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ABSTRACT: Dye wastewater has become one of the difficult
industrial wastewaters due to its significant characteristics such as

high chroma and poor biodegradability. Here, we use collagen ¢*
fibers (CFs) as the matrix, glutaraldehyde as the cross-linking ‘
agent, and polyethyleneimine (PEI) as the ammoniating modifier
to prepare cationic-modified collagen fibers (CF-PEI). The CF- /

PEI still maintained the original fibrous structure with a larger ot T a0 sl sowyen
adsorption area. The content of primary amino groups on CF-PEI o

was significantly increased, which not only improved the

hydrophilic swelling performance of CFs but also improved the adsorption capacity. The adsorption capacity of CF-PEI for soap
yellow and acid red could reach $38.2 and 369.7 mg g_l, respectively. The adsorption rate was fast, and the adsorption equilibrium
could be reached in about 60 min. Desorption regeneration studies have shown that 0.1 mol L™ HCI could achieve a better
desorption effect, and the CF-PEI had a good recycling performance. The ammoniated modified CF-PEI was an excellent adsorption
treatment material for anionic dye wastewater. It is expected to become an effective way for high-value resource utilization of waste
dander in the leather industry.

1. INTRODUCTION tanning industry. Skin collagen fibers (CFs) extracted from
waste leather shavings are white short fibrous solids, which are
hydrophilic and insoluble in water and become dispersed after
swelling in water.””** Skin CFs are structural proteins, and the
amino acids that constitute collagen are rich in active groups
such as —COOH, —NH,, and —OH.”*"* In addition, type I
collagen, the main component of CFs, has a characteristic
three-helix structure. The above-mentioned characteristics and
structure indicate that skin CFs are a potential adsorbent
material. At the same time, it is cheap, nontoxic, harmless, and
biodegradable and can also be used as a new type of biomass
material. According to fiber morphology, CFs can be divided
into nonfibrous CFs and fibrous CFs.””*’ The CF extracted
from the waste leather dander through acid, alkali, and enzyme
treatments is a natural linear polymer. Its amino acid
composition is very close to that of the human skin. It has a
high affinity and is biodegradable. This kind of “green” fiber
can be widely used in various fields. At present, the utilization
of CFs is mainly divided into two categories. One is based on
the unique macroscopic properties of CFs, that is, fiber

Dyes are organic compounds that can color fibers or other
substances and are widely used in various industries.'”*
However, most dyes are highly toxic and are difficult to
biodegrade. Therefore, the removal of dyes in industrial
wastewater is one of the important research contents in the
field of environmental protection.”® The most commonly used
method to treat dye wastewater is adsorption.”'® However,
traditional adsorbents, such as activated carbon''™'* and
resins,' ¢ have problems such as difficult elution, loss of
adsorbents, and high energy consumption when adsorbing
dyes, which fail to achieve harmless treatment of dye
wastewater. At present, there are many types of dyestuffs in
common use, among which the anionic dyestuffs are the most
widely used because of their rich variety, complete color, and
good dyeing effect.'”'® Therefore, the development of
adsorbents to remove anionic dyestuffs in water has a wide
range of application value and prospects.

In the tanning industry, the utilization rate of raw leather is
low, only 30—50% of them can be converted into useable
leather, and the rest is mainly in the form of waste leather
shavings.w_21 Therefore, a large amount of waste leather Received: July 10, 2021
shavings is produced every year. At present, except for a small Accepted:  September 24, 2021
part of the waste leather shavings used to produce recycled Published: October $, 2021
leather and to prepare gelatin, most of the remaining shavings
are treated as garbage, which causes a very serious waste of
resources. How to reuse waste dander is also a hot issue in the
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Scheme 1. Chemical Formula for Acid Red (a) and Soap Yellow (b)
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Figure 1. (a) Adsorption properties of three kinds of ammoniated CFs for anionic dyes, (b) digital pictures of CF and CF-PEI, and (c) digital
images of soap yellow(left) and acid red (right) before and after adsorption by CF-PEL

properties, which are used in the fields of photographic paper,
papermaking, textiles, and so forth. The second is based on its
good properties of biocompatibility, biodegradability, and low
antigenicity which can be widely used in food,*° cosmetics,’’
biomedical materials,** drug slow-release,®” tissue engineering
materials,”* chemical raw materials,®® wastewater treat-
ment,>*>” and other fields. The current research on CF
materials is still mainly focused on theoretical and semi-
practical aspects, such as material manufacturing methods,
physics and chemistry, and simulation performance.’®~*’
Although many valuable results have been achieved, there is
still a considerable distance from industrial application.
Therefore, it is necessary to further broaden its application
fields on the basis of the original theoretical research and
application.

