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Abstract

Diethanolamine, epichlorohydrin (ECH), and lysine were used to 
change the traditional synthesis route to address the formaldehyde 
emission issue of melamine resin (MR), and a novel waterborne 
MR retanning agent with ultralow formaldehyde content (MUF) 
was finally obtained. The structure of MUF was characterized by 
Fourier transform infrared spectroscopy, 13C nuclear magnetic 
resonance, and X-ray photoelectron spectroscopy, and its 
retanning performances in wet-blue and wet-white leathers were 
thoroughly investigated. Results showed that the formaldehyde 
content of MUF was 28.05 mg/kg, which was greatly lower 
than that of traditional MR (3550.23/2543.45 mg/kg), and the 
formaldehyde contents of chrome- and TWLZ-tanned leathers 
retanned by MUF were only 12.68 and 8.98 mg/kg, respectively. 
The thickening rates of MUF-retanned leather were up to 13.40% 
(chrome-tanned leather) and 9.58% (TWLZ-tanned leather), 
and MUF showed a satisfying overall performance in retanning 
leather. MUF is highly promising in practical application owing to 
its ultralow formaldehyde content, excellent stability in aqueous 
solution, and satisfactory retanning behaviors.

Introduction

Melamine resin (MR) has high filling and coordination ability in the 
leather retanning process, but the formaldehyde emission issue has 
limited its further application.1 Formaldehyde is a proven carcinogen; 
inhaling it may have chronic effects, such as shortened lifespan, 
reproductive problems, and lower fertility.2 Many countries have set 
standards for formaldehyde content in leather, and this restriction is 
becoming increasingly stringent.3–4

The common approach to decreasing the formaldehyde content 
in MR is to reduce the molar ratio of formaldehyde/melamine in 
the synthesis process.5 However, the reduction of formaldehyde 
dosage definitely lowers the reactivity of the synthesis process 
and finally causes poor retanning performances. Other attempts 
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were also conducted, including optimizing synthesis parameters, 
adding formaldehyde scavengers, and replacing starting 
materials.6 Even these attempts are somewhat effective to reduce 
the formaldehyde content of MR, but the overall retanning 
performances and formaldehyde content in leather hardly meet the 
practical requirements.1, 6–7 Therefore, a novel MR with excellent 
retanning performances and ultralow formaldehyde content is still 
a challenge.

The traditional synthesis route should be changed to 
effectively solve the formaldehyde problem. Generally, the 
conventional synthesis route of MR includes two processes, 
hydroxymethylation and condensation (Figure 1), and the dosage 
of formaldehyde is often excess to ensure the complete reaction 
of melamine.8 In the hydroxymethylation stage, formaldehyde 
was reacted with melamine to generate the intermediate product, 
methylomelamines, but this reaction is reversible (Figure 1b). 
Then, in the following condensation stage, the formerly generated 
methylomelamines will crosslink with each other and finally 
result in the formation of polymer resins (MR). Accordingly, 
formaldehyde residues in the MR have two main sources. First, a 
considerable amount of unreacted formaldehyde is formed in the 
hydroxymethylation process, the unreacted formaldehyde is the 
direct source of formaldehyde in MR.9 Second, the condensation 
stage is usually accompanied by the formation of methylene ether 
bonds (Figure 1c). Methylene ether bonds are unstable; they can 
break in certain conditions and finally lead to formaldehyde 
generation (Figure 1d).10 The breakage of methylene ether bonds 
is responsible for the continuous formaldehyde release of MR. 
Therefore, if the intermediate product of methylomelamines 
can be continuously consumed, the reaction extent of melamine 
and formaldehyde will accordingly increase, and the unreacted 
formaldehyde will be mostly reduced (Figures 1a–b). If the 
formation of methylene ether bonds can be avoided during the 
condensation process of methylomelamines (Figures 1c–d), the 
continuous formaldehyde generation and release problem of MR 
can also be well addressed. 
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Therefore, the aim of this study was to develop a feasible and 
effective method for the synthesis of ultralow-formaldehyde 
MR. Here, diethanolamine, formaldehyde, and melamine 
were first reacted to prepare triazine ring-containing polyols 
(TRPs, Figures 2a–b). Through this approach, the reaction of 
formaldehyde and melamine can be completely performed, 
leading to a great decrease in unreacted formaldehyde. Then, 

the prepared TRPs were further reacted with epichlorohydrin 
(ECH) to prepare the intermediate product of Chlor-containing 
intermediates (CCIs, Figure 2c). Finally, a condensation 
reaction (crosslinking) was initiated by lysine (Figure 2d), and 
a waterborne MR retanning agent with ultralow-formaldehyde 
content (MUF) was obtained.

