacterial effects of 
essential oils of Lavandula officinalis and Eucalyptus globulus on 
leather specimens, it was reported that samples treated with essential 
oil of L. officinalis had a more protective effect when compared to 
the samples cured with 2–(thiocyanomethylthio) benzothiazole 
(TCMTB) after 24 weeks. Also, the essential oil of L. officinalis 
was found to have a better antibacterial effect than E. globulus.47 
Furthermore, there are studies examining potential antibacterial 
agents from natural resources, especially in the soaking process. 
For example, myrtle oil (1%), which was added to soak liquor, was 
examined on the bacterial growth after 7 and 24 h soaking, and its 
effect was compared against the tested bactericide including 7–25% 
phenol, 4–chloro–3–methyl. The researchers detected similar 
bacterial counts in both treatment groups.48 In another study, 
the potential antibacterial effect of Origanum minutiflorum was 
reported in comparison to the commercial bactericide, including 
7–25% phenol, 4–chloro–3–methyl.49 In this study, the potential 
antibacterial and anti-biofilm efficacies were also demonstrated for 
the acetone extracts of Usnea sp. In a previous study, it has been 
reported that biofilm formation causes dyeing defects in the leather 
industry.39 Therefore, biofilm formation may have an important 
role in the production of the best value of leather. More recently, 
novel approaches such as anti-virulence strategy have come into 

prominence because most bacteria may secrete virulence factors 
such as protease and elastase. The production of virulence factors 
and also biofilm formation is associated with the QS system. The 
anti-QS potential of lichens was reported in the literature.44 In this 
manner, the potential effects may be investigated in detail for anti-
QS and anti-virulence properties of lichen extracts. These extracts 
and/or their compound(s) with anti-biofilm, anti-bacterial, and 
anti-QS properties may be applicable in the leather industry. 

Conclusion

In the present study, it has been demonstrated that the acetone 
extracts of Usnea sp. may have antibacterial and anti–biofilm 
properties against a mixed culture of bacteria from tank surface and 
pre–or main soak liquor samples. The efficacy of the extracts varied 
depending on the samples. These differences may result from different 
bacterial compositions of mixed cultures obtained from soak liquor 
or tank surface samples. In this study, it has been also shown that 
mixed cultures of bacteria from the tank surface and pre-soaking 
process can form a biofilm structure. Biofilm formation may play an 
important role during leather–making processes. Further detailed 
studies may increase our knowledge about biofilm formation on 
hides/skins. Lichen extracts have advantages such as having potential 
antibacterial and anti–biofilm properties as well as being non–toxic, 
and ecological material. If the chemical(s) of these lichen extracts are 
comprehensively investigated, the major active ingredient may be 
discovered and may be utilized in the leather industry. 
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Abstract

Waste management in leather processing is crucial in limiting 
the excess use of hazardous materials that lead to environmental 
pollution and health concerns. A closed-loop approach was 
developed to recycle the spent solutions from leather processing to 
reduce waste in the effluent. The structural changes of collagen that 
accompany such processing are yet to be studied and is crucial in 
understanding the closed-loop process and its subsequent leather 
properties. In this study, we analysed the collagen structure at 
different processing stages across the closed-loop approach using 
synchrotron small-angle X-ray scattering. An increased filling 
effect in the collagen matrix was observed and attributed to the 
residual organic component and chromium species in recycled 
spent solutions. A high uptake of chromium was also observed 
from the increased scattering intensity from leathers treated with 
recycled chrome solution, indicating its efficient use. Additionally, 
the changes in scattering intensity from keratin and lipids indicated 
an effective unhairing process. Such findings on collagen structure 
changes will support the development of more environmentally and 
economically sustainable processing methods to benefit the leather 
industry. 

Introduction

The processing of animal skins making wet blue leather involves 
a series of chemically intense steps such as liming, pickling and 
chrome tanning.1 To improve the efficiency of these processes, an 
excess of reagents is often used, leaving the unused chemicals to be 
treated before discharging into the environment.2 During the liming 
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step, sodium sulphide (Na2S) and sodium hydrosulphide (NaHS) are 
used as depilatories in breaking down the disulphide (S-S) bonds in 
the cystine (Cys) residues of the keratin.1 The excess sulphide (S2-)  
and hydrosulphide ions (HS-) in the spent solution are oxidised 
to avoid the generation of toxic hydrogen sulphide (H2S) gas, 
resulting in a high sulphate (SO4

2-) concentration in the effluent.3,4 
The pickling step requires high concentrations of sodium chloride 
(NaCl) to prevent skins from swelling at low pH, leading to an excess 
of chloride ions (Cl-) in the wastewater.4 Further, the inefficient 
uptake of chromium sulphate in the chrome tanning step, results in 
the presence of unbound Cr3+ in the spent tanning solution requiring 
the effluent to be treated before being released into the enviroment.4,5 
According to previous investigations the wastewater produced 
during unhairing and liming contains 26,000 mg/L of SO4

2- while 
the wastewater from the pickling and chrome tanning steps contains 
59,000 mg/L of Cl- and around 2000 mg/L of Cr3+.4 These values are 
much higher than the permissible limits for the direct discharge 
of wastewater according to effluent disposal standards (GB 30486-
2013).6 This has lead researchers to study methods to recover, recycle 
and reuse chemicals involved in leather processing. 

Recycling could mean the recovery of chemicals from the spent 
solutions followed by reusing or the direct recycling of the spent 
solutions, although the latter is preferred due to an extra benefit 
from the reduced water usage.2 Recently, a closed-loop approach 
was developed and utilized in leather tanneries.7,8 In this method, 
the effluent from unhairing, liming, pickling and chrome tanning 
could be completely reused in the ensuing processing cycles, with 
the leather properties shown to be comparable to a conventional 
process.7,8 As the main component of animal skins, collagen has its 
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intrinsic long-range ordered molecular and fibrillar structure that 
gives leather its characteristic organoleptic properties.9 Because of 
the periodic arrangement of collagen molecules, X-ray scattering 
technologies are widely applied to analyse changes in its structure.10,11 
The intrinsic properties of collagenous tissues were studied and 
related to the collagen structure at different length scales from 
sub-nanometer to hundreds of nanometer using X-ray scattering 
techniques,12-14 highlighting X-ray as an important tool for providing 
insights into the collagen structure. Previous X-ray scattering studies 
on collagen in leather specifically have shown that it is possible to 
follow molecular-level changes in the collagen structure during each 
stage of a conventional process from raw skin to leather.13 However, 
leather processes based on closed-loop systems are yet to be studied, 
and can provide valuable information on the molecular interactions 
of the recycled solutions with the collagen in leather. The ability 
to directly resolve molecular-level changes quickly, accurately and 
with minimal sample preparation makes synchrotron SAXS an 
important technique to evaluate novel tanning processes. 

In the current work we study the effect of recycling solutions on 
the collagen structure of skins and the resultant leathers. Results 
indicated an increase in chromium binding efficiency based on 
changes observed in the collagen intermolecular packing, D-period 
and peak intensities. Also, keratin and lipid components that were 
affected during hair removal supported the effectiveness of recycled 
liming solution. The results provide complementary information 
that adds to the chemistry knowledge of leather tanning and a more 
comprehensive understanding to the closed-loop tanning approach 
is established. The improvement of fundamental understanding on 
this recycling technology will also shed light on the improvement 
of the sustainability of industrial leather manufacturing processes. 

