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Abstract 

Manufacture of eco-friendly chrome-free leather is of great significance for realizing sustainable development of 
leather industry. Conventional tanning theory believes that it is impossible to convert raw hide to leather without the 
utilization of cross-linking agent (e.g., chrome salts) among collagen fibers in raw hide. Here, we developed a brand-
new leather manufacture strategy that relied on the composite dehydration media enabled self-driven directional 
dehydration mechanism to accomplish chrome-free leather manufacture for the first time, rather than followed the 
classic cross-linking mechanism that has been obeyed for more than one century in leather industry. We demon-
strated that the essence of leather making is to regulate the water content in raw hide rather than to form cross-
linkage among collagen fibers. The composite dehydration media comprised of anhydrous ethanol and molecular 
sieves (3A activated zeolite powder) successfully guaranteed continuous self-driven directional dehydration of raw 
hide by establishing stable water concentration gradient between raw hide and ethanol, which significantly increased 
the dispersity of collagen fibers in raw hide (with the water content reduced from 56.07% to 5.20%), thus obtaining 
chrome-free leather that is more ecological than chrome-tanned leather due to the elimination of any tanning agent. 
The as-prepared chrome-free leather exhibited outstanding tear force (174.86 N), tensile strength (24.56 N mm−2), 
elongation at break (53.28%) and dry-thermal stability, superior to chrome-tanned leather. Notably, the used compos-
ite dehydration media was recyclable for chrome-free leather manufacture, therefore facilitating an environmentally 
benign leather manufacture process. Our investigations are expected to open up a new conceptual leather making 
strategy that is applicable for realizing substantial manufacture of eco-friendly leather.

Keywords:  Chrome-free leather, Eco-friendly manufacture, Regulation of water content, Self-driven directional 
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1  Introduction
Tanned animal hide, well known as leather, has been the 
most ancient wearable material, which is ubiquitously 
utilized in our daily life, from shoe to garment and fur-
niture [1–4]. Based on the classic leather making theory 
that has been followed by more than one century, ani-
mal hide has to undergo a tanning process before con-
verted to leather, which employs tanning agents to form 
cross-linkages among collagen fibers so as to endow the 
resultant leather with enhanced thermal stability and 
mechanical strength significantly [5–8]. Classic leather 
making theory believes that cross-linkage among col-
lagen fibers is an indispensable necessity to convert raw 
hide to leather, and this theory has been widely accepted 
by the leather community [9, 10]. At present, tanning 
theory based on cross-linkage has dominated the leather 
science, and chrome-tanning is currently commercial-
ized cross-linkage theory-based leather manufacturing 
technique [11, 12]. However, chrome pollution is always 
a persisting concerned environmental issue confronted 
by the leather industry [13–15], which has to be solved 
radically for realizing environmental benign and sustain-
able leather manufacture. To address this critical chal-
lenging issue in leather industry, great efforts have been 
dedicated to explore chrome-free tanning agents during 
the past several decades, including two major categorizes 
of non-chrome metal salts and organic tanning agents 
[16–18]. All these developed chrome-free tanning agents 
exclusively follow the classical tanning theory by forming 
cross-linkages among collagen fibers without the utili-
zation of chrome. Nevertheless, all current chrome-free 
tanned leathers still fail to provide desired thermal stabil-
ity and mechanical strength that are comparable to those 
of chrome-tanned leather [19, 20], and these chrome-
free tanning process still involved the discharge of non-
chrome metal and/or organic pollution [21, 22]. These 

attempts of past several decades on non-chrome tan-
ning promoted us to meditate on whether cross-linkage 
is a real necessity to accomplish the tanning of leather. If 
cross-linkage is not indispensable for the raw hide to con-
vert to leather, a breakthrough of environmentally benign 
and sustainable leather manufacture is likely possible to 
achieve by a complete elimination of the use of tanning 
agent that is a necessity for a conventional cross-linking 
theory-based tanning process of leather making.