Figure 1. Synthesis process of traditional MR (a–c) and formaldehyde emission caused  
by the breakage of methylene ether bonds (d).

Figure 2. Schematic of the synthesis process of MUF.
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Characterization of intermediate and final products
Fourier transform infrared (FTIR) spectroscopy analysis
TRP, CCI, and MUF were separately lyophilized, and FTIR 
spectroscopy (Nicolet IS10, Thermo Scientific, USA) was used to 
characterize their structures in the wave range of 400–4000 cm−1 
using compressed KBr pellets. The crust leathers retanned by MUF, 
CMS, CML, and control sample (without retanning) were trimmed 
into 2 cm×2 cm pieces to be tested using FTIR spectroscopy.

Nuclear magnetic resonance (NMR) spectroscopy
The 13C-NMR spectra of TRP, CCI, and MUF were recorded on a 
Bruker Advance II 400MHz NMR spectrometer (Bruker, Swiss). The 
solvent used for TRP and CCI was dimethyl sulfoxide (DMSO-d6, 
99.8 atom% D) containing 0.03% (v/v) tetramethylsilane (TMS), 
and the solvent for MUF was deuterium oxide (D2O, 99.8 atom% D) 
because of their differences in solubility.

X-ray photoelectron spectroscopy (XPS) analysis
XPS elemental surface analysis was achieved through an X-ray 
photoelectron spectrometer (Thermo Fisher Nexsa, USA) with a 
monochromator Al Kα X-ray source (1486.6 eV).

Storage stability and release of formaldehyde content during 
storage
The prepared products adjusted to pH 3.8/7.0 were stored at 80°C 
for 168 hours, which could accelerate the methylene ether bond 
breakage and molecular movement in the solution. During storage, 
the storage stability of the prepared products was assessed by 
observing the state of the solutions, and the formaldehyde contents 
were also determined by high-performance liquid chromatography 
(HPLC) according to ISO/TS 17226:2003. For comparison, a typical 
commercial liquid MR (CML) was also evaluated.

Particle size and isoelectric point (pI) analysis
The average particle size of the MUF solution (1 g/L) was determined 
by NanoBrook Omni (Brookhaven, USA). The pH of the MUF 
solution was adjusted to the pH gradient of 2–10 with 1 mol/L 
HNO3 and 1 mol/L NaOH to further measure the pI of MUF. For 
comparison, two typical commercial melamine resins, CML and 
powder (CMS), were also investigated. CML is in the liquid form and 
has a higher degree of sulfonation, whereas CMS is in a powder form 
with a low degree of sulfonation.

Retanning performances of MUF
The retanning performances of MUF in wet-blue (chrome tanned) 
and wet-white leathers (TWLZ tanned) were investigated. The leather 

Materials and Methods

Materials
Paraformaldehyde, diethanolamine, melamine, boron trifluoride 
diethyl etherate, acetone, sodium hydroxide and ECH were 
analytically pure and purchased from Chengdu Kelong Reagent 
Chemical Factory, China. Lysine was obtained from Shandong 
Usolf Chemical Technology Co., Ltd, China. Acetonitrile was 
chromatographically pure and purchased from Sigma-Aldrich Co., 
LLC, USA. Wet-blue and wet-white leathers were prepared by our 
laboratory. All other chemicals used for leather manufacturing 
were commercial grade. TWLZ, a commercial chrome-free tanning 
agent, was presented by Tingjiang New Materials Co., Ltd. (Sichuan, 
China). 

MUF preparation
The MUF synthesis process is shown in Figure 2.