Herein, CFs with the characteristics of expanding and
dispersing in water and being hydrophilic and insoluble in
water were used as a biomass adsorbent to treat dye
wastewater, fundamentally solving the pollution problem of
dyes to the environment, so as to achieve the requirements of
reasonable and effective use of tanning waste and circular
economy. However, the adsorption capacity of unmodified
CFs for dyes is only about 30 mg g™'. In order to improve the
removal rate of dyes, CFs are used as raw materials and
modified by amination to prepare a series of cationic CF

adsorbents. By increasing the cation content on the CFs, the
ability to remove anionic dyes in the water body is enhanced,
and the harmful substances in the water body are separated.
Different amino reagents are studied to select the most suitable
one. Common anionic dyes including soap yellow
(CsH4N3NaO;S, Scheme 1) and acid red (C,sH,;sN3NaOgS,,
Scheme 1) were selected as the treatment objects, and the
effects of different pH values, adsorption time, initial mass
concentration of the target object, and adsorption temperature
on the adsorption performance of modified CFs were
investigated. The adsorption behavior of pollutants is studied
through the adsorption isotherm model, adsorption thermody-
namics, and adsorption kinetics. In this study, the elution effect
of different desorbents was further investigated, and the
repeated regeneration performance of the cationic CF was
studied.

2. RESULTS AND DISCUSSION

2.1. Optimization of Preparation of Ammoniated CFs.
Three different ammoniating agent-modified CFs and
unmodified CFs were used in the adsorption experiment of
100 mL of 100 mg L™" simulated dye wastewater. The results
are shown in Figure la. CF composed of structural protein is
rich in active groups such as —COOH, —NH,, and —OH and
has a certain adsorption capacity for dyes, but the adsorption
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capacity is low. The adsorption capacity of the three types of
ammoniated modified CF for anionic dyes has been greatly
improved. Among them, polyethyleneimine (PEI) has the best
modification effect, so PEI is selected as an ammoniating agent
for the subsequent preparation of cationized CFs.

CF-PEI was prepared by the cross-linking reaction with CF
as the base, PEI as the functional group, and glutaraldehyde as
the cross-linking agent. The preparation principle is shown in
Figure S1. The aldehyde group at one end of the
glutaraldehyde molecule reacts with the amino groups on the
CF chain in the Schiff base reaction. The aldehyde group at the
other end reacts with the amino group of PEI in the Schiff base
reaction. The preparation conditions of CF-PEI were further
optimized. The preparation reaction temperature was set to
298, 308, and 318 K; the mass ratio of PEI to CF was 1:1 for
modification; 0.05 g of CF-PEI was taken to adsorb acid red
and soap yellow, and the adsorption amount was measured.
The CF-PEI prepared at 308 K has a better adsorption effect,
so 308 K is chosen as the reaction temperature for subsequent
modification preparation (Figure S2). Under these conditions,
CF-PEI with a mass ratio of CF to ammoniating agent of 2:1,
1:1, and 1:2 was prepared, and adsorption experiments were
performed on simulated dye wastewater to explore the best
ratio of PEI and CF. When the mass ratio of CF/PEI is 1:1, the
modified CF-PEI has the best adsorption performance for
simulated dye wastewater (Figure S3). Therefore, the skin CF
powder to PEI mass ratio of 1:1 is selected as the reactant ratio
for subsequent experiments for other studies. Figure 1b,c
shows the optimized CF-PEI digital photos as well as the
digital photos before and after the soap yellow and acid red
solutions were adsorbed by CF-PEIL CF changed from grayish
white to brownish red before and after modification, indicating
that PEI was successfully grafted onto CF. The dye color faded
obviously before and after adsorption, indicating that the
adsorption effect of CF-PEI was excellent.

