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Abstract

Since microwave irradiation could promote hydrolysis and olation of chromium tanning liquor, but the influence of
microwave on chromium complex component in the liquor was still unknown. Chromium sulphate solution (0%
basicity) and 33% basicity chromium tanning liquor were subjected microwave (MW) and water bath (WB) heating,
and the samples without any warming were regarded as control. Ion exchange chromatography (IEC) and gel
filtration chromatography (GFC) were used to measure the charge composition and molecular size of chromium
complexes in each sample. FT-IR was used to characterize the structure of chromium complexes in each
composition separated by IEC. Moreover, the chromium tanning liquor after warming was used in hide powder
tanning trials to illustrate whether microwave would affect its tanning ability. The results show there are more high
positive charge and large molecular size complexes in chromium tanning liquor after warming but the phenomena
are more significant in MW samples compared with WB due to non-thermal effect of microwave. In addition,
microwave has more powerful effect on 33% basicity chromium tanning liquor hydrolysis and olation to generate
larger molecular size complexes. In FT-IR results, the combination pattern between chromium and ligands are
changed after warming but there is no difference between WB and MW. The chromium exhaustion and thermal
stability of hide powder tanned with chromium tanning liquor after microwave irradiation are both higher. It could
conclude that both thermal and non-thermal effects of microwave promote the process together, and the non-
thermal effect leads to more high positive charge and large molecular size complexes and has stronger influence
on high polarity system. In short, this work would provide theoretical basis for applying microwave in tanning
agent modification and chrome tanning process further.

Keywords: Microwave, Chromium tanning liquor, Chromium complex, Ion exchange chromatography, Gel filtration
chromatography

1 Introduction
Microwave lies between radio wave and infrared fre-
quency with wavelengths from 1mm to 1m and has
been widely used in chemical synthesis for several de-
cades [1, 2]. Microwave has been known to offer faster,
simpler, and more cost-effective processes and result in
high-yield, high-purity products and mild reaction con-
dition [3, 4]. As these advantages, more and more

leather technologists and chemists pay attention to ap-
plying microwave in leather manufacturing, such as dye-
ing, drying, tanning and so on [5]. During the processes,
it could be found that microwave always has positive ef-
fect on promoting the combination between collagen
and chemicals. For example, the leather had better color
fastness when microwave was used in dyeing [6]; the fat
uniformity in leather was better with microwave-
assisting fatliquoring [7]; enzyme unharing and bating
were more effective under microwave [8]; leather dried
under microwave usually had higher thermal stability
[9].
Raw hides and skin will not convert into leather with-

out tanning, in which chrome tanning is dominant
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because leather tanned by the method has brilliant
hydrothermal stability, excellent mechanical properties
and outstanding durability. Not surprisingly, microwave
also strengthens and enhances the combination between
collagen and tanning agent and leads to better tanning
effect and efficiency. In vegetable tanning, the shrinkage
temperature (Ts) of leather tanned under microwave
was 1 °C higher than conventional; moreover, total phe-
nols content and number average molecular weight of
tannins in the effluent decreased with microwave indu-
cing [10]. During the process of collagen crosslinked
with tannic acid, the Ts, denaturation temperature and
enthalpy of product reacted with microwave-assisting in-
creased by 3.5 °C, 3.9 °C and 73.0 J/g [11]. The Ts and
denaturation temperature of zirconium tanned hider
powders under microwave were 1.3–2.4 °C and 2.2–
3.4 °C higher compared with the samples tanned under
water bath heating [12]. When microwave was used in
chrome tanning process, Ts and tear of the leather could
increase by 2.5 °C and 7.5 N/mm respectively at most
[13], and hexavalent chromium content of the product
was below detection limit even after UV accelerated
aging [14]. Furthermore, microwave had special effect
which could make leather Ts higher than 100 °C when
terminal pH of chrome tanning was only 3.3 [15].
As well known, various kinds of chromium complex