TRP synthesis
First, 315.42 g diethanolamine and 90 g paraformaldehyde were 
added into a 1000 mL three-neck round bottom flask with a 
mechanical stirrer. The three-neck flask was placed in an oil bath at 
80°C, and the reaction was stirred for 1.5 h. Then, 126 g melamine 
was added to the flask for 6 h to prepare TRPs. The TRP was washed 
thrice with acetone and filtered to remove unreacted components, 
and the yield was 78.96%.

CCI preparation
The prepared TRP (24 g) and boron trifluoride diethyl etherate 
(0.7 g) were added to the three-neck flask and stirred for 5 min 
at room temperature. Thereafter, 45 g ECH was dripped into the 
above mixture within 30 min. Afterward, the temperature of the oil 
bath was increased to 60°C and held for 24 h. Finally, a clear and 
transparent CCI solution was obtained. The CCI was washed thrice 
with acetone and filtered to remove unreacted components, and the 
yield was 89.86%.

MUF synthesis
Lysine (8.22 g) was dissolved in 24.66 g water, and the solution was 
then transferred to a three-neck flask to react with 12.9 g CCI at 60°C 
for 2 h. Afterward, the temperature was increased to 90°C for further 
reaction for 2 h, and the mixture was kept in pH 9~10 conditions by 
30% NaOH solution throughout the reaction. The MUF was purified 
by dialysis through dialysis tubing (MWCO, 500) for three days and 
freeze-dried.
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Table I

Wet-blue retanning processes

Process Chemicals % Duration (min) Remarks

Rewetting Water 250

Degreasing agent 0.3

Formic acid 0.5 60 pH≈3.2, Drain

Washing Water 400 10 Drain

Chrome Retanning Water 200

Chrome powder 4 90

Sodium formate 1 30 pH≈3.4

Sodium bicarbonate 0.3 90 pH≈4.0, Drain

Neutralization Water 200

Sodium formate 2 30

Neutralization tannins 2

Sodium bicarbonate 1 60 pH≈5.5, Drain

Washing Water 400 10×2 Drain

Retanning Water 100

MUF/CML/CMS 10 90

Fatliquoring Water 100

Fatliquoring agent 8 50

Formic acid 2 4×15 pH≈3.4

Washing Water 400 10×3 Drain 

Note: based on wet blue weight (w/w)

Table II

Wet-white retanning processes

Process Chemicals % Duration (min) Remarks

Rewetting Water 400

Nonionic degreasing agent 0.5

Formic acid 0.3 40

Neutralization Water 200

Sodium formate 2

Neutralization tannins 3 30

Sodium bicarbonate 0.6×2 15×2+60 pH≈6.0, Drain

Washing Water 400×2 10×2 Drain

Retanning Water 100

Synthetic tanning agent 10 90

MUF/CML/CMS 10 120 Drain

Fatliquoring  Water 150

Fatliquoring agent 10 120

Formic acid 0.4×2 15×2 pH≈3.6

Washing Water 200 15 Drain 

Note: based on shaving leather weight (w/w)
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samples were cut into halves through the backbone. The retanning 
processes are summarized in Tables I (wet-blue leather) and II (wet-
white leather). It should be noted that TWLZ is a kind of aluminum-
zirconium combination tanning agent, and the isoelectric point of 
TWLZ leathers is higher than that of wet blue tanned by chrome 
tanning agent. As a result, in the retanning process of TWLZ, the 
neutralization pH of TWLZ tanning is set higher than chrome 
tanning to maintain an appropriate gap between bath pH and 
TWLZ leather isoelectric point, which can avoid leather from the 
excessive surface combination. For comparison, the two commercial 
MR agents (CML and CMS) were also investigated as the control 
samples.

Absorption of retanning and fatliquoring agents
The effluents before and after the retanning/fatliquoring process 
were individually collected to measure the absorption of retanning/
fatliquoring agents based on total organic carbon (TOC) 
concentration (Elementar, Germany). The absorption rates of the 
retanning agents were calculated using Equation (1):

(1)

where T1 and T2 are the TOC values of the bath collected at the 
beginning and ending of retanning/fatliquoring, respectively.