Normally, the water content in raw hide is 65%–75% 
while all the leathers exhibit a considerable decrease of 
water content after the tanning process, which is as low 
as 10%–15% [23, 24]. As a consequence, the tanning of 
leather could be considered as a controllable dehydration 
process, especially in consideration of that chrome tan-
ning relies on the coordination of Cr3+ with the carbox-
yls (−COOH) of raw hide, which significantly suppresses 
the affinity towards water by sealing the hydrophilic 
groups of −COOH [5, 25, 26]. Investigations carried out 
by Hernandez-Serrano et al. also supported our hypoth-
esis, which utilized terahertz time-domain spectroscopy 
to systematically demonstrate the importance of water 
content in determining leather quality [27]. On the other 
hand, the porosity of tanned leather was often found to 
significantly increase as compared with that of the raw 
hide [28, 29], which is actually the consequence of dehy-
dration of raw hide. Therefore, if the necessity of raw 
hide converted to leather is not the formation of cross-
linkage among collagen fibers but the regulation of water 
content in raw hide, the essence of leather making can 
be regarded as a controllable dehydration process of raw 
hide, which is accompanied with increased dispersity of 
collagen fibers in raw hide. Based on this different view-
point of leather making, polar organic solvent is more 
preferred alternative than chrome tanning to achieve 
more efficient controllable dehydration of raw hide [30, 
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31]. However, breaking the water concentration equi-
librium between raw hide and polar organic solvent is a 
critical challenge for realizing controllable deep dehydra-
tion of raw hide using polar organic solvent. At the initial 
dehydration stage, the water contained in the raw hide 
will transport into the organic solvent under the driving 
force of water concentration difference between the raw 
hide and organic solvent. Along with the proceeding of 
dehydration, the water concentration between the raw 
hide and solvent will gradually reach the equilibrium, 
which prevents the further transportation of water mol-
ecules from raw hide into organic solvent. To enable fur-
ther dehydration of raw hide, the used solvent containing 
dehydrated water has to be replaced by the fresh solvent 
in order to re-establish sufficient water concentration dif-
ference between raw hide and solvent [32]. By doing so, 
a deep dehydration of raw hide is permitted due to the 
breaking of water concentration equilibrium established 
between raw hide and solvent. However, this multiple-
steps progressive dehydration approach inevitably gen-
erated a huge amount of organic effluents containing 
both water and ethanol. Due to the presence of water, 
the resulting organic effluents cannot be directly reused 
before their regeneration, while the separation of pure 
organic solvent from these organic effluents is an unfor-
tunately intensive-energy consumption process [33–36]. 
Therefore, leather making based on dehydration using 
organic solvent is far from an eco-friendly and sustain-
able manufacture process, although the dehydration 
approach eliminates discharge of chromium effluent. At 
present, it is highly desired while extremely challenging 
to develop a brand-new, recyclable, and high-perfor-
mance dehydration systems for achieving environmental 
benign chrome-free leather.

Herein, we designed self-driven directional dehydra-
tion (SDD) composite media to enable controllable deep 
dehydration of raw hide, and successfully realized eco-
friendly chrome-free leather making with non-cross-
linkage required. The designed SDD composite media 
was comprised of anhydrous ethanol and molecular sieve 
(3A activated zeolite powder with the pore size of 3 Å). 
For the SDD composite media, the solvent component of 
ethanol played the role of dehydration to drive the water 
molecules to migrate out of raw hide, and the solid com-
ponent of 3A activated zeolite powder worked as size-
sieving reservoirs that permitted selective entrance and 
storage of water molecules with smaller kinetic diameter 
(2.6  Å), while strictly repelling ethanol molecules with 
larger kinetic diameter (4.4  Å) [33, 37, 38]. The role of 
3A activated zeolite powder as size-sieving reservoirs 
was able to efficiently break the water concentration 
equilibrium between raw hide and ethanol contained in 
the SDD composite media, and therefore successfully 

established a constant declined water concentration gra-
dient from raw hide to ethanol, which constantly drove 
water molecules to transfer out of raw hide, thus allowing 
for continuous directional dehydration from raw hide to 
ethanol and further into the 3A activated zeolite powder. 
After the dehydration with the SDD composite media, a 
surface hydrophobic treatment was carried out to endow 
the dehydrated hide with water-repellency and dura-
ble leather-like properties. Based on the rational design 
of SDD composite media, we realized environmentally 
benign manufacture of chrome-free leather by the self-
driven directional dehydration of raw hide. The as-pre-
pared eco-friendly chrome-free leather was free from 
the utilization of tanning agent, which provided evident 
superiority in thermal stability by exhibiting considerably 
lower shrinkage ratio than that of chrome-tanned leather. 
For the used SDD composite media, the solid component 
of 3A activated zeolite powder and the solvent compo-
nent of ethanol were easily separated by a simple filtra-
tion. The used 3A activated zeolite powder was facilely 
activated by thermal removal of stored water, and com-
bined with the recovered ethanol as composite media for 
reuse of dehydration. The facilely recyclable SDD com-
posite media ensured an environmentally benign leather 
manufacture process with a complete elimination of any 
discharged effluent that contains tanning agent or other 
chemicals. In summary, this report provided a brand-
new strategy for eco-friendly chrome-free leather manu-
facture, which not only avoided the use of chromium to 
cause concerned environmental issue but also provided 
a feasible approach in practice for realizing sustainable 
manufacture process of leather industry.

