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In several melt ing experiments the existence of hexavalent chromium in s o d a - l i m e - s i l i c a glasses depend ing on the ox ida t ion con-
dit ions and the presence of iron have been investigated by means of a recently p roposed wet chemical analysis p rocedure . T h e
observed dependence of the concen t r aüon of hexavalent ch romium on the iron con ten t can be explained by m e a n s of a n e lec t ron
exchange between iron and chromium dur ing cooling. The results have been appl ied to the condi t ions of indust r ia l glass mel t ing .
U n d e r sufficiently reducing condi t ions and high por t ions of iron the existence of hexavalent c h r o m i u m can be excluded. These
condi t ions are fulfilled for all commercia l conta iner glasses investigated.

Untersuchungen zur Existenz von sechswertigem Chrom in industriellen Gläsern

In einer Reihe von Sehmelzversuchen wurde das Vorhandensein von sechswert igem C h r o m in Kalk-Nat rons i l i ca tg läsern m i t e inem
kürzlich vorgeschlagenen naßchemischen Analyseverfahren in Abhängigkei t v o m Oxida t ionszus t and u n d v o m Eisengehal t de r G lä se r
untersucht . Die beobachte te Abhängigkei t der Konzen t ra t ion an sechswertigem C h r o m v o m Eisengehal t k a n n mit d em A u s t a u s c h
von Elekt ronen zwischen Eisen u n d C h r o m beim Abküh len erklärt werden . Die Ergebnisse w u r d e n auf die industr ie l len G l a s -
schmelzbedingungen über t ragen. U n t e r ausreichend reduzierenden Bedingungen u n d bei genügend h o h e m Eisengehal t k a n n d a s
Vorhandensein von sechswertigem C h r o m ausgeschlossen werden. Diese R a n d b e d i n g u n g e n waren für alle un te r such ten h a n d e l s -
üblichen Behältergläser erfüllt.

1. Introduction
Chromium is a very impor tan t coloring agent in the con
tainer glass industry. In the trivalent State it provides the
green color which is used in green and dead leaf green
glasses. Besides the trivalent State also hexavalent
chromium can exist in oxidized glasses. Hexavalent
chromium is known to be very toxic, thus, there is a 
strong interest to avoid this par t icular chromium species
in container glass.

Additionally, in 1994 the directive 94/62 on packag-
ing and packaging waste of the European Commiss ion
was int roduced [1]. According to that directive the sum
of concentrat ions of lead, cadmium, mercury and hexa-
valent ch romium in packaging mater ial is subject to a 
decreasing limit of 600 p p m by weight from two years
after enacting, 250 p p m from three after enacting and
100 p p m from five years after enacting the directive.
Cr^"^ seems to be of minor concern in industrial chro-
mium-colored glasses [2]. However, from UV-absorbing
green glass it is known that under certain condit ions
considerable quantit ies of Cr^"^ can exist. The directive
94/62 restricts the sum of mercury, cadmium, lead and
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Cr^"^. In this Situation, it is very d i sadvantageous tha t
the analytical m e t h o d s of the quant i ta t ive Cr^"^ de te rmi -
nat ion are still being discussed.

In order to avoid any prob lem concerning hexavalent
chromium, this paper investigates how the genera t ion of
Cr^"^ can be excluded by chosing appropr ia te b o u n d a r y
condit ions. T h e generat ion of Cr^"^ can be suppressed by
adding either reducing agents or iron. Several mel t ing
experiments have been carried ou t in order to de t e rmine
quanti tat ively the condi t ions for a reliable Cr^^ suppres -
sion. For a rehable quant i ta t ive Cr^^ detect ion a new
wet chemical m e t h o d has been tested. T h e results are
discussed from a t h e r m o d y n a m i c poin t of view, a n d a 
r ecommenda t ion is given in order to avoid the develop-
ment of Cr^"^ in the industr ial glass melt ing process.

