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Abstract

Silicic acid, commonly derived from cheap and easily available sodium silicate, has recently received great attention
for application in leather industry to produce ecological leather with a cleaner approach. However, leather tanned
with silicic acid alone is poor in storage stability, which limits its practical application in leather production. In this
work, a new environment-friendly combination tannage based on silicic acid and plant tannin was developed to
address this issue along with improving the comprehensive performances of leather. The obtained leather was
characterized by scanning electron microscopy, Fourier transform infrared spectroscopy, X-ray photoelectron
spectroscopy and so on. The results showed that compared with leather tanned with silicic acid alone, the leather
tanned with this combination method possessed improved thermal stability, enhanced mechanical properties,
acceptable softness, appropriate hydrophilicity, and especially enhanced storage stability. More importantly, the
combination tanned leather with 1:1 of the mass ratio of silicic acid to vegetable tannin (composed of valonea
extract and mimosa extract with the same weight) had more prominent comprehensive performances. In addition,
the results demonstrated that hydrogen bonding played an important role in the combination tanning process.
Furthermore, the hydrogen bonds generated between phenolic hydroxyl groups of polyphenols with silicon
hydroxyl groups of silicic acid molecules inhibited the excessive condensation of Si-OH groups between
themselves. Subsequently, the assessment of environmental impact revealed the value of BOD5/COD of the
wastewater produced in this combination tanning process is more than 0.3, indicating the chrome-free
combination tannage based on silicic acid and plant tannin was an environment-friendly tanning technology. These
findings therefore indicated that a new chrome-free tanning method with silicon and biomass materials as main
tanning agents has potential practical application prospect in leather production.
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1 Introduction
The leather industry plays an important role in our daily
life. And as an important industrial material product,
leather is widely used in many fields, including shoes,
clothing and furniture upholstery [1, 2]. Tanning is a
meaningful process in the leather industry, which im-
proves thermal stability, mechanical properties and

porosity of leather [3]. In the leather industry, basic
chromium sulphate is preferred as tanning agent, mainly
because of its lower cost and better reactivity with colla-
gen fiber [4]. However, it is difficult to dispose the solid
waste containing chromium generated in leather manu-
facturing, and chromium (III) might be converted into
chromium (VI), which can cause harm to human skin
and lead to some other diseases [5–9]. In addition, it
would take decades or even hundreds of years for
chrome tanned leather to be biodegraded in nature,
which may cause the ecological imbalance [10].
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Therefore, it is imperative to develop chrome-free tan-
ning technology.
Up to now, many chemicals for chrome-free tanning

systems have been developed. As a matter of fact, trad-
itional aldehyde tanning agents and vegetable tanning
agents can be used to produce chrome-free leather.
However, leather tanned with aldehyde tanned leather
has the risk of releasing free formaldehyde, and vegetable
tannins are not suitable for preparing light leather,
which are often used in combination with other tanning
agents [11]. Besides, non-chrome metal such as alumin-
ium salt, titanium salt, and zirconium salt can also be
applied to the production of chrome-free leather [11–
13]. Nevertheless, the obtained leather suffered from
some inherent limitations such as no washability, hard-
ness and poor organoleptic properties. Furthermore,
synthetic tanning agents including amino resins and
vinyl copolymers also exhibited unsatisfactory tanning
effects like low shrinkage temperature, insufficient fiber
dispersion and poor mechanical properties, when they
were used as main tanning agent. It is worth noting that
in recent years, some organic tanning agents based on
biomass, such as starch, chitosan and cellulose, espe-
cially their derivatives, have been explored and used in
the main tanning stage, combined with other chrome-
free tanning agents, and showed very good prospect
[14–16]. But there are still lots of issues that need to be
addressed. Nevertheless, it can be found that the com-
bination tanning method using different tanning agents
with different characteristics is an effective method and
achievable strategy.
In recent years, with the development of silicon chem-

istry and the progress of nanotechnology, the application
of silicon-containing materials in chrome-free tanning
systems has attracted increasing attention. For example,
an environmentally-friendly tanning process based on
nano-silica was explored, and it was reported that the
obtained leather had shrinkage temperature as high as
98.2 °C [17]. In addition, the leather tanned by using
Laponite nano-clay combined with tetrakis (hydroxy-
methyl) phosphonium sulfate exhibited good physical
performance [18]. Interestingly, zeology, a chrome-free,
heavy metal-free and aldehyde-free tanning agent based
on zeolite, was developed by Smit & Zoon Company,
and reported that the tanned leather by zeology had
lightfastness, light color, heat resistance and good phys-
ical properties. In addition, our team found that silane
glycidoxypropyltrimethoxysilane (GPTMS) can increase
the porosity of the skin collagen fiber matrix and make
the pore distribution more uniform [19]. Especially, we
recently developed a new tanning method, which is
based on silicic acid derived from sodium silicate and si-
lane containing epoxy group (GPTMS), can make the Ts
value of the leather reach 88 °C, and improve its storage