2 � Experimental
2.1 � Materials
The raw hides and chrome-tanned leathers prepared 
from cattle hides were provided by National Engineer-
ing Laboratory for Clean Technology of Leather Manu-
facture. 3A activated zeolite powder (with the pore size 
of 3 Å) was purchased from Guangdong Xintao Technol-
ogy Co., Ltd. (Zhuhai, China). Anhydrous ethanol was 
purchased from Chengdu Jinshan Chemical Reagent 
Co., Ltd (Chengdu, China). Silicon nanoparticle (SiO2 
NPs) was purchased from Aladdin Industrial Corpora-
tion (Shanghai, China). N-heptane was purchased from 
Chengdu Kelong Chemical Reagent Co., Ltd (Chengdu, 
China). Polydimethylsiloxane (PDMS) prepolymer (Syl-
gard 184A) and curing agent (Sylgard 184B) were pur-
chased from Dow Corning Corporation (Midland, USA). 
PDMS solution (10 wt%) was prepared by dissolving 5.0 g 
of Sylgard 184A in 45 g of n-heptane and 0.50 g of Syl-
gard 184B in 4.5 g of n-heptane, respectively, followed by 
mixing of the two solutions. Commercial chrome tanning 
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agent (chrome powder) was purchased from Minfeng 
Chemical Reagent Co., Ltd. (Chongqing, China). Sodium 
chloride was purchased from Chengdu Jinshan Chemi-
cal Reagent Co., Ltd (Chengdu, China). Sodium formate 
was purchased from Chengdu Kelong Chemical Reagent 
Co., Ltd (Chengdu, China). Sodium bicarbonate was pur-
chased from Chengdu Kelong Chemical Reagent Co., Ltd 
(Chengdu, China).

2.2 � Preparation of eco‑friendly chrome‑free leather
2.2.1 � Dehydration of raw hide using SDD composite media
Raw hide (300 g) and SDD composite media (consisting 
of 1800 g of anhydrous ethanol and 900 g of 3A activated 
zeolite powder) were added into a drum reactor to rotate 
at 20 r min−1 for 210 min. The collected hide was dried 
at 50  °C for obtaining the SDD composite media-dehy-
drated hide.

After the dehydration process, the used SDD compos-
ite media was filtered to separate 3A activated zeolite 
powder and ethanol. After the separation of 3A activated 
zeolite powder from ethanol, 3A activated zeolite pow-
der was activated at 300 °C for 3.0 h to remove the stored 
water dehydrated form raw hide. The activated 3A acti-
vated zeolite powder was further mixed with the recov-
ered ethanol without any further purification to form 
SDD composite media, followed by reusing in the next 
dehydration process of raw hide.

2.2.2 � Superhydrophobic treatment of dehydrated hide
0.24 g of SiO2 NPs was added into 30 g of ethanol. Then, 
the SDD composite media-dehydrated hide obtained in 
the section of 2.2.1 was treated by vacuum filtration with 
the SiO2 NPs suspension, followed by drying at 50  °C. 
Subsequently, the dehydrated hide was immersed in 
PDMS (10 wt%) solution for 30 min, followed by drying 
at 50 °C. The obtained product was eco-friendly chrome-
free leather.

2.3 � Dehydration of raw hide using anhydrous ethanol
Raw hide (300  g) and anhydrous ethanol (1800  g) were 
added into a drum reactor and rotated at 20 r min−1 for 
210 min. Then, the collected hide was dried at 50 °C for 
obtaining the ethanol-dehydrated hide.