2. Redox behavior of chromium and iron in
glass melts and glasses
In s o d a - l i m e - s i l i c a glass four oxidat ion states have
been repor ted for ch romium. T h e mos t i m p o r t a n t
species is Cr^+ [3 a n d 4], which is widely used to p r o d u c e
green a n d dead leaf green glasses. Besides Cr^"^ also
glasses conta in ing Cr^^ [5], Cr^+ [6 and 7] a n d Cr^+
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[3, 4 a n d 8] have been repor ted . In oxidized glasses Cr^"^
and Cr^"^ exist only in negligible amounts , thus, the
oxidat ion react ion of c h r o m i u m can be written

C r 3 + + A o 2 ^ C r 6 + + — 0 2 - .
4 2 

(1)

The respective oxidat ion states exist in different coordi-
nat ions wi th respect to the free oxygen ions. This causes
a dependence of the oxidat ion State n o t only on the oxy-
gen par t ia l pressure, bu t also o n the basicity of the melt.
However, because of the buffering act ion of the non-
bridging oxygen ions, the basicity can be assumed to be
cons tan t with respect to the oxidat ion reaction of iron
a n d ch romium if the to ta l concent ra t ion of the respec-
tive polyvalent element is sufficiently small. Thus, in
glass melts with  a certain compos i t ion the influence of
the basicity may be neglected [9]. Indeed, the compo-
sition of industr ial glass melts lies in a very small ränge
of basicity and it seems to be sufficient to discuss the
prob lem wi thout s t ructural considerat ions. Therefore,
the react ion cons tan t of react ion (1) can be written

K c A T )  [ C r ' - ] , 3 / 4.— P o 7  exp
C r

R T
(2)

T h e interact ion between polyvalent elements is con-
sidered in different ways in the l i terature [10 to 14]. The
i ron-chromium interact ion can be easily described as an
electron exchange between iron and chromium during
cooling according to the react ion

3Fe2+  + C r 6 + τ± 3 F Q ' -  + Cr^"^.

The react ion cons tan t of react ion (3) is given by

[Fe^^]^ [ C r ^ ^ Κ^,(Τγ
K ( T )

where

[ F e 3 ^ ] 3 [ C r ^ ^ K c r ( T )

AH^,  T A S ^ , ^
R T

(3)

(4)

(5)

is the react ion cons tan t of the iron oxidation.

Thus, if the Standard react ion enthalpy AH^ and the
Standard react ion en t ropy Δ^"^ of the respective oxi-
dat ion react ions are known , it is possible to calculate the
a m o u n t of exchanged electrons according to reaction
(3). In the case of the i ron-chromium interaction the
react ion finishes at tempera tures sufficiently above the
transformat ion temperature . In this par t icular case one
may consider only the stoichiometr ic condit ions at melt
tempera tures [12].

3. Experimental
Α m e t h o d of rapid de te rmina t ion of Cr^"^ has been pro
posed by H a h n [15]. I t is based on acid decomposi t ion

in H2F2-HCI of about 100 m g samples. After masking
excess fluoride ions by boric acid,  a blue-violet complex
of Cr^"^ with diphenylcarbazide is formed and its extinc-
tion at 540 n m is measured. The decomposi t ion must be
carried out in the cold Solution, otherwise Cr^^ will
leave the sample as chromylfluoride. Ano the r me thod
of rapid determinat ion of Fe^^ and total iron, also
proposed by H a h n [16] is achieved by digestion in
H2F2/H2SO4. After masking of excess fluoride ions the
Fe^^ ions react in the "status nascendi" to a certain
extent with phenanthrol inhydrochloride as a red-colored
complex and its extinction at 510 n m is measured. In
the same Solution the rest of Fe^^ will be reduced with
ascorbic acid and is determined in the same way. Both
methods are easy to practice and have  a good repro-
ducibility. The spectroscopic measurements were carried
out with a L a m b d a 19 of Perkin-Elmer, Überl ingen
(Germany) .

For all experiments,  a model glass of the composi-
t ion (in wt%): 70 Si02, 20 N a s O and 10 C a O was melted
at 1 4 0 0 ° C f o r 4 h .