stability [20]. However, comprehensive properties of the
leather are still insufficient, especially lacking enough
softness and hydrophilicity, so it should be improved for
further practical application. Therefore, it is still an
impending requirement for leather industry to find an
efficient chrome-free tanning technology that can not
only alleviate the impact on the environment, accelerate
sustainable development, but also endow leather with
acceptable comprehensive performances for practical
application.
As for vegetable tanning agents, there are many multi-

point hydrogen bonding between phenolic hydroxyl
groups and the active groups (e. g. -NH2, −COOH,
−OH) of collagen fiber, as well as other chemical bonds
such as ionic bond, covalent bond and hydrophobic
interaction. As a result, their synergistic effect improves
the performance of the leather [21]. Importantly, vege-
table tanning agents are usually used in combination
with other chrome-free tanning agents to obtain unique
effects and make distinctive leather [22]. A fascinating
method of combining vegetable tanning agent and sili-
con materials has attracted great attention. For example,
the leather produced by combination tanning of tannic
acid, aluminum sulfate and sodium metasilicate can
achieve a satisfactory shrinkage temperature (about
95 °C), and improved softness and fluffiness [23].
Through tanning with a combination of tannic acid and
laponite nano-clay, the obtained leather was in posses-
sion of Ts exceeding 86 °C, and the laponite showed a
good tanning effect, which can combine with collagen
fiber tightly and evenly [24]. In our previous work, we
found that hydrogen bonds between silicon hydroxyl
groups of silicic acid and amino groups of collagen fiber
play an important role in tanning process, which is con-
sistent with vegetable tanning method to some extent
[20]. Therefore, it can be deduced that the combination
tanning of silicic acid with vegetable tanning agent is an
effective tanning method. On the one hand, the phenolic
hydroxyls of vegetable tanning agent may form hydrogen
bonding with silicon hydroxyls, probably inhibiting fur-
ther condensation of Si-OH themselves during storage,
and thus improving the softness and hydrophilicity of
the tanned leather. On the other hand, hydrogen-
containing active groups of these two tanning agents can
also form hydrogen bonds with collagen fibers. As a re-
sult, a synergistic effect took place. Furthermore, due to
the existence of covalent crosslinking structure of Si-O-
Si network, the silicon-containing materials employed
might play a positive role in the thermal stability and
tensile strength of the tanned leather. To the best of our
knowledge, the tanning technology based on the com-
bination of silicic acid and plant tannin is a tanning
method with great development potential, but there are
few reports in this field.
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In this study, a chrome-free combination tanning
method based on vegetable tanning agent and silicic acid
was proposed. Here, there is no strict difference in the
expression of vegetable tanning agent, plant tannin and
plant polyphenols. Thermal properties of the as-prepared
leather were characterized by Ts, differential scanning
calorimetry (DSC) and thermal gravimetric analysis
(TGA). Softness, thickening rate and mechanical
strength of the leather were also recorded. Besides, the
chemical structure and the microstructure were further
investigated by Fourier transformed infrared spectros-
copy (FT-IR), X-ray photoelectron spectroscopy (XPS),
and scanning electron microscopy (SEM). At last, by
testing chemical oxygen demand (COD), five-day bio-
logical oxygen demand (BOD5), total solids (TS), total
dissolved solids (TDS), and total suspended solids (TSS)
content of tannery wastewater, the environmental im-
pact assessment was realized. This study reported an
environmental-friendly and effective combination tan-
ning technology, which would not only further expand
the application of silicon materials in leather tanning,
but also provide exciting opportunities to the sustainable
development of the leather industry.

2 Experimental
2.1 Materials
Pickled goatskin, prepared by ourselves according to the
conventional method [25], was utilized in tanning exper-
iments. Silicic acid, derived from sodium silicate (pro-
vided from Kelong Reagent Co. Ltd. (Chengdu, China)),
was prepared by ourselves in accordance with our previ-
ous article [26]. Firstly, sodium silicate solution with a
concentration of 10% was prepared. Then it was poured
into sulfuric acid solution (50%) according to the stoi-
chiometric ratio of 1: 1.05. And the solution of silicic
acid was stirred well for later use. Valonea extract (a
hydrolysable tannin) and mimosa extract (a condensed
tannin) were purchased from Sichuan Dowell Science

and Technology Inc. (Chengdu, China). Sulfuric acid, so-
dium silicate, sodium hydrogen carbonate, and sodium
chloride were provided by Kelong Reagent Co. Ltd.
(Chengdu, China), and all the above reagents are
analytical-reagent grade.