2.4 � Preparation of chrome‑tanned leather
Chrome-tanned leather was prepared to compare the 
mechanical properties with the eco-friendly chrome-
free leather. Specifically, raw hide (300 g), water (600 g), 
sodium chloride (42 g) and commercial chrome tanning 
agent (48 g) were added into a drum reactor and rotated 
at 20 r min−1 for 240 min. Then, the pH of tanning liq-
uor was adjusted to 3.8–4.0, followed by reacting at 40 °C 
with the drum reactor rotating at 20 r min−1 for 20 min. 

Subsequently, water at 40 °C (1200 g) was added into the 
drum reactor with the rotation at 20 r min−1 for 120 min, 
followed by standing still for 10 h. After that, the drum 
reactor was rotated at 20 r min−1 for 30 min, and then, 
the collected chrome-tanned leather was horsed up for 
24 h, followed by toggling at 50 °C.

2.5 � Selective adsorption of 3A activated zeolite powder 
to water from the water–ethanol mixture

A determined amount of 3A activated zeolite powder 
(10, 20, 30 or 40 g) was added into 50 g of water-ethanol 
mixture with the water content of 5.0%, 7.5% and 10%, 
respectively. Subsequently, the resultant mixture was stir-
ring at 500  rpm for 180 min, followed by filtration. The 
water content in the collected filtrate was measured by 
Karl Fischer titrator.

2.6 � Characterization
Field-emission scanning electron microscopy (FESEM) 
images were taken on a scanning electron microscope 
(Nova Nanosem 450, FEI, USA) under 3.0 kV. X-ray dif-
fraction (XRD) patterns of samples were recorded using 
an X-ray diffractometer (D8 QUEST, Bruker, Germany). 
Pore structures of all hides were measured by mercury 
intrusion porosimetry (Autopore IV 9500, Micromer-
itics, USA). Water content of all samples were taken on 
Karl Fischer titration (S-300, Heye, China). Water contact 
angle measurements were carried out by a contact angle 
goniometer (DSA30, Krüss, Germany). Tear force, ten-
sile strength and elongation at break of all samples were 
tested by a mechanical properties measure instrument 
(AI-7000SN, Gotech, China). Thermal stability of all sam-
ples was analyzed by comparing the change of area before 
and after heating at 150 °C for 30 min. Water vapor per-
meability measurements were carried out by using a fab-
ric water vapor permeability tester (YG(B)216  T, Yakai, 
China).

3 � Results and discussion
Self-driven directional dehydration of raw hide is the 
critical procedure for manufacturing eco-friendly 
chrome-free leather. Figure  1 is the illustration show-
ing the mechanism of self-driven directional dehydra-
tion enabled by our designed composite dehydration 
media (the SDD composite media). The SDD composite 
media consists of anhydrous ethanol and 3A activated 
zeolite powder with specific mass ratio (e.g., 2:1). When 
the raw hide is soaked in the SDD composite media, the 
raw hide is dehydrated by the ethanol comprised in the 
SDD composite media, which drives the water molecules 
contained in the raw hide to transfer into ethanol. For 
the water molecules dehydrated into ethanol, their small 
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kinetic diameter (2.6 Å) allows themselves to selectively 
enter the porous channels (3  Å) of 3A activated zeo-
lite powder. During this process, ethanol molecules are 
strictly repelled by 3A activated zeolite powder because 
of their kinetic diameter (4.4 Å) larger than the pore size 
(3 Å) of 3A activated zeolite powder. As a consequence, 
the 3A activated zeolite powder plays the essential role 
as reservoir to selectively capture the water dehydrated 
into ethanol, which decreases the water concentration 
in ethanol and therefore creates the concentration dif-
ference of water (ΔCw) between raw hide and the solvent 
component of ethanol comprised in the SDD compos-
ite media, allowing for directional dehydration of water 
from raw hide to ethanol and further to the 3A activated 
zeolite powder. Notably, the directional dehydration is a 
self-driven process motivated by the ΔCw between raw 
hide-ethanol and ethanol-3A activated zeolite powder, 
and the self-driven directional dehydration process is 
able to be preciously manipulated by tuning the mass 
ratio of ethanol to 3A activated zeolite powder in the 
SDD composite media.

