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Abstract

Leather is a collagen-based biomass prepared from raw skins or hides by a series of unit operations, in which the
unhairing and fiber opening are extremely important operations. However, the conventional Na,S/Ca(OH), system
used in unhairing and fiber opening has given rise to the pollution to the environment. It is necessary to develop
substitute technology for the Na,S/Ca(OH),. In the present study, 1-allyl-3-methylimidazolium chloride ([AMIM]CI) was
used to cooperate with dispase for cycle unhairing and one-pot beamhouse to recycle waste bovine hides and com-
pared with conventional processing. During those processes, the mechanism of [AMIm]Cl-dispase synergistic unhair-
ing and collagen fibers opening were studied. Besides, plant hazard, organic matter and [AMIm]CI of wastewater from
[AMIm]Cl-dispase process were respectively investigated and separated to evaluate the environmental and economic
benefits of the [AMIm]Cl-dispase process. As a result, enzyme activity after unhairing by [AMIm]Cl-diapase system for
using 5 times is higher than that by KCl-dispase system, and needs lower unhairing time, which is because of rapid
penetration of [AMIm]Cl-dispase solution in bovine hides. For this reason, the tensile strength and elastic modulus of
tanned leather from [AMIm]Cl-dispase process are higher than those from the KCl-diapase and conventional pro-
cesses, and its hydrothermal shrinkage temperature is comparable to that of the conventional one. Because of the
58.13% lower wastewater discharge (WD), 66.60% lower total solids (TS), 97.23% lower ammonia nitrogen (NH;-N),
non-toxic wastewater and organic matter recovery in wastewater are reached from [AMIm]Cl-dispase process, which
is expected to be an alternative to the conventional process to reduce environmental pollution and realize the sus-
tainable development of technology for leather manufacturing.
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1 Introduction

The bovine hides, a renewable bioresource contain-
ing rich collagen, are the waste from slaughterhouses,
which are recycled and made into different biomaterials
by a series of technologies such as biomedical materials
[1-5], food [6, 7], fine chemicals [8], new energy mate-
rials [9, 10], textile materials, etc.. However, bovine
hides are made into the different biomaterials, which
must be removed hairs and opened collagen fiber-
bundles first to get pure collagen-based material such
as leather making. As a collagen-based material from
bovine hides with a natural woven structure [11-14],
leather is obtained through a series of processes includ-
ing beamhouse, tanning, post tanning and finishing.
In beamhouse, non-collagen components (proteogly-
cans, hairs and cuticles) in bovine hides are removed
to open and loose collagen fiber-bundles using chemi-
cal and biological reagents and pure collagen fiber
woven structure with abundant active reaction sites are
obtained for the reaction with tanning agents. However,
the sulphide, solid sludge and ammonia nitrogen pol-
lutants are produced, which may account for 60-70% of
the total tannery pollution by conventional technology
with sodium sulphide and calcium hydroxide system
[15, 16]. Additional unit operations such as reliming,

deliming and bating are needed in the sodium sulfide/
calcium hydroxide system. The more unit operations,
the more cost input and pollution loads.

Nowadays, although neutral protease[17, 18], alka-
line protease[19-21], keratinase[22, 23] and carbo-
hydrase[24-28] have been studied for the purpose of
hydrolyzing non-collagen-based elements of bovine
hides, the enzymes are only used as an auxiliary rea-
gent or mixed with sodium sulfide and calcium hydrox-
ide system[29-31]. The pollution of sulphide and solid
sludge does still exist in beamhouse. Even if the enzymes
are used as the main materials for removing non-colla-
gen components, there are many problems[31] such as
incomplete hair removal [32-34] and exfoliation[35],
hydrolysis of collagen and grains[36, 37], organic com-
bustible solvents[38], etc., resulting in poor quality of
leather materials and limited industrial application. In
view of the shortcomings of the conventional and enzy-
matic processes, the development of high-efficiency and
clean biochemical materials to remove the non-collagen
components with less environmental pollution and dam-
age to the collagen and collagen fiber woven structure is
still urgently needed.