2.2 Tanning process
In our previous work [20], the better dosage of tanning
agent was determined to be 15 wt% of pickled skin,
which is the total amount of tanning agent used in this
work. The tanning process was shown in Table 1. In de-
tail, the skin was immersed in 100% pickled float with a
pH value of 2.0–2.5, and the float was rotated for 0.5 h.
Subsequently, silicic acid solution was added to the
drum, and kept rotating for 5.0 h. Then, the pH value
was adjusted to 4.0–4.5 by adding an appropriate
amount of NaHCO3 within about 1.0 h. Thereafter, the
vegetable tannin (composed of valonea extract and mi-
mosa extract with the same weight) was added and
tanned for 2.0 h, then the temperature was adjusted to
40 °C by adding the same amount of water as the pickled
skin, and further tanning for 2.0 h, then stopped and
kept overnight. The next morning, the drum was further
turned for 2.0 h, then the float was drained and the lea-
ther was washed and free dried. Prepared leather sam-
ples were represented by S-V-1, S-V-2, and S-V-3
according to the mass ratio of silicic acid to vegetable
tannin, that is, 2:1, 1:1, and 1:2 respectively. In addition,
the sample tanned by silicic acid alone was recorded as
SA, and the leather tanned by vegetable tanning agent
alone was named VA. The codes and formula of the
leathers were shown in Table S1 in supplementary infor-
mation. In addition, the appearance and color of the SA,
S-V-2, and VA leather samples were shown in Fig. S1 in
supplementary information. Moreover, in order to
improve the accuracy of the experimental results, each
tanning process was repeated at least three times by
using different goatskin samples.

Table 1 Silicic acid-vegetable tannin combination tanning process

Process Material Dosage(%) Time(h) Remark

Pickling Water 100

NaCl 8

Formic acid 1.2 0.5 pH 2.0–2.5

Silicic acid tanning Silicic acid (based on amount of SiO2) xa 5.0

NaHCO3 1.5 1.0 20 times dilution

Adjust the pH of tanning solution to 4.0 ~ 4.5

Vegetable tanning Vegetable tannin ya 2.0

Water 100 2.0 40 °C

Overnight

Rotation for 2.0 h, then water washing, taking out and drying
a x and y refer the numbers 15 and 0, 10 and 5, 7.5 and 7.5, 5 and 10, and 0 and 15, respectively
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2.3 Characterization
2.3.1 Testing of hydrothermal stability
Hydrothermal stability of the leather was tested under
the water bath according to ISO 3380-2015 by a
shrinkage tester (MSW-YD4). The specific mold was
used to cut the samples into rectangular (50 mm × 3
mm). Subsequently, the samples were heated in water
at the rate of 2 °C /min. Form every sample at least
five tests were recorded and the average was calcu-
lated [27].

2.3.2 Differential scanning calorimeter (DSC)
DSC-200PC (Netzsch, Germany) was used to
characterize the thermal denaturation temperature of
the leather samples [18]. Briefly, the weight of the
freeze-dried samples at different storage time was re-
corded, and was heated from 20 °C to 160 °C under ni-
trogen protection and the heating rate was 5 °C/min.
Every sample was measured repeatedly at least five
times.

2.3.3 Thermogravimetric analysis (TGA)
Thermal stability of the sample was also measured by
TG 209 (Netzsch, Germany). The freeze-dried sample
was cut into appropriate pieces and the weight was also
recorded. The heat temperature was from 50 to 800 °C
according to the rate of 10 °C/min under nitrogen pro-
tection. Each sample was carried out by five independent
measurements [28, 29].

2.3.4 Mechanical tests
The testing of the mechanical of the samples was ac-
cording to the standard procedure (ISO 3376-2020) and
more details were introduced in supporting material S1
[30, 31]. The mechanical properties of S-V-1, S-V-2, and
S-V-3 were compared with VA and SA reference
samples.

2.3.5 Thickening rate
Thickening rate of leather can reflect the filling per-
formance of the tanning agent, which is related to
the change of leather pore structure. Before tanning,
thickness of leather was measured by a thickness
gauge according to ISO 2589:2016. Every sample was
chosen from five locations to measure, and the mean
value of the results was calculated and recorded as
d0 (mm). Then, after tanning, the thickness of
leather in the same position was also calculated and
recorded as d1 (mm). Subsequently, the thickening
rate (Tr) can be calculated according to the following
formula (1) [32, 33].

Tr ¼ d1−d0

d0
� 100% ð1Þ

2.3.6 Softness
Softness is one of the important indices to examine the
organoleptic property of leather. ST-300 leather softness
tester equipped with a 20 mm ring was used to deter-
mine the softness of the samples according to the stand-
ard of ISO 17235-2015. The details of the measure
method was shown in supporting materials S2 [34, 35].

2.3.7 Water absorption
Hydrophilicity of leather was determined by testing
water absorption [36]. Briefly, the leather was cut into
small pieces ~ 1 × 1 cm, and weighted as W0. Then put it
in a beaker, add appropriate amount of water, and take
it out at 30 min, 60 min, 90 min, 150 min and 210 min,
respectively. Then, wipe off the adsorbed water on the
sample surface with filter paper, and the weight was re-
corded as Wt. The water absorption was calculated ac-
cording to formula (2). Every sample was measured by
five times, and an average value was calculated.