The SDD composite media with the mass ratio of etha-
nol to 3A activated zeolite powder at 2:1 was employed 
for the directional dehydration of raw hide. The dehydra-
tion process was simply carried out by adding raw hide 
and the SDD composite media into a drum reactor, fol-
lowed by rotating at 20 r min−1 for 210  min. As shown 
in Fig. 2a, the initial water content of raw hide is 56.07%, 
which is decreased to 5.20% after 210  min of dehydra-
tion by the SDD composite media. Although the water 
content of raw hide is decreased substantially, the water 
content in the ethanol comprised of the SDD composite 
media shows no obvious increase, with the initial water 
content of 0.30% and final water content of 1.01% at the 

dehydration process of 0 min and 210 min, respectively. 
Evidently, the major content of water dehydrated from 
raw hide is selectively stored in 3A activated zeolite pow-
der, which therefore demonstrates the directional dehy-
dration of water from raw hide to ethanol and further to 
the 3A activated zeolite powder. Figure 2d shows the dig-
ital photo of the SDD composite media-dehydrated hide 
(SDD-dehydrated hide). The SDD-dehydrated hide shows 
the color of pure white, which is distinctive from the 
directly dried raw hide that has the color of brown. SEM 
observation reveals that the collage fibers in the SDD-
dehydrated hide show significantly enhanced dispersity 
compared with the directly dried raw hide that shows 
serious sticking of collagen fibers. As shown in Fig.  2d, 
the collagen fibers contained in the SDD-dehydrated hide 
show typical fiber bundle appearance, and have tens of 
micrometers in diameter. For the directly dried raw hide, 
fiber bundle structure is rarely observed, and all the col-
lagen fibers are adhered tightly showing poor distribution 
(Fig. 2f ).

For comparison, raw hide was also dehydrated by anhy-
drous ethanol, and the dosage of anhydrous ethanol was 
control to the same with that of anhydrous ethanol con-
tained in the SDD composite media. Figure 2b shows the 
water content change of raw hide during the dehydra-
tion with anhydrous ethanol. Although the water content 
in the raw hide is declined along with the dehydration 
by anhydrous ethanol, the water content in the ethanol-
dehydrated hide was maintained as high as 10.23% after 
210  min of dehydration with anhydrous ethanol, which 
is almost 2-fold of the water content in the SDD-dehy-
drated hide (5.20%). Evidently, the dehydration capabil-
ity of anhydrous ethanol is substantially weaker than the 
SDD composite media. This big difference in dehydration 

Fig. 1  Schematic illustration showing the self-driven directional dehydration of raw hide by the SDD composite media comprised of anhydrous 
ethanol and 3A activated zeolite powder
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capability between anhydrous ethanol and the SDD com-
posite media is a strong demonstration that the pres-
ence of 3A activated zeolite powder efficiently prevents 
the water concentration equilibrium established between 
raw hide and ethanol, which therefore guarantees con-
stant and sufficient ΔCw along with the dehydration 
to proceed, thus enabling the SDD composite media to 
provide a considerably higher content of dehydration as 
compared with the same dosage of anhydrous ethanol. 
As shown in Fig. 2e, the collagen fibers contained in the 
ethanol-dehydrated hide shows substantially poor disper-
sity compared with those in the SDD-dehydrated hide. 
Dispersed fiber bundle structure was rarely observed in 
the ethanol-dehydrated hide, which attributes to that 
the considerably higher content of water plays the role 
as binder to stick the collagen fibers together. Consist-
ent with the results of SEM observations, further poros-
ity measurements by mercury intrusion porosimetry 
also confirm the drastic difference of structural porosity 
induced by the water content in the dehydrated hides. As 
shown in Fig. 2c, the porosity of SDD-dehydrated hide is 
as high as 50.56% while that of ethanol-dehydrated hide is 
merely 27.12%. Evidently, compared with anhydrous eth-
anol, the SDD composite media enables the raw hide to 
experience a considerably higher content of dehydration, 

which allows for the obtaining of highly dispersed colla-
gen fibers. As for the directly dried raw hide, the porosity 
is as low as 16.04%. This low porosity combined with the 
serious sticking of collagen fibers indicate that without a 
dehydration treatment, the direct drying of raw hide still 
fails to disperse the collagen fibers in raw hide. Above 
results manifest that a deep dehydration using SDD com-
posite media is feasible to obtain well dispersed collagen 
fibers of raw hide.

