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Abstract

In the present study we have synthesised thermoresponsive
syntan using phase changing material (PCM) encapsulated into
a replacement syntan. Syntan was analysed for their particle
size, thermal response was verified using Differential scanning
calorimetry (DSC) and surface morphology was analysed using
scanning electron microscopy (SEM). These syntans were applied to
leathers for making leather thermoresponsive. The thermal comfort
range achieved on leathers prepared using the experimental syntan
was about 2.5°C, compared to control of about 0.5°C with an error
of +£0.5°C. The physical and strength properties of experimental
leathers were superior compared to control.

Introduction

Skin of a live animal is capable of adjusting towards heat/cold by
the mechanism of thermoregulation. This property of skin is lost
when the animal is flayed. Hence, to regain this unique functionality
to certain extent, smart materials need to be added to skin while
converting it to leather.! Skin/hides are termed as leather once the
tanning material is treated to them. Tanning is basically conversion
of putrescible (degrading) into non-putrescible material.?

Leather is a viscoelastic material, which has the unique property
of breathability. Unlike other synthetic materials, leather and
leather products are capable of absorbing and releasing air, heat
and water vapour. These advantageous properties also come with a
few drawbacks, such as leathers limited capability to adjust towards
extreme climatic conditions such as heat/ cold.’ In order to overcome
these limitations leather needs to be treated with certain speciality
chemicals which can impart those functionalities. Phase changing
materials (PCM) are one such smart materials which can absorb and
release heat over a particular temperature range.

The PCMs are the materials with high heat of fusion, which has the
capability to transform its physical form from liquid to solid and
vice versa upon absorbing and releasing heat. There are numerous
phase changing materials available in the market, but our interest
was with materials which can respond at human body comfort

range of 28-34°C.* The PCM are hydrophobic in nature and leather
processing is entirely carried out in aqueous medium. Hence, the
compatibility issues are the major concern. In order to overcome this
limitation, PCM are encapsulated into polymeric materials such as
phenol or melamine-based condensate polymers.>® These polymers
are generally used as syntans in leather processing as filling agents,
hence in this study we aim to prepare PCM encapsulated syntans.
Thus, synthesised materials not only fill the leather matrix like
conventional syntans but also impart the thermoregulation
properties to leather.

In the synthesised PCM based
thermoresponsive syntan which not only can fill the leather matrix

present study we have
like conventional syntan but also help in thermoregulation. The
syntans were analysed using different techniques such as particle
size measurement, scanning electron microscopy, differential
scanning calorimetry and the syntan treated leathers were analysed
for infrared thermal imaging, physical strength and organoleptic
properties.

Materials and Methods

Materials

Phenol (>99% pure), formaldehyde (37%), n-Octadecane, from
MERCK India, sodium hydroxide (NaOH, >99% pure), sodium
lauryl sulphate (99% pure) from Himedia India.

Syntan Preparation

Phenol (0.2125mol) was stirred with equal molar sulphuric acid
for 2h at 105°C. Followed by addition of 100g deionised water,
formaldehyde (0.425mol) and stirred at 95°C for 2h (PF- at pH
3.5). PF solution pH was adjusted to 6 using 40% strength sodium
hydroxide and stirring was continued for another 1h. Separate
solution containing 1g of n-Octadecane (PCM), 0.5g anionic
surfactant dissolved in 50ml deionised water and was homogenised
for 15 min at 4000 rpm. To prepare the microcapsules, the emulsion
containing PCM was gradually added to polymer solution and
stirring was continued for 2h. The final solution pH was adjusted to
3.5. The small quantity of the resultant product obtained was dried
in a hot air oven at 80°C for analysis. (PF-PCM)

*Corresponding Author E-mail: jrrao@clri.res.in, clrichem@mailcity.com
Manuscript received August 26, 2020, accepted for publication October 17, 2020.
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84 Replacement Syntans for Leather

Leather Application

Table I

Detail description of leather processing

Material: Goat wet blue leather

Number of pieces: 4 (2-control, 2- experiment)
Article: Softy upper

Total Weight: 3.6 kg

Process Chemical |Percentage| Time Remarks
(%)
Neutralisation | Water 100
Sodium 0.5 20
Formate
Sodium 0.5 10+ 30 | 10min run time,
bicarbonate check pH-5.6 and
additional 30min
run time
Drain/wash/drain
Post tanning | Water 100
Acrylic 2 30 | In dilution with
Syntan 10% water
Syntan 20 45+45 | In two intervals of
(C,E) 45min each
Synthetic 16 60 | Indilution with
Fatliquor 10% water
Formic 3 60 | Dilution with 10%
Acid water. In 3 feeds of
10min and 30min
additional run
time

C-control (PF), E-Experiment syntan (PF-PCM)

Analysis of Syntan

The total solid content present in the liquid solution of the prepared
polymeric syntan was estimated using APHA - 2540 B.” Particle size
measurements were carried out using particle analyser (Zetasizer
Nano series- ZS, Malvern) Scanning electron microscopy analysis
was carried out using Hitachi S-3400 SEM microscope. The surfaces
of the samples were studied with the microscope operating at 10-30
kV. The specimens were sputter coated with a thin layer of gold prior
to examination. Differential Scanning Calorimeter (DSC)-Q200 TA
Instruments was used for analysing the phase changes of the PCM.
The samples were analysed at the heating rate of 5°C/min between
25°C to 200°C.

JALCA, VOL. 116, 2021

Analysis of Leather

Infra-red thermal imaging of leather surfaces was analysed using
thermal imaging camera which has IR and visible systems (FLIR
system E60). The leather analysis technique was developed in house
using a double walled glass jacket with provision for circulating
water. This jacket is connected to a temperature controller unit. The
leathers were mounted onto the glass jacket and the temperature was
increased. Leather surface images were taken by thermal imaging
camera which has IR and visible systems (FLIR system E60) having
a thermal sensitivity of < 0.05°C with a measurement range of -20°C
to +650°C and images were taken with a resolution of 320 x 240
pixels. The samples were observed from a distance of 30 cm at room
temperature of 25°C and 50% relative humidity.

Strength Property Analysis

Samples for physical testing were cut from control and experimental
leathers. The samples were conditioned to the required relative
humidity of 65+2% at 20+2°C for 48 h as per standard procedure.?
The tensile,’ tear strength'® and grain crack index" were measured as
per the standard procedures. Values reported were average of four
samples.

Organoleptic Property Analysis

Crust leathers from the conventional as well as the experimental
process were assessed for run, softness, fullness, grain smoothness
and general appearance by standard hand evaluation technique.
Four experienced leather technologists rated the leathers on a scale
of 0-10 points for each functional property. Where higher points
indicate better properties exhibited. An average of four samples were
evaluated.

Results and Discussion

Solid Content and Particle Size Analysis

Solid content present in syntan gives information about the total
solid matter present which actually binds/ fills the leather matrix.
Solid content was measured for both control and experiment syntan,
it was calculated to be 35 and 39%. The size of the particles was
analysed using particle size analyser, the size distribution of the
syntans were plotted in the Fig 1. It can be observed that the particle
size of the PF syntan are in the range of 1700 to 3600 nm while the
PF-PCM encapsulated syntan possessed larger diameter in the range
of 1400-5600 nm. The bigger particle size of experimental syntan
may be due to the encapsulation of PCM.

Scanning Electron Microscopy Analysis of Syntan

From Fig 2, scanning electron microscopy analysis of control (a)
and experimental syntan (b) shows the surface morphology. It can
be seen that the experimental syntan has formed microcapsules
containing PCM material, while the control sample contain
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Figure 1. Particle size distribution of PF and PF-PCM syntan
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Figure 2. Surface morphology analysis of PF (a) and PF-PCM (b) syntan

clusters of syntan without PCM. The particle size data showing the
variations can be validated from SEM, the size of the experimental
syntan with microcapsules were larger in size compared to the
control syntan.

Differential Scanning Calorimetry Analysis of Syntan

Differential scanning calorimetry analysis of syntan gives the
information about the phase transformation of the material. From
Fig 3, DSC thermographs of control (PF) and experimental (PF-
PCM) syntan were plotted to understand the thermal changes
exhibited by these syntans. It can be observed that the experimental
syntan encapsulated using PCM (n-Octadecane) shows phase
change at 27°C confirming the presence of PCM. The peaks above
100°C attributes to the polymers phase transformation.