Experimental Methods

Sample preparation
Calf skins were prepared following the proprietary closed-loop 
processing method (Scheme 1)15 in a local tannery in Hebei Province, 
China, and samples were taken during a number of different process 
steps (stage 1 to 8). Firstly, the salted raw skins were soaked in water 
to allow them to rehydrate, following which they were mechanically 
processed to remove the flesh. The fleshed raw skins (1) were then 
loaded in the drum with 100 wt% (based on the weight of the fleshed 
raw skin, same until splitting) the recycled solution obtained from 
previous unhairing-liming cycles (part A, Scheme 1). The recycled 
liming solutions at pH around 12.5 contain in average 1500 ppm of 
S2- and were relatively consistent over more than 300 cycles in the 
tannery. Then, 0.8 wt% of Ca(OH)2, 0.5 wt% of NaHS and 0.15 wt% 
of degreasing agent were added to the drum at 25°C and ran for 1 h 
before filtration. During this unhairing step, hair became dislodged 
from the grain surface of skins and was removed by filtration 
while running for 1 h. The solution was then pumped back to the 
drums for liming. Chemicals for liming were subsequently added 
at 25°C, including 1.0 wt% of Ca(OH)2, 0.8 wt% Na2S to raise the 

pH to around 13 to open up the collagen fibre structure to facilitate 
chemical interaction during the following processing steps. During 
liming, skins can easily swell by up to 80%,1 so fresh water is added to 
compensate for the reduced amount of solution at this stage to make 
up a 80 wt% solution, followed by an addition of 0.4 wt% Ca(OH)2 
and the skins run overnight at 25°C. Limed skins (2) were unloaded 
while the solution was filtered for reuse in the next cycle. 

The skins were fleshed, split to a thickness of 2 mm, and delimed (3) 
to pH = 8.0 using 0.3 wt% of sodium metabisulfite (Na2S2O5), 2.0 wt% 
of ammonium chloride (NH4Cl) at 30°C for 2 h, and then treated with 
0.3 wt% of bating enzyme (“bated”) (4) at 30°C for 1 h. The purpose 
of deliming and bating is to remove dissolved proteins from skins as 
well as the potentially residual hair buried under the grain surface. 

The pickling step is the starting point of the second closed-loop cycle 
(part B, Scheme 1), in which spent chromium solution is used for 
pickling and also during tanning. The recycled chromium solution 
at pH around 3.5 contained in average 2800 ppm of Cr(III) and 
was reused for more than 300 cycles in the tannery. The skins were 
first acidified to pH = 2.5 using a subsequent addition of 0.7 wt% of 
formic acid (HCOOH) and 1.1 wt% of H2SO4 in 50 wt% of recycled 

Scheme 1. Flow chart of a closed-loop approach for leather processing with blue 
arrows highlighting the recycling of the spent solutions. (A) Unhairing-liming 
cycle; (B) Pickling-chrome tanning cycle. Samples are collected from different 
stages of the process for SAXS analysis: (1) raw; (2) limed; (3) delimed; (4) bated; 
(5) pickled; (6) Cr treated; (7) basified; (8) wet blue.
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chromium solution at 25°C, under NaCl concentration of 2.0 wt% 
(to the limed split skin weight, same below) (5), then tanned with 
5.0 wt% basic chromium sulphate (Cr(OH)SO4, 25% Cr2O3, 33% 
basicity) for 2 h (6), followed by basification to pH = 4.0 in another  
2 h (7). Next, two portions of 50 wt% of recycled chromium solution 
was added at 55-65°C to raise the final drum temperature to 40°C 
and the drums run for another 4 h to produce the “wet blue” leathers 
(8). Such a high temperature will facilitate the chemical exhaustion 
and interactions of the recycled chromium species with collagen. 
The spent solution was then filtered for reuse in the next cycle. 

Samples collected at each stage were named as: (1) raw; (2) limed; 
(3) delimed; (4) bated; (5) pickled; (6) Cr treated; (7) basified; (8) wet
blue. All samples were kept at 4°C prior to the structural analysis.

Small-angle X-ray scattering (SAXS)
Skin and leather samples were cut into squares sized 10 mm × 
10 mm × 3 mm (L × W × H), kept between polyimide films, and 
sealed into sample cells to keep their moisture levels constant. SAXS 
experiments were conducted on Beamline 23A1 at the National 
Synchrotron Radiation Research Centre (NSRRC) in Hsinchu, 
Taiwan. The measurements were carried out at a 2.602 m sample-
to-detector distance with an X-ray energy of 15 keV. The scattering 
intensity I(q) is presented as a function of scattering vector, q, where 
q = 4πsin(θ/2)/λ, and where θ is the angle between incident and 
scattered radiation. Peak fittings were conducted following previous 
studies using SAXSFit and Fityk.16-18 Relative diffraction peak 
intensity is calculated as Rn/m = An/Am, where An and Am stands for 
the area of peak order n and m. Peak positions were recorded and 
converted to real-space distance d = 2π/q.

Results and Discussion

The SAXS pattern of raw calf skin (Figure 1A) showed a group 
of well-resolved diffraction rings within the q region of 0.1–3.0 
nm-1 originating from the long-range ordered packing of collagen 
molecules within the collagen fibrils.13 During the processing of 
skins in the closed-loop system, the integrated SAXS data showed 
significant changes in the intensities and positions of the diffraction 
peaks (Figure 1B). The overall trend is in good accordance with 
conventional leather processing methods, indicating a comparable 
structure to standard leathers.18,19 The third to eleventh order peaks 
dropped from the raw (1) to the limed stage (2), along with a shift 
towards higher q. This can be explained by the swelling of collagen 
fibres under alkaline conditions.1 Additionally, a slight increase 
in background scattering is observed at the limed stage, which 
may be caused by the organic components in the recycled solution 
that have been absorbed by the skins during swelling. This is also 
supported by the relative decrease in the form factor scattering from 
collagen fibrils due to mass dilution. After deliming (3), the peak 
intensities increased, and remained the same at the bated stage (4). 
Deliming and bating brings the skins back to a neutral pH causing 

deswelling,1 observed as a shift of peak position backward to lower 
q. However, the overall peak intensities of delimed and bated skins
are similar to the limed skins, indicating that permanent changes
in collagen structure were conferred to the skin during liming.1

Overall peak intensities increased marginally when skins reached
the pickled stage (5). During closed-loop processing, pickling was
conducted using a recycled chromium solution. Normally the
introduction of chromium species into the collagen matrix will
cause a significant increase in diffraction peak intensities from the
fourth order onwards.18-20 However, in our case, as the chromium
species are not activated, no binding occurs, hence there is no
concomitant enhancement of the electron density contrast of the
collagen structure. This further supports the assertion that only a
low concentration of chromium species is left over from the previous 
cycles, which is suitable for recycling and avoids causing coarse
grain on leather products.21 After the addition of basic chromium
sulphate (6), an increase in intensity of the fifth to eleventh order
peaks was observed, along with the disappearance of the third order 
peak. This can be explained by the fact that the tanning effect of the
chromium species changes the structure of collagen in the skins and 
thereby increases the electron density contrast in the matrix.20 The
intensity of the fifth to eleventh order peaks increased at basification 
(7) and wet blue (8) stages, at which point the third order peak then
reappeared. The increase in overall peak intensity along with the
reappearance of the third order peak suggested the exhaustion of
active collagen amino acid residues and the increasing uptake of
chromium into the collagen matrix.18 Another broad feature was
observed at high q region around 4.0 nm-1 (Figure 1C and 1D) which 
was attributable to the intermolecular lateral packing (ILP) of the
collagen molecules according to previous studies.22,23 This peak
shifted significantly towards low q from raw (1) to limed (2), and
then moved back gradually towards high q from the deliming (3)
to wet blue (8) stages, The changes in ILP can also be attributed to
the chemical treatments during the process, which will be discussed
later with the peak fitting results.

