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Abstract 

 

 
Currently, minimizing the environmental impact of tanning processes is the goal of many tanners, 

which have forced the leather industry to develop tanning systems based on natural products. Biomass-

derived polyaldehyde or vegetable-aldehyde combination tanning is the current research hotspots. 

While, the usage of these tanning materials may result in high organic load in the effluent leads to high 
biological and chemical oxygen demand. Sparked from vegetable tanning, employing excess by-

products of biomass glycerol and glycidol to produce high value-added chrome-free tanning agents will 

be in great significant. In this paper, a series of hyperbranched polyglycidyl (HPG) with different 

hydroxyl group, various average-molecular weights and molecular weight distribution have been 
developed by cationic or anionic ring-opening polymerization of glycidol. The denaturation temperature 

of the wet-white leather as well as biological and chemical oxygen demand of effluent have been 

measured. The results show that the denaturation temperature of the wet-white leather significantly 
improved. The highest denaturation temperature can reach 115.6 ℃ by employing 5% HPG-C4. 

Compared to hydroxyl group content, average molecular weight and its distribution of HPG play a more 

dominant role in improving the denaturation temperature of the wet-white leather. In addition, compared 
to control trial, the chemical oxygen demand and biological oxygen demand of effluent tanning by HPG 

can reduce by nearly 1/5 and 1/3, respectively. Therefore, the use of HPG benefits to the complete 

elimination of chrome pollution and greatly reduce the biological and chemical oxygen demand of the 

effluent. 
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1. Introduction  
 

Hide or skin, a by-product of the meat industry, is composed of collagen fibers with tight network. 

Leather making involves conversion of skin or hide protein (collagen) into practical products[1, 2]. In 

the leather manufacturing process, tanning is the key process, in which the collagen fiber bundles are 
separated and cross-linked by tanning agent. To date, tanning agent mainly include vegetable tannin, 

aldehyde tanning agents, synthetic tanning agents and metal tanning agent[3].  

Currently, minimizing the environmental impact of tanning processes is the goal of many 
tanners[4-6]. Nowadays, environmental concerns have forced the leather industry to develop tanning 

systems based on natural products. Vegetable tannins, including the hydrolysable tannin and condensed 

tannin, could improve the hydrothermal stability of hide is not only based on numerous phenolic 

hydroxyl group but also on their appropriate molecule weight (usually in the range of 500-3000) and 
wide molecular weight distribution[7-9]. However, there is limitation in the usage of vegetable tanning 

materials because of its high organic load in the effluent generated, which is difficult to degrade and 

leads to high biological and chemical oxygen demand. Hence, aldehyde and similar-to-aldehyde tanning 
agents stands out among all tanning chrome-free tanning agents. Aldehyde can form a Schiff base with 

amino groups of collagen. Recently, biomass-derived polyaldehyde or oxidized polysaccharide (In 

particular, the polysaccharide with the vicinal diols structural unit can be selectively oxidized to 
introduce aldehyde groups for preparing dialdehyde polysaccharide) have regained a lot of attention[10-

12]. While the large molecule of bio-based aldehyde tanning may limit its penetration and reaction in 

leather. Moreover, high organic load in the effluent generated leads to high biological and chemical 

oxygen demand. Develop green and easily penetrated aldehyde tanning seem good application 
prospects. A greener and eco-friendly D-Lysine aldehyde complex has been developed in the present 

investigation[13]. The results showed that aldehyde-tanned leather can promote the hydrothermal 

stability of skin collagen and has better water and sweat resistance properties than chrome tanning. 
Unfortunately, the price of D-lysine limits its application. 

However, the binding strength of the tanning agent in collagen is dependent not only on the type 

of chemical reaction but also on the number of reaction points and the density of crosslinking in collagen. 
Hence, vegetable-aldehyde combination tanning have been proposed which could combines the 

advantages of both vegetable tanning and aldehyde tanning[14]. For example, mimosa- oxazolidine 

combination tanning agent has been reported, in which mimosa acting as a vegetable tanning agent and 

oxazolidine as an aldehydic tanning agent. Nevertheless, the empolyment of vegetable tanning leather 
and dialdehyde tanning agents inevitably results in aldehyde residue. 