2.2. Characterization of CF and CF-PEl. CF is a
supramolecular structure formed by self-assembly of type I
collagen molecules. As shown in Figure S4, the basic structural
unit of CF is collagen fibrils with an average diameter of 50—
200 nm. These nanoscale collagen fibrils self-assemble layer by
layer to form micrometer fibers, and the micrometer fibers are
further assembled into fiber bundles and finally assembled into
a three-dimensional network structure, thereby forming CFs
with a multilayer structure. The nanometer—micrometer—
macro-scale multilayer structure of CF has the following
characteristics: the multilayer full-fiber structure is mainly
based on rapid surface mass transfer with low mass transfer
resistance; the layer-by-layer self-assembled multilevel fiber
structure can realize the multilevel fiber drainage effect to
achieve rapid mass transfer. The scanning electron microscopy
images of CF-PEI are shown in Figure 2a—d. It can be seen
from Figure 2c,d that the modified CF still maintains the
original fiber structure, so it can still swell, disperse, and
maintain the fibrous structure when treating dye wastewater,
which can ensure that the adsorption area before and after
modification is basically unchanged. At the same time, it has
the relevant mechanical properties of the original CF, which
provides a structural guarantee for the subsequent desorption
and regeneration and repeated use. The Fourier transform
infrared (FT-IR) spectrum of CF-PEI is shown in Figure 2e.
For CF and CF-PE], there is a strong absorption peak at the
wavenumber of 3285 cm™', which is caused by the super-
position of the stretching vibration of the hydroxyl group and
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Figure 2. FESEM images of the CF (a,b) and CF-PEI (c,d). (e) FT-
IR spectra of PEI, CF, and CF-PEL

the primary amino group. PEI also has an absorption peak at
3285 cm™!, which is due to the stretching vibration of the
primary amino group. Compared with the CF, the absorption
peak of CF-PEI at 3285 cm™' is significantly stronger,
indicating that the primary amino groups have been
successfully introduced into the skin CFs. In addition, CF-
PEI has an absorption peak of 2832 cm™, and the absorption
peak of CF-PEI at 2935 cm™" is significantly stronger than that
of CF, which is caused by the asymmetric stretching vibration
of the methylene group. This shows that PEI was successfully
grafted onto CF through the cross-linking effect of
glutaraldehyde, and a large amount of methylene was
introduced, which enhanced the absorption of CF-PEI at
2935 and 2832 cm™" after modification. FT-IR analysis shows
that PEI was successfully grafted to CF under the cross-linking
effect of glutaraldehyde. A large number of amino groups on
PEI makes CF-PEI more hydrophilic and easier to contact and
adsorb dye wastewater. At the same time, a large number of
amino groups on PEI provide more cation adsorption sites,
thereby greatly improving the CF’s ability to treat anionic dye
wastewater. The X-ray photoelectron spectroscopy (XPS)
spectra of CF and CF-PEI before and after modification are
shown in Figure SS. It can be seen that the relative content of
N increased significantly after grafting PEI, which was caused
by the amino group in PEL Figure S6 shows the zeta potentials
of CF-PEI and CF. Compared with CF, the zeta potential
curve and isoelectric point of CF-PEI after grafting were
significantly changed, and the isoelectric point changed from
6.8 to 8.2, indicating that the positively charged PEI was
successfully grafted, and the isoelectric point of CF-PEI
increased. Figure S7 shows the fiber morphology of CF and
CFE-PEI before and after water absorption. As shown in Figure
S7, the swelling degree of CF is not obvious after water
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Figure 3. (a) Schematic diagram of adsorption of acid dye by CF-PEL Adsorption isotherms of soap yellow (b) and acid red (c) adsorbed by CE-
PEI and isotherms of soap yellow (d) and acid red (e) adsorbed by CF-PEI fitted by the Langmuir equation.

absorption, and the fiber is still very dense. However, the
swelling degree of CF-PEI is obvious after water absorption,
and the fiber diameter is significantly increased. The results
showed that the hydrophilicity and swelling property of CF-
PEI were improved.

2.3. Adsorption Performance. The influence of different
pH values on the adsorption of simulated dye wastewater by
CF-PEI is shown in Figure S8. The adsorption effects of CF-
PEI on simulated dye wastewater are different under different

27073

pH conditions, and the effects on soap yellow and acid red
dyes are also different. In general, the adsorption effect of CF-
PEI was better in the range of pH = 3—9 for soap yellow and
acid red simulated dye wastewater: the removal rate of both
dyes was more than 95% and the adsorption capacity was
about 200 mg g~'. When pH > 9, the removal rate and
adsorption capacity of CF-PEI began to decrease, and the
effect of CF-PEI on acid red was more obvious. The reason is
that the amino group in acidic solution binds to the proton and

https://doi.org/10.1021/acsomega.1c03643
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Figure 4. Kinetics of the adsorption of soap yellow (a) and acid red (b) onto CE-PEJ, (c) kinetics of the adsorption fitted by the pseudo-first-order
equation, and (d) kinetics of the adsorption fitted by the pseudo-second-order equation.