According to the determinat ion of chromium as
Cr^ ^ with diphenylcarbazide the detection limit is 2 p p m
Cr [17]. By using the rapid me thod for the Cr^^ deter-
minat ion proposed by H a h n in a glass sample melted
of crystallized quartz , soda (for analysis) and calcium
carbonate (for analysis) in a laboratory melting furnace
at 1400°C for 4 h a blank value of 6 p p m Cr^-^ (ex-
pressed as C r 2 0 3 ) was obtained. The introduct ion of
these traces of Cr^"^ from the crystallized quar tz can be
excluded, because the C r 2 0 3 content in the crystallized
quar tz is <0.5 ppm. Based on these laboratory glass
samples wi thout F e 2 0 3 or C r 2 0 3 addit ional melts with
increasing addit ions of F e 2 0 3 have been melted. A n in-
creasing iron content in the glass significantly increases
the Cr^"^ blank value. It is t rue that addit ions of
N a H 2 P 0 4 Solution in order to mask the iron ions reduce
the b lank value, but probably small amoun t s of the com-
plex formed of iron with diphenylcarbazide can not be
prevented (table 1). The analytical results of the redox
State of iron in table  1 show that the oxidizing melting
condit ions are independent of the tota l iron concen-
trat ion (Fe^^/Fetot  0.1).

F r o m the laboratory experiments it can be concluded
that in presence of 0.25 to 0.5 w t% Ρθ2θ3 the blank value
for the Cr^"^ determinat ion according to the proposed
analytical procedure lies in the ränge 10 to 15 p p m in
glasses. Comparab le iron contents are found in commer-
cial glasses, representing therefore the basis for the dis-
cussion of the presented results of the mutual interac-
t ion of the ion equilibria  FQ^^/FQ'^ and Cr^^/Cr^^ in
glasses.

The reproducibility of the Cr^"^ determinat ion at
0.2 w t% Cr203 (as K2Cr207) was 3% (20 individual
measurements on the same sample). The total chromium
content was determined by a tomic absorpdon spec-
troscopy and atomic emission spectroscopy with induc-
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Table 1. Blank values of hexavalent ch romium depending on the concent ra t ion of Fe203 (values in brackets refer t o samples wi th
iron ions masked by means of N a H 2 P 0 4 )

[Cr^-^] given as [CrjOs]
in w t %

Fe203 addi t ion
in w t %

Fe203 concen t ra t ion
in w t %

[Fe^ ^] given as [Fe203]
in w t %

0.0006 (0.0006) 0 0 0
0.0009 (0.0008) 0.10 0.10 O.Ol
0.0012 (0.0010) 0.25 0.23 0.02
0.0010 (0.0010) 0.35 0.34 0.05
0.0018 (0.0013) 0.50 0.47 0.05
0.026 (0.0022) 1.00 0.91 0.09

Table 2. Influence of ca rbon addi t ion on the concent ra t ion of hexavalent c h r o m i u m (0.2 w t % Cr203 added as K2Cr207)

ca rbon add idon
in w t %

[Cr6+] given as [Cr203]
in w t %

[Fe2+] given as [Fe203]
in w t %

[Fctot] given as [Fe203]
in w t %

0
0.02
0.10
0.20
0.40

0.0700
0.0480
0.0380
0.0080

(0.0014) 0.011

0.006
0.23
0.23
0.23
0.23

Table 3. Varying Fe203 a d d i d o n at cons tan t Cr203 content of 0.2 wt% in t roduced as K2Cr207

Fe203 addi t ion
in w t%

[Cr6+] given as [Cr203] [€τ'^]/[€τ,ο^]
in w t%

[Fe2+] given as [Fe203]
in w t %

[Fe203]
(measured)

0
0.25
0.50
1.00

0.069 0.35
0.060 0.30
0.046 0.25
0.038 0.20

0
0
0
0

0.001
0.23
0.47
0.90

t ive ly c o u p l e d p l a s m a , w i t h t h e r e s u l t s b e i n g in g o o d
a g r e e m e n t c o m p a r e d w i t h t h e c a l c u l a t e d c o n t e n t s i n
t h e b a t c h .