As the most widely used biomass material, sugar is easily converted into a product of raw materials 

under the action of microorganisms[15]. Therefore, as one of the important platform compounds for 
biomass development and utilization, glycerol and glycidol to produce high value-added fine or bulk 

chemicals has not only attracted widespread attention from the industry but also become a research 

hotspot in the scientific and technological community[16, 17]. In recently years, hyperbranched 

polyglycerols (HPG) have been used in a wide variety of applications due to their thermal stability, 
biocompatibility and low toxicity, originating from three-dimensional branched structure and high 

number of end-hydroxyl groups, which are capable of further functionalization[18-20]. In general, HPGs 

are synthesized by cationic or anionic ring-opening polymerization of glycidol[21, 22].  
Herein, we synthesized a series of hyperbranched polyglycidyl with different hydroxyl groups and 

average molecular weight by cationic ring-opening copolymerization and anionic ring-opening 

homopolymerization and explored their potential as chrome-free tanning agents. The tanning effect 
including denaturation temperature, appearance of surface and morphology, COD and BOD are 

measured and compared with gallic acid. HPGs was used for main tanning to establish a new greener 

chrome-free tanning system for the leather making.  

 

2. Material and Methods  
 



 

 
 

2.1 Materials 
Glycerol (99%), tetrahydrofuran (THF), methanol, dichloromethane, N-Methyl-2-pyrrolidone 

(NMP), and gallic acid were purchased from Aladdin (Shanghai, China). Potassium tert-butoxide (K-t-

OBu, 1mol/L in THF), BF3·Et2O was purchase from the Adamas (Shanghai, China). Glycidol (96%) 

was purchased from HEOWN (Tianjin, China). The chemicals such as sodium chloride, acetic acid, 
formic acid, used in tanning operations were those normally used in the leather industry. Pickled 

sheepskins were provided by Shenghui chemical CO., Ltd. 

 

2.2 Method  
Synthesis of polyglycidyl by anionic ring-opening polymerization 

HPG was prepared by anionic ring-opening polymerization with glycerol and glycidol. In a glass 
reactor requipped with a mechanical stirrer under nitrogen atmosphere, glycerol (0.46g, 5mmol) was 

partially deprotonated (10%) with 1.5 mL K-t-OBu. Then tert-butanol and THF were distilled off from 

the melt under reduced pressure. The glycidol (37g, 250mmol, 50 wt % in NMP) was slowly added at 
120 ℃ over 12 h. After completion of addition, the reaction mixture was stirred for further 2 h at the 

same temperature. The resulting solution dissolved in methanol and stirred overnight with ion-exchange 

resin. The transparent, highly viscous liquids product (marked HPG-A) were obtained by remove the 

solvent under reduced pressure.  

Synthesis of polyglycidyl by cationic ring-opening polymerization 

The mixture of THF (28.86g, 0.4mol), glycidol (7.43g, 0.1mol), and CH2Cl2 (50mL) was added 

into a 250 mL four-necked flask in an ice-water bath. Then BF3·Et2O (1mL, 1mol/L) was dropwise 
added into the mixture and keep the temperature at 0~4 ℃. After reaction for 4 h, distilled water (1mL) 

was added to terminate the reaction. The transparent, viscous liquids product (marked HPG-C4) was 

obtained by removing the unreacted THF and CH2Cl2 under reduced pressure. 
HPG-C2 was prepared following the same produces as described above for HPG-C4. For the 

synthesis of HPG-C2, THF (28.86g, 0.4mol), glycidol (14.89g, 0.2mol), and CH2Cl2 (50mL) were 

employed. 

Tanning of pickled sheepshin  
Tanning of pickled sheepskin (cut into 8*8 cm, weighted as the base of dosage) is processed in 250 

mL Erlenmeyer flask on a shaker. The tanning process includes pickling, tanning, and basifying. Briefly, 

the pickled hide was soaked in 6%wt sodium chloride, and then the pH was adjusted to 3.0 by 5%wt 
sulfuric acid and formic acid at 25 ℃. Then the pickled hide was treated with 5%wt HPG (on weight of 

pickled sheepskin). For the comparison, equal amount of 5% gallic acid was added and named control 

trial. After tanning for 4 hours, pH of the tanning bath raised to 4 or 6 by using 10 wt% of sodium 
bicarbonate solution. Thereafter, distilled water (same quality to pickled sheepskin) was added and the 

shaker was set to 40 ℃ for another 4 h and stay overnight. Finally, the wet-white leather was obtained 

by shaking for 1 h on the next day. 