makes its own positive electricity increase, and then the
negative electric group and the protonated amino group
combine with stronger ionic bond under acidic conditions to
achieve the purpose of adsorption and removal. However,
hydroxide ions under alkaline conditions will affect the
morphology and negative charge performance of anion dyes,
which is not conducive to adsorption. Considering the
adsorption capacity and removal rate of soap yellow and acid
red by CF-PEI at different pH values, pH = 4 was selected as
the best adsorption pH for soap yellow and pH = 7 was
selected as the best adsorption pH for acid red.

The XPS spectra of CF-PEI and CF-PEI after adsorbing
soap yellow and acid red are shown in Figure S9. The original
CF-PEI mainly contains C, N, and O elements. After
adsorption of soap yellow and acid red, a characteristic peak
of S 2p appeared at a binding energy of 165 eV. The XPS
spectrum analysis showed that soap yellow and acid red were
successfully adsorbed by CF-PEI Figure 3a shows the
adsorption mechanism of CF-PEI on soap yellow and acid
red. The adsorption isotherms of acid red and soap yellow by
CF-PEI are shown in Figure 3b,c. As can be seen from Figure
3b,¢, in the range of low dye concentration, the removal rate
gradually increases with the increase of dye concentration.
When the concentration of soap was 150 mg L', the
maximum removal rate was 95.1%. The maximum removal rate
of acid red was 93.6% at 100 mg L™'. When the initial dye
concentration reached a certain range, the removal rate
decreased with the increase of the initial dye concentration.
The reason for this phenomenon is that when the initial mass
concentration of dye is high, the adsorption sites of CF-PEI are
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limited, and the adsorption tends to be saturated, which will
prevent the adsorption from continuing, thus resulting in a
decrease in the removal rate. The equilibrium adsorption
capacity of CF-PEI on soap yellow and acid red increased with
the increase of the initial dye mass concentration. When the
initial dye mass concentration was increased from S0 to 400
mg L™/, the equilibrium adsorption capacity of CF-PEI on soap
yellow and acid red increased from 92.2 and 85.9 mg g~ to
$38.2 and 369.7 mg g ', respectively. This is because the
higher the initial mass concentration, the higher the mass
transfer force between the solution and the surface of CF-PEI
and the higher the probability of collision between dye
molecules and the surface of the adsorbent, so that the
adsorption capacity of CF-PEI increases. Within the set
temperature range, the temperature rise had different effects on
the adsorption effect of CF-PEI adsorbent on soap yellow and
acid red. The adsorption capacity and removal rate of CF-PEI
increased with the increase of temperature, which indicated
that the adsorption process was endothermic. The maximum
adsorption capacity was 194.1 mg g~' and the maximum
removal rate was 98.0% at 318 K. However, the adsorption
effect of CF-PEI on acid red decreased with the increase of
temperature, indicating that the adsorption process was
exothermic. At 298 K, the maximum adsorption capacity was
180.3 mg ¢! and the maximum removal rate was 93.6%.
Generally speaking, the adsorption capacity was within the
temperature range of room temperature and higher than room
temperature. The temperature has little effect on the
equilibrium adsorption capacity of soap yellow and acid red
(<5% from 298 to 318 K), and the removal rate is also at a
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rate: (c) soap yellow; (d) acid red. Recycling performance: (e) soap yellow; (f) acid red.

high level (>85%), indicating that the adsorption conditions of
CF-PEI are relatively mild, which is conducive to the industrial
utilization.