4. Results
4.1 Results of wet chennical analysis

I n t h e c o n c e n t r a t i o n r ä n g e o f 0 t o 1 w t % o f t o t a l
c h r o m i u m c o n t e n t t h e C r ^ ' ^ / C r t o t r a t i o wi l l a d j u s t t o
0.32 t o 0.35, i .e . a b o u t 32 t o 3 5 % o f t h e t o t a l c h r o m i u m
c o n t e n t is p r e s e n t i n t h e h e x a v a l e n t f o r m . T h e c o n c e n -
t r a t i o n o f Cr^"^ o b t a i n e d i n g l a s s e s f r o m l a b o r a t o r y
m e l t s is i n d e p e n d e n t o f t h e t y p e o f a d d e d c h r o m i u m , i .e .

& 2 θ 3 o r Κ 2 & 2 θ 7 .

I n t a b l e 2 t h e i n f l u e n c e o f i n c r e a s i n g p o r t i o n s o f
g r a p h i t e o n t h e q u o t i e n t [ C r ^ + / C r t o t ] fo r g i v e n Ρ θ 2 θ 3
a n d C r 2 0 3 c o n t e n t s a r e s h o w n . T h e t a b l e , h o w e v e r ,
s h o w s a t t h e s a m e t i m e t h a t a t v e r y h i g h a m o u n t s o f
r e d u c i n g a g e n t (0 .4% C ) a f t e r r e d u c t i o n o f h e x a v a l e n t
c h r o m i u m t h e b i v a l e n t i r o n is a g a i n d e t e c t a b l e . T h e
b r a c k e t s i n d i c a t e t h a t t h e C r ^ ^ v a l u e e q u a l s t h e b l a n k
v a l u e w h i c h is m e a s u r e d i n t h e p r e s e n c e o f i r o n . C a r b o n

a d d i t i o n s i n c o m p o s i t i o n s w i t h t h e c h r o m i u m c a r r i e r

C r 2 0 3 p r e v e n t t h e f o r m a t i o n o f Cr^"^ i n t h e g l a s s . R e -

ve r se ly , t h e C r ^ ' ^ / C r t o t r a t i o sh i f t s t o h i g h e r v a l u e s if

0 . 5 % N a 2 S 0 4 o r N a N 0 3 is a d d e d (Cr^+ZCrtot  0.42).

I n d e p e n d e n t o f t h e t y p e o f c h r o m i u m a d d e d
( K 2 C r 2 0 7 o r C r 2 0 3 ) t h e Cr^"^ c o n t e n t d e c r e a s e s a t c o n -
s t a n t t o t a l c h r o m i u m c o n t e n t w i t h i n c r e a s i n g i r o n c o n
t e n t fo r g l a s s e s m e l t e d u n d e r l a b o r a t o r y c o n d i t i o n s
( t a b l e 3). Fe^"^ is n o t p r e s e n t i n t h e s e g l a s s e s . O n t h e
o t h e r h a n d , i n a g l a s s w i t h c o n s t a n t Ρ θ 2 θ 3 c o n t e n t o f
1 w t % t h e c o n c e n t r a t i o n o f F e ^ ^ i n t h e g l a s s d e c r e a s e s
w h e n t h e C r 2 0 3 c o n t e n t i n c r e a s e s ( t a b l e 4). I t s h a l l
b e r e m a r k e d t h a t u p t o a c h r o m i u m c o n t e n t ( i n wtVo) o f
0.1 a t t h e p r e s e n c e o f 1 Ρ θ 2 θ 3 t h e t y p i c a l b l a n k v a l u e
fo r h e x a v a l e n t c h r o m i u m a t 1 Ρ θ 2 θ 3 is m e a s u r e d ( t a b l e
1) a n d t h e f i r s t o c c u r r e n c e o f Cr^"^ i n t h e g l a s s c a u s e s a 
s i g n i f i c a n t c h a n g e i n t h e m e a s u r e d v a l u e f o r Cr^"^.