Water absorption ¼ Wt−W 0

W 0
� 100% ð2Þ

2.3.8 Contact angle
Contact Angle System OCA was employed to determine
surface hydrophilicity of the leather. Specially, the lea-
ther was cut into suitable size and fixed on the glass
slide with grain face up before the measurement system
was started. Then the photo was taken and the contact
angle of the leather surface was calculated. The result
represents the average value of at least five measure-
ments [36].

2.3.9 Scanning electron microscope (SEM)
The leather samples obtained were cut into small pieces
of proper size. And then they were dried in the freeze
dryer (SCIENTZ-10 N, China) at − 60 °C, after they were
frozen at the refrigerator at − 30 °C overnight. Subse-
quently, the fracture section of the samples was observed
by scanning electron microscopy (JEOL, Japan). Their
pore size distribution ere measured by nano-measure
software [26].

2.3.10 Fourier transform infrared spectroscopy (FT-IR)
The chemical structure of the tanned leather was mea-
sured by the Fourier transform infrared spectroscopy
(FT-IR) at the range of 400–4000 cm− 1. Briefly, the
tanned leather sample was freeze-dried, then ground
into powder, and then mixed with potassium bromide
(KBr) powder. Measurement was performed with a
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resolution of 4 cm− 1, and the spectra was stored in the
computer and analyzed [37].

2.3.11 X-ray photoelectron spectroscopy (XPS)
The Escalab-220i XPS (Kratos, Japan) was used to meas-
ure the element content of the samples. Particularly, the
high-resolution XPS spectra of the N1s, O1s, C1s, and
Si2p was measured respectively at energy 20 eV. And the
further analysis was carried out at the Service Physics
ESCAVB data reduction software [26].

2.3.12 Evaluation of tanning waste water
Biochemical Oxygen Demand (BOD5) and Chemical
Oxygen Demand (COD) of the waste water were tested
reference to EN 1899:2003 and ISO 6060:1996, respect-
ively. Furthermore, according to EN 872:2005 the Total
Dissolved Solids (TDS) was measured, and Total Solid
(TS), and Total Suspended Solid (TSS) of the waste
water were also calculated [38, 39].

3 Results and discussion
3.1 Thermal stability
Some post-tanning treatment processes of leather, such
as drying, plating, ironing, embossing, and especially
shaving, need to set appropriate temperature to obtain
leather with good comprehensive properties. Thus, ther-
mal stability is an important index to judge the quality
of leather. In addition, in order to explore storage stabil-
ity of the leather, their shrinkage temperature, thermal
denaturation temperature and thermal decomposition
temperature after storage for 0, 1, 3, and 5 days were
measured and analyzed.

3.1.1 Shrinkage temperature
Table 2 shows the Ts values of different leather samples
stored for 0, 1, 3, and 5 days. As it is known, the Ts of
the leather tanned by silicic acid alone will change obvi-
ously during storage. It can be found here that the Ts of
the SA sample did increase by about 23 °C, from ~ 68 °C
to ~ 91 °C from 0 to 5 days, which may be due to the
continuous condensation of Si-OH between themselves
during the storage process. However, this situation chan-
ged when the vegetable tanning agent was added in
combination with silicic acid. The change degree of the
Ts of S-V-1 was milder than SA, about 8 °C. While the
Ts of S-V-2 or S-V-3 is nearly stable, within the range of

80–83 °C. Interestingly, the Ts of VA sample was also
slightly different, only about 3 °C, ranging from ~ 78 °C
to ~ 81 °C. These results indicated that the addition of
vegetable tanning agent seems to be able to control the
Ts value of silicic acid tanned leather; that is to say, to
make the combination tanned leather more stable in
hydrothermal shrinkage. Furthermore, the more the
vegetable tanning agent was added, the slighter change
of the Ts of the leather. This phenomenon is likely to be
attributed to the more incorporated phenolic hydroxyl
groups, and more hydrogen bonds generated between
phenolic hydroxyl with silicon hydroxyl groups, which
thereby impeding the further condensation of Si-OH
themselves. Moreover, on the 0 day, the Ts of S-V-2 and
S-V-3 were both greater than that of SA or VA, which
indicated the synergistic effect between the two tanning
agents.

3.1.2 Thermal denaturation temperature
DSC was used to measure the thermal stability of the
leather. DSC curves can reflect the denaturation degree
of the leather, which is related to the degree of crosslink-
ing and crystalline structure of the collagen fiber [40].
Figure 1 shows that when the tanning process was just
accomplished, the denaturation temperature of the SA
sample was low, ~ 68.4 °C; while it increased to 98.5 °C
after 5 days. This may be related to dehydration and
condensation of silicon hydroxyls themselves, and hence
more Si-O-Si network structure formed during the stor-
age period, which improves the thermal stability of lea-
ther [41]. With the increase of the amount of vegetable
tanning agent, the change range of the denaturation
temperature decreased. The denaturation temperature of
S-V-1 increased from ~ 75.1 °C to ~ 92.8 °C, and that of
S-V-2 and S-V-3 sample were in the range of 80.4–
85.0 °C and 73.8–79.2 °C, respectively. The lower thermal
denaturation temperature of S-V-3 in the 0 day might be
ascribed to the more phenolic hydroxyl groups, greatly
restricting the condensation of Si-OH. It should be
noted that, the order of thermal denaturation
temperature values from large to small is SA, S-V-1, S-
V-2 and S-V-3 after storage for 5 days. This
phenomenon might be clearly related to the formation
of hydrogen bonds between Si-OH and phenolic hy-
droxyl groups, which restrained the dehydration and
condensation of Si-OH groups themselves, and as a