Thickening rates of retanned leather
The average thickness of the leather samples were measured by a 
dial thickness gauge (MingYu, China), and thickness rate (R) was 
calculated as follows:

(2)

where S1 and S2 are the average thicknesses of the leather samples 
before and after retanning, respectively.

Physical and mechanical strength of leather
All samples were kept at 25±2°C and 65%±2% relative humidity 
for more than 48 h before measuring. The physical and mechanical 
strengths of the samples, including tensile strength, tearing 
strength, and elongation at break, were tested by a universal testing 
machine (GOTECH, China) according to ISO 3377-2: 2016 and ISO 
3376: 2020.11–12

Determination of free formaldehyde content in leather 
The free formaldehyde contents of retanned leather samples were 
determined by HPLC method according to ISO/TS 17226: 2018.13

Results and discussion

Characterization of retanning agents
FTIR analysis
The FTIR spectra of TRP, CCI, and MUF are illustrated in Figure 
3a, respectively. 

The strong and wide peak at 3342 cm−1 in the spectra of the 
TRPs was assigned to the stretching vibrations of hydroxyl and 
second amino groups, indicating the successful conjugation of 
hydroxymethyl groups and melamine.14 A Mannich–type reaction 
occurred among diethanolamine, formaldehyde, and melamine. 
Due to the imino group of diethanolamine having a greater basicity 
than that of melamine’s primary amino group, N–hydroxymethyl 
diethanolamine was first synthesized, and melamine was then 
combined to prepare TRP. Moreover, peaks at 1559 and 814 cm−1 
were attributed to the vibration of triazine rings; the observation 
of these peaks in TRP is also a strong evidence of the successful 
reaction of melamine and formaldehyde.15 The peak at 2945 
cm−1 is assigned to the stretching vibration of C−H bonds from 
diethanolamine, which further confirms the successful reaction.16 
In the CCI spectra, the introduction of ECH can be proven by the 

Figure 3. FTIR spectra of TRP, CCI, and MUF (a); FTIR spectra of crust leather retanned by  
MUF, CMS, CML and control sample (b).

Absorption rates =                × 100%(T1–T2)
T1

R =               × 100%(S2–S1)
S1
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C–Cl stretching vibration peak at 668 cm−1.17 Moreover, the weak 
peak at 1083 cm−1 was attributed to ether bonds originating from 
the ring-opening reactions of epoxy groups, which also suggests the 
successful synthesis of CCI.18 After the introduction of lysine, the 
peak at 668 cm−1, which was assigned to C–Cl stretching vibration, 
almost disappeared in the MUF spectra, indicating the occurrence 
of the nucleophilic substitution between the C–Cl of CCI and the –
NH2 of lysine. Moreover, the asymmetric and symmetric stretching 
vibrations of methylene from lysine can be observed at 2924 and 
2853 cm−1, respectively; the appearance of these peaks further 
proved the successful introduction of lysine.19

The FTIR spectra of the crust leather retanned by MUF, CMS, CML, 
and control sample are shown in Figure 3b. The absences of the C-Cl 
signal at 668 cm-1 in the spectra of all samples prove that there is no 
chloride contained in the crust leather.

NMR
13C-NMR was further employed to confirm the structure of 
products, the results and the carbon atoms of TRP, CCI, and MUF 
are presented in Figures 4a–c. First, in the spectrum of TRP, signals 
of melamine triazine carbons can be observed at 167.47, 167.11, 
and 163.34 ppm, these three peaks are assigned to di-, tri-, and 

monosubstituted melamine, respectively.20 The appearance of these 
peaks indicates the successful reaction among diethanolamine, 
formaldehyde, and melamine. Moreover, the peaks at 60.62 and 
56.02 ppm are attributed to the two –CH2– in diethanolamine, 
which further confirm the success of the reaction.21 Moreover, the 
peaks observed in the 58–60 ppm region are assigned to different 
hydroxymethyl groups, which suggests that few hydroxymethyl 
groups remained in TRP.22 Interestingly, the peak at 86.58 ppm is 
due to formaldehyde hydration.23 Considering that a large excess 
of –NH2 and –NH– groups were formed in the synthesis process 
of TRP, the presence of this peak implies that the reaction between 
–CHO and –NH2 groups is incomplete and will finally maintain a 
delicate balance. For this reason, formaldehyde is hard to consume 
completely during synthesis; this reason also explains why the 
formaldehyde content stayed at a very high level in the synthesized 
MR compared with that obtained in the traditional methylation–
condensation process.