B a s e d o n t h e r e s u l t s o f t a b l e 4, i n t a b l e 5 a Fe^"^
b a l a n c e is p r e p a r e d . I n d e p e n d e n t o f t h e t o t a l c h r o m i u m
c o n c e n t r a t i o n  a C r ^ ^ / C r t o t v a l u e o f 0.35 is a s s u m e d . I n
c o l u m n 6 o f t a b l e 5 t h e F e ^ ^ / F c t o t r a t i o o f t h e s u m o f
t h e m e a s u r e d Fe^"^ a n d t h e p o r t i o n o x i d i z e d b y t h e
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Table 4. Varying CrsOs addition as K2Cr207 at constant Fe203 addition of  1 wt%

[Cr203] in wt% [Cr^+] given as [Cr^^]/[Crtot] [Fe^^] given as [Fe203] in wt% [Fe^-]/[Fetot]
[Cr203] in wt% [Fe203] in wt%

0.02 0.0026 _ 0.10 0.90 0.11
0.04 0.0024 0.05 0.93 0.05
0.06 0.0025 0.03 0.86 0.03
0.08 0.0025 0.02 0.91 0.02
0.10 0.0024 - 0 0.95 -

0.15 0.0170 0.11 0 0.93
0.20 0.0380 0.20 0 0.97 -

Table 5. Cr^+ZFe^^ ba lance

[Cr203] addition [Cr^+] given as portion Fe^+ given as measured [Fe^^] [Fe?ot] of the melt [Fe2+]/Fetot]
in wt% [Cr203] in wt% [Fe203] in wt% given as [Fe203] given as [Fe203]

(theoretically) oxidized by Cr^+
content of column 2 

in wt% in wt%

0.02 0.007 0.022 0.100 0.122 0.14(0 .90)
0.04 0.014 0.045 0.050 0.095 0.10(0 .93)
0.06 0.021 0.067 0.030 0.097 0.10(0 .96)
0.08 0.028 0.090 0.020 0.110 0.12 (0.91)
0.10 0.035 0.112 0 (0.112) (0.12 (0.95))
0.15 0.053 0.170 0 (0.121) (0.13 (0.93))
0.20 0.070 0.224 0 (0.110) (0.11 (0.97))

2 5 0 4 5 0 6 5 0 8 5 0

W a v e l e n g t h in n m

1 0 5 0 1 2 5 0

Figure 1. Transmiss ion curve of an i ron-conta in ing glass.

hexavalent ch romium is given, which is in good agree-
m e n t with the results of table 1. T h e table shows that
unde r the selected glass compos i t ion a n d melting con-
dit ions a s toichiometric calculat ion can be apphed.
A l though in the last three glasses n o Fe^^ is found, a 
certain po r t ion should have been present in the glass
melt . This por t ion can be calculated from the difference
between the expected and the measured Cr^"^ concen-
t ra t ion. These Fe^^ concentra t ions are included in
brackets in table 5.

These results obviously show tha t for chromium-
colored green glasses an extremely high amoun t of
Ρ θ 2 θ 3 (1 wt%) is no t sufficient for the compensat ion of
the to ta l oxidat ion power of Cr^+.

4.2 Photospectronnetric results
Figure 1 shows the typical transmission curve for iron-
containing but chromium-free glass with the absorpt ion
bands at 380 n m (Fe^+) and 1050 n m (Fe^^). The iron-
free and chromium-containing glass (figure 2) shows a 
strong b a n d at 370 n m for Cr^+ and at 650 n m for Cr^^.
Addi t ion of carbon or F e 2 0 3 (figure 3) leads to the
decreasing of the absorpt ion band at 370 nm.

Fe^"^ is not detectable in these spectra in agreement
with the results of chemical analysis. The extremely high
extinction coefficient of Cr^^ (2550 cm~^ wt% oxide"^)
makes very small amounts of Cr^^ visible in a glass
(figure 4: Cr^"^ as C r 2 0 3  12 ppm) . Also in this curve
the Fe^^ b a n d is not observed in the presence of Cr^^.

In mos t cases the results of the spectroscopic investi-
gation and the wet chemical analysis are in good agree-
ment . However, due to the large extinction coefficient of
hexavalent chromium the spectroscopic me thod allows a 
quanti ta t ive determinat ion only at sufficiently low Cr^^
concentrat ions.