Table 2 Shrinkage temperature of the samples

Storage time (d) SA S-V-1 S-V-2 S-V-3 VA

0 68.4 ± 3.93 75.8 ± 0.48 79.2 ± 0.79 80.2 ± 0.50 77.9 ± 0.52

1 72.2 ± 1.15 78.2 ± 0.75 80.8 ± 0.23 82.0 ± 0.24 79.1 ± 0.65

3 83.4 ± 1.56 81.4 ± 0.53 82.3 ± 0.87 82.1 ± 0.38 80.6 ± 0.41

5 91.2 ± 1.32 83.0 ± 0.75 82.9 ± 0.44 81.9 ± 0.55 81.1 ± 0.94
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Fig. 1 DSC curves of SA (a), S-V-1 (b), S-V-2 (c), S-V-3 (d) and VA (e) at different storage time

Table 3 Weight loss rate and Tmax of the samples at different storage time

Sample Tmax(°C) Second stage weight loss rate(%) Total weight loss rate(%)

SA 0 343.5 49.89 68.60

1 345.4 48.81 66.89

3 354.9 49.49 65.52

5 356.9 46.07 59.70

S-V-1 0 336.9 54.76 75.64

1 340.1 52.09 70.69

3 345.9 51.71 69.17

5 347.0 51.71 68.03

S-V-2 0 344.1 47.93 68.36

1 344.9 48.63 65.97

3 344.8 49.99 64.60

5 345.1 48.62 63.57

S-V-3 0 335.2 53.47 71.77

1 335.4 53.81 71.01

3 335.4 53.81 70.25

5 335.9 52.23 69.11

VA 0 311.9 55.67 79.70

1 312.1 56.04 78.18

3 311.8 54.84 76.28

5 312.2 57.57 73.24
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result the formation of Si-O-Si rigid structure was re-
duced. Not surprisingly, the denaturation temperature of
the VA sample did not seem to change during storage,
almost at ~ 84.0 °C, which is also in good agreement
with previous reports in the literature [42, 43].

3.1.3 Thermal decomposition temperature
Thermal stability of leather was also analyzed by TGA.
The TGA and DTG curves of representative samples
were shown in Fig. S2 in supplementary information,
and the corresponding weight loss rate and maximum
thermal weight loss temperature (Tmax) were shown in
Table 3. The initial stage of thermal weight loss within
150 °C is mainly caused by the loss of water and other
volatile small molecules inside the skin collagen fiber
matrix [44]. At 200–500 °C, the second weight loss stage
of the sample is more obvious on the TGA curves. In
this temperature range, the crosslinking between tanning
agents and collagen fibers was broken. Due to the action
of heating, collagen fibers and some other organic mate-
rials such as plant tannins were decomposed into small
molecules and escaped, which led to the significant de-
cline in the TG curves [28]. Therefore, the weight loss
rate of VA is higher than that of others. Moreover, the
third weight loss can be attributed to the evolution to-
wards other carbonaceous substances at the Tmax under
heating, and as a result the residue was formed [45].
As for the Tmax of the leather after 5 days storage, it

was SA, S-V-1, S-V-2, S-V-3 and VA in descending
order, which indicated that the Tmax of leather decreased
with the increase of amount of vegetable tanning agent.
This can also be explained by inhibiting condensation of
Si-OH and reducing the structure of heat-resistant and
rigid Si-O-Si network, which was due to the addition of
vegetable tanning agent. Compared with SA and S-V-1,
the Tmax of S-V-2 and S-V-3 changed little during stor-
age process, which further confirmed that adding plant
polyphenols can improve the storage stability of leather.

