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a b s t r a c t

In this study, the original causes for hexavalent chromium presence in the leather were first evaluated
by ageing of chromium(III) solutions and chrome tanned hide powder (50 ◦C, UV lightening at 340 nm,
0–36 h). The results showed that the trivalent chromium at instable coordination state was easy to convert
into hexavalent chromium in high pH environment, and the probability of the oxidation increased in this
order: multi-coordinate chromium, mono-coordinate chromium, and free chromium. For this reason,
the process for stabilizing chromium in the leather was designed with the specific material, which was
eywords:
eather
hromium
exavalent chromium
tabilization

mostly consisted of the reducers and the chelating agents. After treated with the developed process,
these leathers were aged (50 ◦C, UV irradiance as 0.68 W/m2 at 340 nm, 0–72 h) to estimate chromium(VI)
presence. Hexavalent chromium was not found in these treated leathers even if the leathers were aged
for 72 h. Moreover, the physical and mechanical properties for the leathers varied little after treating. In a
word, an inherent safe and effective process was proved to avoid the formation of hexavalent chromium

in the leather.

. Introduction

Among all the mineral and organic tannages used today, the
hrome tannage carried out with basic chromium salts has numer-
us technical advantages. Thus, it accounts for more than 80% of the
annages in the past 20 years [1,2]. However, trivalent chromium
n the leather may convert into hexavalent chromium, resulting in
kin allergy [3], cancer [4] and kidney necrosis [5]. Furthermore, the
nfriendly hexavalent chromium has been an increasingly sensitive

ssue with the development of the society.
Since hexavalent chromium traces were found in the leather

roducts for the first time in 1994, numerous attempts have
een made to understand the formation of hexavalent chromium.
he researchers found that hexavalent chromium presence was
ightly related to the processing and disposing conditions for the
eather, such as the leather chemicals (the retanning agents [6], the
atliquoring agents [7,8]), the acidity of the leather [9], the ironing
emperature [10], the relative humidity of the storing environment
11,12] and the incineration temperature [13–15]. Although car-

inogenic hexavalent chromium can be temporarily converted into
ontoxic trivalent chromium with the reducing agents [16], some
dditional hexavalent chromium is usually found in the leather
uring the following usage period. That is, none of the publica-
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tions gives an absolutely safe “recipe” to avoid the formation of
hexavalent chromium in the leather.

Conversion of trivalent chromium to hexavalent chromium is a
redox reaction, so both the states of the reactants and the acid-
ity of the reaction environment are important factors. Trivalent
chromium in the leather exists as free, mono-coordinate or multi-
coordinate state and its stability increases gradually as prescribed
order [17]. Therefore, a hypothesis was proposed, viz., the con-
version of trivalent chromium may be primarily associated to its
chemical instability in the leather. This hypothesis was confirmed
with the ageing study of the chromium(III) solutions, the chrome
tanned hide powder and the chrome tanned leathers. Then, the dif-
ference in the hexavalent chromium presence between the belly
and the butt was explained with the verified hypothesis. Finally, the
specific process for stabilizing chromium was proposed and proved
to avoid the formation of hexavalent chromium in the leather.

2. Experimental procedures

2.1. Materials

Chromium(III) chloride hexahydrate, formic acid, oxalic acid, l-
glutamic acid and hide powder (Cr2O3 content as 0.3–0.5% on dry
weight basis) were of analytical reagent grade. The specific mate-

rial (with pH about 7) was prepared with the reducers and the
metal chelating agents in the laboratory. Chrome tanned pigskin
shoe lining leathers (Cr2O3 content as 3.5–3.8% on dry weight basis;
thickness as about 0.80 mm) were from Yuanxin Tannery (China)
and processed with a common chrome tanning and post-tanning

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:gongying_85@126.com
mailto:wychen1952@hotmail.com
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rocedure. The fatliquoring agent contained in the leather was a
ixture of unsaturated esters.

.2. Methods

.2.1. Study of chromium(III) solutions

.2.1.1. Preparation of chromium(III) solutions. A 0.1 mmol/L
hromium(III) chloride solution (1000 mL) was prepared as solu-
ion a. Then solution a was divided into three equal parts and their
H values were adjusted to 4.0, 5.0 and 6.0 with 0.1 mol/L NaOH
olution respectively.