Ionic liquids, new green molten salts, are widely used
in various industries owing to lower boiling points[39]
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(<100 °), negligible vapor pressure[40], miscibility with
water[41, 42] and organic solvents[43—45], high chemical
and thermal stability, high ion conductivity [46] and wide
electrochemical window[47]. The chemical and physical
properties of ionic liquids are similar to those of inor-
ganic salts, and the properties of enzymes such as activ-
ity, stability, solubility, dispersion and structure might be
affected by the use of ionic liquids. The effects of salts on
proteins are generally according to the lyotropic series,
i.e. Hofmeister series, is described as an ability of the ions
to vary the hydrogen bonding network of water to stabi-
lize or destabilize the ability of hydration (salting-out and
salting-in) for protein. The theory of ion series is related
to the size and surface charge density of anion and cation,
e. g. the small size and high surface charge density of ion
show a strong ability of hydration to make the network
of water (Kosmotropes), and the converse break network
of the water (Chaotropes). The anion and cation size of
ionic liquids are generally larger than those of inorganic
salts, resulting in weak hydration and strong binding to
proteins [48], further improving the stability of protein
solution.

Ionic liquids have been reported in leather making,
such as 1-butyl-3-methylimidazolium chloride ([BMIM]
[Cl]) [47], 1-butyl-3-methylimidazolium tetrafluorobo-
rate ([BMIM][BE,]) [49], and deep eutectic solvents of
choline chloride and carboxylic acids[50, 51] because
of their strong chaotropic and environmentally friendly.
These ionic liquids related reports for leather making are
only limited to a single operation in conventional beam-
house step such as unhairing or fiber opening operation,
and few studies have been systematically performed in-
depth in simplification of beamhouse, efficient use of
ionic liquids/enzyme solution, reducing environmen-
tal pollution and wastewater recycling by the designs of
cycle unhairing and one-pot beamhouse with ionic liquid
combined enzyme technology, which are very key for the
practical technical application of ionic liquid combined
enzyme in cleaner leather making. Cycle unhairing is
the use of unhairing solution to remove hairs multiple
times to investigate the unhairing efficiency and effect
of unhairing solutions, recycling efficiency of depila-
tory solution and reduction of environmental pollution.
One-pot beamhouse needs only one step to accomplish
the operations of unhairing, fiber opening and bating for
the hides or skins in the same bath with the same solu-
tions, which was designed based on high-performance
materials with excellent effects of unhairing, fiber open-
ing and bating for the hides or skins. One-pot beamhouse
simplifies conventional beamhouse multi-step opera-
tion, improves efficiency and cost of leather making, and
reduces environmental pollution. In this work, dispase, is
a renewable resource, preparing from Bacillus subtilis by
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biological fermentation, which has good ability of hydrol-
ysis to proteoglycans and glycosaminoglycan inside
bovine hides in the neutral water solution for unhair-
ing and opening collagen fiber-bundles. 1-allyl-3-methyl
imidazolium chloride ([AMIm]CIl), a new ionic liquid
with excellent hydrogen bond opening ability, was used
to improve the stability, solubility, dispersion of dispase
and compared with those of potassium chloride (KCI)
from the low lyotropic series. [AMIm]Cl-dispase system
firstly was used for cycle unhairing and one-pot beam-
house, and was systematically studied to obtain the vari-
ous performance and reaction mechanism of [AMIm]
Cl-dispase system on the bovine hides and the impact on
the environment.

The effects of cycle unhairing and one-pot beamhouse
were investigated and evaluated from the viewpoints of
dispase activity, the contents of protein, carbohydrate and
hydroxyproline (HYP) in wastewater as well as Verhoeft’s
Van Gieson (EVG) staining technology. The penetration
of dispase in bovine hides and the stability of dispase
solution were explored by fluorescein isothiocyanate
(FITC) labeling, contact angle and zeta potential. The
aggregation structure of collagen fibrils, physical prop-
erties and hydrothermal stability of tanned leather from
both [AMIm]Cl/dispase and KCl/dispase processes were
characterized by scanning electron microscopy (SEM),
texture analyzer and hydrothermal shrinkage tempera-
ture tester, respectively, and compared with those of con-
ventional one. The pollution loads and plant hazard of
wastewater were evaluated, in order to extract and reuse
the organic matters in wastewater.

2 Experimental procedures

2.1 Materials

1-allyl-3-methylimidazolium chloride ([AMIm]CI, more
than 99% pure) was produced by Lanzhou Institute of
Chemical Physics, Chinese Academy of Sciences, China.
Formalin (4%) and dye liquor of Verhoeft’s Van Gieson
(EVG) and Van Gieson (VG) were from Wuhan Google
Biotechnology Co., Ltd, Wuhan, China. Absolute ethyl
alcohol (analytical reagent, AR), xylene (AR) and neutral
resins were produced by Sinopharm Chemical Reagent
Co., Ltd, Shanghai, Hydroxyproline assay kit (Alkaline)
was produced by Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China. Distilled water (conductivity <6 pS/
cm).