In the 13C-NMR spectrum of CCI, the peaks of different 
hydroxymethyl groups at the 58–60 ppm region disappeared, and 
only a single peak at 163.44 ppm was found. These changes were all 
related to the ring-opening reaction between –OH/–NH2 and epoxy 
groups, indicating the successful introduction of –Cl.24 Moreover, 

Figure 4. 13C-NMR spectra of TRP (a), CCI (b), and MUF (c).



	 Novel Melamine Resin with Ultralow Formaldehyde Content 	 29

JALCA, VOL. 118, 2023

the newly appeared peaks at 46–48 ppm region in the spectra of 
CCI were assigned to the different types of carbon atoms that are 
linked to chlorine atoms. The appearances of these peaks prove the 
successful synthesis of CCI.25

The final product of MUF was obtained after the polymerization 
of CCI was initiated by lysine. Figure 4c shows five strong peaks at 
55.44, 39.47, 33.18, 27.39, and 22.01 ppm. These peaks are attributed 
to the methine and methylene carbons in lysine, indicating the 
nucleophilic substitution reaction between –NH2 in lysine and –
Cl in CCI.26 Moreover, this reaction can also be evidenced by the 
disappearance of peaks at 46–48 ppm, which is assigned to carbon 
atoms linked to chlorine atoms. In addition, many small peaks are 
distributed at 47–52 and 57–77 ppm. These peaks correspond to 
different kinds of methyl in MUF. The occurrence of these peaks is 
attributed to the different degrees of substitution.27

Figure 5. Survey scans of lysine (a) and MUF (b); N 1s XPS spectra of lysine (c) and MUF (d).

XPS analysis
The elemental and bond energy variations of lysine and MUF were 
further analyzed by XPS as shown in Figure 5. In the full XPS 
spectra of lysine and MUF, the absorption peaks with binding 
energies at 285, 400, and 531.2 eV are attributed to C 1s, N 1s, and 
O 1s, respectively, which are the major elemental compositions of 
lysine and MUF. The N spectrum of lysine in Figure 5c has two 
main peaks at 398.85 and 400.87 eV, corresponding to –NH2 in the 
lysine molecule and ionic states –NH3

+ and –NH+ formed between 
the lysine molecules, respectively.28 After reaction with CCI, the N 
spectrum of MUF (Figure 5d) shows four peaks at 399.06, 400.29, 
401.31, and 402.16 eV, which are attributed to –NH2/–NH, C–N, –
NH3

+/–NH+, and C=N in MUF, respectively. Moreover, compared 
to Figure 5c, Figure 5d shows an obvious decrease in the intensity 
of NH3

+/NH+, further indicating that chlorine from CCI has 
successfully reacted with the deprotonated form of lysine.29–30
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Storage stability and formaldehyde determination  
of retanning agents
The storage stability of liquid MUF and CML at pH 3.8 and 7.0 
were exhibited in Figures 6a–d. The alkaline conditions were not 
evaluated because the leather manufacturing processes were mostly 
conducted in acidic conditions. Storage stability is an important 
indicator of hydroxymethyl contents. Hydroxymethyl groups have 
high activity; they can condense with each other during storage 
and finally precipitate out.31 Precipitation was observed in CML 
at pH 3.8 after being placed at 80°C for 120 h, whereas MUF was 
stable during observations. CML was synthesized by the traditional 

hydroxymethylation–condensation process, and large amounts 
of residual hydroxymethyl groups were found in the product. The 
residual hydroxymethyl groups will be further condensed and lead 
to an unstable state. However, hydroxymethyl groups were mostly 
consumed in MUF and thus show high stability even at an extremely 
low pH. Considering its very low content of hydroxymethyl groups, 
MUF should have ultralow-formaldehyde emission.