3.2 Physical and mechanical properties
3.2.1 Softness and thickness rate
Figure S3 shows the softness value of leather samples,
that is, SA, S-V-1, S-V-2, S-V-3 and VA were ~ 5.7, ~
6.0, ~ 6.4, ~ 7.0 and ~ 7.6, respectively, indicating the
softness of the leather increased with the increase of
vegetable tanning agent dosage. This may be as a result
of the formation of considerably rigid Si-O-Si network
structure decreased, due to the incorporated phenolic
hydroxyl groups forming hydrogen bonds with silicon
hydroxyl groups, inhibiting their further condensation,
and thereby rigidity of the leather decreased [46].
Thickness of leather is another important index. On

the one hand, the thickness of leather is closely related
to its fullness, and the change of thickness can reflect

the filling effect of a tanning agent; on the other hand,
different applications require different thickness of lea-
ther. Obviously, the thickness rate of the obtained lea-
ther (Fig. S4 in supplementary information) was much
higher than that of traditional chrome tanned leather. In
addition, the thickening rate of SA was the highest (~
140%) and that of the VA was the smallest (~ 86%),
among these prepared leather samples. With the in-
crease of the amount of vegetable tanning agent, the
thickness rate decreased. This result may be ascribed to
the fact that silicic acid molecules would undergo con-
densation reaction during tanning process, to generate
three-dimensional rigid Si-O-Si network structure,
which is hard to deformation. However, vegetable tan-
ning agents mainly generate hydrogen bonds, thus their
filling effect is weaker than silicic acid in tanning
process.

3.2.2 Tensile strength and elongation at break
Tensile strength test of leather can reflect the deform-
ation of leather under external forces and the strength
that the leather can bear, and it is also an important
index to judge the durability and firmness of leather. In
order to further explore the influence of the incorpor-
ation of vegetable tanning agent on the properties of sili-
cic acid tanned leather, the mechanical strength and
elongation at break of the samples were measured and
compared. The stress-strain curves (Fig. S5 in supple-
mentary information) shows that the SA possessed the
strongest tensile strength, and the VA had the weakest
strength, and further the stress of the combination
tanned leather decreased with increasing amount of
vegetable tanning agent. This phenomenon is closely re-
lated to the formation of the Si-O-Si rigid structure. As
for the sample SA, due to the relatively large dosage of
silicic acid, more Si-O-Si rigid structures were generated
within the skin collagen fiber matrix; as well as more
hydrogen bonding formed that help to enhance the ten-
sile strength [42]. On the other hand, with the increase
of the amount of vegetable tanning agent, the elongation
at break of the samples increased significantly. This may
be due to fewer formation of the Si-O-Si rigid network
structure, which resulted from inhibition of the conden-
sation of Si-OH groups by the incorporated phenolic hy-
droxyls. Therefore, compared with the SA sample, the
elongation at break of the combination tanned leather
increased.

3.3 Water absorption and contact angle
Hydrophilicity plays an important role in the post-
tanning stages of the leather and the use of leather
goods. Water absorption and contact angle of the leather
can reflect its hydrophilicity. Figure 2 showed that the
water absorption of all samples increased sharply in the
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first 30 min, among which the increase of water absorp-
tion of the VA was the highest (~ 36%) in the range of
30 min to 90min, while others did not exceed 20%. In
addition, with the increase of dosage of vegetable tan-
ning agent, the water absorption of the leather increased.
The reason is probably that, on the one hand, the phen-
olic hydroxyl groups in plant polyphenols have excellent
hydrophilicity; and on the other hand, these phenolic
hydroxyls can restrain the formation of hydrophobic Si-
O-Si structure, and thus more amount of hydrophilic Si-
OH groups are remained. After 150 min, the water
absorption would almost no longer change, indicating
that the equilibrium value was reached. Obviously, with
the increase of amount of vegetable tanning agent, the
maximum water absorption of the samples increased.
These results exhibited that the combination of vege-
table tanning agent and silicic acid can really improve
the hydrophilicity of the tanned leather.
To further investigate surface wettability of the leather,

SA, S-V-2, and VA were chosen to test the water contact
angle. The smaller the contact angle, the better the
hydrophilicity is [47]. As shown in Fig. S6, the VA pos-
sessed the smallest water contact angle (~ 60.6 °), and
the SA had the largest one (~ 86.5 °), while S-V-2 had
that of between them (~ 70.4 °). The result further indi-
cated that the addition of vegetable tanning agent en-
hanced hydrophilicity of the leather, which was very
consistent with the result of water absorption. Therefore,
adopting the chrome-free combination tanning method
based on silicic acid and vegetable tanning agent, the
hydrophilicity of tanned leather would be significantly
improved, which is beneficial to the subsequent process-
ing of leather.
In a word, it was confirmed that the storage stability

of leather obtained by the combination tanning method
of vegetable tanning agent with silicic acid was improved
significantly. With the increase of dosage of vegetable

tanning agent, softness and hydrophilicity of the leather
were also significantly enhanced, while the thickness rate
and thermal stability of the leather decreased, but they
were still acceptable. These results may be the reason
that the phenolic hydroxyl groups originated from plant
polyphenol molecules formed hydrogen bonding with
silicon hydroxyls in silicic acid molecules, thereby inhi-
biting the condensation of the Si-OH themselves. As a
result, less content of rigid Si-O-Si network structure
was generated, which is beneficial to improve softness of
leather. To further insight into the action of plant poly-
phenol in the combination tanning process, the explor-
ation was performed to the effect of vegetable tanning
agent on the micromorphology and the chemical struc-
ture of the leather. Considering that the S-V-2 possesses
better thermal stability, mechanical properties, hydro-
philicity, fullness and softness, it was chosen to be a rep-
resentative combination tanned leather for comparison
with the silicic acid alone tanned leather (SA) and vege-
table tanned leather (VA).