Langmuir and Freundlich adsorption isotherm models were
further used to fit the adsorption performance of CF-PEI, and
the relevant parameters and formulas obtained are shown in
Table S1. The curves and linear fitting figures are shown in
Figures 3d,e and S10, respectively. By analyzing the fitting
results, it can be seen that the Langmuir adsorption isotherm
model has a significantly higher fitting degree to the curve than
the Freundlich model. Combined with Table S1, the R* value
of the Langmuir model is all greater than 0.99 at the three
temperatures, while that obtained by the Freundlich adsorption
isotherm model was lower. Therefore, Langmuir model is more
suitable to describe the adsorption process of acid red and soap
yellow by CF-PEL In addition, according to the adsorption
strength coefficient n in Table S1, the n values of CF-PEI for
acid red and soap yellow are both greater than 1 (1/n < 1),
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indicating that adsorption is easy to occur, and acid red and
soap yellow are easy to be adsorbed by CF-PEIL

The thermodynamic study of CF-PEI on the adsorption of
soap yellow and acid red is explored by formulating the Gibbs
free energy (AG), enthalpy change (AH), and entropy change
(AS) of the adsorption reaction process. Related thermody-
namic parameters are shown in Table S2. At temperatures of
298, 308, and 318 K, AG < 0 indicates that the adsorption of
acid red and soap yellow by CF-PEI can proceed
spontaneously, and the adsorbate is easily adsorbed on the
surface of the adsorbent. In the adsorption of acid red by CF-
PEI, AH < 0 indicates that the adsorption process is an
exothermic reaction, and the increase in temperature is not
conducive to the progress of the adsorption process. In the
adsorption of soap yellow by CF-PEI, AH > 0 indicates that
the adsorption process is an endothermic reaction, and the
increase in temperature is conducive to the progress of the
adsorption process. In the adsorption of CF-PEI to soap
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yellow, AS > 0 indicates that the entire adsorption process is a
more chaotic entropy driving process of the molecular motion
at the solid/liquid interface. In the adsorption of acid red by
CF-PEI, AS < 0 indicates that the entire adsorption process
makes the molecular motion at the solid/liquid interface tend
to be regular, which is not conducive to adsorption.

Figure 4a,b shows the influence of different adsorption times
on the adsorption of simulated dye wastewater by CF-PEIL The
adsorption process of soap yellow and acid red by CF-PEI with
time can be divided into two stages. During the first 50 min of
the adsorption reaction, the adsorption removal rate and
equilibrium adsorption capacity increased rapidly, indicating
that the adsorption process was a rapid adsorption process. At
this stage, there are many vacant adsorption sites on the
surface of CF-PEI, and the concentration difference between
the surface of the initial adsorbents and the solution is large.
The dye molecules in the solution are adsorbed when they
collide with each other, and the adsorption rate is fast. When
the adsorption time exceeded 50 min, the removal rate and
adsorption capacity increased slowly, indicating that the
process was a slow adsorption process. At this time, the
adsorption sites on the surface of CF-PEI have been gradually
filled, the probability of dye molecules in the solution to
encounter vacant sites in the contact process decreases, and the
concentration gradient of the solution also decreases, leading
to the slowdown of the adsorption rate. After adsorption for 60
min, according to the measured data and curve trend, the
removal rate and adsorption capacity tended to balance, and
the adsorption capacity and removal rate of CF-PEI for soap
yellow and acid red were close to the maximum value, which
were 206.8 mg g_l and 98.3%, respectively, and 206.8 mg g_l
and 99.0%, respectively. Then, the adsorption capacity and
removal rate were almost unchanged. At this point, the
adsorption reaches saturation. Therefore, the adsorption time
can be selected as 100 min in subsequent experiments. Further
analysis was made by kinetic equation fitting. The fitting results
are shown in Table S3 and Figure 4c,d. The R? value of the
pseudo-second-order kinetic equation is closer to 1 (0.999 for
acid red and 0.998 for soap yellow) compared with that of the
pseudo-first-order equation (0.992 for acid red and 0.993 for
soap yellow). The adsorption kinetics of the dye by CF-PEI is
more suitable to be fitted by the pseudo-second-order kinetics
equation. Compared to the previous literature of CF dye
absorption material, CF-PEI showed high adsorption capacity
and fast adsorption rate, as shown in Table S4.