results in huge difference on tanning effect, for example,
the shrinkage temperature of chromium sulphate tanned
leather is usually higher than 100 °C, while the chro-
mium chloride, chromium nitrate and chromium per-
chlorate tanned leathers only increase the shrinkage
temperature to 95 °C, 75 °C and 70 °C respectively [16].
The different chromium complex composition should be
responsible for the diversity [17–20]. Ion exchange chro-
matography (IEC) and gel filtration chromatography
(GFC) were widely used to study the composition of
chromium tanning liquor [21, 22] and they also had
been used to clarify chromium complex composition in
leather making to provide hint for cleaner process [23,
24]. Hitherto, it had been proven that microwave could
promote the hydrolysis and olation chromium tanning
liquor further due to existence of non-thermal effect [25,
26]. However, how does microwave affect the chromium
complex composition in tanning liquor? It is still in puz-
zle. In the study, the most widely used chromium tan-
ning liquor, chromium sulphate, would be subjected
microwave and water bath heating at first, and then IEC
and GFC were applied to separate the complexes to ex-
plicate the differences on composition between two
heating methods. In addition, FT-IR would be used
characterize the structure of each chromium complexes.
Finally, the chromium tanning liquor heated by micro-
wave and water bath were used in hide powder tanning,
and then chrome exhaustion as well as thermal stability

of the products were determined. This work would ex-
plain the detail effects of microwave on hydrolysis and
olation chromium tanning liquor and provide theoretical
basis for applying microwave in tanning agent modifica-
tion and chrome tanning process.

2 Experimental
2.1 Reagents and materials
Chromium sulphate hexahydrate was purchased from
Shanghai Aladdin Reagents Company. SP Sephadex C-
25 cation exchange resins and SP Sephadex G-25 glucan
gel resins were bought from GE Healthcare. Hide
powder was from Tanning Chemical Lab of Chinese
Academy of Forestry Sciences in Nanjing. All the other
chemicals used in the study were research grade re-
agents commercially purchased from Chengdu Kelong
Chemical Ltd., China.

2.2 Instruments
MCR-3C microwave reactor (Xi’an Yuhui instrument
Ltd.) and DF-101S water bath heater (Wuhan Ke’er in-
strument Company) were used as heating resources re-
spectively. UV1900 UV-Vis spectrometer (Shanghai
Jinghua instrument Co.) and Nicolet 10 FT-IR
(American Thermo Scientific Corporation) were used
for characterizing the structure of chromium complexes.
Optima 8000DV Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES, PerkinElmer,
America), DSC 200 PC differential scanning calorimeter
(NETZSCH, Germany) and NETZSCH TG 209 F1 ther-
mal gravimetric analyzer (NETZSCH, Germany) were
used to measure tanning effects of hide powder.

2.3 Sample preparation
2.3.1 Samples for IEC and GFC determination
0.2 mol/L chromium tanning liquor (0% basicity) was
prepared by dissolving 10.00 ± 0.01 g chromium sulphate
in 100 mL distilled water and then stirred for 30 min
10.00 ± 0.01 g chromium sulphate hexahydrate was dis-

solved in 80 mL distilled water at first, then 0.560 ±
0.005 g sodium bicarbonate was dissolved in 20 mL dis-
tilled water, finally, the sodium bicarbonate solution was
added into chromium sulphate solution within 30 min
under stirring. After another 30 min mixing, the 0.2
Mol/L chromium tanning liquor with 33% basicity was
produced and the basicity measurement result was
31.76%
Fifty milliliter of both chromium tanning liquors were

injected in 100 mL beaker, and then the systems were
heated with microwave reactor, regrading as MW, and
water bath heater, regrading as WB, at 50 °C for 60 min
respectively. The solutions were cooled down and left
with 60 min after warming. The chromium tanning li-
quors without any heating were control.
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2.3.2 Tanning trial
The 60 g/L sodium chloride solution was used as solvent
for tanning and preparing tanning liquor. 13.16 ± 0.01 g
chromium sulphate hexahydrate was dissolved in 300
mL sodium chloride solution at first, then 0.7370 ±
0.005 g sodium bicarbonate was dissolved in 100 mL so-
dium chloride solution, finally, the sodium bicarbonate
solution was added into chromium sulphate solution
within 30min under stirring. After another 30 min mix-
ing, chrome tanning liquor with 33% basicity was pre-
pared. One hundred milliliter of the chrome tanning
liquors were warmed by microwave irradiation and
water bath at 50 °C for 60 min respectively, the solutions
were used for subsequent tanning trials after cooling
down to room temperature.
5.00 ± 0.01 g hide powder were put into a 250 mL flask