 

2.3 Characterization 
Structure characterization of polyglycidyl 

FT-IR spectra of polyglycidyl (HPG-C4, HPG-C2, HPG-A) were recorded using KBr pellets in a 
Nicolet MX-1E FTIR spectrometer (Nicolet, Japan) between 4000 and 400 cm-1. Gel permeation 

chromatography (GPC) was used to determine the molecular weight and polydispersity of the 

polyglycidyl. The polyethylene glycol (Mw=5900) was used as the standard of weight-average 
molecular weight and 0.2 mol/L NaNO3 as the eluent. 

Denaturation temperature 

The denaturation temperature of the wet-white was determined by differential scanning calorimetry 
(DSC, NETZSCH, Germany). The leather samples were added into aluminum pans and carried out in 

the range from 20 ℃ to 150 ℃ with a scanning rate of 10 ℃ per min under nitrogen atmosphere.  

The morphology of leather  

The morphology of leather were observed by using a scanning electron microscope (TM3030, 
HITACHI, Japan).  



 

 
 

COD and BOD of the effluent 

The COD and BOD of the effluent was measured by Pack Test (Kyoritsu Chemical-Check 
Lab.,Corp.) 

 

3. Results and Discussion  

3.1 Structural characterization of the polyglycidyl 
The FTIR of polyglycidyl prepared by cationic or anionic ring-opening polymerization are shown 

in Fig.1. As can been seen in Fig.1, the absorption of HPG-A, HPG-C4 and HPG-C2 are similar. The 

absorption peaks at 3406 cm-1 and 2921 cm-1 are attributed to the O-H stretching vibration. The peak 

around 2867 cm-1 is attributed to the stretching vibration of C-H of alkanes. The strong and sharp peak 

around 1109 cm-1 is assigned to the stretching vibration of C-O-C of ether. These absorption peaks 
demonstrate that hydroxyl terminal polyglycidyl are successfully synthesized. 
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Fig.1 FTIR of the polyclycidyl  

Fig. 2 presents the GPC results of HPG-C4, HPG-C2 and HPG-A. The GPC curves are also similar. 

The average molecular weight of polyglycidyl which was obtained according to standard substance 

linear polyethylene glycol (Mw=5900 g/mol) are listed in Table 1. It is clear that both HPG-C4 and 

HPG-A consist of two parts, the high part has a number-average molecular weight about 2700 g/mol 
and the low part has the number-average molecular weight about 660 g/mol. Moreover, the high 

molecular weight part of HPG-C4 has a wider molecular weight distribution (1.56), and the low 

molecular weight part has a narrower molecular weight distribution (1.04). In addition, the average 
molecular weight and molecular weight distribution of HPG-C2 are lower than those of HPG-C4 and 

HPG-A (high molecular part). 
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Fig. 2 The GPC results of the polyglycidyl 

Table 1 The molecular weight and molecular weight distribution of  polyglycidyl 

 Mn(g/mol) Mw(g/mol) Mw/Mn Mn(g/mol) Mw(g/mol) Mw/Mn 

Peak1 Peak 2 

HPG-C4 2764 4305 1.56 662 692 1.04 
HPG-C2 1717 2213 1.29 - - - 

HPG-A 2785 3740 1.34 724 775 1.07 

3.2 The Denaturation temperature of leather 
On the basis of the heat capacity changes of the samples during the thermally activated denaturation 

process, the DSC method offers an objective and reliable way of evaluating the thermal stability[23]. 

The peak in the DSC profiles indicates the denaturation temperature (Td). The DSC profiles of wet-

white treated with polyglycidyl and gallic acid were shown in Fig. 3. Specifically, the Td value of the 
wet-white leather are shown in Table 2. 

 
Fig. 3 DSC profiles of wet-white leather under different basification pH 

It is apparent that all the wet-white leather show a single peak in the DSC profiles. The Td of wet-

white leather tanned by polyclycidyl show about 4 ℃ higher than gallic acid. Among all the trial, the 

Td of the wet-white leather treated with HGP-C4 (which has the widest molecular distribution) show 



 

 
 

the highest value. Theoretically, the terminal hydroxyl group content of polyclycidyl prepared by 

cationic opening copolymer of THF and glycidol will be lower than that of polyglycidyl prepared by 
anionic homopolymerization of glycidol. Moreover, with the higher the tetrahydrofuran content in the 

feeding ratio, the lower the hydroxyl content of the copolymer. Therefore, the order of hydroxyl content 

is HPG-C4< HPG-C2<HPG-A. Combined with GPC results, it can be known that compared to hydroxyl 
group content, molecular weight of polyclycidyl plays a more dominant role in improving the Td of the 

wet-white leather. The wider molecular weight distribution favors crosslinking collagen fibers in various 

parts, thereby imparting a higher denaturation temperature to collagen fibers. And the lower molecular 

weight part facilitates its penetration and reaction in the hierarchical structure of leather, which is 
consistent with the literature [24-26]. 