A 0.1 mmol/L chromium(III) chloride solution (500 mL) was pre-
ared as solution b. Then an acid was added into solution b to get a
ole ratio of the acid to trivalent chromium as 1:1 or 3:1. The acid
as formic acid, oxalic acid or l-glutamic acid. Next, the reactant
ixture was heated to reflux for 1 h at 70 ◦C under stirring to get

hromium-acid complexes [18]. At the end of the reaction, the acid-
ty of the product mixture was adjusted to a pH 5.0 with 0.1 mol/L
aOH solution.

.2.1.2. Ageing of chromium(III) solutions. After the chromium(III)
olutions were exposed to UV lightening (10.5 W/m2) at 340 nm
or 0 h, 4 h, 8 h, 12 h, 24 h and 36 h at 20 ◦C, the hexavalent
hromium contents in these solutions were determined as IUC-
8 method [19]. Here, the Cr(III) solutions without acids were the
ontrols.

.2.2. Study of chrome tanned hide powder (CTHP)

.2.2.1. Preparation of CTHP. Hide powder was first soaked in a con-
cal beaker with an 800% float (based on the weight of the hide
owder) at 20 ◦C overnight. The soaked hide powder was squeezed

ightly to remove the excess water and the moist weight was noted.
he chemicals used in the following procedure were based on the
eight of the soaked hide powder. The weighted hide powder was
ickled with a 100% float containing 10% sodium chloride and 0.8%
2SO4 (98%) for 1 h. Next, the pickling mixture was shaken for
h after the addition of 3% chromium(III) chloride hexahydrate.
fter heated up to 40 ◦C, the tanning solution was basified with 1%
odium bicarbonate diluted 10 times with water and shaken for
nother 1 h with a final pH about 4.0. After washed in a 200% float,
he chrome tanned hide powder (CTHP) was squeezed lightly to
emove the excess water and then dried in the air.

.2.2.2. Treatment of CTHP with acids. Chrome tanned hide powder
CTHP) was first rewetted in a conical beaker with a 600% float
based on the weight of the CTHP) at 20 ◦C overnight. Then the
ewetted CTHP was squeezed lightly to remove the excess water
nd the moist weight was noted. The chemicals used in the follow-
ng procedure were based on the weight of the rewetted CTHP. The

eighted CTHP was treated in a 100% float containing an acid (0.61%
ormic acid, 1.42% oxalic acid or 1.66% l-glutamic acid) at 40 ◦C for
h. Next, the mixture was adjusted to pH about 4.0 with sodium
icarbonate diluted 10 times with water and shaken for another
h. After washed in a 200% float, the treated CTHP was squeezed

ightly to remove the excess water and then dried in the air. The
THP treated with formic acid, oxalic acid or l-glutamic acid was
enoted as CTHP–FA, CTHP–OA and CTHP–l-Glu respectively. Here,
he CTHP without treatment was the control.

The CTHP was analyzed for moisture, Cr2O3 and Cr(VI) content
s IUC-5 method [20], IUC-8 method [21] and IUC-18 method [19]

efore ageing. The moisture content for all the CTHP was 20–21%.
he chromium content as Cr2O3 was 1.14%, 1.30%, 1.26% and 1.28%
on dry weight basis) for control, CTHP–FA, CTHP–OA or CTHP–l-
lu respectively. Moreover, hexavalent chromium was not found

n all the CTHP before ageing.
aterials 179 (2010) 540–544 541

2.2.2.3. Ageing of CTHP. After the CTHP was aged with a QUV/se
Accelerated Weathering Tester (Gotech Testing Machines Co. Ltd.,
China) for 0 h, 4 h, 8 h, 12 h, 16 h and 20 h, its hexavalent chromium
content was determined using IUC-18 procedure [19]. The acceler-
ated ageing conditions were as following: temperature as 50 ◦C, UV
irradiance as 0.68 W/m2 at 340 nm (equal to the solar irradiance at
noon on Midyear’s Day).