DSC (mWimg)

40 60 80 160
Temperature (C)

T T
120 140

Figure 3. Differential scanning calorimetry analysis of PF and PF-PCM syntan

JALCA, VOL. 116, 2021



86 Replacement Syntans for Leather

Figure 4. Digital and Infra-red thermal imaging of (al, a2)PF and (b1, b2)PF-PCM
syntan treated leathers

Infra-Red Thermal Imaging Leathers
Infra-red thermal imaging of leathers was performed to analyse Table IT
the leathers ability for the absorption or release of heat. From Fig 4, Thermal analysis of control and experimental leathers

digitalimage of control (al), experiment (bl) and their corresponding Control Experiment
thermal images (control-a2 and experiment-b2) are shown. The - -
temperature of the glass jacket and the temperature on the leather (t;:zll;:rl;lfzie I:lf;l;::;rtﬁl:: ?;::;;‘;f;c: I::Isll;:;;f;f:
surface were tabulated in table II. The flesh surface temperature °C °C °C °C
values were noted after 60 sec exposure of heat on the grain surface. 24.0 237 24.0 18
It can be observed that the experimental leathers absorbed more 1 15 750 -
heat compared to control leathers. The thermal image of leather
Fig 4: b2, the variation in color (yellow) compared to control (red) 261 254 260 241
when exposed to similar conditions proves that the experimental 27.2 26.2 271 24.8
leathers absorbed more heat compared to control. The difference in 28.0 27.3 28.0 256
temperature can be compared with the temperature scale. 29.1 28.7 29.1 26.4
30.1 29.5 30.0 27.5
Scanning electron microscopy analysis of leather 31.0 304 311 29.0
In order to understand surface and cross-sectional morphology of 3.0 316 329 29.4
leathers, scanning electron microscopy analysis was performed on 1 4 1 31
the leathers. From Fig 5, surface and cross sections of leathers were
imaged. Fig 5 (a,b) shows surface image of control and experimental 340 337 340 SL6
leathers, it can be seen that both leathers show no surface deformities Ié;’lzl:gg: 0.5+0.4 2.5+0.5

and cross sectional images of control and experimental leathers Fig
5 (c,d) shows the fiber structure, both leathers show compact fiber
alignment.

JALCA, VOL. 116, 2021
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Figure 5. Scanning electron microscopy analysis of PF (a-surface, c- cross section)
and PF-PCM (b-surface, d- cross section) syntan treated leathers

Physical Strength Analysis of Leathers

Strength properties such as tensile, tear and grain crack index were
measured for control and experiment leathers. From table III, tensile
strength and the percentage elongation values of experimental
leathers were slightly increased compared to control leathers.
Similarly, tear strength values of both the leathers were almost equal,
while grain crack index value improved in case of experimental
leathers. This shows that the experimental syntan improved grain
tightness of the leather.

Organoleptic Property Analysis of Leathers

Organoleptic properties of leathers were assessed for softness,
fullness, belly filling and grain tightness. From Fig 6, softness and
fullness of both experimental and control leathers were similar,
while experimental syntan treated leathers showed better belly
filling and grain tightness compared to control leathers, the data
is in agreement and can be confirmed from the grain crack index

values.

Scale

Softness

Fullness

Belly filling

Grain tightness

Figure 6. Organoleptic properties of PF and PF-PCM syntan treated leathers

Table I11

Strength property analysis of control and experimental leathers

Tensile Strength Percentage Tear strength Grain crack index

(N/mm?) elongation (%) (N/mm) Load (N) | Distance(mm)
Control 24+0.5 63+4 55+3 25+1 11+0.5
Experiment 26£0.5 68+3 53+3 29+2 17+0.9

JALCA, VOL. 116, 2021
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Conclusions

We have shown the synthesis, application and analysis of
thermoresponsive syntan. Leathers made using the syntan exhibited
thermoresponsive behaviour. From the SEM images, PF-PCM
syntan showed perfect capsule formation. The differential scanning
calorimetry analysis confirmed the presence of PCM inside the
capsules. The thermal comfort range achieved on leathers prepared
using the experimental syntan was about 2.5°C, compared to control
of about 0.5°C. The physical and strength properties of experimental
leathers were superior compared to control. From this study we
have prepared syntan which not only helps in filling the leather
matrix but also exhibits thermoresponsive character. Thus, these
dual functional syntans find application in preparation of thermal
comfort leathers. These leathers also find applications in preparation
of shoes, garments and gloves which can be used at high altitudes
and extreme climatic conditions.
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Abstract

Dialdehyde starches with different aldehyde content from native corn
starch were prepared by sodium periodate oxidation to be used as a
tanning agent in leather making. For this purpose, native corn starch
was oxidized with sodium metaperiodate in different molar ratios.
After oxidation processes, the yields, solubility in water and aldehyde
contents of the obtained dialdehyde starches were determined as
well as structure characterizations by Proton Nuclear Magnetic
Resonance Spectroscopy, Fourier Transform Infrared Spectroscopy
and Gel Permeation Chromatography. Evaluating the gel permeation
chromatography data, the dialdehyde starch samples which were
thought to be in appropriate molecular weight/size to penetrate into
skin fibers were selected to be used in the tanning process. Their
tanning abilities were evaluated by investigating hydrothermal
stabilities, filling and fiber isolation characteristics and physical
properties determined by mechanical tests and organoleptically.
From the evaluation of the results, it was revealed that sodium
metaperiodate oxidized starches which have appropriate molecular
weight and adequate aldehyde content has a remarkable tanning
effect and can be utilized as a tanning agent with the advantages
of not necessitating pickling process which means saving time
and simplifying the production but more importantly offering an

important advantage from an environmental point of view.

Introduction

Starch is an important raw material for producing sustainable green
chemicals due to its features that it is an abundant, biodegradable,
naturally renewable and inexpensive natural biopolymer. Considering
the potential properties of starch, we had started to study how to
modify it in order to generate an alternative tanning agent having no
or less risk on health & environment. However, native starch cannot
be used directly in leather industry due to its drawbacks. It has high
molecular weight which does not allow it to penetrate within fiber
structure. It is insoluble in water (a tanning material must be soluble
or well dispersible in water to be transferred into fiber structure via
water) and has no reactive groups that can establish stable bonds
with the functional groups of collagen in order to achieve collagen

stabilization and tanning effect. For these reasons, native starch must
be properly modified and gain the desired properties before use in
leather processing as a tanning material.

Hence, in the light of the above concerns in first part of our study,'
oxidation of starch with H,O, was successfully performed and
although the first aim was controlled (gradual) degradation, selected
oxidized starches were used in tanning and up to 61°C shrinkage
temperatures were obtained. In the second part of our study, we decided
to focus on introduction of reactive groups that can give reaction with
the active groups of collagen and constitute quite enough stable bonds.
From the literature review, it was seen that it is possible to introduce
aldehyde groups by periodate (NalO,) oxidation.”” Periodate is highly
selective oxidant to cleave the C-2 and C-3 linkage of anhydroglucose
units of native starch and include dialdehyde groups to starch
structure. Dialdehyde starches bearing reactive aldehyde groups are
used as crosslinking agents in many industrial applications such as
paper, textile, pharmaceutical, gelatin and leather.

Within the scope of this study, firstly native corn starch was
oxidized with periodate to introduce dialdehyde groups into its
structure and to reduce its molecular weight. Then, the obtained
products (dialdehyde starches (DAS)) were characterized in detail.
Furthermore, the selected dialdehyde starch samples’ tanning
performances were examined. Even though there are several studies
in literature regarding utilization of modified starch in leather
making as a tanning agent,”" recently published studies show that
natural biopolymers have become popular again.*’® However,
compared to the former studies in which native starch was directly
oxidized with periodate and used as a tanning agent,”'*! the present
study was thought to make an important contribution to the
literature in terms of both applied tanning process parameters and
the subject being investigated in detail.

Materials and Methods

Corn starch was selected to be used as raw material and purchased
from Hasal Starch Company Izmir/Turkey. Sodium metaperiodate
(NalOy, extra pure (Merck)), the solvents and the chemicals (Sigma

*Corresponding author email: hasan.ozgunay@ege.edu.tr

Manuscript received September 11, 2020, accepted for publication October 26, 2020.
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Aldrich) used in oxidation processes and analysis were analytical
grade. For tanning trials, pickled goat skins (pelts) were selected to
be used.

Sodium metaperiodate oxidation of native corn starch: Before
oxidation processes, the native corn starches were kept in an oven
at 50°C for 48 hours in order to remove its moisture content and
prevent weighing mistakes. The periodate oxidation was performed
as described by Zhang et al.* with this minor change, 20g native corn
starchwassuspendedin 120 mL pure water (rather than 80 ml) toavoid
paste formation in the following stages. Then, different amounts of
NalO, were added into the suspensions. The starch:periodate molar
ratios 1:0.3, 1:0.5, 1:0.7, 1:0.9, 1:1.1, 1:1.3 and the amounts of starch to
be used, were calculated taking in account the anhydroglucose units
of starch molecule. The pH was adjusted to 3.0 with 2% HCl solution.
Then, the mixture was effectively shaken in a water bath at 35°C
for 4 h in dark ambient conditions. After oxidation processes, the
reaction mixtures were filtered. The filtered samples were washed
firstly 10 times with distilled water (10x100 mL), then once with 50
mL acetone. The obtained products (oxidized/dialdehyde starches)
were transferred into glass dishes and taken into a hot-air oven to be
dried at 50°C for 48 h and weighed. Then, the dried products were
ground to obtain the products in powder form. For determination of
the yields of oxidized starches, the method described by Kilicarislan
Ozkan et al.! was used. The experiments were carried out in three
repetitions and the yields were calculated according to the formula
1 given below.