2.2 Experimental and conventional processes

2.2.1 Design of integrated ecological beamhouse

An integrated ecological beamhouse using the [AMIm]
Cl-dispase system was designed, with the scheme shown
in Scheme 1. [AMIm]Cl-dispase solution was used for
cycle unhairing and one-pot beamhouse (unhairing,
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Scheme 1 A schematic of [AMIm]Cl-dispase ecological beamhouse
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opening collagen fiber-bundles and bating in same solu-
tion and bath), and then the [AMIm]ClI-dispase wastewa-
ter from the two processes was recycled for subsequent
organic matter recycling to improve environmental and
economic benefits.

2.2.2 [AMIm]CI-dispase synergistic cycle unhairing

40 g of de-salted bovine hide was added into 120 g
[AMIm]CI (0.01 mol)/dispase (0.8 wt%) solution at 32
C for cycle unhairing until its hairs were completely
removed, and compared with the synergistic cycle
unhairing effects of both processes with dispase (0.8 wt%)
and KCI (0.01 mol)/dispase (0.8 wt%) at the same condi-
tion. The unhairing complete time and the weight of
wastewater was recorded after each cycle of unhair-
ing. The contents of protein, carbohydrates and HYP in
wastewater were measured and analyzed, as well as the
activity of dispase in wastewater. The recycling was done
for 5 cycles in the [AMIm]Cl-dispase synergistic unhair-
ing wastewater under the same condition. Each cycle
unhairing result from the processes of dispase, [AMIm]
Cl-dispase and KCl-dispase were presented in Additional
file 1: Fig. S1.

2.2.3 [AMIm]CI-dispase synergistic one-pot beamhouse
After being put added into 120 g 0.01 mol [AMIm]Cl/0.8
wt% dispase, another piece of de-salted bovine hide
(40 g) was processed for one-pot beamhouse at 32 °C for
30 h, with the synergistic one-pot beamhouse in 0.01 mol
KCl/0.8 wt% dispase process at the same condition as a
control. The 10 x 10 mm bovine hides sample and 1 mL
wastewater were taken out at 4, 6, 12, 18, 24, and 30 h for
subsequent study.

2.3 Investigation of the dispase penetration by FITC

The dispase was labeled with FITC, and the labeling
operations can be referenced to the reported work [52].
Two de-salted bovine hides (each of 40 g) with uniform-
ity were added into 120 g KCI (0.01 mol)/FITC-dispase

(0.8 wt%) and 120 g [AMIm]CI (0.01 mol)/FITC-dispase
(0.8 wt%) solution, respectively, for one-pot beamhouse.
The samples (each of 10 x 10 mm) of bovine hides from
the two processes were taken out at durations of 4.5, 6,
18, 30 and 38 h, and their cross-sections were observed
by the digital slice scanning system (Pannoramic MIDI
II, Hungary) at fluorescence environment to investigate
the distribution of FITC-dispase in bovine hides with
the time increase, further study the effect of the two salts
of [AMIm]CI and KCI on the penetration of dispase in
bovine hides.

2.4 Organic matter and saline solution separation
in wastewater

The wastewater (28 mL) (Additional file 1: Fig. S7(A))
from one-pot beamhouse by the [AMIm]Cl-dispase
process was added into ethyl alcohol (125 mL) with suf-
ficient mixing, and then let alone for 24 h. Most of the
supernatant was poured out, and the solid organic matter
(Additional file 1: Fig. S7(D(1))) in the remaining mixture
was collected after centrifuging, which was dried by lyo-
philizer (GT2-Type-8, LYOTECH, Germany) at —50 °C
for 24 h, and then stored at 4 °C for further analysis. The
supernatant was separated into ethyl alcohol (Additional
file 1: Fig. S7(F(1))) and [AMIm]CI solution (Additional
file 1: Fig. S7(F(2))) by rotary evaporators at 45 °C under
6 kPa.