4.3 Investigation of commercial green glasses
Within the framework of this publication the
Cr^^/Cr^"^ and  FQ^'^/FQ^'^ redox couples in green glass
bott les were investigated by the proposed chemical
analysis procedure. In table 6 results of the spectroscopic
determinat ion and of the wet chemical analysis are
shown. In all bottles Fe^^ is detectable and the Cr^^
value is equal to the blank value of a chromium-free
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glass with about 0.5 w t% Ρ θ 2 θ 3 . The transmission curve
of a commercial green glass is shown in figure 5, where
besides Fe^"^, Fe^^ and Cr^+ bands a determinat ion of
Cr^"^ in agreement with the result of chemical analysis
is impossible.

The existence of bivalent iron and the absence of
hexavalent chromium lead to the conclusion that techni-
cal green glasses have been melted under more reducing
condit ions than those melted in the laboratory. This re
fers especially to the content of reducing agent in the
natural raw materials, the a m o u n t of carbon introduced
into the industrial green glass batch as well as the large
fraction of cullet. Fu r the r laboratory melts have been
carried out with H o h e n b o c k a sand, technical soda,
Rüdersdorf limestone and technical green glass cullet
with 700 p p m C. The Cr^+ content (as wt% C r 2 0 3 ) of
glass, on the basis of analytically pure raw materials
(0.07 % ) , is reduced by using the technical raw materials
or green glass cullet ( 5 0 % in the glass). However, the
detectable amoun t of 27 p p m Cr^+ (as C r 2 0 3 ) is still
high compared to the chromium-free glass with 1 wt%
F e 2 0 3 (table 1).

F r o m equation

4 C r 0 3 + 3C <^ 2Cr203 + 3 C 0 2 (6)

it c a n b e c a l c u l a t e d t h a t 100 p p m C in t h e b a t c h a r e

suf f ic ien t t o r e d u c e c o m p l e t e l y t h e C r ^ + i o n s if 0.2 w t %

t o t a l C r 2 0 3 a r e p r e s e n t . A n a n a l y t i c a l p r o o f o f Fe^"^ in

t h e g l a s s e s is r e g a r d e d a s a c o n f i r m a t i o n o f n o e x i s t e n c e

o f C r ^ ^ in t h e g la s ses .

250 450 650 850

Wavelength in nm

1050 1250

Figure 2. Transmiss ion curve of a n oxidizingly mel ted glass con
taining c h r o m i u m .

250 450 650 850 1050

Wavelength in nm

1250

Figure 3. Transmiss ion curve of a n oxidizingly mel ted glass con
taining iron a n d ch romium.

5. Discussion
In figure 6 the results of tables 3 and 4 are compiled. The
presence of hexavalent chromium has been qualitatively
checked by means of UV-VIS spectroscopy. Sohd Sym-
bols mark samples which show hexavalent chromium in
the UV-VIS spectrum. The plot shows a decreasing Cr^^
content with increasing total i ron/ tota l chromium ratio
according to reaction (3). After passing a min imum the
measured concentrat ion of hexavalent chromium in
creases again.

The concentrat ion of hexavalent chromium in an
iron-free glass melt depends only on the temperature and
the oxygen part ial pressure. The abscissa intercept in
figure 6 can be derived from equat ion (2):

250 450 650 850

Wavelength in nm

1050 1250

Figure 4. Transmiss ion curve of a glass wi th a very smal l
a m o u n t of hexavalent c h r o m i u m .

[ C r ^ ^  

[Cr] 3 / 4
PO2

(7)

U n d e r the assumpt ion that the reduct ion of chromium
consumes the stoichiometric por t ion of Fe^"^, the inter-
cept of the Ordinate is the point where 1 mole of Cr^"^
is consumed by 3 moles of Fe^^ . Combina t ion of equa-
tions (2 and 5) then leads to

[Cr] \ 3 / 4

P02
(8)

The to ta l i ron/ to ta l ch romium rat io at which all hexa-
valent ch romium is consumed depends also only on the
tempera ture and the oxygen par t ia l pressure. Thus , the
theoretical course of the Cr^"^ decrease is given by a 
straight hne between the abscissa intercept a n d the
Ordinate intercept.