Obtained oxidized starch (g)

Yield % =
! ” = Amount of native starch used (g)

x 100 1)

Determination of aldehyde group contents of oxidized starches:
Rapid quantitative alkali consumption method described by
Hofreiter et al.? and Zhang et al.* was used for determination of
the aldehyde group contents of periodate oxidized starches. The
experiments were done in three repetitions and the percentage of
dialdehyde units (Da) was calculated by following formula 2:

C.V,-2.G.V,
W x 1000

161
C, and C,: Normality (mol/L) of NaOH and H,SO,, respectively.

Da % = x 100% ®)

V;and V,: Total volume (mL) of NaOH and H,SOy, respectively.

W: Dry weight of DAS sample.

161: Average molecular weight of the repeat unit in DAS.
Determination of water solubility of dialdehyde starches: As
described in our previous study,' in determination of water
solubilities of native and dialdehyde starches the method given by

Singh and Singh* was used with minor modifications. Native and
dialdehyde starches’ solubilities were calculated according to the
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formula 3 given below. The experiments were repeated three times
and the results were given as mean values.

Supernatant solid weight (g) x 2

lubility % =
Water solubility % Sample weight (2)

x 100 (3)

Fourier transform infrared (FT-IR) spectroscopy: Perkin Elmer
Spectrum 100 FT-IR spectrometer was used to record FT-IR spectra
of native and dialdehyde starches in the range of 4000-650 cm™.
The starch samples were kept in an oven at 50°C for 24 h to remove
absorbed moisture before analysis.

Gel permeation chromatography (GPC): Native and dialdehyde
starches’ molecular weight distributions and polydispersity
indexes were analyzed by using Malvern Viscotek GPCMax GPC
device (Bozok University Science and Technology Application and
Research Center, Yozgat/Turkey) according to the method used in
our previous study.!

Nuclear magnetic resonance (NMR) spectroscopy: The structures of
native corn starch and selected dialdehyde starches with molecular
weights/sizes thought to be fit for penetrating into the skin fibers were
also identified by 'H-NMR spectroscopy. 10 mg of sample (native and
dialdehyde starches) was accurately weighed with analytical balance
and dissolved in 500 uL DMSO-d6 (Dimethyl sulfoxide). Then, the
spectra of the samples were recorded on a liquid MERCURY plus-
AS 400 NMR spectrometer at Ege University Science Technology
Research and Application Center, Nuclear Magnetic Resonance
Satellite Laboratory, Izmir/Turkey.

Tanning trials with dialdehyde starches: In order to obtain
homogenous tanning material, the croupon areas of the pelts
(pickled goat skins) were used in trials. After removing the bellies,
flanks, head and butt edges of the pelts, the croupon areas were
divided into 20x20 cm pieces and used in tanning processes. The
selected dialdehyde starches were used in tanning of the pelts
according to the recipe given in Table I as preliminary tanning trials.
From the evaluation of the preliminary tanning trials’ results the
dialdehyde starch sample having the best tanning effect was used for
tanning a whole pelt according to a similar recipe with the changes:
introduction of dialdehyde starch in 2 portions and running the
drum for 120 minutes after each introduction, raising the pH up to
7.5-7.8 at the end of tanning process, introduction of a replacement
syntan (3%) and an amphoteric polymer (4%) before fatliquoring
process and application of a fatliquoring process consisting of
natural+synthetic fatliquor combination (4%), synthetic fatliquor
(3%), sulfone synthetic fatliquor (2%), polymeric fatliquor (2%) and
phosphoester based fatliquor (1%).

Determination of tanning effects of dialdehyde starches: The
shrinkage temperatures,* filling coeflicients' and the cross section
images of fibril bundles of tanned leather (by using Hitachi
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Table I

Tanning recipe for the pelt pieces

Process Amount (%) Product Temperature (°C) Time (min.) pH
Depickle 150 Water 7 °Be' NaCl 28-30 10
1 HCOONa 45
X NaHCO; 120 55
Draining
Tanning 100 Water 30
20 Dialdehyde starch 180
0.25 NaHCO, 30 (left in bath
overnight
statically)
0.25 NaHCO; 30
0.25 NaHCO; 30
X NaHCO; 60 7.0-7.5
Washing & Draining
Fatliquoring 100 Water 45
Natural+synthetic 60
5 fatliquor
combination
Sulfone synthetic
3 .
fatliquor
Phosphoester based
2 .
fatliquor
Fixation X HCOOH 60 3.8-4.0
Washing

TM-1000 table top scanning electron microscope (SEM) at 400
magnifications) were examined for evaluating the tanning effects of
selected dialdehyde starches. On the other hand, the tensile strength
and percentage of elongation at break® and tear load** of leathers
were also analyzed so as to determine physical performance of the
leathers tanned by dialdehyde starches. However, the distension and
strength of surface test®® was also performed for whole leather tanned
with dialdehyde starch having the best tanning effect. Shimadzu AG-
IS Tensile Tester and Trapezium-2 software was used for all physical
tests. Three horizontal and three vertical samples were taken from
each leather sample according to related standards. After testing all
samples, the results were given as mean values. Before the tests, all
leather samples were conditioned? at 23+2°C and 50+5% relative
humidity for 48 hours. SATRA thickness gauge was used to measure
the thickness” of the conditioned leathers.

Results and Discussion

The yields of periodate oxidized starches: From the evaluation of
the data regarding the yields of NalO, oxidized starches which are
shown in Figure 1, it was seen that the yields of oxidation processes

with different molar ratios were very close to each other (the

difference between the lowest and the highest yields is 4.3%) which

means intensity of oxidation process did not make a significant effect

on product yields. Considering very high yields, it was concluded

that including aldehyde groups did not increase the water solubility
100 -

noticeably.
1:03  1:05 1:1.1 1:1.3

1:0.7 1:0.9
Figure 1. Yields of NalO, oxidized starches
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However, Zhang et al.* reported that the yields decreased in
conjunction with increasing molar ratios (from 94.12% to 75.4%)
by periodate oxidation of yam starch. The authors remarked that
excessive amounts of periodate used in oxidation process may cause
further degradation and thus increase starch molecule’s solubility
in water which results in a diminished yield of dialdehyde starch.
However, it was noticed that there is no data on water solubility
of obtained dialdehyde starches in mentioned study. On the other
hand, it has been reported in many studies that the water solubility

of dialdehyde starches obtained by periodate oxidation is low.??

Aldehyde group contents of starch samples oxidized by periodate:
Dialdehyde starches (DAS) were obtained from periodate oxidation
of native corn starch. Considering the results, it was clear that
increasing the starch:periodate molar ratio provoked a significant
increment in included aldehyde groups on starch molecule. Thus,
it was confirmed that periodate is a selective oxidant and it can
open C-2, C-3 bonds of anhydrous glucose units by formation of
dialdehyde groups.

As can be clearly seen in Figure 2, the increase in aldehyde content
was particularly pronounced from 1:0.3 to 1:0.9 molar ratios, and
aldehyde content reached to 93.8% at 1:0.9 molar ratio. On the other
hand, the increase in aldehyde content was only 5.3% between 1:0.9
and 1:1.3 molar ratios, while aldehyde content reached to 98.8% at
1:1.3 molar ratio. The similar results were also reported by Yu et al.*!
and Zhang et al..*?

Water solubility of dialdehyde starches: Figure 3 shows the water
solubility values of starches oxidized by periodate. From the
obtained results, it was observed that the water solubilities of
dialdehyde starches were very low, as expected. Comparing with the
water solubility of native corn starch (0.9%), it was determined that
water solubility did not increase noticeably by periodate oxidation,

contrary to peroxide oxidation (51.7% to 86.9%).! The water
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Figure 2. Aldehyde contents of oxidized starches prepared
at different molar ratios by NalO,4 oxidation
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solubilities of dialdehyde starches were found to be between 1.4%
and 2.9%.

From the evaluation of solubility results shown in Figure 3, it was
noticed that solubility in water decreased slightly by increasing
molar ratio. At this juncture, water solubility may be decreased due
to the difficulty of entering water into the molecule depending on the
number of aldehyde groups included to structure of native starch by
increasing amount of periodate, on account of possible crosslinking
between aldehyde groups. A similar approach was expressed by
Veelaert et al..”® The authors remarked that aldehyde groups in C-2
and C-3 tend to form inter- and intra-molecular hemiacetal and
acetal cross-links, and the low solubility of dialdehyde starch in
water may be due to these bonds. Similarly, Yi et al.* reported that
native starch and dialdehyde starch do not dissolve in cold water due
to their crystal structure and acetal groups, respectively.

Wongsagon et al.> examined the water solubility at 60°-90°C of
dialdehyde starches obtained by periodate oxidation from tapioca
starch. They reported that the highest solubility values (between 30-
48%) were achieved at 90°C and the solubility at 60°C were between
1-4%. In another study, Para® remarked that the water solubility at
25°C of dialdehyde starch obtained from potato starch by periodate
oxidation was 1.8%.