Apart from the signals from collagen, we also observed a diffuse 
feature at q = 1.3 nm-1 in the raw skin SAXS pattern (Figure 1A). 
Further investigations on the hair of raw skins (1’) provided more 
resolved features (Figure 1C). According to the previous reports, the 
equatorial peaks at q = 0.7, 1.3 and 2.3 nm-1 (scale in real-space = 
9.2, 4.7 and 2.8 nm) and the meridional peak at q = 0.9 nm-1

 (scale in 
real-space = 6.8 nm) can originate from the lateral and axial packing 
of keratin intermediate filaments (KIF) in hair, respectively.24-28 The 
intensity of the equatorial peaks from KIF usually follow a decreasing 
trend with increasing q,25,28 however, we observed an exceptionally 
higher intensity of the peak at q = 1.3 nm-1 than the peak at q = 0.7 
nm-1 (Figure 1D). This implies a superimposition from the scattering 
signal of other components in hair or skin. The crystalline lipid 
with layered stacking in skin hair follicles was reported to have an 
isotropic ring showing a real-space scale of 4.5 nm, which is in good 
accordance with our observation in this study.25-27,29 
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We then monitored the changes of the aforementioned diffuse 
features during the processing of skins in the closed-loop system 
(Figure 1F). When the skins were limed, the peak at q = 1.3 nm-1 
diminished and the peak at q = 0.7 and 2.3 nm-1 become almost 
undetectable. The surfaces of the skins were visually clean at 
this stage, so we could not collect hair samples to measure them 
separately from the skins. During the liming step, the majority of 
the hair around the surface of skin is broken down and removed 
from the solution by filtration,1,7 causing a significant decrease in the 
scattering signal from KIF from hair on limed skin (2).25 However, 
the presence of peak at q = 1.3 nm-1 suggests either the existence of 
minimal residual KIF or the retained crystallinity of lipid in the 
follicles under the surface of the skins. Nevertheless, this is direct 
evidence of the effectiveness of recycled liming solution to remove 
hair from skins in this closed-loop process. After deliming (3), the 
collagen matrix became more compact, therefore revealing a slightly 
stronger scattering of the peak at q = 1.3 nm-1 from the residual lipid 
or KIF. However, this peak displaced slightly to the low q in bated 
skin (4), indicating a disrupted intermolecular structure of the lipid 
in combination with the enzymatic effect from the broad-spectrum 
protease that facilitates the removal of potential residual keratin 
filaments at this stage of processing.30 After pickling (5), most of the 
dissolved components are removed, leaving a clean grain with no 
residual hair.

Detailed studies on the structural changes of collagen during the 
closed-loop process were obtained from the fitting of peaks in the 
SAXS plots (Figure 2). The packing of collagen molecules in a fibril 

Figure 1. (A) SAXS pattern of a raw calf skin showing characteristic diffraction rings originating from the long-range ordered collagen 
structure. (B) Integrated data in the q region of 0.2–1.2 nm-1 from skins at different stages of processing using recycled solution. 
Selected peaks are labelled corresponding to q = 2πn/D where n is the peak order and D is the collagen axial packing periodicity 
(D-period). (C) SAXS pattern of a bated skin sample showing the diffuse arc originating from the ordered intermolecular lateral 
packing (ILP) of the collagen molecules. (D) Integrated data in the q region of 1.0–5.2 nm-1 from skins at different stages of processing 
using the recycled solution. (E) SAXS pattern of raw calf hair showing diffuse features with orientation. (F) Integrated data in the q 
region of 0.4–3.0 nm-1 from raw calf skin and hair to highlight the position of the diffuse peaks. 

Figure 2. Calculated collagen (A) D-period and (B) intermolecular lateral 
packing distance (dILP) in calf skins from SAXS analysis at different stages of 
leather processing using the closed-loop approach: (1) raw; (2) limed; (3) delimed; 
(4) bated; (5) pickled; (6) Cr treated; (7) basified; (8) wet blue.
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during basification (7). However, the value decreased at the wet blue 
(8) stage. It was proposed that the intensity of the fifth and third
orders is affected by two events: (i) crosslinking of the collagen and
(ii) the increase in electron density contrast due to the introduction
of Cr3+ species.18 While the former causes a decrease in the third
order and increase in the fifth order, the latter leads to an increase
in both peaks. Therefore, when adding recycled chromium solution
to the skins after basification, the decrease in R5/3 is attributable
to the further increased uptake of Cr3+ species within the collagen
matrix. When it comes to changes in R6/5 (Figure 3B), a higher
R6/5 generally indicates a more dehydrated collagen matrix in the
skins. As expected, a sharp decrease in R6/5 from raw (1) to limed
(2) indicated the opening up of the collagen structure associated
with the influx of water into the collagen matrix during alkaline
swelling. However, after deliming (3) and bating (4) the R6/5

remained at low levels. This suggests that the removal of non-
structural proteins as well as the increased carboxyl side chains
during liming can potentially increase the hydrogen bonding
propensity of water to the collagen molecules in the matrix. The
R6/5 then increases during pickling (5) using sulfuric acid diluted by 
recycled chromium solution. This can be explained by the lyotropic
effect of high concentrations of Cl- which weakens the hydrogen
bonding interactions between collagen and water.33 In addition,