-

-

-

-

_ 



Table 6. D e t e r m i n a d o n of i ron a n d c h r o m i u m in green conta iner glass

glass no . [Crtot] given as
[CrsOs] in w t %

[Cr^+] given as [Cr^+] given as
[CrsOs] in wt%
(chemically)

[CrsOs] in w t%
(spectroscopically)

[Fetot] given as
[FQ2O3] in w t %

[Fe^^] given as
[Fe203] in w t % [Fe2+]/[Fetot]

1
2
3
4
5
6
( labora tory)

0.23
0.29
0.29
0.29
0.13
0

0.0013
0.0016
0.0017
0.0016
0.0013
0.0015

0.37
0.33
0.37
0.37
0.19
0.47

0.15
0.17
0.15
0.15
0.13
0.5

0.41
0.52
0.41
0.41
0.68
0.11

2 5 0 4 5 0 6 5 0 850 1050

Wavelength in nm

1250

Figure 5. Transmiss ion curve of a commerc ia l green conta iner
glass.
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Figure 6. Po r t i on of hexavalent c h r o m i u m as a function of the
i r o n - c h r o m i u m rat io.

T h e oxygen par t ia l pressure has no t been measured
in the repor ted investigation and , therefore, must be esti
ma ted from the experimental b o u n d a r y conditions. If
the polyvalent elements are in t roduced in the oxidized
State, for instance ch romium as K2Cr207, oxygen excess
can be assumed a n d the melt con ta ins oxygen bubbles.
Therefore, the oxygen par t ia l pressure of the sample is
1 b a r unt i l all bubbles are expelled. Afterwards equili-
b ra t ion wi th the sur rounding a tmosphere by means of
diffusion Starts. O n the o ther h a n d , air is included in the
batch, thus , the oxygen par t ia l pressure of the glass melt
will adjust to tha t between air a n d pu re oxygen.

In figure 6 the theoretical lines are drawn for 1 and
0.21 bar oxygen part ial pressure, respectively. For the
calculation of the lines in figure 6 the thermodynamic
data for a s o d a - l i m e - s i l i c a glass [12] have been slightly
adjusted in order to achieve the values of [Fe2" ]̂/[Fe]

 0.1 and [Cr6+]/[Cr]  0.42, which were measured in
the investigated melt under oxidizing condit ions for
which 1 bar oxygen part ial pressure is assumed. Values
of A i /o  78 and AS^  49 J /(mol K) for chromium and
AH^  106 and AS^  42 J /(mol K) for iron were used.

As expected from the melting condit ions the points
in figure 6 are posi t ioned between the lines for 1 and
0.21 bar oxygen part ia l pressure. With increasing chro
m i u m and decreasing iron content the results tend to
the direction of higher oxygen part ial pressure. A t 1 ba r
oxygen partial pressure nearly 6 0 % of chromium and
1 0 % of iron are in the reduced State. If bo th are intro
duced in their oxidized form, K2Cr207 and Fe203, po -
tassium dichromate provides considerably more oxygen
than hematite. Thus, at high chromium content the re
sults are nearer to 1 ba r oxygen part ial pressure, while
with increasing iron content the results come nearer to
the 0.21 bar curve. In summary, the plot in figure 6 is in
füll agreement with the expected behavior.

React ion (3) is assumed to fmish above the transi t ion
temperature, i.e., the consumpt ion of bivalent iron and
hexavalent ch romium should occur in stoichiometric
proport ions . This behavior is documented in table 5. In
deed, the Fe^"^ concentra t ion shows a corresponding be-
havior as a function of the total chromium/ to ta l i ron
ratio. This means that the existence of Fe^^ is synony-
m o u s with the absence of Cr^"^ and vice versa. Thus ,
the apparent increase of measured hexavalent ch romium
after passing the min imum is due to the increasing iron
concentrat ion, which has been demonstrated in table 1.
Figures 7 to 9 show the UV-VIS spectra of some poin ts
in figure 6. The sample in the region of Cr^^ presence
shows a distinct absorpt ion in the U V spectrum. T h e
sample which designs the min imum of the Cr^ ^/Cr rat io
in figure 6 still shows a very small absorpt ion at the posi-
t ion of the Cr^"^ band , however, it is too small to deter-
mine the Cr^^ concentra t ion quantitatively, i.e. below
10 p p m . All o ther samples on the dashed hne show n o
hexavalent ch romium in the spectrum, but an absorpt ion
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at the Fe^"^ band . Thus, the dashed Hne in figure 6 is
the blank line of the proposed quanti tat ive Cr^^ analysis
procedure in i ron-containing glasses.