2.2.3. Study of chrome tanned leathers
2.2.3.1. Treatment of the leathers. Since the colorants in the extracts
of the dark leathers could bring the false positive results to hex-
avalent chromium content determined as IUC-18 method [22,23],
five pieces of light color leathers in the same production batch
were selected for the experiment. One leather with Cr(VI) content
about 16 mg/kg was as leather a, the others were with hexavalent
chromium content below the spectrophotometric detection limits,
as leather b, leather c, leather d and leather e respectively. Their pH
values were as 4.1, 4.3, 4.1, 5.0 and 6.0 in turn.

Leather a and leather b were treated with the following pro-
cedure and the chemicals used were based on the weight of the
leather. The two leathers were first rewetted in a drum with a
300% float at 30 ◦C for 30 min. The rewetted leathers were squeezed
lightly to remove the excess water and the moist weight was noted.
Next, the weighted leathers were treated in a drum with a 100%
float containing 3.0% specific material (prepared in the laboratory)
at 30 ◦C for 1 h. The final pH of the float was adjusted to 3.5 with 2.0%
formic acid diluted 10 times with water and run for 30 min. In the
end, the treated leathers were processed as the common finishing
procedure.

As for leather a and leather b, their mechanical properties and
color properties were analyzed before and after the treatment. After
air conditioned [24], the tensile strength and the tear strength were
measured with an automated tensile machine (AI 7000S, China) as
per IUP 6 method [25] and IUP 8 method [26] respectively. The
color of the leather was quantified with a color photometer (Pre-
mier 8200, USA) according to the Commission International de
l’Eclairage (CIE) system of color measurement with 100 standard
observer data [27].

2.2.3.2. Ageing of the leathers. Matched samples (10.0 cm × 7.5 cm)
were cut from the butt and belly areas of the five leathers. After
these samples were aged with the QUV/se Accelerated Weather-
ing Tester for 0 h, 12 h, 24 h, 36 h, 48 h, 60 h and 72 h, hexavalent
chromium contents in the leather samples were measured as IUC-
18 method [19].

The weathering conditions for the leather samples were the
same as the CTHP. The moisture content and the pH value of the
leather sample were analyzed as IUC-5 method [20] and IUC-11
method [28] during the ageing period.

3. Results and discussions

3.1. Formation of Cr(VI)

3.1.1. Effect of the acidity of the reaction environment
As shown in Fig. 1, as for the chromium(III) solutions after UV

lightening, the less hexavalent chromium presence was found in
the solution of high acidity.

In this work, the moisture contents for the leathers were 17–18%
before ageing and maintained at 9–10% after 24-h ageing; more-

over, their pH values only increased about 0.2 during the ageing
period. Therefore, the difference of Cr(VI) presence would depend
on the initial pH value of the leather, if the effect of the moisture
content of the leather [11,12] was neglected. As indicated in Fig. 2,
after ageing, the less hexavalent chromium presence was found in
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Fig. 1. Cr(VI) presence in the chromium(III) solutions of various pH values after UV
lightening.

t
a

r
c
T
d

Table 2
Cr(VI) presence in the CTHP after ageing.

Cr(VI) content (mg/kg) Accelerated ageing time (h)

0 4 8 12 16 20

Controla –b 0.51 0.58 0.68 0.82 0.99
CTHP–l-Glu –b –b 0.45 0.50 0.56 0.67

b b b

ganic salts (such as sulfate and carbonate) and organic acids (such

T
C

Fig. 2. Cr(VI) presence in the leathers of various pH values after ageing.

he leather of low initial pH value. The findings were similar to the
geing study of the chromium(III) solutions (Fig. 1).

According to the Gibbs free energy changes for the oxidation

eaction, trivalent chromium is apt to convert into hexavalent
hromium in the environment with pH value higher than 5 [29].
hus, the acidity of the leather may be lowered to prevent the oxi-
ation of Cr(III). This view has been confirmed by the ageing study

able 1
r(VI) presence in the chromium(III) solutions after UV lightening (pH = 5.0).

Cr(VI) in the solutionsa (mmol/L) UV radiation time (h)

0 4

Cr(III):l-Glu = 1:1 –c 6.5 × 10−5

Cr(III):FA = 1:1 –c 4.0 × 10−5

Cr(III):OA = 1:1 –c –c

Cr(III):l-Glu = 1:3 –c –c

Cr(III):FA = 1:3 –c –c

Cr(III):OA = 1:3 –c –c

Controlb –c 1.8 × 10−4

a CrCl3 and the acid were mixed with the mole ratio. l-Glu, FA and OA were the abbrev
b Only CrCl3 solution.
c “–” meant “hexavalent chromium was not found”.
CTHP–FA – – – 0.11 0.18 0.21
CTHP–OA –b –b –b –b –b 0.09

a Chrome tanned hide powder (CTHP) without treatment.
b “–” meant “hexavalent chromium was not found”.

of both the chromium(III) solutions and the leathers of various pH
values.