Characterizations

The FT-IR spectra of native starch and dialdehyde starches are
shown in Figure 4. As previously mentioned, OH groups in C-2,
C-3 of anhydrous glucose units replaces with the aldehyde group
by periodate oxidation. From the spectra, it was seen that the most
characteristic absorption peak of C=0 vibrations of aldehyde groups
occurred at 1726.94 cm™, distinct from native starch spectrum. The
intensity of this peak is very weak due to the hemiacetal bonds that
occur between oxidized and non-oxidized starch residues during
preparation.’® However, the intensity of this peak has become more

.liliu

1:0.7 1:0.9
Mbolar Ratio

Figure 3. Water solubilities (%) of oxidized starches at room temperature
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Figure 4. FT-IR spectra of native and dialdehyde starches

apparent by increasing amount of periodate used in oxidation.
Because, by increasing intensity of oxidation the amount of non-
oxidized starch residues remain less with higher aldehyde content.
The peaks at 1148.57, 1077.57, 993.17 and 926.56 cm™ are attributed
to C-O bond stretching. The peaks at 1634.90 and 1448.87cm™ are
attributed to scissoring vibrations of two O-H bonds of water and
CH,, respectively. The bands at 854.65 and 761.59 cm™ are due to
skeletal stretching vibrations of starch. It was observed that the
intensity of these peaks decreased in conjunction with increasing
oxidation degree. While the characteristic peak for C=O groups
(C-Cin C-CHO) at 1373.82 cm™ increased with increasing aldehyde
group content, the peaks at 1148.57 and 1077,57 cm™ which are
attributed to C-O bond stretching of C-OH group weakened in
spectra of oxidized samples. Zhang et al.* reported that the reason
might be that the periodate oxidation mainly results in a cleavage

at C-2 and C-3 bonds of anhydroglucose units of starch molecule

and occurred aldehyde groups replace with the C-OH groups at
C-2and C-3.

Native corn starch and dialdehyde starches were also characterized
by gel permeation chromatography (GPC) and the results were
given in Table II. From the measurements, it was observed that Mw,
Mn and Mw/Mn values decreased for all starch samples oxidized
with periodate compared to native corn starch. This is attributed to
cleavage of C-2 and C-3 bonds in glucose units of native starch.

From examining the data, it was noticed that the molecular weight
of dialdehyde starches decreased gradually up to 1:0.7 molar ratio,
however the molecular weight of dialdehyde starches increased
with increasing molar ratios. At this point increasing aldehyde
groups in starch molecule are led to formation of intermolecular
cross-links, thereby causing an increase in molecular weight of

Table IT
Molecular weight distribution of native and oxidized starches
Oxidation Method/
Sample Molar Ratio M, (Da) M,(Da) M,/M,
Native corn starch — 2.23Kx10° 271K 8.22
Oxidized Starch NalO, Oxidation/1:0.3 6.16K 2.76K 2.23
Oxidized Starch NalO, Oxidation/1:0.5 3.68K 1.92K 1.92
Oxidized Starch NalO, Oxidation/1:0.7 2.35K 1.70K 1.38
Oxidized Starch NalO, Oxidation/1:0.9 18.86K 5.33K 3.55
Oxidized Starch NalO, Oxidation/1:1.1 11.03K 4.20K 2.63
Oxidized Starch NalO, Oxidation/1:1.3 13.09K 6.28K 2.08
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Figure 5. NMR spectrum of native corn starch

dialdehyde starches. Comparing with native and dialdehyde starches
regarding polydispersity index (Mw/Mn), it was determined that
polydispersity indexes of oxidized starches significantly decreased.
Especially, the polydispersity index was quite low at 1:0.7 molar
ratio (Mw/Mn=1.38) which means that the oxidized starch has a
high homogeneity. Considering the necessity of a tanning material’s
molecular size should allow it to penetrate into the collagen fiber
structure; it was decided that the molecular weights/sizes of
dialdehyde starch samples obtained by 1:0.3, 1:0.5 and 1:0.7 molar
ratios of NalO, oxidation are more appropriate for penetrating into
the collagen fiber structure and picked to be used in tanning trials.

The 'H-NMR spectrum of native corn starch was shown in Figure 5.
Some characteristic peaks at 4.520-5.439 ppm are attributed to proton
signals of hydroxyl groups at C-2, C-3 and C-6. The signal at 5.092
ppm and the small peak at 4.842 ppm are attributed to anomeric
H-1 proton at a-1,4 linkage and protons at a-1,6 branching point,
respectively. The proton signals of CH and CH, groups of starch unit
were determined between 3.30 and 3.642 ppm. On the other hand, the
signal of H-3, overlapping signal of H-3 and H-5, combined signal of
H-2 and H-4 were observed at 3.642, 3.569, 3.30 ppm, respectively.****

The 'H-NMR spectra of dialdehyde starches (1:0.3, 1:0.5 and 1:0.7)
which were selected to be used in tanning trials are shown in Figure
6. Comparing with the spectra of native corn starch, the small peaks
occurred between 9.095-9.585 ppm (aldehydic proton) in 'H-NMR
spectrum of dialdehyde starches confirmed that periodate oxidation
performed successfully. However, since the aldehyde groups are in
balance with the hemiacetal formations, the intensity of signals in
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this range is very weak. Also, additional peaks in dialdehyde starches
are attributed to the protons of -OH and ~CH groups in hemiacetal
structures.’®” Furthermore, while the peak related to aldehyde
protons was seen at 9.292 ppm in 1:0.3 molar ratio oxidized starch
sample, as well as this peak, new peaks were occurred at 9.095 and
9.585 ppmin 1:0.5and 1:0.7 molar ratio oxidized starches respectively
which proves that more aldehyde groups were introduced into the
structure by increasing oxidation degrees.

Tanning properties of dialdehyde starch samples

The results of hydrothermal stability and filling coefficient of pelt
pieces tanned with dialdehyde starches were given in Table IIIL
Comparing with intact pelt, it was determined that tanning with
dialdehyde starches resulted a remarkable increase in shrinkage
temperature (25.5° - 29.5°C) as well as filling coefficient (25.7-34.6
%). From the evaluation of filling effect gained to the pelts, it was
determined that the thickness of leathers increased in conjunction

Table III

Tanning properties of oxidized starches

Sample Filling (c:/;;:ﬂicient Shrinkage( otCel)nperature
Intact Pelt — 43.5(+0.9)
NalO, 1:0.3 25.7(+0.3) 69.0(£0.6)
NalO, 1:0.5 30.6(x0.5) 70.0(+0.3)
NalO, 1:0.7 34.6(+0.6) 73.0(x0.5)
Tanned Whole Pelt — 74.5(+0.4)
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Figure 6. NMR spectrums of dialdehyde starches

with increasing molar ratio. As mentioned earlier, the molecular
weight distributions decreased with increasing oxidation degree.
So, it is commented that oxidized starches having smaller molecular
weight could penetrate into the fiber structure of the pelts quite
easily and result in a higher filling effect.

Considering the shrinkage temperatures, it was seen that a significant
increase occurred in shrinkage temperature, expectedly due to the
introduction of increasing number of aldehyde groups which can
bond with reactive sites of collagen (-NH,), with increasing oxidation
degrees (Figure 7). From the tanning trials with pieces of pelts, the
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Figure 7. Dialdehyde starch production from native corn starch by NalO, oxidation and
dialdehyde & collagen reaction mechanism in tanning

highest shrinkage temperature (73°C) and filling coefficient (34.6%)
were obtained with 1:0.7 molar ratio oxidized starch sample. However,
since ithad a quite high astringency and resulted rough handle and loss
of area, 1:0.5 molar ratio oxidized starch sample, having more gentle
tanning effect, was chosen among dialdehyde starches as having the
best tanning effect and decided to be used in tanning of a whole pelt.

From the tanning of the whole pelt with 1:0.5 molar ratio oxidized
starch sample, 74.5°C of shrinkage temperature was obtained which
means 31°C of increase was achieved comparing with shrinkage
temperature of intact pelt. From the comparison of the shrinkage
temperature increases with limited studies in literature,”'*" it was
seen that they were also achieved approximately same ranges of
increases (26°-32°C) in shrinkage temperatures.

At this point another issue which is needed to be discussed in detail
is that from the literature review of many research studies”'®" the
introduction pH to the tanning process was rather high (pH:10).
In spite of expecting a very rapid reaction considering reaction
parameters and behavior of aldehyde groups at this pH, accordingly
with previous studies in our preliminary tanning trials we also
used pH:10 for introduction to tanning process. However, suddenly
swelling and correspondingly loss of area occurred over pH:8 as
foreseen. For this reason, lower introduction pH (pH:5.5) was
decided to be tried. However, at pH:5.5 the oxidized starch samples

JALCA, VOL. 116, 2021

showed poor solubility which was not surprising recalling their
solubility results. So, after starting the tanning process, the pH was
decided to be increased. After the first partial additions of alkali, it
was observed that the solubility of the dialdehyde starches in tanning
bath increased along with increasing pH and thus their penetration
into the pelts was also started to increase. The final pH was raised up
to 7.0-7.5 (just below the swelling pH of collagen, taking in account
of a possible swelling) by gradual addition of alkali and frequently
checking. Thus, a safer and complete tanning was achieved without
any drawback such as swelling, excessive astringency, coarse or
pebbled grain or loss of area etc.

The scanning electron micrographs (SEM) of intact pelt and the
leathers tanned with dialdehyde starch samples are shown in Figure 8.
From the comparison of the cross-section images of pickled goat skin
with tanned leathers it was clear that the fibril bundles of the tanned
leathers were isolated indicating that dialdehyde starch samples
performed a tanning effect. However, it was also clear that isolation of
fibril bundles was increased especially in leathers tanned with higher
degree oxidized starch samples (1:0.5, 1:0.7).