and soaked with 50 mL sodium chloride solution for 30
min. Fifty milliliter chrome tanning liquor warmed by
microwave and water bath heating was added respect-
ively, the flasks were shaken at 40 °C for 30 min and then
6mL 0.1 mol/L sodium hydroxide were used to adjust
the tanning pH to about 4.0 at last, the flasks after basifi-
cation were shaken again under same condition for an-
other 30 min to finish tanning. The mixture was filtrated
by 100 meshes nylon filter cloth to separate the tanning
effluent and chrome tanned hide powder. The chrome
tanned hide powder was lyophilized for subsequent ana-
lyses. The tanning by using microwave irradiation heated
chrome tanning liquor was regard as MW and by water
bath heating was short for WB.

2.4 Determination methods
2.4.1 Ion exchange chromatography determination
Five milliliter of each sample was filtered by micro-
porous membranes (pore size 450 nm), and then
added into pretreated SP Sephadex C-25 cation ex-
change chromatographic columns (inner diameter 2.0
cm, packed 20.0 cm). Elution conditions were selected
as follows: flow velocity of eluent of 2.5 mL/min,
followed by using H2O, 0.5 mol/L NaClO4, 1.0 mol/L
NaClO4, 2.0 mol/L NaClO4, 2.0 mol/L HCl and 2.0
mol/L HCl to elute. UV1900 UV-Vis spectrophotom-
eter was used to detect the absorbance at 420 nm for
each 7.5 mL eluent [23, 24, 27].

2.4.2 Gel filtration chromatography determination
Five milliliter of each sample was filtered by micro-
porous membranes (pore size 450 nm), and then put
into pretreated SP Sephadex G-25 gel filtration chro-
matographic columns (inner diameter 2.0 cm, packed
80.0 cm). Elution conditions were selected as follows:
flow velocity of eluent, 2.5 mL/min; H2O was used to
elute. UV1900 UV-Vis spectrophotometer was used to

detect the absorbance at 420 nm for each 7.5 mL
eluent [23, 24, 27].

2.4.3 Chromium structure determination
After IEC separation, each composition was lyophilized.
The lyophilized chromium composition from IEC separ-
ation was ground with KBr and made into thin disk,
then a Nicolet 10 FT-IR was used to scan in wavenum-
ber range of 500–4000 cm− 1 for 32 times, and the data
was recorded.

2.4.4 Hide powder chrome content measurement
0.150 ± 0.001 g lyophilized chrome tanned hide powder
was digested in a flask with 10 mL nitric acid and 5mL
hydrogen peroxide under boiling for 30 min until there
was no visible particle. After cooling down, the digested
solution was dissolved in 100 mL volumetric flask. The
total chromium content in digestion solution was deter-
mined by ICP-AES following the manufacturer’s direc-
tion and then the content of Cr2O3 in hide powder was
calculated.

2.4.5 Hide powder DSC measurement
The lyophilized chrome tanned hide powder was put
into aluminum crucibles and heated by differential scan-
ning calorimeter with 10 °C/min heating rate in 100 mL/
min nitrogen atmosphere from 50 to 250 °C.

2.4.6 Hide powder TG measurement
The lyophilized chrome tanned hide powder was put
into ceramic crucibles and heated by thermal gravimetric
analyzer with 10 °C/min heating rate in 100 mL/min ni-
trogen atmosphere from 50 to 800 °C.

3 Results and discussion
3.1 The influence of microwave on chromium charge
composition in tanning liquor
The IEC results of 0% basicity chromium sulphate tan-
ning liquors warmed under microwave (MW), water
bath (WB) and without heating are shown in Fig. 1. Ac-
cording to prior studies, the chromatographic peak I to
peak VI represent anionic-zerovalent, monovalent, bi-
valent, trivalent, tetravalent and pentavalent chromium
complexes respectively [23, 24, 27]. The contents of each
composition in WB, MW and control can be calculated
based on the area of ion-exchange chromatographic
peaks and the results are listed in Table 1.
Generally, hydrolysis results in the ligand change of

chromium complex and pH reducing of tanning liquor;
olation leads to generate high positive charge and large
molecular size chromium complex. Notably, the control
sample consists of anionic-zerovalent complex mainly,
the content is 69.55%, while the high positive composi-
tions, tetravalent and pentavalent chromium complex,
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are relatively less. After warming, the anionic-zerovalent
complex decreases to 15.59% for WB and 18.01% for
MW, but other positive charge complexes increase obvi-
ously, indicating warming promotes chromium tanning
liquor hydrolysis and olation to generate more positive
charge complexes. Furthermore, there are more

tetravalent and pentavalent chromium complexes in
MW which are 3.76% and 5.94% higher in comparison
with WB. That is to say, microwave has more powerful
and significant effect on promoting the hydrolysis and
olation process because microwave contains the effect
beyond temperature named non-thermal effect.