follows a long-range ordered quarter-stagger arrangement with a 
characteristic axial packing periodicity (D-period) and a lateral 
packing distance (dILP).9,31 A sharp decrease in D-period from 65.8 to 
64.4 nm between the raw (1) and limed (2) stages was observed along 
with a steep increase in dILP from 1.26 to 1.55 nm. This observation 
is in agreement with the visual shrinkage of the skin as well as 
the increase in its thickness at the limed stage. Under the highly 
alkaline conditions found during liming, the hydrolysis of amide 
groups on collagen side chains happens rapidly, generating more 
carboxyl groups.1 This can result in a shift of the isoelectric point 
of collagen from 7.4 to 5.0-6.0, disrupting the existing salt links and 
hydrogen bonds due to alteration of charges on the side chains.1 The 
weakened intermolecular linkages and the like-charge repulsion 
between negatively charged side chains on collagen could cause 
anisotropic swelling of the matrix, which is observed as a decrease 
in the D-period and an increase in the dILP during the liming stage.23 
Deliming (3) on the other hand, causes deswelling on skins at the 
macroscale, observed as an increase in the D-period to 65.2 nm and 
a decrease in dILP to 1.49 nm. The structure after deliming is different 
to the original structure in the raw stage suggesting a permanent 
opening-up effect in the fibrous structure of collagen during the 
liming process, which is supported by previous studies.1 During 
bating (4) and pickling (5), the collagen intermolecular structure 
gradually became denser, especially in the lateral direction, 
supported by a continuous decrease in dILP from 1.49 to 1.42 nm, 
while the D-period increased slightly to 65.4 nm at the pickling 
stage. When basic chromium sulphate (6) was added to the skins, we 
observed a slight decrease in D-period from 65.4 to 65.2 nm. During 
basification (7), the D-period increased by 0.2 nm, which decreased 
again following the introduction of recycled chromium solution 
to bring the skins to wet blue (8). These observations agree with 
our earlier report on the conventional processing of bovine hides 
that the D-period decreased when tanned using basic chromium 
sulphate.19,32 However, the decrease in D-period from pickled skin to 
wet blue leather is much less in this closed-loop approach (0.2 nm) 
than in the previously reported results (1.2 nm).32 By reusing spent 
chromium solution that contains dissolved organic components 
such as protein as well as inactive chromium species, an enhanced 
filling effect can be expected. This molecular-level observation 
showed good accordance with the improved fullness of the wet blue 
leather produced from the closed-loop approach in comparison to 
conventional leathers in this trial.

To further investigate the closed-loop process, structural indicators 
of collagen were demonstrated based on the ratio of SAXS peak 
intensities (Figure 3), namely, fifth order to third order (R5/3) for the 
tanning effect, and sixth order to fifth order (R6/5) for the hydration 
level of collagen.13 From raw (1) to limed (2), delimed (3), bated 
(4) and pickled (5), only marginal changes were observed in R5/3,
followed by a sharp increase after the addition of basic chromium
sulphate (6) (Figure 3A). This can be attributed to the binding of
metallic species to collagen and the covalent crosslinking between
chromium species and collagen. The value remained constant

Figure 3. Relative intensities of the fifth to third (R5/3) and sixth to fifth (R6/5) 
order peaks at different stages of leather processing using the closed-loop 
approach: (1) raw; (2) limed; (3) delimed; (4) bated; (5) pickled; (6) Cr treated; (7) 
basified; (8) wet blue.
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due to the introduction of inactive chromium species, water can 
be substituted from the collagen matrix which would also lead to 
an increase in R6/5.18,34 A sharp increase was observed following 
the addition of basic chromium sulphate (6) which was followed 
by more moderate increases through to the wet blue (8) stage. This 
dehydration effect during chrome tanning is attributable to the 
covalent binding of chromium with collagen, which displaces the 
hydrogen-bonded water from the molecules.18 The further improved 
uptake of chromium during basification and the addition of more 
recycled chromium solution at higher temperature can also result 
in dehydration due to the displacement of unbound water by the 
deposition of chromium species in the collagen matrix.18,34 

In summary, the structure of collagen in skins predominantly 
showed the characteristic changes previously documented during 
conventional tanning,13 while differences were highlighted. An 
increased filling effect from the dissolved organic component and 
the inactive chromium species are suggested by the intermolecular 
spacing changes, and may result in an improvement in fullness of 
the resulting leather. Changes in peak intensities also suggested a 
higher exhaustion during chrome tanning using recycled chrome 
solutions. Structural changes in keratin and lipid were also 
detected during the unhairing and liming stage, confirming the 
effectiveness of the recycled liming solutions following the closed-
loop approach.

Conclusions

Recovery and reuse of spent solutions can substantially reduce the 
environmental burden and considerably improve the economic 
sustainability of the leather industry. Wet blue leathers processed 
using a closed-loop approach have been previously shown to produce 
similar macroscale properties and the advantages of this technology 
are indicated through the molecular-level structural analyses of 
samples at different process stages using synchrotron SAXS. Results 
indicated an increase in chromium uptake and fixation, as well as 
an increased filling effect. The effectiveness of unhairing and liming 
using recycled solution is also proven. The fundamental information 
revealed in this study extends our understanding of the effects of 
green processing technologies on collagen structure in skins and 
thereby helps guide the future development of more sustainable 
manufacturing methods for the leather industry.
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Abstract

During the beamhouse process for nappa leather, pelts are usually 
limed with amino compounds such as urea, ethylenediamine, 
and triethanolamine. However, the interaction between amino 
compounds and collagen is not well known. In this work, collagen 
fibers were soaked in various concentrations of urea and the 
thermal degradation of collagen fibers were studied by the methods 
Horowitz-Metzger and Coats-Redfern. The mechanism of the 
reaction between urea and collagen fibers is discussed, wherein 
the thermal degradation activation energy first decreases and then 
increases. The lowest thermal degradation activation energy of 
urea processed collagen appears at 2-3 mol/L urea, suggesting that 
the stability of collagen is the poorest when the pelt is processed 
in the urea solution. At the urea concentration above 6 mol/L, the 
thermal degradation activation energy of the sample is similar to 
samples without urea processing and the higher concentrations 
does not have the same effect as lower concentrations of urea. 
The collagen fibers with a urea processing history were washed to 
remove the urea in them, and the samples were studied again for 
their thermal degradation behavior. The results indicated that the 
thermal degradation activation energy of the collagen fibers might 
recover to the unprocessed level. Therefore, it was suggested that the 
reaction between urea molecules and collagen fibers is reversible. 
Urea molecules might help to destroy some of the hydrogen bonds 
between collagen peptides in the urea solution. After the urea is 
washed out, the structure of the collagen will return to its original 
state, because the hydrogen bonds might be reconstructed.

Introduction

As an abundant natural polymer in animal skins and bones, collagen 
has found wide applications in many fields, such as leather, gelatin, 
glue, food, health products, medicine and the cosmetic industry 
because of its favorable triple helix structure and biochemical 
characters.1 Leather is made from hides or skins through a 
complicated process, including soaking, degreasing, liming, 
reliming, deliming, bating, pickling, tanning, retanning, fatliquoring 
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and finishing, in which liming is one of the most important ones in 
determining the feature and properties of resultant leathers.2, 3 In 
liming, pelts are usually limed with amino compounds such as urea, 
ethylenediamine, and triethanolamine. However, the interaction 
between amino compounds and collagen is not well known.3 Urea is 
a low-cost chemical and an important protein denaturant, which is 
frequently used in liming. So, the interaction mechanism of urea on 
collagen deserves a thorough study. 