As already mentioned, preliminary tanning trials were carried
out with pieces. Then, a whole pickled goat skin was tanned with
selected modified starch (1:0.5 molar ratio) having the best tanning
effect. For this reason, physical test results for both pieces and whole
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leathers were given in Table IV. Comparing with the tensile strength
and tear strength results of the leathers tanned with dialdehyde
starch samples with recommended value for goat leathers (20 N/mm?
for tensile strength and 40 N/mm for tear strength) by UNIDO,*
excluding the tensile strength value (17.4 N/mm?) of the leather
which was tanned with 1:0.7 periodate oxidized starch, all leather
samples meet the recommended values.

Additionally, the whole leather which was tanned with 1:0.5 molar
ratio oxidized starch was also tested in terms of distension and
strength of surface and the cracking and bursting values were found
to be 32+1.2 kgf, 41+1.4 kgf and 16.2+1.6 mm respectively which
meets the recommended value (min. 7mm) for shoe upper leathers
by UNIDO.

On the other hand, after drying, the leather samples were
mechanically softened and evaluated organoleptically (Table V) and
from the evaluation, it was seen that the dialdehyde starch tanned
leathers were bone colored, firm and had a compact structure similar
with vegetable tanned leathers.

Conclusion

Native corn starch was oxidized with different molar ratios of NaIO,
to obtain dialdehyde starches bearing different amounts of aldehyde
groups to be used as a tanning agent in leather making. Modified
starch samples were characterized by FT-IR, NMR, GPC and
aldehyde contents revealed that periodate oxidation of native corn
starch was carried out successfully. Afterwards, the selected modified
starch samples were used in tanning and tanning abilities of oxidized
starches were evaluated in terms of shrinkage temperature, filling
coeflicient, isolation of fibril bundles. Also, physical performances of
the leathers tanned by modified starch samples were determined and
the leathers were evaluated organoleptically. From the evaluation of
all results, it was concluded that NalO, oxidation product of corn
starch (dialdehyde starch) has a remarkable tanning effect and
can be utilized as a tanning agent in leather making. Thus, besides

Table IV

Physical properties of tanned leathers with oxidized starches.

Tear Strength
Oxidized Tensile Strength  Elongation Max. Force  Thickness
Starch (N/mm?) (%) (N) (mm)

1:0.3 35.9(+6.6) 55.6(+4.5) 106.0(£10.5) 0.6(+0.03)
Tanningwith -, - 26.8(25.0) 57.6(x8.1) 103.3(+2.8)  0.8(0.02)
pelt pieces

1:0.7 17.4(x5.2) 55.2(+11.8) 86.0(x12.1) 1.1(x£0.10)
Tanning with
whole pelt 1:0.5 28.2(+2.9) 72.9(+10.1) 97.4(+12)  0.84(0.02)

Table V

Organoleptical properties of tanned leathers with oxidized starches.

Oxidized
Starch Color Handle Grain smoothness

1:0.3 Bone c. Firm Slightly rough
Tannl.ng with 1:0.5 Bone c. Firm Slightly rough
pelt pieces

1:0.7 Bone c. Very firm Rough
Tanning with . .
whole p%:lt 1:0.5 Bone c. Firm Slightly rough
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detailed investigation and characterization of dialdehyde starch,
a safer way of tanning without any drawback such as swelling,
excessive astringency, coarse or pebbled grain or loss of area etc.,
was developed by optimizing tanning process conditions different
from the existing studies in literature. Since the new tanning process
does not necessitate a pickling process, it brings the advantages of
saving time and simplifying the production but more importantly
by avoiding use of acids and salts it offers an important advantage
from an environmental point of view.

The results obtained from our first and the present studies strongly
encourage us regarding utilization of starch as a source for a natural
based tanning agent and we think that further studies should be
carried on alternative modifications within this scope considering
its advantages of being generated from renewable natural sources
with biodegradable property which has big importance in terms of
sustainability, human & environmental health.
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Abstract

To figure out how polyphenol compounds with a low molecular
weight helped in aluminum tannage, a complex of gallic acid and
aluminum as well as its application to the tanning of hide powder
was studied in this paper. Precipitation points of aluminum chloride
solution with different concentrations of gallic acid were measured
to guide the basification in hide powder tannage. UV-Visible spectra
showed that gallic acid and aluminum would form soluble complexes
in aqueous solution and the complexation reaction was pH reliable.
Through stoichiometry studies, generations of the 1:2 complex under
pH 4.0 and 2:3 complex under pH 4.5 were discovered. Results of
stoichiometry studies and Fourier Transform Infrared Spectroscopy
(FTIR) spectra confirmed that aluminum-gallic acid complex played
the role of links which connected collagen molecules rather than
gallic acid or aluminum forming individual bridges with collagen.
According to the results of differential scanning calorimetry (DSC)
and thermal gravity analysis (TGA), denaturation temperature (Ty)
of hide powder tanned with different methods, such as aluminum,
gallic acid-aluminum combination or aluminum-gallic acid
complex, was 76.1° 82.8° and 85.5°C respectively, and the initial
decomposition temperature for the aluminum-gallic acid complex
tannage was 300.7°C, also higher than those for another two
methods. Furthermore, the results of inductive coupled plasma
emission spectroscopy (ICP) showed that after washing for 12 h,
the AL,O; content in hide powder tanned with complex could be
maintained at 93.42% of that in unwashed samples, which was the
highest among three tanning methods.

Introduction

Aluminum tannage, along-involved metal tanning method inleather
manufacture history,' transforms pickled pelt into white, soft, fine
and tight, bright and stretchable leather whose grain surface is as
fine as woolen cloth.” However, a moderate shrinkage temperature
(about 75°C) of tanned leather and the weak link between aluminum
and collagen molecule’ limit the solo application of aluminum
salts in leather making. Therefore, various combination tannage

methods were carried out, such as chrome-aluminum tanning,
vegetable-aluminum tanning, titanium-aluminum tanning* as
well as aluminum used in conjunction with other compounds, like
glutaraldehyde,’ genipin,® some polymers® and syntans’ to improve
the properties of tanned leather. Among these methods, vegetable-
aluminum tannage is considered as a potential replacement for
chrome tannage since it results in the similar thermal stability of
leathers to that of chrome tanned leathers,”® increasing shrinkage
temperature of hides and skins to near 100°C.® *!" Note that
vegetable tanning also limits the denaturation temperature to 85°C,'?
thus it is worth pondering why combination tannage of aluminum
and vegetable tannins can significantly improve the hydrothermal
stability of hides and skins.

Many studies have been done by leather chemists to figure out
how polyphenols coupled with aluminum synergistically work on
increasing shrinkage temperature and resulted in some meaningful
conclusions. According to the reduction on pH value of aluminum
sulphate after the addition of polyhydroxy compounds, Sykes et
al.” inferred the formation of the complex without other specific
evidence. Both of pyrogallol and catechol could inhibit the
precipitation of aluminum, but the dosage of catechol would be
twice pyrogallol, which emphasized the importance of the location
of the hydroxy function on the benzene ring. By comparing
shrinkage temperatures of tanned pelts, they also found that the
essential condition for a satisfactory masking or pre-tanning agent
should be either a higher molecular weight or the presence of tri-
hydroxy groups. In research by Sykes et al.,'* the authors revealed
the presence of polyphenolics would reduce the rate of deuterium
exchange of gelatin films treated by polyphenols, implying the
generation of the hydrogen bond between polyphenols and gelatin.
Moreover, the addition of aluminum to pyrogallol or catechol had
insignificant effect on the exchange rate, which might suggest
that aluminum was not attached to gelatin directly. According to
the transmission electron micrographs of aluminum tanned and
vegetable-aluminum tanned collagen fibrils, Hernandez" observed
that aluminum was completely distributed over the fibrils after the
combination tannage. It appeared that aluminum had no specific
reaction with polar zones of collagen in combination tannage,

*Corresponding author e-mail: liguoyings@163.com
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which was contrary to the results of the aluminum tannage. Thus,
Hernandez concluded that it was two tannin molecules which
were linked together by one aluminum molecule that acted as the
bridge between two polypeptides, and this linkage was expressed
as “P-Tannin-Al-Tannin-P” (P stood for protein). Madhan et al.®
concluded the shrinkage temperature of the leather tanned with
vegetable followed by aluminum was much higher than the reverse
order one, which could be explained by the view that following
aluminum treatment to pelts pretanned by vegetable tannins
would lead to the formation of another matrix in which aluminum
is crosslinked between vegetable tannins therefore resulted in a
higher hydrothermal stability of the tanned leathers. Theories
above gave an insight into mechanism of the aluminum-vegetable
tanning system and showed the important role of vegetable tannins
in aluminum tannage, but there’s still not specific research on
how low molecular weight polyphenols and their complexes with
aluminum donate to the properties of leather or other collagen-
based materials.