Fig. 1 The IEC results of 0% basicity chromium sulphate tanning liquors warmed under different methods
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Figure 2 and Table 2 are the IEC results of 33% bas-
icity chromium sulphate tanning liquors warmed under
microwave (MW), water bath (WB) and without heating
together with the contents of each composition in differ-
ent samples. As expected, less anionic-zerovalent com-
plex but more positive charge complexes is found in
33% basicity chromium sulphate tanning liquor after
warming. The anionic-zerovalent chromium complexes
in WB and MW decrease by 20.69% and 20.80% com-
pared with control. In addition, pentavalent chromium
complexes in MW are 9.65% and 8.11% higher than con-
trol and WB.
Since previous has been demonstrated microwave had

non-thermal effect when it was used for heating chro-
mium tanning liquor, the detail reason for the changes
was not explicated. No matter chromium (III) or ligands,
water, hydroxyl ion or sulphateanion, are polar particles,
they are affected by microwave and generated unforced
oscillation to produce more complicated movement
styles and greater collision possibility during hydrolysis
and olation, which benefit for higher reaction rate and
yield. Thus, the hydrolysis and olation of chromium
sulphate tanning liquors are drastic under microwave
and result in generating more positive charge complexes.
As the temperature during microwave and water bath
warming process is same, the additional positive charge
complexes might be attributed to non-thermal effect of
microwave.

3.2 The influence of microwave on chromium molecular
size in tanning liquors
GFC is widely used to analyze molecular size distribu-
tion of mixture. During the process, retention time of
large molecular size composition is short; on the con-
trary, it is long for small molecular size part. The GFC
results of 0% and 33% basicity chromium sulphate tan-
ning liquors with different warming treatments are
shown in Fig. 3. In the both basicity liquors, retention
time from short to long is always MW, WB and control,
and the retention time of 33% basicity samples are
shorter than corresponding of 0% basicity.

The hydrolysis and olation of chromium complex
could be illustrated as following schematic:
Hydrolysis: [Cr(H2O)6]

3+→ [([Cr (OH)(H2O)5]
2++H+

Oltation: 2[Cr (OH)(H2O)5]
2+→[[Cr (H2O)5]-O-[Cr

(H2O)5]]
3++H+.

Just as the IEC results, there are more high positive
charge composition after warming, as consequence,
more multinuclear complexes are generated and result
in enlarging average molecular size of chromium com-
plex in tanning liquors.
Compared with 0% basicity chromium sulphate tan-

ning liquor, which mainly contains [Cr(H2O)6]
3+ at be-

ginning, the dominant complexes in 33% basicity
chromium sulphate tanning liquor is [Cr (OH)(H2O)5]
2+. There is only one kind of ligand in [Cr(H2O)6]

3+

while two ligands exist in [Cr (OH)(H2O)5]
2+. The differ-

ent ligand changes the space structure and electronic
cloud distribution of complex, causing polarity trans-
formation. Obviously, complex in 33% basicity chro-
mium sulphate tanning liquor has larger polarity due to
hydroxyl ion inducing. With the increasing of basicity,
retention time in 33% basicity tanning liquor for MW is
12min shorter than WB (from 111min to 99min) and
only 6 min shorter (from 135min to 129 min) in 0% bas-
icity specimen. That is to say, microwave has more sig-
nificant effect on hydrolysis and olation of chromium
sulphate tanning liquor when it has higher polarity be-
cause microwave has more significant effect on polar
system.