Figure 6 makes it clear that above a certain
i ron /chromium ratio for thermodynamic reasons no
Cr^^ can exist in glasses. According to equat ion (8) this
limit depends on the oxygen part ial pressure of the melt
at a given temperature. This limit can be applied to
industrial melt ing conditions. Figure 10 shows besides
the limit of the Cr^"^ existence as a function of the oxy
gen partial pressure measured in the feeder Channel at
1250 C and the chromium/i ron ratio, the posi t ion of
some industrial container glass melts. Black symbols
m a r k results for which the absence of Cr^^ is checked
by means of the proposed analyzing method . All results
are found to be in the region where all the Cr^^ ions are
consumed by Fe^^. However, the use of recycled cullet
in flint glass leads to an increased chromium concen-
trat ion and a further increase can possibly cause some
Problems under too oxidizing conditions. In that case
cont inuous moni tor ing of the oxygen part ial pressure in
the melt helps to avoid Cr^"^ in the final glass.

6. Summary
Labora tory melts containing different a m o u n t s of iron
and chromium have been carried out. The melted glasses
were investigated with respect to Fe^ ^ and Cr^^. There-
fore, wet chemical and spectroscopic me thods have been
applied. Especially, the used wet chemical analysis
enables one to measure hexavalent chromium quant i ta -
tively. The Cr^^ blank value of the applied me thod
depends significantly on the iron content . A n influence
of the wet chemical Intervention in the structure of the
solid glass on the analysis results due to a shift of the
ionic equil ibrium has not been observed.

Independent of the chromium carrier C r 2 0 3 or
K 2 C r 2 0 7 iron-free glasses exhibited the same Cr^^ con-
tent of 35 wt% of total chromium. Addi t ions of Na2S04
or N a N O s increased the Cr^^ content u p to 42wt%.
Unde r laboratory condit ions the Cr^^ concentra t ion de
creased with increasing F e 2 0 3 content . Fe^^ was not
found in the glasses melted from analytically pure raw
materials containing less than 0.25 wt% F e 2 0 3 and
0.2 wt% C r 2 0 3 , while Cr^+ was detectable. U n d e r reduc-
ing conditions, i.e. graphite addit ion, with C r 2 0 3 as
chromium carrier, Cr^"^ was not detectable. By introduc-
ing potass ium dichromate as chromium carrier and in
creasing graphite addit ion, the Cr^"^ content has been
significantly reduced or even completely suspended.

The observed behavior can easily be explained by an
electron exchange between iron and ch romium during
cooling. D u e to this reaction chromium oxidizes iron.
At a sufficiently high Fe^^ concentrat ion in the glass
melt Cr^^ is totally reduced. The reaction is fmished at
sufficiently high temperatures, thus, a stoichiometric
consideration of the reaction is possible.
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Figure 7. Transmiss ion curve of a glass in the region of Cr^^
existence (see figure 6).
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Figure 8. Transmiss ion curve of a glass in the m i n i m u m of t he
rat io [Cr6+]/[Cr] in figure 6.
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Figure 9. Transmiss ion curve of a glass w i thou t Cr^+ (see
figure 6).

In commercia l green glasses Fe^^ was always de
tected, while Cr^+ was no t found. Fe^^^/Fctot ra t ios of
these glasses indicate that they were melted u n d e r suf-
ficiently reducing condi t ions. The same result is found
in industrially mel ted flint and green glasses wi th
known oxygen par t ia l pressure. In the case of the o b
served i ron / ch romium ratios the existence of hexavalent
ch romium can be excluded for all glasses investigated.
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Cr̂ "̂  possible

100

[Cr]/[Fe]

ο green • flint  green, Cr^'^not found • flint, Cr not found

Figure 10. Region of existence of hexavalent ch romium de
pend ing on oxygen par t i a l pressure a n d i r o n - c h r o m i u m rat io
a n d examples of indust r ia l green a n d flint conta iner glasses.
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