The influence of urea on shrinkage temperature, isometric tension, 
swelling behavior, tensile strength, and percentage extension of 
native rat tail tendon (RTT) were examined by R Usha.5-6 They 
found that the lyotropic swelling increased the width of the fiber 
and was associated with the action of urea on the collagen fiber. 
The melting behavior and the swollen fascicles were clearly seen in 
scanning electron micrographs of 3 and 6M urea-treated RTT. The 
reduction in the dimensional stability of native RTT collagen fiber on 
treatment with urea demonstrated the role of secondary structure in 
the dimensional stabilization of collagen. In the DSC study of urea 
process on rat tail tendon (RTT) collagen fiber, the peak temperature 
and enthalpy changes decreased with increasing concentrations of 
urea, increasing chain length of alcohol and decreasing pH.7 As to the 
effect of guanidinium salts on protein, lyotropic activity increased 
in the series formamide <urea <guanidinium ion, and in the 
guanidinium salts in the anion order of fluoride< sulphate< chloride< 
bromide< nitrate< iodide. Low activities of guanidinium fluoride 
and sulphate were attributable to counter-effects of the anions, 
which acted as structural stabilizers.8 Urea might cause a decrease 
of venous tissue volume over the whole range of concentration with 
the exception that, beyond 1.0 osM, an increase appeared.9 The 
renaturation rates of calfskin collagen were largely determined by the 
degree of “undercooling” irrespective of the particular perturbant 
present, although perturbants with hydrocarbon structure deviated 
progressively from the linear trend found for formamide and urea. A 
direct relationship existed between lyotropic activity and perturbant 
hydrogen bonding to collagen peptide bonds.10

From the thermal behaviors of a material, we may indirectly know 
some structural information of the material. In our reported 
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works, the thermal degradation kinetics of collagen fibers tanned 
by different tanning agents and soaked in sweat were studied, as 
well as the interaction between collagen fibers and the tanning 
agents or sweat soaking was discussed from viewpoints of thermal 
degradation of collagen fibers.11-15 It was found that chrome tanning 
might improve the thermal degradation stability obviously, while no 
significant changes were found for aldehyde tanning.

In this work, after being soaked in various concentrations of urea, 
the collagen fibers were washed to completely remove the urea. 
The thermal degradation kinetics of the samples before and after 
washing were studied by the thermal degradation activation energy 
of the samples using the methods of Horowitz-Metzger and Coats-
Redfern. The action of urea on the aggregation structure of the 
collagen fibers and the interaction mechanism between urea and 
collagen fibers were considered.

Experimental

Materials and apparatus
Cattlehide collagen fibers (CCFs) were obtained from Sichuan 
University, China. Urea was analytically pure and purchased from 
Luoyang chemical reagent Co. Ltd, China. The thermal analysis 
system was from Netzsch Company, Germany. The constant 
temperature water bath oscillator, THZ-82, was made by Fuhua 
instrument Co. Ltd., Jiangsu, China.

Preparation of urea solutions
Various weights of urea were dissolved in 100 mL distilled water to 
yield urea solutions with the concentrations of 0.5 mol/L, 1.0 mol/L, 
1.5 mol/L, 2.0 mol/L, 3.0 mol/L, 4.5 mol/L, 6.0 mol/L, 7.5 mol/L, and 
9.0 mol/L, respectively. 

Preparation of different CCFs
Urea-processed CCFs were soaked in various concentrations of 
urea for 7 days at room temperature. After being filtrated, the cakes 
were air-dried and put in a desiccator to constant weight, ready for 
subsequent thermal analysis.

Water-washed CCFs were soaked in 3.0 mol/L and 9.0 mol/L urea 
solutions for 7 days. The CCFs were then soaked in 20 times the 
weight of sample of distilled water for an hour, the samples were 
then filtrated and soaked in fresh distilled water again for a total of 
7 cycles to dissolve out the urea. After the final wash, the samples 
were filtrated and the cakes were air-dried then put in a desiccator to 
reach constant weight, ready for subsequent thermal analysis.

TG/DTG analysis and data processing
For TG/DTG analysis, the samples were put in aluminium crucibles. 
Nitrogen was used as the protective gas, and the samples were heated 
at a heating rate of 10°C/min from room temperature to 650°C. The 
thermal analysis system gave the TG and DTG curves automatically. 
The thermal degradation activation energies of all the CCFs of urea 
processed and water washed were obtained with the help of the 
Horowitz-Metzger and Coats-Redfern methods.

Results and Discussion

Thermal degradation behaviors of urea processed collagen fibers

Thermal degradation curves
The TG and DTG curves of the CCFs processed by various 
concentrations of urea solutions are shown in Figure 1. It demonstrated 
that when the CCFs were heated, two obvious weight losses appeared. 
The first one appears before 100°C, which is the water molecules 
adsorbed by the samples. The other weight loss appeared at a 

Figure 1. (a, c) TG and (b, d) DTG curves of CCFs processed in urea solutions with various 
concentrations (β=10 K/min)
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temperature range from 250oC to 450oC, which is most likely due to the 
thermal decomposition of the CCFs. The decomposition of pure urea 
takes place in the temperature range from 130oC to 250oC. After CCFs 
are soaked in various concentrations of urea, the decomposition peak 
of urea should appear in the thermogravimetry curves of the samples. 
With an increase of urea concentration, the weight loss peak continued 
to grow, which suggested that the urea in the samples contributes to the 
whole thermal degradation curves. Regarding the weight loss peak of 
CCFs, it first decreased and then increased.

Thermal degradation activation energy  
and thermal degradation mechanism
Thermogravimetry (TG), differential scanning calorimetry 
(DSC) and differential thermal analysis (DTA) are usually used 
to determine the thermal kinetic parameters of polymers. Among 
them, thermogravimetry (TG) is the most widely used. Based on 
the TG data and curves, the thermal degradation activation energy 
of polymers might be calculated. Isothermal, non-isothermal and 
high-resolution analysis are the most popular methods to obtain 
the thermal degradation activation energy of polymers, based 
on the TG and DTG curves. There are some sub-methods in each 
one. In the present paper, the non-isothermal method, also known 
as the dynamic method, was chosen for the study of the thermal 
degradation behaviors of the samples with the weight loss by linearly 
heating. Based on the data in the TG curves, the methods of Coats-
Redfern and Horowitz-Metzger were used to yield the thermal 
degradation activation energy (TDAE) of the various CCFs. The 
meaning of the symbols in this paper are as follows:

E or TDAE—Thermal degradation activation energy, kJ/mol;

A—Pre-exponential factor;

α—Conversion or reactive fracture at time t, %;

R—Universal gas constant, 8.314 J/mol K;

f(α)—Conversion in differential form;

G(α)—Conversion in integral form;

β—Heating rate, 10 K/min;

TP—Temperature at which reaction rate is the greatest, K;

αp—Conversion at which reaction rate is the greatest, %;

TS—Corresponding temperature at α =    ;

T—Reaction temperature, thermodynamics temperature, K;

θ—Difference between T and TS, θ = T − TS;

(1) Horowitz-Metzger method7-8

According to the theory of Horowitz-Metzger method, we have 
equation (1) as follows:

	 ln G(α) = ln      −    +    	 (1)

The TDAE (or E here) of the sample might be calculated from the 
slopes of the plots of  ln G(α)  versus θ 16-17. 

There are thirty different forms of G(α) as shown in Table I.

The original thermogravimetric data of the samples from the TG 
curves of the different samples in Figure 1 are shown in Table II. 

Various functions in Table I were tried for the TG data in Table II. By 
fitting and comparing, the function best consistent with the data in 
Table II was chosen for subsequent study. ln G(α) was plotted against 
θ, in which the slopes of the fitted lines were used to calculate the 
thermal degradation activation energy of various samples. 