3.4 Porous structure and micromorphology
It is essential to research orientation and structural
changes of collagen fibers in the obtained tanned leather,
which directly reflects the microstructures of skin

Fig. 2 Water absorption of the tanned leather

Fig. 3 SEM images of SA, S-V-2, and VA storing for 0 (A1, A2, A3), 1
(B1, B2, B3), 3 (C1, C3, C3), and 5 (D1, D2, D3) days, respectively
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collagen fiber matrix. Figure 3 shows microstructure of
the leather (SA, S-V-2, and VA) observed by SEM. The
collagen fibers of SA (Fig. 3A1-D1) gradually changed
from relatively dispersed fibers to ordered fibrous bun-
dles during the storage. However, the collagen fibers of
S-V-2 were a relatively weak dispersion when the leather
just came out of the drum (Fig. 3A2); but a better fiber
dispersion state was exhibited after being placed for 1
day (Fig. 3B2). Despite this, the microstructure of S-V-2
changed only slightly (Fig. 3A2-D2). As for VA, the
acceptable dispersion of fibers remained basically un-
changed (Fig. 3A3-D3). To achieve a better understand-
ing of the distinct microstructure between the obtained
leathers, their pore size distribution was examined and
showed in Fig. 4. Obviously, pore diameter distribution
of SA changed greatly, which increased from 8 -28 μm
(Fig. 4A1) to 32–48 μm (Fig. 4D1). However, pore size
distribution of S-V-2 (26–47 μm) and VA (25–42 μm)
remained almost unaltered. Therefore, it can be

considered that the addition of vegetable tanning agent
improved the dispersion uniformity and stability of col-
lagen fibers in tanned leather. This can be ascribed to
the fact that hydrogen bonding generated between phen-
olic hydroxyl groups of plant polyphenol and Si-OH of
silicic acid inhibited further dehydration and condensa-
tion of Si-OH themselves during the storage period.
Consequently, the results verified once again that the
combination tanning of vegetable tanning agent and sili-
cic acid was beneficial to improve the performance and
the storage stability of the leather.

3.5 Chemical structure characterization
The chemical structure of the leather was analyzed by
FT-IR and shown in Fig. 5. The band peak at ~ 3376
cm− 1 is the stretching band of O-H and N-H, and the
stretching vibration of C-H was appeared at ~ 2936
cm− 1 [48]. The peaks at ~ 1654, ~ 1535, and ~ 1448
cm− 1 are ascribed to the C=O stretching vibration of the

Fig. 4 Pore diameter distribution of SA (A1-D1), S-V-2 (A2-D2), and VA (A3-D3) at different storage time
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amide I band, N-H bending vibration of the amide II
band and C-N stretching vibration, respectively [49]. In
addition, the new peaks appeared at ~ 1086 cm− 1 and ~
974 cm− 1 are designated to the stretching vibration of
Si-O-Si and Si-OH in both SA and S-V-2 spectra, which
identified that silicic acid was introduced into collagen
fibers [20]. It is worth noting that the peaks of SA, S-V-
2 and VA at 3376 cm− 1 are stronger and wider than
those of pickled skin (P), accompanied by a slight red-
shift. This phenomenon clearly may be attributed to the

formation of hydrogen bonding between Si-OH of silicic
acid and/or phenolic hydroxyls of vegetable tanning
agent with the amino groups of collagen fiber, which
leads to decrease of the bond force constant of N-H, re-
duction of the electron density, and thus decrease of the
vibration frequency [26]. In addition, it was discovered
that no other crosslinking bonds appeared in S-V-2 ex-
cept hydrogen bonds.
To gain more insight into the influence of vegetable

tanning agents on chemical composition of silicic acid
tanned leather, the elements C, N, O, and Si of the SA
and S-V-2 samples were characterized by X-ray photo-
electron spectroscopy (XPS), and the spectra was shown
in Fig. 6. From the full spectrum (Fig. 6a), the nitrogen
content in the SA (3.65%) was similar to that in S-V-2
(3.16%), however, the silicon content in SA (10.40%) is
much higher than that in S-V-2 (3.54%), which is due to
different amount of silicic acid added. Moreover, the
content of oxygen in SA (36.19%) is also higher than S-
V-2 (29.66%), which may be caused by the more Si-O-Si
structure existing in the SA. On the contrary, C1s peak
intensity of SA (49.77%) is lower than that of S-V-2
(63.63%). This may be the fact that there are more C ele-
ments in vegetable tanning agents. The peak fitting of
the Si2p and O1s XPS spectra of SA and S-V-2 (Fig. 6b-
e), showed that there was no visible difference in binding
energy between them, indicating that no other bonding
was formed in the combination-tanned leather [50]. Very