3.3 The influence of microwave on chromium complex
structure
FT-IR absorption peaks and coordination patterns be-
tween chromium and SO4

2− of each composition sepa-
rated by IEC in 0% and 33% basicity chromium sulphate
tanning liquors with different warming treatments are
shown in Tables 3 and 4. In FT-IR results, the combin-
ation pattern between Cr (III) and SO4

2− is double-point
coordination if there are four absorption peaks in the
range of 900–1300 cm− 1; meanwhile, the combination
pattern between Cr (III) and SO4

2− is single-point coord-
ination if there are three absorption peaks in the range
of 900–1300 cm− 1; if there are two absorption peaks,
SO4

2− is free [28].. The FT-IR images (wavelength from
800 to 2000 cm− 1) of each component separated from
chromium sulphate tanning liquor with two kinds of
basicity are listed in Fig. S1 to Fig. S6, and the peaks of
SO4

2− in chromium complex are showed in Tables 3
and 4.
For 0% basicity chromium sulphate tanning liquors,

there are three, two, two and two absorption peaks in
composition I composition II, composition III and com-
position IV for control. The absorption peaks for corre-
sponding compositions in WB and MW are totally

Table 1 The content of each component in 0% basicity
chromium sulphate tanning liquor warmed under different
methods

Composition Control (%) WB (%) MW (%)

I 69.55 15.59 18.01

II 18.50 38.10 31.18

III 4.59 20.90 17.10

IV 1.17 4.61 3.21

V 3.87 9.88 13.64

VI 2.32 10.92 16.86

Total 100.00 100.00 100.00
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same, but the one more peak are observed in compos-
ition I and composition III from WB and MW compared
with control.
For 33% basicity chromium sulphate tanning liquor,

the number of absorption peaks of each component in
WB and MW samples is still same; two more absorption

peaks in composition III are observed in WB and MW
compared with control.
These results indicate heating can alter the combin-

ation pattern of chromium complex as consequence of
converting single-point coordination into double-point
coordination. In this way, much higher positive charge

Fig. 2 The IEC results of 33% basicity chromium sulphate tanning liquors warmed under different methods
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complexes and the complexes with larger molecular size
are generated. Nevertheless, although microwave pro-
motes the hydrolysis and olation further and brings
about more positive charge and large molecular size
complexes in comparison with water bath, the coordin-
ation pattern in MW is completely same with WB, indi-
cating microwave only accelerates the reaction and leads
to high yield rather than changing the mechanism of hy-
drolysis and olation.
The frequency of microwave for civil application is

2450MHz in China. Usually, the energy of light
quantum of microwave is only 10− 5 eV. Since the ionic
and covalent bond energy are about 5 to 7 eV, even the
hydrogen bond energy is 0.04–0.44 eV, microwave could

Table 2 The content of each component in 33% basicity
chromium sulphate tanning liquor warmed under different
methods

Composition Control (%) WB(%) MW(%)

I 33.12 12.43 12.32

II 26.07 29.89 30.33

III 9.57 19.29 18.02

IV 3.62 6.01 5.94

V 25.60 28.83 21.73

VI 2.02 3.56 11.67

Total 100.00 100.00 100.00

Fig. 3 The GFC results of chromium sulphate tanning liquors warmed under different methods
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not break any chemical bond from views of energy as-
pect [29]. Not surprisingly, the combination patterns be-
tween chromium and ligands remain under microwave
irradiation. The polar ions which could absorb micro-
wave and result in more complicated movement beyond
thermal will have larger collision possibility during

hydrolysis and olation to make the reaction more effect-
ive. It could be explicate the results that microwave in-
creases the ratio of high positive charge and large
molecular size complexes without changing combination
between chromium (III) and ligands.

3.4 The influence of microwave on tanning ability of
chromium tanning liquor
As microwave could promote the hydrolysis and olation
of chromium tanning liquor further to generate more
high-positive charge and large molecular size complexes,
it would benefit for improving tanning ability of chro-
mium tanning liquor. Hide powder was tanned by 33%
basicity chromium tanning liquor treated by microwave
and water bath in advance, and then the chrome content
and thermal behaviors of the products were measured.
Generally, the more high-positive charge and large

molecular size complexes exist, the better tanning ability
of the chromium tanning liquor is. The 33% basicity
chromium tanning liquor after water bath and micro-
wave heating was used in hide powder tanning, and de-
naturation and thermal decomposition process of the
tanned hide powder are shown in Figs. 4 and 5. The crit-
ical data like denaturation temperature (Td), enthalpy
during denaturation (ΔH), maximum decomposition
temperature (Tmax), carbon residue and chrome content
are listed in Table 5.
It is clear that Cr2O3 content of MW sample is higher