3.1.2. Effect of Cr(III) coordination states
As displayed in Table 1, as for the chromium(III) solutions after

UV lightening, Cr(VI) concentration in the solution with an acid
was lower than the control; hexavalent chromium presence was
also less in the solution of CrCl3 and an acid with mole ratio as
1:3, compared to that with equal mole. Furthermore, hexavalent
chromium presence was the least in the solution with oxalic acid.
Particularly, hexavalent chromium was not found in the solution of
CrCl3 and oxalic acid with the mole ratio as 1:3, even if the solution
was UV irradiated for 36 h in the experiment.

As shown in Table 2, as for the CTHP after ageing, the hexavalent
chromium content increased in this order: control, CTHP–l-Glu,
CTHP–FA, CTHP–OA. This order was similar to that found for the
chromium(III) solution with an acid after ageing (Table 1).

As we know, with the mole ratio of trivalent chromium to a
mono-dentated acid as 1:1, trivalent chromium is at incomplete
coordination state with instability; while with the mole ratio as
1:3, trivalent chromium may be sufficiently coordinated to be at
a stable state with relative chemical inertia [18]. That is, trivalent
chromium may be steadier in the solution with high content of the
coordinated acid. As for l-glutamic acid, formic acid and oxalic acid,
their coordination abilities to trivalent chromium increase gradu-
ally [30,31]. So the stability of the trivalent chromium complex may
also increase as the order of the prescribed coordinated acid. As for
both the chromium(III) solutions and the CTHP treated with acids,
the least hexavalent chromium presence was just corresponding to
the most stable trivalent chromium (Tables 1 and 2). In a word, the
more stable the trivalent chromium, the less Cr(III) converts into
Cr(VI).

Collagen, as the main part in the leather, is composed of the
peptide chains. It contains a number of side chain carboxyl groups,
so collagen may bind to trivalent chromium in a condition. Inor-
as formic acid, acetic acid and oxalic acid) used in the leather man-
ufacture can also combine to trivalent chromium. However, there
are some trivalent chromium compounds depositing in the gaps
among the collagen fiber bundles, and they do not link to the car-

8 12 24 36

1.2 × 10−4 1.9 × 10−4 2.9 × 10−4 1.1 × 10−3

7.5 × 10−5 1.1 × 10−4 1.8 × 10−4 6.5 × 10−4

–c –c 9.0 × 10−5 5.4 × 10−4

–c –c 3.1 × 10−5 1.6 × 10−4

–c –c 1.9 × 10−5 9.8 × 10−5

–c –c –c –c

3.5 × 10−4 4.8 × 10−4 1.1 × 10−3 1.7 × 10−3

iations of l-glutamic acid, formic acid and oxalic acid respectively.



dous M

b
o
c
i
t
s
t
t

3
l

i
t
l
l
d
t
i
b
c
i
c
c
d
f
l
m

3

f
a
i
p
o

l
t
a
n
m

o
h
t
c
i
c
a
t

p
d
t
s
i
m
w
o
s
a
s
c

Y. Gong et al. / Journal of Hazar

oxyl or the other chelating agents in the leather. Thus, three types
f chromium are differentiated: free chromium, mono-coordinated
hromium and multi-coordinated chromium, and their stability
ncreases in turn. Moreover, the probability of the oxidation of
rivalent chromium decreases in this order as proved by the ageing
tudy of the chromium(III) solutions and the CTHP. In conclusion,
he instable chromium in the leather should be stabilized in a way
o avoid the formation of hexavalent chromium.