Fig. 5 FT-IR spectra of SA, S-V-2, VA and P samples

Fig. 6 Full XPS spectrum (a), Si2p and O1s spectra of SA (b, d) and S-V-2 (c, e)
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importantly, the relative content ratio of Si-OH (~ 102.7
eV) to Si-O-Si (~ 103.7 eV) increased from 0.22 (Fig. 6b)
to 0.60 (Fig. 6c), which may be due to the hydrogen
bonding between phenolic hydroxyl groups and silicon
hydroxyl groups inhibiting dehydration and condensa-
tion reaction between Si-OH themselves, and thereby
more Si-OH groups remained [51, 52]. This also can be
supported by the change of energy level spectra of O1s
(Fig. 6d-e). The O1s level spectra depicted the C=O/Si-
OH (531.5–532.0 eV) and C-O/Si-O-Si (~ 533.0 eV)
bond structures of SA and S-V-2 [53], of which the bond
energy did not change obviously after adding vegetable
tannin. Among them, the bonds C=O and C-O were
mainly derived from collagen fibers, and thus there was
no significant difference between the two leather sam-
ples. Nevertheless, the relative content ratio of C=O/Si-
OH to C-O/Si-O-Si increased from 0.71 (Fig. 6d) to 0.84
(Fig. 6e). This demonstrated the fact that more amount
of silicon hydroxyl groups was retained in the
combination-tanned leather, which further suggested
that the inhibition effect of plant polyphenol on conden-
sation of Si-OH themselves.
From the above discussion, it can be found that the

addition of vegetable tanning agent improved the soft-
ness, hydrophilicity and storage stability of silicic acid
tanned leather. In addition, the possible tanning mech-
anism of combination tanning was shown in Fig. 7 ac-
cording to the FT-IR and XPS analysis results. On the
one hand, silicic acid and vegetable tanning agent can
form hydrogen bonds with the active groups of collagen

fibers, such as hydroxyl, carboxyl, amino groups, etc.;
On the other hand, the condensation of Si-OH groups
and the hydrogen bonds formed between Si-OH and
phenolic hydroxyl groups increased the crosslinking de-
gree of collagen fibers and effectively enhanced the tan-
ning effect. More importantly, it should be noted that
the hydrogen bonds formed between silicic acid and
vegetable tanning agent inhabited the continuous con-
densation of Si-OH between themselves, which is benefi-
cial to improve the softness and hydrophilicity of
leather.

3.6 Waste water assessment
Conventional test indicators, such as BOD5, COD, TS,
DS, and SS of the tannery wastewater, are main factors
to evaluate the impact of tanning process on the envir-
onment [54]. Generally speaking, the higher of the value
of BOD5/COD, the easier the material is to biodegrade.
When the BOD5/COD value is above 0.3, it is implied
that the waste water is well biodegradable, and may be
disposed by bio-activated sludge [38]. From Table 4, it
can be found that the value of BOD5/COD of the waste-
water generated from tanning process of the SA, S-V-2
and VA leather samples are all higher than 0.3, which
manifested the wastewater was easy to biodegrade and
thus less effect on the environment [55]. It can be found
that the TS, TDS, and TSS value of the combination
tanning waste water is no more than that of the
conventional chrome tanning process (32500–59,280,
27,000–54,500, 980–2440 mg/L) [55, 56], indicating an
acceptable absorption of silicic acid and vegetable
tanning agents. Moreover, this combination tanning
method completely avoided the use of chrome tanning
agent and other tanning materials with the risk of releas-
ing free formaldehyde, thus meeting the requirements of
green development of the leather industry. These find-
ings provide a feasible direction for the development of
cleaner tanning technology.

4 Conclusions
In this paper, a new and feasible chrome-free tanning
method based on combination of silicic acid and plant
tannins was established. The combination tanned leather
was in possession of improved thermal stability, in-
creased softness, acceptable hydrophilicity, appropriate
micro-porous structure, and especially remarkable stor-
age stability, due to the addition of vegetable tanning
agent. It is worth noting that the leather obtained under
the condition that mass ratio of silicic acid to vegetable
tanning agent was 1:1 possessed the Ts value of above
80 °C and outstanding comprehensive performances.
Moreover, FT-IR and XPS analyses exhibited hydrogen
bonding, that formed between silicon hydroxyl groups
and phenolic hydroxyl groups, played an important role

Fig. 7 Schematic diagram of the combination tanning mechanism
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in the combination-tanning process and could inhibit
the further condensation of Si-OH themselves during
the storage process. In addition, the environmental im-
pact assessment by determining parameters such as
BOD5/COD, TS, DS and SS of the tanning wastewater
revealed that this combination-tanning method was an
environmentally benign chrome-free tanning technology.
This research expands our knowledge of developing
chrome-free tanning technology based on silicon-
containing materials, and would play a significant role in
promoting cleaner leather production and sustainable
development of the leather industry.
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