3.4. Desorption Performance. Desorption and regener-
ation performance of adsorbents is one of the important
properties of adsorbents. In the practical application of
adsorbents, the regeneration potential is of great practical
significance to reduce the overall treatment cost, and the
selection of the appropriate desorbent and the determination
of a reasonable concentration of the desorbent are very
necessary to realize the regeneration and reuse of adsorbents in
practical applications. NaOH, HCI, Na,CO;, and CH;OH
were used as desorption agents to regenerate CF-PEI
adsorbent after adsorption of soap yellow and acid red. The
desorption effects of four different desorbents on saturated CF-
PEI are shown in Figure Sa,b. HCI showed the best desorption
effect on CF-PEI saturated with soap yellow and acid red, with
the highest desorption rates of 99.41% (soap yellow) and
99.16% (acid red), respectively. The desorption effect of
NaOH solution and Na,CO; solution on soap yellow was
relatively good, while the desorption effect of CH;OH was

relatively poor. The desorption effect of Na,COj; solution on
acid red was relatively better, followed by NaOH, and that of
CHOH was the worst. Therefore, HCI was selected as the
desorption agent in subsequent experiments. As shown in
Figure Sc,d, the increase of HCI concentration from 0.1 to 2
mol L™ had a limited effect on the desorption of CF-PEI
saturated with soap yellow and acid red, and the desorption
rates fluctuated above 90%. In general, only 0.1 mol L™ HCl is
needed for the desorption of CF-PEI saturated with soap
yellow and acid red to achieve a good desorption effect. As
shown in Figure Se,f, the adsorption capacity of saturated CF-
PEI on soap yellow only slightly decreased after five cycles of
regeneration, gradually decreasing from 186.1 to 181.2 mg g~
The adsorption capacity of acid red also decreased little and
remained 188.5 mg g™" after five cycles. It can be seen that CF-
PEI still has a good adsorption effect after five cycles, and the
use cost can be reduced by recycling CF-PEL

3. CONCLUSIONS

CF was used as the matrix, glutaraldehyde was used as the
cross-linking agent, and ammoniating modifier was used to
prepare the cationic modified CF with good adsorption
performance for anionic dyes, which greatly improves the
adsorption performance of CFs and further creates conditions
for the recycling of waste leather produced by the leather
manufacturing industry. Three kinds of ammoniating agents,
including triethylenetetramine (TETA), tetraethylenepent-
amine (TEPA), and PEI, were selected to modify the CF.
The results showed that the adsorption capacity of CF
modified by three kinds of ammoniating agents on anionic
dyes had been greatly improved, among which PEI had the
best modification effect. The characterization and physical and
chemical properties of CF-PEI showed that the original fibrous
structure of CF-PEI was still maintained, and thus the reaction
and adsorption area of CF-PEI was larger. The content of
primary amino on CF-PEI increased significantly, which not
only improved the hydrophilic swelling property of CF but also
improved the adsorption property of anionic dye molecules.
Studies on the adsorption properties of soap yellow and acid
red by CF-PEI showed that in a certain range of acid to
neutral, CF-PEI was favorable for the adsorption of anionic dye
wastewater. The adsorption isotherm, adsorption thermody-
namics, and kinetics analysis showed that the Langmuir
adsorption isotherm model was more suitable for CF-PEI
adsorption of soap yellow and acid red than the Freundlich
model. The adsorption of soap yellow and acid red by CF-PEI
can be carried out spontaneously, and the adsorbents are easy
to be adsorbed on the surface of the adsorbent. CF-PEI can be
desorbed well by a dilute concentration of HCl, and CF-PEI
has excellent recycling performance. In this paper, a simple and
mild modification method was adopted to improve the
adsorption performance of waste leather produced by leather
manufacturing industry to common anionic dye wastewater
and further expand the idea for the recycling of waste leather
produced by leather manufacturing industry.

4. MATERIALS AND METHODS

4.1. Chemical Reagents. CFs prepared from cattle hide
were provided by National Engineering Laboratory for Clean
Technology of Leather Manufacture. Next, the samples
obtained from previous step were dehydrated with anhydrous
ethanol, and CFs with a particle size less than 1.0 mm were
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formed by crushing and screening. PEI (M.W. 600, 99%), soap
yellow, acid red, and glutaraldehyde were provided by
Shanghai Aladdin Biotechnology Co. Ltd. (Shanghai, China).
TETA, TEPA, NaOH, CH;OH, Na,CO; and HCl were
provided by Sinopharm Chemical Reagent Co. Ltd. All
chemicals and reagents used in this study are of analytical
reagent grade. Table 1 shows the basic information about the
chemicals used in the experiment.