Herein, hide powder, gallic acid and aluminum chloride was used to
investigate how collagen, polyphenolsand aluminum are interacting
with each other. Aluminum tannage, gallic acid-aluminum
tannage and aluminum-gallic acid complex tannage were applied
to study the tanning effect of different tanning methods. First of
all, the precipitation points of the different concentrations of the
complexes were measured by pH titrations. The conformation of
the reaction between gallic acid and AI’** and how pH impacts the
interaction was detected by ultraviolet-visible spectrophotometer.
The coordination number of the aluminum-gallic acid complex
was calculated by Job’s Method.'® The structural characteristics of
varieties of the complexes and the binding modes between collagen
and tanning agents in different tanning methods were explored
by Fourier transform infrared spectroscopy (FTIR). Moreover,
the thermal stability of hide powder was evaluated by differential
scanning calorimeter (DSC) and thermal gravimetric analyzer
(TGA). Inductive coupled plasma emission spectrometer (ICP) was
used to determine the washability of hide powder after tanning.
Through this study, we hope to find out the specific interaction
among aluminum, polyphenol and collagen thus providing an idea
for broadening the application field of the tannage by aluminum-
polyphenol complexes.

Experimental

Materials

Hide powder was obtained from grinding pickled pelt (made by
cattle hide) and dehydrating with acetone and ethanol. Gallic acid
(C;H¢O5-H,0, AR) and aluminum chloride (AICl;-6H,O, AR) were
purchased from Jinshan Chemical Test (Chengdu, China). Glycine
(AR) came from Chron Chemicals (Chengdu, China). Aluminum
standard solution in water (1000 mg/L, containing 5% nitric acid

and 0.4% hydrochloric acid) was gained from TMRM Quality
Inspection Technology Co., Ltd. (Beijing, China). Polycaprolactam
([-NH(CH,)sCO-],,, 60-90 mesh) was provided by Macklin Reagent
(Shanghai, China). All reagents were used as received.

pH Titrations of Aluminum Chloride and

Gallic Acid Mixed Solutions

The precipitation points of the different concentrations of
the complexes were determined by pH titration under room
temperature (22°~25°C). Firstly, gallic acid was dissolved in the
equimolar NaHCO; solutions to achieve different concentrations
of 1,2, 3,4, 5,6 and 7% (w/w), respectively. Alkalescent condition
created by NaHCO; would improve the solubility of gallic acid.
Then gallic acid solutions were mixed with equivalent volume of
AICl; aqueous solution (containing 3% Al,Os;, by weight). After
stirring for 4 h, these mixed solutions were titrated with 0.5 mol/L
NaOH solution at a speed of 0.25 mL/min with a HL-2 constant
flow pump (Jiapeng Tech, Shanghai, China). Finally, the pH values
at which the precipitation firstly appeared would be recorded as
the precipitation of the complex solutions. At the endpoint of the
titrations, the contents of Al,O; in solutions would be from 1% to
1.5% (by weight).

Preparation of Aluminum-Gallic Acid Complex

Various molar ratios of gallic acid : AI** were prepared (1:0.1, 1:0.5,
1:1, 1:2, 1:3 and 1:4) in aqueous solution (pH 4.0, adjusted by HCl and
NaOH solution) and concentration of gallic acid in blend solutions
was kept constant at 0.1 mM. The solutions were incubated for 3 h
at 40°C in a SHA-BA constant temperature water bath oscillator
(Hongke Instruments, Nanjing, China) at 200 rpm. In addition,
the reaction between gallic acid and aluminum chloride at under
different pH values (3.5, 4.0, 4.5, adjusted by HCl and NaOH
solution) were executed. Concentration of gallic acid and aluminum
chloride was fixed at 0.01 mM and the solutions were incubated
under the same condition described above. Finally, UV-visible
spectra (from 200 to 400 nm) of solutions with different molar ratios
and solutions under different pH values were obtained using a UV-
1900 spectrophotometer (Jinghua Instruments, Shanghai, China) to
verify the formation of aluminum-gallic acid complex and explore
the influence of pH on the complexation.

Determination of Stoichiometry of Aluminum-Gallic Acid
Complex under Different pH Values

Job’s Method'® was used to determine stoichiometric coeflicients for
the complexes at pH 4.0 and 4.5. The mixtures contained a total of
0.2mM ofreactants composed of various ratios of aluminum chloride
and gallic acid. Each experiment was repeated three times. The UV-
visible spectra of complex solutions were recorded as described
above. Averages of three determinations were fitted using Origin 8.5
to identify the mixture composition value that yielded maximum
absorbance at a wavelength characteristic of the aluminum-gallic
acid complex.
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Table I

Types and Dosages of Materials in Different Systems

Binary System

Ternary System

Group a b c

Reactant GA* AI™ GIly"™ Al  Gly

2mM 2mM 2mM 2mM 2mM 2mM
100 mL

Dosage

Volume

d [ f

GA N6™ Al N6 GA GA N6 Al
0.lg 02mM 0.g 02mM 02mM 0.lg 0.2mM

20 mL

ok Fokk

*GA: gallic acid; **Al: aluminum chloride; ***Gly: glycine;

Preparation of Different Binary and Ternary Compounds

Types and dosages of the reactants used in preparing different
binary and ternary compounds are shown in Table I. Each set of the
experiments carried out at 40°C for 3 h under constant stirring at 150
rpm. When the reactions were terminated, solutions were poured
into petri dishes, respectively, and then were lyophilized to get solid
complexes for FTIR measurements. Reactions containing glycine
were designed to explore how gallic acid and aluminum chloride
react with carboxyl and amino groups, while the polycaprolactam
was used to imitate the amido bond of collagen.

Tanning of Hide Powder

Hide powder was tanned by gallic acid and aluminum chloride after
it was soaked for 2 h and drained. The detailed dosages of the tanning
agents are displayed in Table IL. In Group A, hide powder was only
tanned by aluminum chloride for 3 h. The difference between Group
B and Group C was the way of adding gallic acid and aluminum
chloride. In Group B, aluminum chloride was added after hide
powder reacting with gallic acid for 1.5 h. In Group C, gallic acid
and aluminum chloride were first mixed to generate the complex
under pH 4.0, and then hide powder was added to the complex
solution. When tanning time reached 3 h, each group would get a
basification with 10% of NaHCO; solution in 1 h to reach pH 4.0 and
continued reacting for another 1 h. Finally, hide powder tanned by
different methods was filtered and dried at 40°C in air. Samples were
preserved in a desiccator filled with silicone particles for two days
before various measurements.

*N6: polycaprolactam.

Fourier Transform Infrared Spectroscopy (FTIR)

All binary and ternary compounds as well as tanned hide powder
samples were ground with potassium bromide (KBr) by a ratio of
1:100 and the mixtures were made into round slices under a pressure
of 15 MPa. The FTIR spectra of the samples were recorded by a
Nicolet iS10 FTIR spectrometer (Thermo Scientific, Waltham, USA)
at a wavenumber ranges between 4000 cm™ and 400 cm™ and a
resolution of 2 cm™ to investigate the structural features.

Thermal Analysis

Differential scanning calorimetry (DSC) and thermal gravity
(TG) measurements were performed by DSC200PC (Netzsch,
Bayern, Germany), TG209-F1 (Netzsch, Bayern, Germany),
respectively, to research on the thermal properties of tanned hide
powder samples. In the former, the temperature range is from 20°
to 200°C at a constant heating rate of 5°C/min, and samples were
protected by a 60 mL/min of nitrogen. In the latter, samples were
heated from 40° to 700°C at a rate of 20°C/min and protected as
above.

Measurements on Washability of Tanned Hide Powder

Different groups of tanned hide powder were washed in deionized
water at 40°C for 0 h, 4 h, 8 h and 12 h, respectively. 50 mg of
tanned hide powder before or after washing was digested in
heated nitric acid and hydrogen peroxide, and then the remaining
1-2 mL of the digestion solutions were diluted to 50 mL with
deionized water. An Optima 2100DV Inductive Coupled Plasma

Table II

Dosages of the Materials in Tanning

Gallic Acid/% AlO3/%  Wet Hide Powder/g Deionized Water/% Group
0.0 0.0 10 100 Control™
i 0.0 1.0 10 100 A
Dosage
3.0 1.0 10 100 B
3.0 1.0 10 100 C

* The dosages of materials were based on wet hide powder;

** pH value of control was adjusted to 4.0 by HCI solution.
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Figure 1. Precipitation points of different concentrations of aluminum and

gallic acid mixed solutions. Concentrations of Al,O; in initial mixed solutions
was 1.5% (w/w)

Emission Spectrometer (Perkin Elmer, Massachusetts, USA) was
used to determine the content of aluminum in various solutions
and evaluate how the presence of gallic acid would impact the
absorption of aluminum by hide powder. Parallel experiments
were executed for three times.

Results and Discussion

Precipitation Points of Aluminum and

Gallic Acid Mixed Solutions

Fig. 1 shows the precipitation points of aluminum and gallic acid
mixed solutions. Without gallic acid, AI** would form precipitation
with OH" at pH 3.02. As the concentration of gallic acid increased,
the alkali resistance of AI’* was also improved. When the
concentration of gallic acid reached 3.5% in mixed solution, the
precipitation point of AI** could be increased to 4.23, which may
be resulted by the carboxyl or hydroxyl groups occupying the
empty orbital of AI’* so that the combination of OH and AI’** was
inhibited. Therefore, it could be indicated that complexation took
place. Because gallic acid was dissolved in the equimolar NaHCO;
solution, to prevent the oxidation of gallic acid in alkaline condition
when its concentration was relatively high, the content of gallic
acid in the tanning liquid would be chosen at 3% (w/w) during the
tannage of hide powder.