2.5 The harm of wastewater to plant growth

Whether the wastewater affects the growth of plants
is important for the research and development of clean
leather chemicals. The wastewater of one-pot beamhouse
from [AMIm]Cl-dispase process contains water, [AMIm]
Cl and organic matter (dispase, protein and carbohy-
drate), which was used for cultivating plants to detect
the harm of wastewater to plant growth. 25 mL of waste-
water from [AMIm]Cl-dispase process was added into
250 mL water to cultivate a plant of Epipremnum aureum
at room temperature with the addition of some pure
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water to keep the whole volume of nutrient solution not
changed, with the comparation of the mixture of 25 mL
wastewater from KCl-dispase process and 250 mL water
in the same condition, as well as the pure water (275 mL).
The growth of Epipremnum aureum was recorded by a
digital camera at a duration of 0, 210, 246, 371 and 432 d,
with the results shown in Additional file 1: Fig. S9.

3 Results and discussion

3.1 Effect of [AMIm]CI-dispase synergistic cycle unhairing
Unhairing is very an important operation for opening
fiber-bundles, which increases the specific surface area
of bovine hides and provides the channels for the pen-
etration of subsequent chemicals and the dissolution of
interfibrillar substance. The proteoglycans that link the
hair root to the hair follicle are hydrolyzed by enzyme
to realize unhairing. In this work, [AMIm]Cl-dispase
was used for cycle unhairing and the results were com-
pared with those by both processes of dispase and KCI-
dispase, with each unhairing effect shown in Additional
file 1: Fig. S1. The changes of dispase activity and organic
matters contents such as protein, carbohydrate and HYP
in wastewater from the three processes after each cycle
of unhairing were investigated, as well as the changes of
wastewater weight and unhairing complete time, with
the results shown in Fig. 1. KCI or [AMIm]Cl was added
to the dispase solution to synergize with cycle unhair-
ing, which was found to have a better unhairing effect
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than dispase solution and could be recycled 5 times for
cycle unhairing (Additional file 1: Fig. S1). The activity
of dispase in the wastewater from [AMIm]Cl-dispase
process is more stable than those from the dispase and
KCl-dispase processes in cycle unhairing (Fig. 1A). The
contents of protein, carbohydrate and HYP in wastewa-
ter from [AMIm]Cl-dispase process are all higher than
those of both processes of dispase and KCl-dispase after
each cycle unhairing (Fig. 1B—D). An appropriate amount
of salt can promote the dissolution or stability of dispase
(Additional file 1: Fig. S4) and increase the stabilization
of dispase activity [52, 53]. In addition, the combining
capacity of [AMIm]" with dispase is stronger than that
of K*, more easily destroying the hydrogen and ionic
bonds of dispase, which might be because the size of
[AMIm]* is larger than that of K* in the lyotropic series
or Hofmeister series, resulting in more solubilization of
dispase in [AMIm]Cl solution. The mixed solution of dis-
solved [AMIm]Cl-dispase can rapidly penetrate into the
hair follicle by external force and osmotic pressure to
hydrolyze the proteoglycans of hair roots. Therefore, the
content of organic matters in wastewater from [AMIm]
Cl-dispase process were the highest (Fig. 1B-D), and the
unhairing complete time of [AMIm]Cl-dispase process
after each cycle of unhairing was the shortest in the three
trials (Fig. 1F). The wastewater weight from the processes
of dispase and KCl-dispase gradually increase, while that
from [AMIm]Cl-dispase process is gradually decreased

800

00

Viispase =538.04-339.1 6l (ST, |3 £ Diapase
— . . [ KCV/dispase
Yicudispase =576.40-87.37x; oS3 g 80k Il [AMIm]CV/dispase
600 b TN\ itvtnycrtspase =2376.53-2379.45e 537308680, | g
2 ) - g
g [ Dispase ~
= [ KClidispase S 60t
e I (AMIm]Cl/dispase '§
400 <}
B g =5
2 W937 [ 40+
5 °
-
<200} 5 2
=
S
@]

Cycle number

Cycle number

[ IDispase
1 KCl/dispase
600 | Il (AMIm]Cl/dispase

(B) ©)

Content of carbohydrate (ng/mL)
S
(=3
(=]

Cycle number

~
100 = § 40 —10
Dispase = I [L_ADispase I |[L_JDispase

= o | KCr/dispase ) = | KC:’/dispasc ® | = [ | Kcr/dispase F)
El Il [AMIm]Cl/dispase D Il (AMIm]Cl/dispase dé AMIm]Cl/dispase
= L £ 8r
E) 75 E 20l 1 2|
3 2 Q
= : 2 4 ¥
o S0f 4 0 g
[T b7 S
=} < O g4t
i = &
5 G =
8 25 ©-20 B
= s 2H
o g =
@] 4 s

o =)