Table 1. CAS Registry Number and Mass Fraction Purity of
the Chemicals

CAS Reg. mass
component no. suppliers fraction
PEI 9002-98-6 Shanghai Aladdin >0.990
Biotechnology Co., Ltd.
TETA 112-24-3 Sinopharm Chemical Reagent >0.990
Co. Ltd.
TEPA 112-57-2 Sinopharm Chemical Reagent >0.990
Co. Ltd.
soap yellow 587-98-4 Shanghai Aladdin >0.990
Biotechnology Co. Ltd.
acid red 25641-18-3  Shanghai Aladdin >0.990
Biotechnology Co. Ltd.
glutaraldehyde ~ 111-30-8 Shanghai Aladdin =0.500
Biotechnology Co. Ltd.
NaOH 1310-73-2 Sinopharm Chemical Reagent >0.990
Co. Ltd.
CH;OH 64-17-5 Sinopharm Chemical Reagent >0.990
Co. Ltd.
Na,CO;, 497-19-8 Sinopharm Chemical Reagent >0.990
Co. Ltd.
HCl 7647-01-0 Sinopharm Chemical Reagent 0.360—
Co. Ltd. 0.380

4.2. Preparation of Cationic CFs. Three kinds of
ammoniating agents, TETA, TEPA, and PEI, were used for
cationic modification of skin CFs. First, an ammoniator with
the same mass as the CF was dissolved in deionized water
(deionized water: CF = 50:1 v/w), and then a glutaraldehyde
solution with a mass concentration of 3% was prepared
(solution volume: CF mass = 50:1). The CF was placed in a
three-necked flask for the stirring reaction, and ammonia
solution and glutaraldehyde solution were dropped into the
three-necked flask at the same time. After the reagent was
added, the reaction was carried out at 308 K for 12 h. Then,
they were washed with anhydrous ethanol and deionized water
separately. After drying and grinding, the cationic CFs

including CF-TETA, CF-TEPA, and CF-PEI were obtained
(Scheme 2).

4.3. Characterization. The microstructure of the synthe-
sized samples was observed by field emission scanning electron
microscopy (FESEM, Nova NanoSEM 230, FEL, USA). The
functional groups of the samples were analyzed by FT-IR
spectroscopy (AVAT-AR 360, Nicolet, USA) and XPS
(ESCALAB 250, ThermoFisher, USA).

4.4. Adsorption Experiments. Three kinds of modified
CFs (0.05 g each) were used to oscillate and adsorb 100 mL of
100 mg L' soap yellow solution and acid red solution for 12
h, and the adsorption capacity was calculated. By analyzing the
adsorption capacity of soap yellow and acid red, the CFs
modified by the three different ammoniating agents were
selected.

In order to discuss the effect of different pH values on
adsorption performance, NaOH and HCl (both at the
concentration of 0.1 mol L™") were used to adjust the pH
value (2—12) of the system. The conical flask was put into a
constant temperature oscillating bed, and the conical flask was
oscillated at a constant temperature of 298 K and a rotation
speed of 150 r min~" for 12 h.

The adsorption isotherm was studied by the adsorption
equilibrium experiment of various soap yellow and acid red
concentrations (50.0—400.0 mg L™") with SO mL at different
temperatures (298, 308, and 318 K). The dosage of the CF-
PEI adsorbent was 0.025 g. For the adsorption kinetics, the
soap yellow and acid red solutions with an initial concentration
of 100.0 mg L~! with 200 mL was adsorbed at 298 K, and the
remaining concentration was monitored at intervals. The
dosage of the CF-PEI adsorbent was 0.1 g. The residual soap
yellow and acid red concentrations in the solution were
determined by an UV-vis spectrophotometer (UV-1780,
Shimadzu, Japan) at 444 and 516 nm, respectively.

4.5. Desorption Experiments. The adsorption—desorp-
tion experiment was used to evaluate the regeneration
performance of the cationized CF adsorbent. NaOH, HCl,
Na,COj;, and CH;OH were used as desorption adsorbents to
regenerate the two dyes. After adsorption, 0.025 g of CF-PEI
saturated with dye adsorption was washed with deionized
water and then placed in 50 mL of 1 mol L' desorption
solution. The solution was resolved by oscillation at 298 K for
12 h. After desorption, the concentration of soap yellow and
acid red in the solution was measured by an UV-vis
spectrophotometer, and the desorption rate and adsorption

Scheme 2. Scheme of the Preparation Process of Cationic CFs
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capacity were calculated. The effect of desorption concen-
tration on the desorption efliciency was also investigated.
Similar to the desorption selection experiment, S0 mL of HCl
desorption solution with concentrations of 0.1, 0.5, 17, and 2
mol L™" were used for desorption of 0.0S g of CF-PEL
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