than WB because there are more high positive charge
and large molecular size complexes in tanning liquor
after microwave heating which have better affinity to
collagen and result in higher chrome exhaustion during
tanning. Since chrome content is higher in MW sample
and there may be more high-positive charge and large
molecular size complexes combined with collagen dur-
ing tanning, it might establish more cross-linking be-
tween collagen and chromium complexes, thus the
product has better thermal stability presenting as higher
Td, ΔH and Tmax. Moreover, as the chromium complex
is nonvolatile substance, the higher chrome content in
MW is an important reason for higher carbon residue
compared with WB. These results suggest that chro-
mium tanning liquor undertook microwave irradiation
has better tanning ability which could make leather have
better thermal stability and thermal decomposition re-
sistance as well as improve chrome exhaustion during
tanning.

4 Conclusion
The promotion effects of microwave on chromium tan-
ning liquor come from both thermal effect and non-
thermal effect. There are more high positive charge and
large molecular size complexes in chromium tanning li-
quor after microwave heating due to the existence of

Table 3 FT-IR absorption peaks of SO4
2− in chromium complex

from each component in 0% basicity chromium sulphate
tanning liquor

Composition Control (cm−1) WB (cm− 1) MW (cm− 1)

I 1095.23 1288.00 1289.42

988.29 1206.79 1210.51

941.27 1065.74 1067.67

980.87 981.54

II 1110.72 1028.28 1116.50

940.51 940.05 940.23

III 1087.29 1106.16 1118.32

940.62 1083.89 1081.91

940.72 940.67

IV 1114.61 1099.29 1106.98

940.82 940.83 940.69

V – 1157.35 1141.84

1140.73 1110.72

1065.05 1087.21

940.69 940.71

Table 4 FT-IR absorption peaks of SO4
2− in chromium complex

from each component in 33% basicity chromium sulphate
tanning liquor

Composition Control (cm−1) WB (cm−1) MW (cm−1)

I 1189.29 1284.33 1284.57

1068.27 1178.76 1178.86

1045.80 1069.34 1069.59

975.35 940.78 1010.94

II 1049.46 1095.49 1083.95

940.15 940.18 940.37

III 1114.62 1144.60 1144.92

940.44 1111.03 1111.18

1086.89 1084.19

940.64 940.63

IV – 1114.66 1084.22

940.42 940.64

V 1142.08 1145.47 1144.81

1111.14 1113.81 1112.94

1087.24 1088.73 1087.89

940.67 940.80 940.78
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Fig. 4 The denaturation process of hide powder tanned by chrome tanning liquor treated by different method

Fig. 5 The thermal decomposition process of hide powder tanned by chrome tanning liquor treated by different method
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non-thermal effect. Microwave has stronger influence on
33% basicity chromium tanning liquor hydrolysis and
olation, in other word, high polarity system are affected
by microwave drastically and effectively. Although
microwave has additional effect on chromium tanning li-
quor hydrolysis and olation, the combination patterns
between chromium and ligand remain as normal. There
is better tanning ability to generate excellent thermal be-
haviors leather and improve chrome exhaustion during
tanning when chromium tanning liquor is treated by
microwave irradiation. To summarize, microwave might
be a new method for modifying chrome tanning agent in
future and would be used in chrome tanning process in
one step.

5 Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s42825-020-00024-1.

Additional file 1: Fig. S1. FT-IR images of each component in 0% bas-
icity chromium sulphate tanning liquor without heating. Fig. S2. FT-IR
images of each component in 0% basicity chromium sulphate tanning li-
quor with water bath heating. Fig. S3. FT-IR images of each component
in 0% basicity chromium sulphate tanning liquor with microwave irradi-
ation. Fig. S4. FT-IR images of each component in 33% basicity chro-
mium sulphate tanning liquor without heating. Fig. S5. FT-IR images of
each component in 33% basicity chromium sulphate tanning liquor with
water bath heating. Fig. S6. FT-IR images of each component in 33%
basicity chromium sulphate tanning liquor with microwave irradiation.
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