It can be observed in Figures 6a and 6c that the color of MUF 
became darker during storage testing. MUF is rich in hydroxyl 
groups, and some of them were oxidized to aldehydes and ketones 

Figure 6. Stability of MUF at pH 3.8 (a), CML at pH 3.8 (b), MUF at pH 7.0 (c), and  
CML at pH 7.0 (d); formaldehyde content evolutions of MUF (e) and CML (f) during observation; amine 

group content evolutions of MUF (g) during observation.
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during storage at 80°C. These aldehydes and ketones interacted 
with free amino groups to cause the Maillard reaction, and finally 
resulted in an increase of the color intensity.32 Therefore, MUF is 
advised against storing in high-temperature environments.

The continuous release of free formaldehyde in MR is greatly 
related with the amount of methylene ether bonds. Figures 6e–f 
shows the formaldehyde content evolutions of CML and MUF 
during observation. The formaldehyde content of CML showed an 
increasing trend with time at different pH and tended to be stable 
after 72 h. This phenomenon can be attributed to the breakage of 
methylene ether bonds in CML, which can lead to the release of 
free formaldehyde. Afterward, the methylene ether bonds in CML 
were mostly consumed, and its formaldehyde content tended to 
stabilize. After 168 h, the formaldehyde content of CML were 
18555.99 and 18813.90 mg/kg at pH 3.8 and 7.0, respectively. 
The formaldehyde content of MUF initially increased and then 
decreased. In the first step of MUF preparation, a small amount of 
methylene ether bonds were generated as shown in the 13C NMR 
analysis, which will breakdown, and release formaldehyde at a 
higher temperature. However, the maximum formaldehyde content 
of MUF was only 724.02 mg/kg, which was much lower than that 
of CML. The decreasing stage can be attributed to the presence of 
large amounts of –NH2/–NH in MUF. These groups can react with 
the released formaldehyde. After 168 h, the formaldehyde content 
in MUF greatly decreased to 26.14 and 28.23 mg/kg at pH 3.8 and 
7.0, respectively, indicating the great advantage of the proposed new 
synthesis method for MUF. The amine group content changes of 
MUF over the course of storage were presented in Figure 6g. Before 
72 hours, the amine group content was significantly decreased 
at pH 3.8 and 7.0, but it was almost unchanged after 72 hours, 
providing strong support for the reaction between –NH2/–NH and 
the released formaldehyde.

Particle size and zeta potential
The average particle sizes and zeta potentials of MUF, CML, and 
CMS are summarized in Figure 7. The average particle size of MUF 
was 392 nm, which was slightly lower than those of CMS (593 
mm) and CML (587 nm). The particle size and size distribution 
of retanning agents greatly affect their retanning performance.33 
A particle size that is too large may result in insufficient leather 
penetration, whereas a small particle size may decrease the filling 
performance. According to literature, the diameter of collagen 
fibers in leather is approximately 0.5–20 μm, and the average 
spacing between fibers is 2.5 μm.34 Therefore, MUF can easily 
penetrate leather and fill collagen fibers well.

Apart from particle size, the charges of retanning agents will also 
affect their penetration and uptake in leather. Chrome-tanned 
leather is positively charged, and retanning agents are usually 
designed as an anionic type to facilitate their absorption.35 In 
chromium-free tanned leather, the charge mismatch between wet 
white and retanning agents will result in the poor quality of the 
finished leather. Fortunately, amphoteric agents are promising in 
solving the charge mismatch problem owing to their pH-responsive 
function.36 As illustrated in Figure 7b, the pI values of MUF and 
CMS were 5.08 and 4.56, respectively. Lysine is a basic amino 
acid with two amino groups, which could increase the pI of MUF 
and is beneficial for the absorption of anionic retanning agents. 
However, CML is in the anionic state at pH 1–10 because of its high 
sulfonation degree.