0 G -40 . L . . . 0
1 2 3 4 5 = 1 2 3 4 5 1 2 3 4 5

Cycle number

Cycle number

Fig. 1 The changes of the dispase activity (A), protein content (B), carbohydrate content (C) and HYP content (D) in wastewater, the wastewater
weight (E) and unhairing complete time (F) after each cycle unhairing by dispase, KCl/dispase and [AMIm]Cl/dispase processes

Cycle number




Liu et al. Journal of Leather Science and Engineering (2022) 4:14

(Fig. 1E), which is probably because the lyotropic swell-
ing ability of [AMIm]CI is stronger than that of KCI to
cause easier water absorption of bovine hide at each cycle
of unhairing. So the ions of [AMIm]* and Cl~ in solution
could maintain the stable activity of dispase, promote
the rapid unhairing of dispase, and swell the bovine hide
(Fig. 1E). [AMIm]Cl-dispase solution has the best cycle
unhairing effect, which could be recycled 5 times in the
same solution with the least time in each cycle unhair-
ing (Fig. 1F), as well as keeping the highest activity of
dispase at last (Fig. 1A). In this part, basic data used to
design infinite cycle of [AMIm]Cl-dispase solution sys-
tem unhairing is obtained by studying cycle unhairing
effect of [AMIm]Cl-dispase system and analyzing their
experimental results. According to the changes of dispase
activity and [AMIm]Cl-dispase solution weight after each
cycle unhairing, suitable weight of [AMIm]Cl-dispase
solution might be added by theoretical calculation to
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keep enough dispase activity for next cycle unhairing to
realize cycle unhairing countless times. Besides, the con-
tents of protein, carbohydrate and HYP in the solution
does not increase continuously owing to the exchange of
organic substances between solution and bovine hides,
which greatly reduces the organic pollution and waste-
water discharge to improve environmental and economic
benefits.

3.2 Effect of [AMIm]Cl-dispase ecological beamhouse

One-pot beamhouse effect of [AMIm]Cl-dispase sys-
tem was investigated, with its unhairing effect and the
changes of dispase activity, protein content, HYP con-
tent and carbohydrate content in wastewater shown in
Additional file 1: Fig. S2 and Fig. 2, respectively. The hairs
of bovine hide were removed completely by [AMIm]
Cl-dispase process in 4 h (Additional file 1: Fig. S2(C)),
while a small number of hairs still existed on the surface
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of bovine hide by KCl-dispase process (Additional file 1:
Fig. S2(c)) and was not removed completely until 6 h
(Additional file 1: Fig. S2(d)). The activity changes of
dispase in wastewater from both processes of [AMIm]
Cl-dispase and KCl-dispase are not significant, and the
significance of dispase activity changes from KCl-dis-
pase process was more obvious than that from [AMIm]
Cl-dispase process (Fig. 2A). The results indicated that
the stability of dispase activity from [AMIm]Cl-dispase
process is better than that from KCl-dispase process
during one-pot beamhouse. The contents of protein and
HYP in wastewater from [AMIm]Cl-dispase process are
higher than those from KCl-dispase process. The time
of the maximum content of carbohydrate in wastewa-
ter from [AMIm]Cl-dispase process is shorter than that
from KCl-dispase solution (Fig. 2D). [AMIm]™ has better
ability to bind with dispase than that of K™ because the
size of [AMIm]* is bigger than that of K*, which increase
the stability of dispase. So the dispase could rapidly pen-
etrate into the hides to hydrolyze the proteoglycans of
hair roots and interfibrillar substance. On the other hand,
a large amount of KCI might be bound to the amino acid
residues on the surface of collagen fibers due to the poor
bond ability with dispase, which could reduce the struc-
tural stability of collagen fibrils, resulting in the hydrol-
ysis of collagen. Therefore, [AMIm]Cl-dispase system
could effectively hydrolyze the proteoglycans in bovine
hides, with less collagen hydrolyzed. The most worth
mentioning is that the wastewater after the one-pot
beamhouse could still be recycled for cycle unhairing and
next one-pot beamhouse because the activity of dispase
in wastewater (Fig. 2A) could satisfy the need of activity
for cycle unhairing (Fig. 1A) and one-pot beamhouse (the
non-significance of dispase activity changes) (Fig. 2 A).