Compared with the conventional chrome-tanned 
leather, the SDD-dehydrated hide exhibits superiority in 
mechanical properties of tear force and tensile strength, 
which are 170.20  N and 30.15  N  mm−2, respectively, 
accounting for 20.02% and 39.59% of enhancement when 
compared with the corresponding tear force (141.81  N) 
and tensile strength (21.60  N  mm−2) of chrome-tanned 
leather, as shown in Fig.  3a, b. Notably, the SDD-dehy-
drated hide provides considerably improved thermal 
stability than the conventional chrome-tanned leather. 
Figure  3c, f show the area of SDD-dehydrated hide and 
chrome-tanned leather shrink after heat treatment at 
150  °C for 30  min (EN ISO 17227:2002). The shrinkage 
ratio of SDD-dehydrated hide was as low as 9.20%, while 
that of chrome-tanned leather was high up to 14.70% 
(Fig. 3e). Thermal stability is an important critical index 

Fig. 2  (a) Water content in the raw hide dehydrated by the SDD composite media and water content in the ethanol comprised in the SDD 
composite media, (b) water content in the raw hide dehydrated with anhydrous ethanol and water content in anhydrous ethanol during the 
dehydration process, (c) pore size distribution of the SDD-dehydrated hide, the ethanol-dehydrated hide and directly dried raw hide, and digital 
photos and SEM images of (d) the SDD-dehydrated hide, (e) the ethanol-dehydrated hide and (f) directly dried raw hide
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for estimating the durability of leather in practical uti-
lization. The obviously enhanced thermal stability of 
SDD-dehydrated hide indicates that the deep dehydra-
tion using SDD composite media is capable of provid-
ing comparable and even better leather-like properties 
than the conventional chrome-tanned leather. Notably, 
the SDD-dehydrated hide has the elongation at break 
of 53.8%, which meets the criteria (45%–75%) of shoe 
leather (ISO 20942-2019), as shown in Fig. 3d. However, 
the elongation at break of chrome-tanned leather was 
merely 33.25%, which often requires a series of post-
treatment (e.g., re-tanning and fatliquoring) to improve 
the property of elongation at break. Evidently, without 
the formation of cross-linkage by chrome salt, dehydra-
tion using SDD composite media is still able to provide 
the raw hide with desired leather-like properties, which 
strongly supports our hypothesis that the leather making 
process can be considered as a controllable dehydration 
process of raw hide, accompanied with the dispersity of 
collagen fibers.

To unfold the self-driven directional dehydration 
mechanism of SDD composite media, selective adsorp-
tion experiments of 3A activated zeolite powder to 
water from the water-ethanol mixture were carried out. 

A determined amount of 3A activated zeolite powder 
(10, 20, 30 or 40  g) was added into water-ethanol mix-
ture (50  g) with the water content of 5.0%, respectively. 
After stirring at 180 min for 500 rpm, the water content 
in the corresponding filtrates was measured to be 2.81%, 
1.48%, 0.79% or 0.27%, respectively, as shown in Fig. 4a. 
Clearly, the amount of water selectively captured from 
the water-ethanol mixture is increased along with the 
increase of 3A activated zeolite powder dosage in the 
SDD composite media. Enhanced water capture capabil-
ity to water-ethanol mixture with higher water content 
(7.5% and 10%) was also observed on those SDD com-
posite media with higher dosage of 3A activated zeolite 
powder. These results indicate that in the water-ethanol 
mixture, the selective capture capability of SDD compos-
ite media to water is facilely enhanced by simply increas-
ing the dosage of 3A activated zeolite powder comprised 
in the SDD composite media. We further carried out a 
2-step dehydration process of raw hide through a suc-
cessive addition of anhydrous ethanol and 3A activated 
zeolite powder in the drum reactor. As shown in Fig. 4b, 
the water content in the raw hide is decreased sharply 
from 58.20% to 18.32% after dehydration with anhydrous 
ethanol for 15  min, which then experiences a gradual 