1
e

ART2
S

βE
 E  
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 Eθ  
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Table I

Different integral forms of kinetics functions for G(α) 15-17

No. G(α)

1 α2

2 α+(1-α)ln(1-α)

3 (1-2/3α)-(1-α)2/3

4, 5 [1-(1-α)1/3]n (n = 2,1/2)

6 [1-(1-α)1/2]1/2

7 [(1+α)1/3-1]2

8 [(1/(1+α))1/3-1]2

9 -ln(1-α)

10-16 [-ln(1-α)]n (n = 2/3, 1/2, 1/3, 4, 1/4, 2, 3)

17-22 1-(1-α)n (n = 1/2, 3, 2, 4, 1/3, 1/4)

23-27 αn (n = 1, 3/2, 1/2, 1/3, 1/4)

28 (1-α)-1

29 (1-α)-1-1

30 (1-α)-1/2
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In this study, G(α) = [−ln(1−α)]4 best fits the data, and the correction 
coefficients are reasonable for all the samples as shown in Table III.

Figure 2 was obtained by plotting lnG(α) against θ. The TDAE of the 
samples processed in various concentrations of urea was calculated 
based on the slopes of the lines in Figure 2, with the TDAE values 
in Figure 4.

(2) Coats-Redfern Method 16-17

According to the theory of Coats-Redfern method, we have equation 
(2) as follows.

	 ln [G(α)/T2] = ln      −    	 (2)

If ln [G(α)/T2] is plotted against 1/T to yield straight lines, the thermal 
degradation activation energy of the different samples might be 
calculated from the slopes of the lines.16-17 

Table II

TG data for samples processed in different concentrations of urea solutions

Urea 
Concentration 

(mol/L)
Tα = 0.20 

(K)
Tα = 0.25 

(K)
Tα = 0.30 

(K)
Tα = 0.35 

(K)
Tα = 0.40 

(K)
Tα = 0.45 

(K)

0 562.6 574.4 584.4 593.2 601.2 609.2

0.5 560.0 577.4 587.5 596.3 604.6 613.4

1.0 551.0 569.9 582.3 590.6 599.5 607.2

1.5 505.2 542.2 565.0 578.2 587.8 596.4

2.0 471.2 481.0 492.0 509.2 537.2 556.2

3.0 492.0 524.2 554.2 570.3 582.2 591.8

4.5 472.7 481.4 490.3 499.7 509.9 528.0

6.0 468.7 475.6 483.0 489.2 494.3 501.9

9.0 468.2 475.2 482.1 488.2 493.8 498.9

Table III

Correlation coefficients of the linear fitting between ln G(α) and θ  
by G(α) = [−ln(1−α)]4

Urea 
Concentration 

(mol/L) 0 0.5 1.0 1.5 2.0 3.0 4.5 6.0 9.0

Correlation 
Coefficient 0.9999 0.9973 0.9953 0.9782 0.9875 0.9639 0.9751 0.9970 0.9995

Figure 2. lnG(α) versus θ of samples processed in various concentrations of urea: (a) 0.5-2.0 mol/L;  
(b) 3.0-9.0 mol/L.
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The original TG data of different collagen fibers from the TG curves 
in Figure 1 are shown in Table IV. 

Various functions in Table I were tried for the data in Table IV. By 
fitting and comparing, the function best consistent with the data in 
Table IV was chosen for the study. It was found that G(α) = [−ln(1−α)]4 
is the most consistent with the data and with reasonable correction 
coefficients, as shown in Table V.

From Table V, we observed that the function of G(α) = [−ln(1−α)]4 
presents a reasonable linear relation between ln[G(α)/T2] and 1/T, so 
G(α) = [−ln(1−α)]4 was chosen for the study.

ln[G(α)/T2] was plotted with 1/T to yield Figure 3. The thermal 
degradation activation energy (TDAE) of the samples processed in 
different concentrations of urea was calculated with the slopes of the 
lines in Figure 3, with the results shown in Figure 4. 

Table IV

TG data for samples processed in different concentrations of urea solutions

Urea 
concentration 

(mol/L)
1/Tα = 0.20 ×103 

(K-1)
1/Tα = 0.25 ×103 

(K-1)
1/Tα = 0.30 ×103 

(K-1)
1/Tα = 0.35 ×103 

(K-1)
1/Tα = 0.40 ×103 

(K-1)
1/Tα = 0.45 ×103 

(K-1)

0 1.777 1.741 1.711 1.686 1.663 1.641

0.5 1.786 1.732 1.702 1.677 1.654 1.630

1.0 1.815 1.755 1.717 1.693 1.668 1.647

1.5 1.979 1.844 1.770 1.729 1.701 1.677

2.0 2.122 2.079 2.032 1.964 1.861 1.798

3.0 2.032 1.907 1.804 1.753 1.717 1.689

4.5 2.115 2.077 2.039 2.001 1.961 1.894

6.0 2.133 2.102 2.070 2.044 2.023 1.992

9.0 2.136 2.104 2.074 2.048 2.025 2.004

Table V

Correlation coefficients of the linear fitting between ln[G(α)/T2] and 1/T 
by G(α) = [−ln(1−α)]4 

Urea 
Concentration 

(mol/L) 0 0.5 1.0 1.5 2.0 3.0 4.5 6.0 9.0

Correlation 
Coefficient 0.9998 0.9950 0.9914 0.9620 0.9677 0.9752 0.9798 0.9981 0.9998

Figure 3. ln[G(α)/T2] versus 1/T of different samples.
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Influence of urea concentration on the TDAE of collagen fibers
The relationship between the thermal degradation activation 
energies of CCFs processed in different concentrations of urea 
solutions are shown in Figure 4. In Figure 4, it is apparent that the 
changing trend in TDAE of CCFs is the same, no matter which 
method is used. The difference in the TDAE values by different 
methods is not obvious. With an increase in urea concentration, the 
TDAE of the CCFs firstly decreases and then increases. At the urea 
concentration ranged from 2.0 mol/L to 3.0 mol/L, the minimum 
value of the thermal degradation activation energy for the CCFs 
appeared. When the CCFs are soaked in a low concentration of urea 
solution, the hydrogen bonds inter- and intra- collagen peptides 
might be partly destroyed by the attacking of amino groups in the 
urea molecules, which will weaken the interaction between collagen 
peptides. So, the structure stability of the collagen will be decreased, 
resulting in poor heat resistance and lower thermal degradation 
activation energies for the urea processed collagen fibers. However, 
further increase of urea concentration from 3.0 mol/L to 9.0 mol/L, 
great damage might be caused for the CCFs by destroying the 
hydrogen bonds between adjacent collagen peptides. Some of the 
structure of CCFs might even be destroyed. Before the thermal 
degradation takes place, dry heat shrinkage will appear, causing the 
adjacent collagen peptides to get closer. In this case, the interaction 
between adjacent collagen peptide chains will be enhanced because 
of the mutual reaction between the reaction groups on the collagen 

chains such as carboxyl, hydroxyl, and amino, resulting in an 
increase in the thermal degradation activation energy of the CCFs 
(239.2 kJ/mol at 9.0 mol/L). Therefore, in liming, appropriate urea 
concentrations (lower than 1.0 mol/L) should be applied in order 
to get an excellent liming effect. In the reported works, the melting 
behavior and the swollen fascicles were clearly seen in scanning 
electron micrographs of 3 M and 6 M urea-treated RTT, and the 
reduction in the dimensional stability of native RTT collagen fiber 
on treatment with urea was demonstrated by the role of secondary 
structure in the dimensional stabilization of collagen.6 Urea might 
cause a decrease of venous tissue volume over the whole range of 
concentration with the exception that, beyond 1.0 osM, an increase 
appeared.9 The present work further proved the interaction of urea 
on the structure of collagen from viewpoint of thermal degradation 
activation energy.