In addition, we also studied the effect of basification pH on the thermal denaturation temperature 

of wet-white leather. Table 2 shows that except for HPG-C2, with the increase the pH of basification, 
the Td of wet-white leather is slightly higher. It can be infer that the pH of basification has little effect 

on the Td of the wet-white leather.  

Table 2 The denaturation temperature of the wet-white leather tanning in different basification pH 

 Denaturation temperature/℃ 
Basification pH=4 

Denaturation temperature/℃ 
Basification pH=6 

HPG-C4 114 115.3 
HPG-C2 113.3 110.1 

HPG-A 106.3 109.3 

Control 102.9 105.2 

3.3 The appearance of surface and morphology of wet-white leather 
Fig. 4 show the digital photos of the wet-white leather. The wet-white leather tanned by 

polyclycidyl show a flat and white surface. In contrast, the control trial of leather has a yellowish color 

with a noticeable shrinkage on the surface. And with the increase of basification pH value, the yellowing 
and shrinkage of the leather surface become more obvious. 

 
Fig.4 the digital photos of the wet-white leather.  

a, b, c, d refers the wet-white leather tanned by HPG-C4, HPG-C4, HPG-A and control trial under the 
basification pH 4. e, f, g, h refers the wet-white leather tanned by HPG-C4, HPG-C4, HPG-A and control 

trial under the basification pH 6. 

The morphology of the cross section of wet-white leather in the magnification scanning of 100 and 
200 are shown in Fig. 5. It is obviously that the collagen bundle of the leathers tanned with the 



 

 
 

polyclycidyl are in good dispersion, especially for HPG-C4 tannned leather. Moreover, there is no 

obvious difference in the dispersion of the grain layer, flesh layer, and middle layer. Literatures have 
demonstrated that good dispersion of collagen bundle are attributed to effective crosslinking of 

collagen[27-29]. So this result illustrates that polyclycidyl penetrated into the skin and effectively 

crosslinked collagen fibers. In contrast, for control trial, most regions of the collagen bundles bind tightly. 
There is only a little dispersion regions closed to grain layer.  



 

 
 

 
Fig.5 the morphology of leather tanned by polyglycidyl 

a, b wet-white leather tanned by HPG-C4; c, d wet-white leather tanned by HPG-C2; e, f wet-white 

leather tanned by HPG-A; g, h wet-white leather tanned by gallic acid. 



 

 
 

3.4 COD and BOD of the effluent 
The COD and BOD of the effluent exceed the measuring range of the test paper. Therefore, the 

effluent is diluted for 100 times and then measured by test paper. The COD of the effluent tanned by 

polyglycidyl are about 2000 mg/L, which was significantly lower than the 10000 mg/L in the control 

group. Meanwhile, the COD of the effluent tanned by polyglycidyl are about 10000 mg/L, which is 1/3 
of the control group. These results suggest that glycidyl binds more easily to collagen, which are 
consistent with the previous DSC and SEM results.  

 
Fig.5 COD and BOD of the effluent measured by test paper 

4. Conclusion  
 

A chrome-free tanning based on polyglycidyl are explored. The polyglycidyl have number-average 

molecular weight 2700 and wider molecular weight distribution could improve the denaturation 
temperature of wet-white leather, much higher than gallic acid. Moreover, compared to hydroxyl group 

content, molecular weight of polyglycidyl plays a more dominant role in improving the Td of the wet-

white leather. That is, the wide molecular weight distribution favors crosslinking of the tanning agent 
with collagen fibers in various parts, which endow the collagen bundle in good disersion. In addition, 

basification pH has little effect on the Td of the wet-white leather. The COD and BOD of effluent tanned 

by polyglycidyl are lower than that of gallic acid. Polyglycidyl holds huge promise in application of 

chrome-free in leather industry. 
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