Fig. 3  (a) Tear force, (b) tensile strength, (d) elongation at break, (e) thermal stability of the SDD-dehydrated hide and chrome-tanned leather, 
optical photos showing the areas of (c) SDD-dehydrated hide and (f) chrome-tanned leather before (area1) and after (area2) the heat treatment at 
150 °C for 30 min
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and slow decrease process in the subsequent dehydra-
tion to 75  min because of the substantially decreased 
ΔCw between raw hide and anhydrous ethanol. Dur-
ing the above 75  min of dehydration process, the water 
content in ethanol is gradually increased to 8.03% since 
all the water molecules dehydrated from raw hide enter 
into ethanol. Notably, the water content in the raw hide 
shows a more evident decrease after the addition of 3A 
activated zeolite powder into the ethanol. Upon the addi-
tion of 3A activated zeolite powder into the ethanol at 
75 min, the water content in ethanol begins to decrease 
rather than increase, and quickly decreases to 0.48% at 
105  min, keeping the low water content (0.65%) until 
to the end of the dehydration process (210  min). These 
results therefore manifest that the addition of 3A acti-
vated zeolite powder indeed break the ΔCw established 
between raw hide and ethanol via selective capture of 
dehydrated water in ethanol, which promotes the further 
dehydration of raw hide. Actually, we carried out a series 
of above 2-step dehydration process of raw hide by added 
varied amount of 3A activated zeolite powder into the 

pre-added ethanol. As shown in Fig.  4c, the final water 
content in the dehydrated hide and ethanol is rationally 
controlled. These results confirm the feasibility and con-
venience of using the SDD composite media with varied 
mass ratio of ethanol to 3A activated zeolite powder for 
accomplishing controllable self-driven directional dehy-
dration. Figure 4d shows the digital photo of half cowhide 
treated by the self-driven directional dehydration with 
SDD composite media, which suggests the great poten-
tial of this new conceptual dehydration strategy for prac-
tical application. Above results suggest that regulating 
the water content in raw hide is feasible to accomplish 
leather making without cross-linkage formation or any 
tanning agent involved.

Importantly, the used SDD composite media was able 
to be facilely regenerated and recycled for the dehydra-
tion of raw hide. As illustrated in Fig. 5a, the used SDD 
composite media was filtered to separate 3A activated 
zeolite powder and recover ethanol. The collected 3A 
activated zeolite powder was further activated and fur-
ther mixed with the recovered ethanol to form the SDD 

Fig. 4  (a) The change of water content in water–ethanol mixture (water contents of 10.0%, 7.5% or 5.0%) after the addition of different dosage of 
3A activated zeolite powder, (b) the change of water content in the raw hide dehydrated by the SDD composite media (the area of i and ii are the 
dehydration processes before and after the addition of 3A activated zeolite powder), (c) the final water content of SDD-dehydrated hide obtained 
by using different SDD composite media and the corresponding final water content of ethanol comprised in the different SDD composite media, 
(d) the digital photo showing the half cowhide treated by the self-driven directional dehydration with SDD composite media
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composite media for reuse. Based on the Karl Fischer 
titration, the water content in the recovered ethanol was 
as low as 1.01%, indicating that the water dehydrated 
from raw hide is indeed selectively adsorbed into the 3A 
activated zeolite powder. The collected 3A activated zeo-
lite powder was further activated at 300  °C for 3.0  h to 
remove the stored water molecules inside the channels of 
3A activated zeolite powder. Based on the XRD analysis 
(Fig. 5b), the characteristic peaks of 3A activated zeolite 
powder at 2θ of 7.35°, 10.32°, 24.14°, 27.27° and 30.09° 
show no obvious change, indicating the crystal structure 
of 3A activated zeolite powder is intact during the acti-
vation at 300 °C. The regenerated SDD composite media 
was successfully reused for the self-driven directional 
dehydration of raw hide. As shown in Fig. 5c, the water 
content in raw hide was still reduced to 3.47% after the 
dehydration with the regenerated SDD composite media 
for 150 min. In addition, a 2-step dehydration process of 
raw hide was also carried out by using the activated 3A 
activated zeolite powder and the recovered ethanol. As 
shown in Additional file  1: Fig. S1, the declined water 
content in raw hide and increased water content in the 
recovered ethanol were observed before the addition of 
activated 3A activated zeolite powder. After the addi-
tion of activated 3A activated zeolite powder at 75 min, 

an evident decrease of water content was observed both 
in raw hide and the recovered ethanol. The changes of 
water content in raw hide and the recovered ethanol are 
consistent with those observed during the dehydration 
of raw hide using the fresh SDD composite media, which 
manifests that the SDD composite media recovers the 
self-driven directional dehydration capability after the 
regeneration treatment. Actually, we evaluated the re-
usability of SDD composite media for 5 cycles. As shown 
in Fig. 5c, a deep dehydration of raw hide was guaranteed 
during the cycles. In the 5th cycle, the water content in 
the SDD-dehydrated hide was as low as 4.02%, and the 
obtained dehydrated hide still presents outstanding phys-
ical properties comparable to those of dehydrated hide 
obtained in the 1st cycle, with the tear force of 186.66 N, 
the tensile strength of 26.40 N mm−2 and the elongation 
at break of 59.45% (Fig.  5d). Figure  5e shows the SDD-
dehydrated hides obtained from each cycle of dehydra-
tion with the SDD composite media.