.2. Variations of hexavalent chromium presence in different
eather parts

Hexavalent chromium contents in both the butt and the belly
ncreased with the prolonged ageing. However, Cr(VI) content in
he belly was higher (Fig. 2). In a common tanning procedure,
eathers or hides continually strike on the inside wall of the drum,
eading to the uniform mechanical action provided by the running
rum. Supposing the penetration of the chrome tanning agents into
he leather is even in the tanning process, then trivalent chromium
n per area or volume of the belly will be comparable to that in the
utt. Since the collagen fiber weave in the belly is looser and the
ollagen is the main chelating component to trivalent chromium
n the leather, the percentage of trivalent chromium at incomplete
oordination state might be higher in the belly, including trivalent
hromium at free state or at mono-coordinate state. Thus, the oxi-
ation of Cr(III) caused by the unsaturated esters [7,8] (such as the
atliquoring agent in the leather) would be easier in the belly if the
eather was subjected to UV lightening and high temperature. This

ay be the main reason to higher Cr(VI) presence in the belly.

.3. Stabilization of chromium with the specific process

In the whole 72-h ageing period, hexavalent chromium was not
ound in the belly or in the butt of the two treated leathers (leather a
nd leather b), but the hexavalent chromium was constantly formed
n the other three leathers without treatment (Fig. 2). Thus, the
ersistent elimination of Cr(VI) may be related to the stabilization
f chromium with the specific treatment.

The tensile strength and the tear strength for leather a and
eather b varied little after the treatment. Also, their color proper-
ies changed little after treating, including the hue, the color depth
nd the color uniformity. To sum up, the treatment process did
ot affect the physical and mechanical properties of the leather
arkedly.
The specific material may easily penetrate into the belly because

f the loose collagen fiber weave. Consequently, not only all the
exavalent chromium in the belly can be effectively reduced
o trivalent chromium, but also trivalent chromium at deficient
oordination state can be sufficiently stabilized with the chelat-
ng components in the specific material. That is, the hexavalent
hromium of higher content in the belly may be totally reduced
nd then stabilized with the specific material just like the butt in
he same process.

As we know, the wet leathers with the common post-tanning
rocedure have similar properties to the rewetted leathers in the
eveloped treatment process. Thus, the wet leathers may be also
reated with this developed process and the treated leathers are
till prepared to the following common finishing procedure. That
s, there is no additional connection between the common leather-

aking procedure and the treatment. Furthermore, the treatment
ould not affect the properties of the leathers evidently, and it will
nly cost additional USD 10 to process 100 m2 of leather with the
pecific material. The used specific material comprises the reducers
nd the metal chelating agents. The reducers are preferred to the
ulfocompounds with the valence of sulfur as 4 or lower; the metal
helating agents are preferred to the compounds containing two or
aterials 179 (2010) 540–544 543

more carboxyl groups. The detailed formula for the specific material
is being patented in China.

This specific process for stabilizing chromium has been
exploited in Yuanxin Tannery (China), which produces pigskin shoe
lining leathers. Hexavalent chromium is not found in the leathers
with this particular treatment, not only in the accelerated ageing
period (50 ◦C, UV irradiance as 0.68 W/m2 at 340 nm, 72 h), but also
in the following 18-month storing period (room temperature as
20 ◦C, relative humidity as about 70%). Moreover, the physical and
mechanical properties of the treated leathers still meet the demand
of the Yuanxin Tannery.

In a word, the process for stabilizing chromium proposed here
is an inherent safe alternative to avoid the formation of hexavalent
chromium in the leather.

4. Conclusions

In this research, a conception of hexavalent chromium pres-
ence in the leather was verified by experiments, i.e. the trivalent
chromium at instable coordination state was easy to convert into
hexavalent chromium in the high pH environment, and the prob-
ability of the oxidation increased in this order: multi-coordinate
chromium, mono-coordinate chromium, free chromium. In com-
parison with the butt, the higher percentage of the deficiently
coordinated trivalent chromium in the belly led to higher hexava-
lent chromium presence after ageing.

For this reason, a new method to avoid the formation of hex-
avalent chromium was designed with the specific material, which
mainly comprises the sulfocompounds with the valence of sulfur as
4 or lower and the metal chelating agents containing two or more
carboxyl groups. Hexavalent chromium was not found in the belly
or in the butt of the treated leathers, even if the leathers were aged
with the intense UV lightening and high temperature for 72 h. These
results in turn validated the conception of stabilizing chromium to
eliminate hexavalent chromium presence.
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