3.3 Hydrolysis of interfibrillar substance in hides

After unhairing and collagen fibers opening by the pro-
cesses of convention, KCl-dispase and [AMIm]CI-dis-
pase, the cross-sections of bovine hides were stained
with EVG to study the hydrolysis of proteoglycans and
elastin in bovine hides, with the results shown in Fig. 3
and Additional file 1: Fig. S3. Elastic fibers (Efs) are dyed
black blue, while proteoglycans (PGs) are yellow or clay
bank, and collagen fibers are orange-red. The hydrolyzed
effects of proteoglycans in bovine hides by both pro-
cesses of KCl-dispase and [AMIm]Cl-disapse are better
than that of conventional one, with the best of [AMIm]
Cl-dispase process (Fig. 3C, C1). Both proteoglycans
and elastic fibers in bovine hides still are not completely
hydrolyzed after unhairing and collagen fibers open-
ing by conventional process with Na,S/Ca(OH), system
(Fig. 3A, Al), meaning that the operation of bating with
trypsin is needed. Both the KCl-dispase and [AMIm]

Page 7 of 13

Cl-dispase processes, especially in case of [AMIm]CI-
dispase process, completely hydrolyze the proteoglycans
and elastic fibers in bovine hides with the one-pot beam-
house, suggesting an easier and cleaner beamhouse for
leather making.

3.4 Distribution of dispase

A moderate amount of inorganic salt was added to dis-
pase solution, which could improve the penetrability
of dispase in bovine hides to promote the hydrolysis of
proteoglycans in bovine hides. Fluorescence scans of the
cross-section of bovine hides during one-pot beamhouse
by the processes of KCI/FITC-disapse and [AMIm]Cl/
FITC-dispase were conducted, with the results shown in
Fig. 4. The penetrability of dispase in bovine hides with
[AMIm]Cl-dispase process is better than that of KCl-dis-
apse process at the beginning of the process (Fig. 4a, A).
The dispase in both two processes of [AMIm]Cl-dispase
and KCl-dispase penetrated into the center of the bovine
hides after 30 h, and the proteoglycans in hair follicles are
rapidly hydrolyzed. So [AMIm]Cl-dispase process does
good for rapid penetration of dispase in bovine hides for
the efficient reaction with the components in hides.

3.5 Mechanism of one-pot beamhouse and recovery
of organic matter in wastewater

A schematic diagram of [AMIm]Cl-dispase syner-
gistic one-pot beamhouse was proposed as shown in
Scheme 2. [AMIm]CI can promote the solvation of dis-
pase and equably disperse (Additional file 1: Figs. S4
and S5) to the [AMIm]CI solution duo to ionic electro-
static attraction, which accelerates the penetration of
dispase into the bovine hides (Fig. 4) to rapidly hydro-
lyze the proteoglycans (PGs) of hair roots and collagen
fiber-bundles surface and elastic fibers (Efs) to realize
one-pot beamhouse (including unhairing, fiber opening
and bating). The peptide linkage and hydrogen bond of
proteoglycans and elastic fibers in bovine hides were
opened by synergy between dispase and [AMIm]CI to
realize one-pot beamhouse due to excellent hydrogen
bond opening ability of [AMIm]CI [5, 54] and good
peptide linkage hydrolyzing ability of dispase. In order
to avoid the pollution to the environment by organic
matter in wastewater, the organic matter in wastewa-
ter was recycled after absolute ethanol precipitation
and centrifugation, while the ethanol in the separa-
tion liquid was recycled by rotary evaporators, with
the recycling process shown in Additional file 1: Fig.
S7. Besides, the structure of organic matter was ana-
lyzed by infrared spectrometer, with the result shown
in Additional file 1: Fig. S8. The structure of the organic
matter is very similar to those of pure bovine hide col-
lagen and sodium hyaluronate (Additional file 1: Fig.
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conventional (A, A1) KCl-dispase (B, B1) and [AMIm]Cl-dispase (C, C1) processes; R, raw bovine hide

A-C) and collagen fibers opening (A1-C1) by

S8). There is a high content of hyaluronic acid in pro-
teoglycans of bovine hides, while the collagen and other
protein can be hydrolyzed to glycosaminoglycan (GAG)
and polypeptide. So the organic matter in the wastewa-
ter is very similar to collagen and hyaluronic acid. From
the viewpoint of the structure of the recycled organic

matter from the wastewater, the organic matter could
be used as a raw material for preparing leather chemi-
cals (such as filling agent, finishing agent, and accessory
ingredient, etc.), daily fine chemicals and carbon-based
catalytic materials to reduce the environmental pollu-
tion as well as reuse of natural resource.
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Fig. 4 Fluorescence scans of the cross-section of bovine hides during one-pot beamhouse with the processes of KCI/FITC-disapse (a—f) and [AMIm]
Cl/FITC-dispase (A-F)