Verification of the Aluminum-Gallic Acid Complexes

The UV-Visible spectra of aluminum and gallic acid mixed
solutions with various molar ratios are shown in Fig. 2. Gallic acid
shows two characterized absorption peaks at 214 nm and 265nm.
With the increase of the concentration of Al**, the spectra red-
shifted incrementally relative to gallic acid and the peak at 265nm
weakened, almost disappeared when the molar ratio of gallic acid
and AI’* was 1:4. When the molar ratio of gallic acid and AI** was

—— GA

—O0— GA:Al=1:0.1
—4— GA:AI=1:0.5
—— GA:AlI=1:1
—— GA:Al=1:2
—%— GA:Al=1:3
—>— GA:Al=1:4

Absorbance

1.0
0.5
0.0
2(|)0 ' 2%0 ' 3(I)0 ' 3é0 ' 4(I)0
Wavelength (nm)

Figure 2. Spectra of gallic acid reacted with different concentrations of
aluminum chloride at pH 4.0. Concentrations of AI** were 0.01, 0.05, 0.1,0.2, 0.3
and 0.4 mM, respectively, and concentration of gallic acid was 0.1 mM.

Absorption

200 250 300 350 400
Wavelength (nm)

Figure 3. Impact of pH value on complexation of aluminum and gallic acid.
Concentrations of gallic acid and AI** were both 0.1 mM.

greater than or equal to 1:1, a new absorption at 303 nm appeared,
revealing the generation of the new complex. At pH 3.5, there was
no obvious evidence to support the appearance of the new peak in
spectrum of gallic acid, indicating the formation of aluminum-gallic
acid complex might be restrained by the lower pH (Fig. 3). With the
raise of pH value of reaction solution, the variation of the spectra
would get more and more evident. When pH reached 4.5, the peak
at 265 nm of gallic acid seemed to disappear as it did in a molar ratio
of gallic acid and AI’* was 1:4 at pH 4.0. This result may be explained
by that ionization of tendency of carboxyl groups in gallic acid
electronegativity of gallic acid (a nucleophile) could be enhanced by
the increase of pH, thus the possibility of gallic acid to attack AI** (a
common Lewis Acid) was improved.
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Stoichiometric Studies of Aluminum-Gallic Acid Complex

The stoichiometric ratios at different pH values (4.0 and 4.5) were
determined by Job’s method. Fig. 4a and 4b show the Job’s plots at
303nm for the mixture of gallic acid and aluminum chloride under
pH 4.0 and pH 4.5, respectively. Equation (1)"” was used to calculate
the number of gallic acid molecules that attached to each AI**.

Xmax

e 1)
where 7 is the number of gallic acid each AI** connects, and x4, is
the abscissa of the fitted curves when ordinate gets the maximum.
The plots indicated that the gallic acid formed a 1:2 complex at
pH 4.0 and a 2:3 complex at pH 4.5. The results suggested that the
complexation reaction between gallic acid and AI’** was pH reliable.
Higher pH value leads to a more complicated complex.

Based on the results, the speculations of the binding mode between
gallic acid and AI** under pH 4.0 and 4.5 are given in scheme 1. By
raising pH value, a multi-nuclear metal complex is generated.

0.6 ® Experimental

Fit

0.5
0.4 -
0.3
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0.1
x =0.667

max

0.0 T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Molar Ratio of GA:(GA+Al)

FTIR Spectra Analysis

The FTIR spectra of gallic acid, gallic acid-aluminum complex
and gallic acid-glycine compound are displayed in Fig. 5a, and
bands assignment are shown in Table II1."*2° After reacting with
aluminum chloride, absorbance at 3371 cm™ shifted to 3386 cm™
and peaks at 3286 cm™ together with 1703 cm™ weakened obviously,
demonstrating that both hydroxyl and carboxyl would participate in
the complexation with aluminum. Furthermore, a weak peak at 632
cm™ appeared, which might be caused by the generation of C-O-Al.
In the spectrum of gallic acid-glycine compound, all of characteristic
peaks of gallic acid remained but most of them underwent different
levels of decrease in their strength. It could be speculated that there
were no new chemical bonds generated between glycine and gallic
acid but hydrogen bonds did exist.

Fig. 5b represents the characteristic absorption of glycine and
glycine-aluminum complex, and bands assignment are given in
Table II11.%22 The stretching vibration of N-H appeared at 3170 cm™.
Because of the intramolecular hydrogen bond, it was much lower

b .71 ® Experimental

Fit

0.6
0.5

0.4

Absorbance at 303 nm

x =0.586

max

0.0 T T T T T T T T T 1
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Molar Ratio of GA:(GA+Al)

Figure 4. Job’s plots at 303 nm for mixtures of gallic acid and AI** at different pH.
Total concentration of the mixture was maintained at 0.2 mM. (a) pH 4.0, R?=0.9966
(b) pH 4.5, R*=0.9952.

OH OH OH
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o 9
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Scheme 1. Speculation of the binding mode between gallic acid and AI’** under pH 4.0 and 4.5
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Figure 5. FTIR spectra of different kinds of the binary/ternary compounds

Wavenumber (cm")

and hide powder.

(a) gallic acid and it mixed with aluminum chloride or glycine. (b) glycine and glycine-aluminum
compounds. (c) polycaprolactam and it mixed with gallic acid and aluminum. (d) hide powder tanned

with gallic acid and aluminum chloride (Control represents white hi

de powder).

Table I11

FTIR major bands (in cm™) assignment of gallic acid,

glycine and their compounds

Sample GA GA-Al GA-Gly Gly Gly-Al
vO-H
3371 3386 3385 3101
(Alcohol)
vO-H
3268 3283 3283
(Acid)
vC=0 1703 1670 1699 1610 1637
vPh-O 1203 1180 1131
vC-0-Al 632
6N-H 3170 3101
6C=0 690 705
pC=0 501 535
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Table IV

FTIR major bands (in cm™) assignment of polycaprolactam and hide powder

Sample N6 N6-Al  N6-GA  N6-GA-Al HP* Group A™ Group B** Group C**
Amide A 3446 3439 3430 3432
Amide B 2927 2927 2927 2927 2932 2936 2925 2923
Amide I 1640 1633 1629 1628 1644 1640 1631 1632
Amide IT 1542 1541 1541 1541 1547 1550 - -
Amide III 1261 1261 - - 1240 1239 1236 1232

"HP: hide powder; **Group A/B/C: different groups of hide powder tanned by different methods.

than the normal vibration area of N-H (3500-3300 cm™).?! In the
presence of aluminum, absorptions at 3170 cm™ and 1610 cm™ were
blue-shifted relative to the spectrum of glycine due to the break of
the intramolecular hydrogen bond by the formation of the complex.
Meanwhile, bending vibration and rock vibration of C=0 decreased
dramatically and got blue-shifted, indicating that aluminum was
coordinated with glycine by carboxyl.

Fig. 5¢ shows the FTIR spectra of polycaprolactam and its mixtures
with gallic acid and aluminum chloride, and bands assignment are
displayed in Table IV.?* After introducing gallic acid or aluminum
chloride, peaks of stretching vibration of C=O in amide bonds
and N-H stretching vibration were blue-shifted and weakened,
suggesting the occurrence of the reaction between polycaprolactam
and gallic acid or aluminum chloride. Considering the characteristic
peaks of gallic acid-polycaprolactam was similar to that of gallic
acid-polycaprolactam-aluminum, it could be reasonable to get the
inference that polycaprolactam would mainly react with gallic acid
rather than aluminum chloride.

All of the characteristic peaks of collagen are exhibited in Fig. 5d,
and bands assignment are shown in Table IV.** From the spectra,
it could be concluded that the adding of gallic acid and aluminum
chloride would yield a blue-shift on Amide II, but the presence of
gallic acid would yield an additional decrease on the strength of
Amie II, illustrating that gallic acid was the more active one to react
with amide bonds of collagen than aluminum.

According to these consequences, the mechanism of the tannage
with aluminum-gallic acid complex is speculated as scheme 2.
Gallic acid would attach to peptide bonds in main chain or carboxyl
groups and amino groups inside chains of collagen by hydrogen
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Scheme 2. Speculated mechanism of aluminum-gallic acid complex tanning

bonds, while aluminum would bind carboxyl or hydroxyl groups
by coordination bonds between gallic acid molecules. The complex
of gallic acid-aluminum played the role of links that connected
collagen molecules, rather than individual bridges of aluminum or
gallic acid.