Influence of water washing on the urea-processed CCFs

TG and DTG curves of urea-processed CCFs  
before and after water washing 
Both TG and DTG curves of CCFs before and after water washing 
were shown in Figure 5 and Figure 6. Here, the urea concentrations 
were 3.0 mol/L and 9.0 mol/L, respectively. In Figure 5 and Figure 6, 
the TG and DTG curves of the CCFs processed with urea solutions are 
greatly different from those of the untreated ones. After being fully 
washed with water, the curves changed greatly again, which nearly 

Figure 4. TDAE of different samples versus urea concentrations by the methods of (a) Horowitz-Metzger 
and (b) Coats-Redfern 

Figure 5. (a) TG and (b) DTG curves of urea-processed CCFs before and after water washing  
(c=3.0mol/L, β=10 K/min)
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overlapped those of the untreated ones. Before urea processing, there 
are two weight losses in the TG and DTG curves of the CCFs. After 
the samples were processed in urea, a new weight loss profile was 
found at the temperature ranged from 130°C to 250°C, which should 
be due to the decomposition of urea in the samples. After being 
repeatedly washed with distilled water, the urea decomposition 
peak disappeared, which suggested that the urea in the samples was 
completely removed. It is interesting to note that the TG curves and 
DTG curves of the CCFs washed with distilled water nearly overlap 
those untreated with urea, which suggests the reversibility of the 
reaction between urea and collagen fibers. So, it could be concluded 
that no chemical reactions might take place here. In liming, the 
purpose to use urea is to open the collagen fiber bundles in order to 
help other chemicals such as protease and calcium hydroxide to be 
transferred into the hides and react with the collagen fibers. When 
the collagen fiber bundles are open, the urea is not needed anymore, 
and should be washed from the hides. 

Thermal degradation activation energy and thermal degradation 
mechanism

(1) Horowitz-Metzger Method

The original thermogravimetric data in the TG curves for the urea-
processed samples before and after water washing in Figure 5 and 
Figure 6 are shown in Table VI. 

The functions in Table I were applied to the data in Table VI one by 
one. By fitting and comparing, the function that is best consistent 
with the data in Table VI was chosen for subsequent study. Here, 
G(α) = [−ln(1−α)]4 best fits the original data, with reasonable 
correction coefficients for all the CCFs as shown in Table VII. lnG(α) 
was plotted against θ to yield Figure 7.

Figure 6. (a) TG and (b) DTG curves of urea-processed CCFs before and after water washing  
(c=9.0mol/L, β=10 K/min)

Table VI

Thermogravimetric data for urea-processed and washed samples

Urea 
Concentration 

(mol/L)
Tα = 0.20 

(K)
Tα = 0.25 

(K)
Tα = 0.30 

(K)
Tα = 0.35 

(K)
Tα = 0.40 

(K)
Tα = 0.45 

(K)

0 562.6 574.4 584.4 593.2 601.2 609.2

3.0* 492.0 524.2 554.2 570.3 582.2 591.8

3.0** 559.3 571.1 581.1 590.0 598.1 606.2

9.0* 468.7 475.6 483.0 489.2 494.3 501.9

9.0** 562.9 574.2 584.1 593.1 601.1 609.2

*Before water washing, **After water washing

Table VII

Correlation coefficients of linear fitting between lnG(α) and θ by G(α) = [−ln(1−α)]4 

Urea Concentration (mol/L) 0 3.0* 3.0** 9.0* 9.0**

Correlation Coefficient 0.9999 0.9639 0.9999 0.9795 0.9999

*Before water washing, **After water washing
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With the slopes of the lines in Figure 7, the thermal degradation 
activation energy (TDAE) of the various CCFs was obtained as 
shown in Table VIII.

(2) Coats-Redfern method

The original thermogravimetric data in TG curves for the urea-
processed samples before and after water washing in Figure 5 and 
Figure 6 is shown in Table IX. 

The various functions in Table I were applied to the data in Table IX. 
By fitting and comparing, the one best consistent with the data in 
Table IX was chosen for subsequent study. In this study, the one of 
G(α) = [−ln(1−α)]4 was chosen with reasonable correction coefficients 

for all the CCFs, as shown in Table X. lnG(α) was plotted against θ 
to yield Figure 8.

Based on the slopes of the fitted straight lines in Figure 8, the thermal 
degradation activation energy (TDAE) was obtained with the results 
in Table XI.

As shown in Table VIII and Table XI, it was indicated that, if 
the CCFs are fully washed in distilled water after soaked in urea 
solutions, the thermal degradation activation energy of CCFs will 
return to the original level of CCFs without a urea processing 
history, no matter what urea concentration was used to process the 
samples. Soaking in 3.0 mol/L urea solution remarkably decreases 
the TDAE of CCFs, which might return to the original level with no 

Figure 7. lnG(a) versus θ for different samples

Table VIII

TDAE of the various CCFs by Horowitz-Metzger method

Urea concentration (mol/L) 0 3.0* 3.0** 9.0* 9.0**

E(kJ/mol) 251.2 105.1 246.7 254.4 251.9

*Before water washing, **After water washing

Table IX

Thermogravimetric data for urea-processed and washed samples

Urea 
Concentration 

(mol/L)
1/Tα =0.20×103 

(K-1)
1/Tα =0.25×103 

(K-1)
1/Tα =0.30×103 

(K-1)
1/Tα =0.35×103 

(K-1)
1/Tα =0.40×103 

(K-1)
1/Tα =0.45×103 

(K-1)

0 1.777 1.741 1.711 1.686 1.663 1.641

3.0* 2.032 1.907 1.804 1.753 1.717 1.689

3.0** 1.788 1.751 1.721 1.695 1.672 1.649

9.0* 2.136 2.104 2.074 2.048 2.025 2.004

9.0** 1.776 1.741 1.712 1.686 1.663 1.641

*Before water washing, **After water washing
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urea process if sufficient washing is conducted to completely remove 
the urea. From the viewpoint of thermal degradation activation 
energy, the reaction between urea and CCFs should be reversible, 
rather physical than chemical. Once the urea in the collagen fibers 
is completely removed by water washing, no indication of the urea 
process in the thermal degradation activation energy is detected. 
Therefore, the action of urea on CCFs should be a physical one, by 
forming new hydrogen bonds between urea molecules and collagen 
molecules instead of the original hydrogen bonds between adjacent 
collagen molecules. Therefore, the opening up of the collagen fiber 
bundles by urea process results in decreasing the thermal stability 
of the collagen fibers, with no chemical reaction.