3.6 Grain morphology and collagen fibers aggregation
structure of tanned leathers

After being collagen fiber bundles being opened, the
bovine hides were fixed with tannic acid to clearly
observe the grain morphology and collagen fibers
aggregation structure of tanned leather by SEM, with
the results shown in Fig. 5 and Additional file 1: Fig.
S6. Compared with the grain surface of tanned leath-
ers by conventional process and KCl-dispase, the one
by [AMIm]Cl-dispase process is smoother (Fig. 5C),
probably owing to the better penetration of [AMIm]
Cl-dipase solution inside the leather to less hydrolyze
the grain collagen of bovine hides (Fig. 2B, C). The col-
lagen fibril of tanned leather from [AMIm]Cl-dispase

is comparable to those from the conventional and KCI-
dispase process (Additional file 1: Fig. S6).

3.7 Physical and hydrothermal properties of tanned
leather

The tanned leather from the conventional, KCl-dispase
and [AMIm]Cl-dispase process were studied by texture
analyzer, with the results shown in Table 1. The tensile
strength and elastic modulus of tanned leather from
[AMIm]Cl-dispae process is the biggest in the samples
studied here, which should be probably because [AMIm]
Cl-dispase process has the best hydrolysis ability of the
proteoglycans in bovine hides and more active sites
appeared for subsequent tanning agent of tannin acid
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Fig. 5 SEM images of the grain tanned leather surface: A conventional process; B KCl-dispase process; C [AMIm]Cl-dispase process

Table 1 Physical properties and hydrothermal stability of tanned
leathers from conventional (C), KCl-dispase (KCI/D) and [AMIm]
Cl-dispase ([AMIm]CI/D) processes

Samples Tensile Elastic Hydrothermal
strength modulus shrinkage
(MPa) (MPa) temperature ('C)
C 114+£13 044£0.1 754+£05
KCl/D 123£13 08+0.1 749403
[AMIm]CI/D 144+57 1.6£0.1 751£05

(Fig. 3; Additional file 1: Fig. S2D). For this reason, the
hydrothermal stability of tanned leather from [AMIm]
Cl-dispase process is comparable to those with the con-
ventional and KCl-dispase ones. Therefore, by the one-
pot beamhouse with [AMIm]Cl-dispase system, a good

tanning result could be reached to improve the proper-
ties of leathers.

3.8 Environmental and economic benefits

The wastewater pollution of leather making seriously
limits the development of the leather industry. The
pollutant loads in wastewater and discharged waste-
water from the processes of KCl-dispase and [AMIm]
Cl-dispase were investigated and compared with those
of the conventional process, with the results shown in
Table 2. Compared with the load of COD from the con-
ventional process, those from the salt/dispase system
are higher due to their good ability to hydrolyzed the
proteoglycans in bovine hides, while the load of COD
from [AMIm]Cl-dispase process is highest because the
reducibility of the organic cation in [AMIm]Cl might
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Table 2 Pollutant loads and wastewater discharge (WD) from different methods (unit: kg/t of raw hide)

Method/pollutants Processes (kg/t)

Total (kg/t) Pollution load

One-pot beamhouse

reduction (%)

Unhairing Reliming Deliming Bating
ce coD 7.21£0.02 16.82£0.01 748+0.01 0.72£0.01 32.23£0.05 -
NH;-N 0.6940.01 0.724+0.03 32540.00 0.11£0.01 4.77+0.05 -
TS 13.5440.00 13.054+0.01 12334+0.02 1.264+0.03 40.184+0.06 -
WD 940+ 20 1790 £ 50 1890 £50 1880+ 50 65004170 -
KCl/DP CoD 51.10£0.01 51.10£0.01 —58534+0.30
NH;-N 5544001 554+0.01 —16.154£143
TS 15.16+£0.02 15.1640.02 62.24+0.03
WD 2780420 2780420 58324042
[AMIm]CI/D¢ COoD 83.76£0.02 83.7640.02¢ —159.88+0.48
NH;-N 0.13+0.01 0.13+0.01 9723+£030
TS 13.40£0.03 13404£0.03 66.60£0.11
WD 2720410 272010 58134133