Thermal Stabilities of Hide Powder

To ensure the effect of the tanning with gallic acid and aluminum
chloride on hide powder, thermal denaturation and decomposition
properties were examined by DSC and TG measurements,
respectively. Fig. 6 shows the denaturation temperatures (Ty) of
different groups of hide powder. Tanning with aluminum chloride
would increase Ty of hide powder from 67.7 to 76.1°C. While with
gallic acid, it could get another raise of 7.6°C (Group B) or 9.4°C
(Group C) comparing to Ty of hide powder in Group A. Results
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Figure 6. DSC curves of white hide powder (Control) and tanned hide powder.
(Group A: aluminum tannage, Group B: gallic acid-aluminum combination
tannage, Group C: aluminum-gallic acid complex tannage)

suggested that aluminum-gallic acid complex tannage would
give a higher Ty than gallic acid-aluminum combination tannage,
confirming pre-synthesis of the complex in tanning was favorable
for promotion on thermal stability of hide powder.

Fig. 7a and 7b exhibit the thermal gravity and differential thermal
gravity curves of different groups of hide powder, respectively. There
were two stages in the weight loss process of hide powder. The first
stage from 50° to 150°C was on behalf of the evaporation of the
water in hide powder. The second stage between 200° and 500°C
was designated to the decomposition of the collagen molecules.”?¢
After tanning, initial decomposition temperature of hide powder
was raised from 271.1°C (Control) to 292.8°C (Group A), 299.2°C

a 100 —&— Control
—&— Group A
—&— Group B
80 —¥— Group C
&
< 60-
g
40.46%
=
40
34.93%
204
21.62%
T T T 4 T b
200 400 600
Temperature (°C)

DTG

(Group B) and 300.7°C (Group C), respectively. Moreover, residual
mass of hide powder was promoted from 21.62% (Control) to 34.93%
(Group A), 38.99% (Group B) and 40.46% (Group C), respectively.
From Fig. 7b, it could be concluded that under different tanning
methods, temperature of the maximum weight loss rate increased
from 322.1°C (Control) to 325.4°C (Group A), 325.9°C (Group B)
and 324.3°C (Group C), respectively. And the maximum weight loss
rate decreased from 13.36%/min (Control) to 11.28%/min (Group
A), 11.08%/min (Group B) and 10.64%/min (Group C), respectively.
Hide powder in Group C showed better thermal stability than
hide powder in Group B, which was similar to the results of DSC

measurements.

—&— Control
—o— Group A
—&— Group B
—v¥— Group C

324.3 °C, 10.64%/min
325.9 °C, 11.08%/min
325.4 °C, 11.28%/min
322.1 °C, 13.36%/min

T T T T
200 400 600
Temperature (°C)

Figure 7. Thermal gravity (a) and differential thermal gravity (b) of different groups of hide powder.
(Group A: aluminum tannage, Group B: gallic acid-aluminum combination tannage,
Group C: aluminum-gallic acid complex tannage)
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Figure 8. Standard curve of aluminum (a, R? = 0.9999), tested concentrations of the aluminum in
diluted digestion solutions (b, bar chart) and binding capacity of Al,O3 in hide powder (b, line chart).
(Group A: aluminum tannage, Group B: gallic acid-aluminum combination tannage,

Group C: aluminum-gallic acid complex tannage)

Washability of Tanned Hide Powder

The standard curve of aluminum is shown in Fig 8a, and the tested
contents of aluminum in diluted digestion solutions (bar chart) and
the binding capacity of Al,O; in hide powder (line chart) are shown
in Fig 8b, respectively. The binding capacity was calculated using
Equation (2),

cx Vx102

binding capacity (%) =
g capacity (%) 27X2xXm

x 100% )
where ¢ was the tested content of aluminum in the diluted digestion
solution (mg/L), V was the volume of the diluted digestion solutions
(L), m was the mass of hide powder used to digest (mg), 27 and
102 was the relative molecular mass of Al and AL,O; (g/mol),
respectively.

The binding capacity of Al,O; of hide powder in Group A was 2.60%,
while the participation of gallic acid would improve Al,O; content to
3.81% (Group B) and 4.56% (Group C), respectively. After washing
for 4 h, the Al,O; content in hide powder became 60.77% (Group
A), 89.50% (Group B) and 96.05% (Group C) of that in unwashed
samples, while after washing for 12 h, the values decreased to 49.23%
(Group A), 85.30% (Group B), 93.42% (Group C), respectively,
which demonstrated that gallic acid would contribute to the fixation
of aluminum in hide powder by its complexation capacity and
the tanning with aluminum-gallic acid complex showed the best
binding ability as well as the best binding stability with hide powder.
The results illuminated the fact that the complex could form a stable
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structure with hide powder thus hide powder in Group C got a fairly
good washability.

Analysis on the Tanning Effect of Aluminum-Gallic

Acid Complex

According to the research of Covington et al.,”” there was no
change in the nuclear magnetic resonance (NMR) spectrum of
27-Al before and after the shrinkage of aluminum tanned leather,
demonstrating that the shrinkage of leather wasn’t caused by the
break of the coordination bond between collagen and aluminum.
Therefore, it could be inferred that the shrinkage reaction did not
depend on the nature of the tanning bonding but a rigid matrix
among collagen fiber formed by collagen and tanning agents,
and this rigid matrix could restrain the conformation transition
of collagen at the temperature where native collagen would get
denatured.?® In this study, the aluminum-gallic acid complex
entered the void of collagen fiber and connected neighboring
collagen molecules to form a rigid matrix. Thus, the stability of this
whole rigid matrix containing collagen and complex was improved
due to the reduction of configurational entropy of the structure.””
The complex tannage and gallic acid-aluminum combination
tannage shared the similar mechanism with what was reported.®
However, due to the experimental results of DSC, TG and ICP
measurements of hide powder, the complex seemed to generate a
stabler structure with collagen. Therefore, aluminum-gallic acid
complex tannage would confer a higher thermal stability and
washability on hide powder.
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Conclusion

The complexation between gallic acid and aluminum was pH
reliable. Higher pH value would facilitate the complexation reaction
and result in the formation of the polynuclear complex. In the
interaction of gallic acid, aluminum chloride and hide powder, it was
gallic acid that directly attached to carboxyl or peptide bonds of hide
powder and AP’* was the one to connect gallic acid molecules. In the
presence of gallic acid, tanning effect of aluminum was improved. In
addition, due to the stabler rigid matrix formed in aluminum-gallic
acid complex tannage, a higher thermal stability and washability
of hide powder among three tanning methods was obtained. The
complex tannage can be an effective way to improve aluminum
tannage and provide an alternative to the modification of collagen-
based materials.
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Obituary

Heinrich “Henry” Walter Koelblinger, 79 of Hernando, went
to his heavenly home on December 10th 2020. Henry was one of
a kind and always had a joke or a funny story. Henry was born in
Salzburg, Austria on August 23, 1941, the son of the late Kamillo and
Aenne Koelblinger. He grew up in Vocklamarkt, Austria home of
his family’s 400 year old leather business with his sisters Annemarie
and Gretel and brother Kamillo He could recount stories of the end
of WWII when American GI's came through town and passed out
gum and Hershey bars. Growing up he loved spending time at the
family cottage on Wallersee Lake. He received a master’s degree in
leather chemistry at the West German Tanners school in Germany.
He met the love of his life, Mary (Hunt) when he moved to Beacon,
New York to work for BASF Leather Chemical division. They were
married then soon moved back to Austria to help with the family
business. While in Austria they had their first daughter, Andrea
(Steve Kroll). They decided to move back to the USA and moved
to Milwaukee, Wisconsin where their second daughter, Margaret
“Peg”(Ted Christian) was born and Henry proudly became a US
citizen. He managed several leather tanneries that prompted moves
to West Virginia and then Mercersburg, PA. While in Pennsylvania,
two more children were added to their family: Michelle (Joe
Kozlowski) born in Mercersburg, PA and Christopher Koelblinger
(Lori) born in Hagerstown, MD. They then moved to Luray, VA for
another management position. BASF called again and they moved
back to Wisconsin. Henry worked as a sales manager for leather
chemicals and was considered a legend in the industry due to his
knowledge, commitment and friendship with his clients. The family
enjoyed many great adventures together travelling back to Europe

and visiting with their Austrian family. Henry and Mary loved to
travel and visited over 30 countries including China, Hong Kong,
Italy, Thailand, and every state in the USA.

Henry loved to talk to strangers and share jokes. He was an avid
reader and very knowledgeable including knowing 4 languages:
German, English, French and Italian. He loved to play cards with
his close friends and family. Mary and he were the ultimate hosts
and known for their wonderful parties. Henry was an accomplished
cook and people rarely declined an invitation. He especially loved to
make Austrian dishes like goulash and Rahm Schnitzel. Henry and
Mary were featured in an article in the Milwaukee Journal’s Best
Cook on the Block and their recipes are in the Milwaukee Journal’s
cookbook. Henry and Mary were Citrus Hills Women’s Club Mardi
Gras King and Queen. They have many close friends that they have
made and kept through the years and loved sharing their home and
travels with them. Henry loved his daily walks with his dog, Yanni
and stopping to visit with neighbors.

Henry was adored as “OPA” to his 11 grandchildren: Kati, Chad,
Hallie, Max, Abbie, Rachel, Nik, Kyle, Karstan, Megan, and Ryan
and 3 great-grandchildren: Kashton, Carson and Melody who loved
listening to him tell stories about their family history.

A private celebration of life was held due to COVID. Donations can
be made to the Lupus Foundation. He will be sorely missed-Auf
Wiedersehen Henry!
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