Retanning performances of MUF 

Absorption rates of retanning and fatliquoring agents
The absorption rates of retanning and fatliquoring agents were 
determined by collecting the bath at the beginning and end of the 
retanning and fatliquoring processes. The results are shown in 

Figure 7. Average particle sizes (a) and zeta potentials (b) of MUF, CML, and CMS.
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Figure 8. MUF exhibited a higher absorption rate than CML and 
CMS (Figure 8a). The absorption rate of CMS was the lowest in 
the chrome-tanned and chrome-free leather because of the poor 
solubility of CMS. Notably, compared with commercial MRs, the 
leather samples retanned by MUF manifested a high absorption rate 
by the fatliquoring agents in wet-blue and wet-white leathers (Figure 
8b). The pH of the retanning process was about 5.5. MUF was in 
an anionic state in this condition, and the electrostatic attraction 
between MUF and collagen fiber is beneficial for its combination.37 
Moreover, in the following fatliquoring stage, the final pH of the bath 
was controlled at 3.8, at which MUF was in a cationic state and can 
further promote the absorption of anionic fatliquoring agents. This 

result further proved the superiority of amphoteric retanning agents 
in leather manufacturing.

Physical and mechanical strengths
The physical and mechanical strengths of the leather samples 
retanned by MUF, CMS, and CML, including thickening rate, 
tensile strength, tear strength, and elongation at break, were 
thoroughly determined. As shown in Figure 9, the thickening 
rates of the wet-blue and wet-white leathers retanned by MUF 
were higher than those retanned by CMS but were lower than 
those retanned by CML (Figure 9a). The tensile strengths, tear 
strengths, and elongation at break of the leather samples retanned 

Figure 9. Physical and mechanical strengths of leather samples retanned by MUF, CML, and CMS: 
thickening rates (a), tensile strength (b), tear strength (c), and elongation at break (d).

 Figure 8. Absorption rates of retanning (a) and fatliquoring agents (b).
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by MUF were comparable to those retanned by CML and CMS; 
overall, MUF and CML showed better performances than CMS 
(Figures 9b–d). Compared with the blank, the tensile and tear 
strengths of the leathers retanned by MR were all enhanced 
(Figures 9b–c). In general, the retanning process often refers to 
the generation of cross-linked bonds between the retanning agents 
and collagen polypeptide chains. These bonds can improve the 
physical and mechanical strengths of the leather. In the molecular 
structures of MUF, –OH, –NH2, and –COOH groups may form 
multipoint cross-linking with collagen fibers and finally lead to 
the improvement of mechanical strength.

Determination of free formaldehyde in leather
Figure 10 shows the formaldehyde content of the leather samples 
retanned by different agents. The formaldehyde content in blank 
blue and white leather samples without retanning were 29.27 
and 92.49 mg/kg, respectively, which possibly originated from 
the pretreatment and tanning process. After the samples were 
retanned by commercial MR retanning agents (CML and CMS), the 
formaldehyde content of wet-white and wet-blue leathers reached 
as high as 688.17/308.74 and 398.05/286.12 mg/kg, respectively. 
Compared with the blank samples, the formaldehyde contents of 
the wet-white and wet-blue leather samples retanned by MUF only 
increased by 12.68 and 8.98 mg/kg, respectively. These facts suggest 
that MUF application did not remarkably increase the formaldehyde 
content of leather. Economic analysis was conducted and the cost 
of UF was estimated within $1.00/kg, which is comparable with 
commercial retanning agents, showing a promising application 
potential.

Conclusion

A new synthesis method was proposed in this study to solve the 
formaldehyde issue in MR, and an ultralow-formaldehyde MR 
retanning agent, MUF, was prepared. In the synthesis process, the 
introduction of diethanolamine changed the route of hydroxymethyl 
reaction and greatly reduced the residue of formaldehyde, and 
ECH changed the state of the intermediate product compared 
with the traditional approach. Importantly, the polymerization 
initiated by lysine extremely reduced the formation of methylene 
ether bonds, which fundamentally solved the continuous release 
of formaldehyde during storage and application. MUF could be 
applied in the retanning process of chrome-tanned leather and 
TWLZ (chrome-free)-tanned leather and exhibited outstanding 
retanning performances. Therefore, this novel MR preparation 
strategy is successful, and the obtained product has a good potential 
application prospect.
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