2 Conventional process (C), wastewater was from unhairing/liming, reliming, deliming and bating

b KCl/dispase process (KCI/D), wastewater was from one-pot beamhouse

¢ [AMIm]Cl/dispase process ([AMIm]CI/D), wastewater was from one-pot beamhouse

4 .COD loads of [AMIM]Cl solution is 41.3440.21 kg/t

increase the load of COD in wastewater. The protein
and proteoglycans in wastewater increase the load of
COD, and they are all organic matter with similar struc-
ture to collagen or sodium hyaluronate (Additional
file 1: Fig. S8), which can be reused (Additional file 1:
Fig. S7) to prepare compost for plants, leather chemi-
cals, fine chemicals, biological materials, etc. Besides,
the loads of NH;-N and TS from the [AIMm]Cl-dispase
process are lower than those from the conventional
process due to the use of Na,S/Ca(OH), system. What
is worth mentioning is that the discharged wastewater
from the salt/dispase system is lower than that from
the conventional process, and the discharged waste-
water can be recycled for unhairing or one-pot beam-
house because the dispase activity of wastewater is
high enough (Additional file 1: Fig. S2(A)) to hydrolyze
the proteoglycans of the hair root. Salt solution after
separating the organic matter can be recycled (Addi-
tional file 1: Fig. S7 F(2)) after adding dispase for next
unhairing and one-pot beamhouse operations. This way
of recycling wastewater from the salt/dispase process,
especially for the wastewater from [AMIm]Cl-dispase
process, has little effect on plant growth (Additional
file 1: Fig. S9) and greatly improves the environmental
and economic benefits, which might immensely avoid
the use and the pollution loads of sulphide, solid sludge

and ammonia nitrogen from the conventional process
due to the use of Na,S/Ca(OH), system.

4 Conclusions

An application technology of [AMIm]Cl-dispase system
is confirmed to rapidly hydrolyze the non-collagen ingre-
dients in bovine hides to realize multiple cycle unhairing
and one-pot beamhouse, and the effects of cycle unhair-
ing and one-pot beamhouse are better than those of
KCl-dispase because the [AMIm]Cl is better than KCl in
improving the dispersion, stable activity and penetration
of dispase. The pollutant loads in wastewater and waste-
water discharge from [AMIm]Cl-dispase process are
lower than those from the conventional one. Besides, the
wastewater from [AMIm]Cl-dispase process is recycled,
and the organic matter and [AMIm]CI solution in waste-
water is separated, which can be used for other related
applications. The tensile strength of tanned leather from
[AMIm]Cl-dispase process is higher than those of con-
ventional process, with comparable hydrothermal sta-
bility is comparable to that of the conventional one. The
recycling of wastewater, separation of organic matter
in wastewater and little effect of wastewater on plant
growth from the [AMIm]Cl-dispase process greatly
reduce the waste of resources, cost and environmental
pollution, improving the environmental and economic
benefits for leather making.
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Additional file 1: Fig. S1. Effects of each cycle unhairing with dispase,
KCl/dispase and [AMIm]Cl/dispase processes. Fig. S2. Digital photos of
unhairing by KCl/dispase (a, b, ¢, d) and [AMIm]Cl/dispase (A, B, C, D)
processes. Fig. $3. Digital scan images of EVG staining of cross-section of
bovine hides ((1) grain layer; (2) reticular layer; (3) subcutis) during one-pot
beamhouse by KCl/dispase (a, b, ¢, d, e, f) and [AMIm]Cl/dispase (A, B, C, D,
E, F) processes. Fig. S4. The effect of KCl and [AMIm]CI concentrations on
the Zerta potential dispase solution. Fig. S5. (A) Contact angles of dispase,
KCl/dispase and [AMIm]Cl/dispase solutions on the surface of bovine
hides; (B) Contact angle digital photos of dispase, KCl/dispase and [AMIm]
Cl/dispase solutions on the surface of bovine hides at different time. Fig.
S6. SEM images of the cross-section of the tanned leather: (A) conven-
tional process; (B) KCI-dispase process: (C) [AMIm]CI-dispase process.

Fig. S7. Extraction of organic matter in wastewater: (A) Wastewater after
one-pot beamhouse; (B) Mixture of wastewater and absolute ethanol; (C)
Separation of sediment and solution; (D) Separation of sediment (1) and
solution (2); (E) Wastewater extract; (F) Ethanol (1) and containing [AMIm]
Cl of water solution (2) after separation. Fig. S8. Infrared spectra of waste-
water extract, sodium hyaluronate and pure bovine hide collagen.
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