Conclusions

Soaking in low concentrations of urea solution does not significantly 
change the thermal degradation activation energy of collagen fibers. 

Increasing the concentration of the urea solution, the thermal 
degradation activation energy will first decrease and then increase. 
When the urea concentration is in the range from 2 mol/L to 3 
mol/L, the lowest thermal degradation activation energy for the 
collagen fibers appears. Further increasing the urea concentration to 
above 6.0 mol/L, however, urea soaking does not affect the thermal 
degradation activation energy, which is similar to the non-urea 
processed collagen fibers. The reaction between urea molecules and 
collagen fibers is temporary and reversible, from the viewpoint of 
the thermal degradation activation energy. When the urea in the 
collagen fibers is completely removed, the thermal degradation 
activation energy might return to the values without urea treatment 
history. The reaction of the urea process on CCFs should be a physical 
one, by forming new hydrogen bonds between urea molecules and 
collagen molecules instead of the original hydrogen bonds between 
adjacent collagen molecules.

Figure 8. ln[G(a)/T2] versus 1/T for various CCFs.

Table X

Correlation coefficients of the linear fitting between ln[G(α)/T2]  
and 1/T by G(α) = [−ln(1−α)]4

Urea Concentration (mol/L) 0 3.0* 3.0** 9.0* 9.0**

Correlation Coefficient 0.9999 0.9639 0.9999 0.9995 0.9999

*Before water washing, **After water washing

Table XI

TDAE of various CCFs by Coats-Redfern method

Concentration of Urea 
(mol/L) 0 3.0* 3.0** 9.0* 9.0**

E(kJ/mol) 232.5 82.8 228.4 239.2 233.5

*Before water washing, **After water washing
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London, where he studied Chemistry & Leather technology. In 1977 he 
joined the Barrow Hepburn Leather Company in the United Kingdom 
and worked in a number of technical positions within that group of 
companies including Bjorlow Leather, Hodson Tanners & Walker 
Leather Factories. In 1980 Mr. Hammond emigrated to the USA and 
joined Granite State Leather in Nashua, New Hampshire as Technical 
Superintendent. In 1984 Mr. Hammond joined Bayer Corporation 
and subsequently held the positions of Technical Sales Representative, 
Product Manager leather chemicals, Regional Business Manager 
Leather & Textile coatings for North, Central & South America. In 
1996 Mr. Hammond joined Seton Company and subsequently held the 
positions of Plant Manager Seton Newark, Managing Director Seton 
Europe, President Seton Argentina and in 1999 he was appointed VP 
Manufacturing-Americas. In September 2004 he moved to Singapore 
to be Managing Director for the Asia Pacific Region of Stahl until March 
2007. In April 2007 he returned to the United States to work as VP and 
General Manager for Asia and the Americas for Seton Company until 
2010. He then moved to Seoul, Korea to be the Chief Marketing Officer 
and Senior Managing Director for Chokwang Leather Co. until June of 
2012. In February of 2013 he moved to Guangdong, China to be Chief 
Operating Officer for Impactiva S. de R.L. until July of 2015. For over 
ten years he was the owner of Harmony Base Enterprises Limited in 
the British Virgin Islands.

Rodney published several papers in various technical journals and 
made numerous presentations over the years. He was a past board 
member of the New England Tanners Club.

Rodney joined the ALCA 1986 and served as VP Elect from June 202 
to June 2003, Vice President from June of 2003 to 2004, and then as 
President from June 2004 to October 2004 when he moved out of
the country and felt he needed to resign as President. He also served 
the ALCA as the chair of the 2002 Fred O’Flaherty Service Award
Committee and chair of the 2005 Lollar Prize Paper Award Committee.

Thomas William Krisko, 82, of 
Exeter, formerly of Hampton and 
Peabody, Mass. died, Sunday, Aug. 
9, 2020 at Massachusetts General 
Hospital in Boston after a period of 
failing health. 

He was born in Peabody, Mass. on 
Nov. 24, 1937. Tom graduated from 
Peabody High School with the Class 
of 1955 where he excelled in football 
as a quarterback. He was also a 
graduate of the former Bentley College of Accounting.

Tom spent most of his adult life working in the leather industry. He 
worked for Pearse Leather for 27 years. When Pearse relocated to 
Hampton in 1965, Tom became the general manager, a post he held 
until 1981. He then worked at various leather plants in Manchester, 
N.H., Saxton, Penn., Omaha, Neb., and finally, Suncook Leathers Inc. 
from which he retired in 2004. His next career was as a Professional
Driver for eight years. Tom was proud of his expertise in leather
and he enjoyed all of the relationships he formed while working in
the industry. As a driver, he enjoyed meeting new people and also
getting to drive all over the USA.

An avid golfer, Tom was a former member of Abenaqui Country 
Club in Rye where he served as vice president in the 1970s. He 
enjoyed watching all types of sports. Most of all, he was a very social 
person and loved spending time with his family, friends and his 
beloved wife, Lorraine R. (FitzGerald) Krisko of Exeter, with whom 
he shared 60 years of marriage.

In addition to his wife he leaves five children, Cheryl Robison and 
husband Jim of Austin, Texas; Diane Kamieneski and husband Gary 
of Hampton; Barbara Gagne and husband Michael of Hampton; 
Thomas Krisko of Nebraska City, Neb.; Linda Aurandt and husband 
Michael of Jacksonville, Fla.; eight grandchildren, three great 
grandchildren, his two brothers, Peter and Henry Krisko of Peabody, 
Mass. and many nieces and nephews.

Private services will be held at the convenience of the family. In lieu of 
traditional remembrances, donations may be made to AstraZeneca 
Hope Lodge Boston, 125 Huntington Avenue, Jamaica Plain, MA 
02130. 

Rodney’s favorite photo 
with his wife.
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Past Issues of Journal Needed
If you or someone you know wants to donate past issues  

of the Journal to the Association, please contact us.

Below is a list of issues needed.

Missing Issues:

1906–1909; 1911; 1913; 1915; 1921
1937 – January and December
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1940 – January

Extremely Low Supply:

1931 – February
1936 – January and February
1944 – Jan., Oct., Nov. and Dec.
1945 – June
1946 – January – April
1947 – January, April and August
1948 – January – March
1949 – January – June
1955 – January
1969 – March
1970 – February
1979 – July
1983 – March
1984 – July
1999 – June and July
2000 – January and February
2001 – May and June
2002 – January and March
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116th ALCA
ANNUAL CONVENTION 

Change of Date: 
May 4-7, 2021 

Eaglewood Resort & Spa 
Itasca, IL

Featuring the 61st John Arthur Wilson Memorial Lecture 
By Randy Johnson, President and CEO

of GST AutoLeather
Title: Road Ahead

Tentative Schedule

Tuesday, May 4
Golf Tournament, Opening Reception and Dinner

Wednesday, May 5
John Arthur Wilson Memorial Lecture
All Day Technical Sessions, Fun Run

Reception and Dinner, Activities - Bowling, Pool,
Darts and an Open Bar

Thursday, May 6 
All Day Technical Sessions, Annual Business Meeting 

Activities Awards Luncheon
Social Hour, ALCA Awards Banquet

Visit us at www.leatherchemists.org for full details
under Annual Convention as they become available
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