The SDD-dehydrated hide will re-adsorb water to 
lose the leather-like properties upon exposed to the 
moisture environment. Therefore, a surface hydro-
phobic treatment was applied on the SDD-dehydrated 
hide for obtaining water-repellency so as to maintain 
long-lived leather-like properties. Specifically, SiO2 

Fig. 5  (a) Schematic illustration showing the regeneration route of SDD composite media, (b) XRD patterns of 3A activated zeolite powder before 
and after the regeneration at 300 °C for 3.0 h, (c) the final water content in the recovered ethanol and SDD-dehydrated hide during the 5 cycles of 
dehydration with the SDD composite media, (d) tear force, tensile strength and elongation at break of SDD-dehydrated hides achieved during the 
1st and 5th dehydration recycle with the SDD composite media, (e) digital photo showing the SDD-dehydrated hide obtained during the 5 cycles 
of dehydration with the SDD composite media
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NPs was utilized to enhance the surface roughness of 
SDD-dehydrated hide, followed by coating PDMS to 
reduce the surface energy. As shown in Fig.  6a, the 
as-treated SDD-dehydrated hide is able to flow on 
the water, and shows the water contact angle of 152.9° 
(Fig.  6b) and 156.1° (Fig.  6c) at the grain surface and 
flesh surface, respectively, indicating its superhydro-
phobicity. As shown in Fig. 6d–f, the superhydropho-
bic SDD-dehydrated hide provides convenience for 
surface cleaning due to its self-cleaning ability. The 
water vapor permeability of the SDD-dehydrated hide 
and superhydrophobic SDD-dehydrated hide were 
measured to be 48.09 g  m−2  h−1 and 45.50 g  m−2  h−1, 
respectively, which indicates that the surface hydro-
phobic treatment has limited impact on the water 
vapor permeability of the manufactured eco-friendly 
leather. Additional file 1: Table S1 summaries the phys-
ical properties of superhydrophobic SDD-dehydrated 
hide, which fully meet the criteria of shoe leather (ISO 
20942–2019).

As we have demonstrated above, the SDD-dehy-
drated hide with outstanding leather-like properties 
was successfully prepared without the utilization of 
any cross-linking agent, and the SDD composite media 
employed for controllable deep dehydration of raw 
hide was fully recovered and recyclable. Therefore, 
the eco-friendly leather manufacture process as well 

as leather product are feasible to achieve by using the 
new conceptual self-driven directional dehydration 
strategy provided by the present investigation.

4 � Conclusions
In summary, we have developed a brand-new leather 
manufacture approach to promote the sustainable devel-
opment of leather industry, which is based on the estab-
lishment of self-driven directional dehydration (SDD) 
composite media and its utilization for controllable deep 
dehydration of raw hide. The established SDD compos-
ite media was comprised of 3A activated zeolite powder 
and anhydrous ethanol, which was able to create stable 
water concentration gradient between raw hide and etha-
nol, thus allowing for the continuous self-driven direc-
tional dehydration of raw hide. The SDD-dehydrated hide 
exhibited well dispersed collagen fibers, increased poros-
ity and thermal stability. After a superhydrophobic treat-
ment, the resultant superhydrophobic SDD-dehydrated 
hide exhibited outstanding water repellency and dura-
ble leather-like properties. Notably, the SDD composite 
media was conveniently recycled for the dehydration of 
raw hide. Therefore, our investigations provided a prom-
ising way for realizing environmentally benign leather 
manufacture with a complete elimination of tanning 
agent-containing effluent as well as facilely obtaining eco-
friendly chrome-free leather with high quality.

Fig. 6  (a) Digital photo showing the SDD-dehydrated hide sinking in water and the superhydrophobic SDD-dehydrated hide floating on water, 
digital photos showing the water contact angle of (b) grain surface and (c) flesh surface of the superhydrophobic SDD-dehydrated hide, (d–f) 
digital photos showing the self-cleaning ability of the superhydrophobic SDD-dehydrated hide
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