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Read-Ox & Consultancy BV established in 2001
In-line electrochemical sensors for glass melts, metal melts and molten salts
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Product overview

Reac}lO); for the glass industry

*Glass melt redox sensor
(for the glass melt in the feeder channel, forehearth or canal)

*Tin bath oxygen sensors (in float glass production lines)
* Tin melt oxygen sensor
* Atmosphere oxygen sensor
* Tin melt hydrogen sensor

*Atmosphere oxygen sensor for monitoring combustion
process (T,,., = 1650°C)
* Crown
* Flue gas channel / Regenerator

Contents

ReadOX

cotsultancy

* Importance of redox affecting glass melt /product properties

* In-line redox measuring system
* Measuring principle

* Redox control (examples)
* Heat transfer

* Glass colour (container glass)

Emerald green
Olive/Dead leaf
Antique green

* lron-ratio (cold glass) as sensor output

* Concluding remarks / New developments




Presentation GlassTrend

Minchen 2019

ReadOX

consultancy

Oxidation state of glass melt

Introduction
Oxidation state of the melt determines the valency state of the Multi-valent lons (M) :

MIX* + n/4 Oz PN Ml(x+n)+ + n/2 oz

Reduced melt Oxidised melt

Low valency High valency
Iron FeZ* Fe3*

FeO Fe,04
Sulfur s S S6+
Na,S so, Na,SO,
Chromi cre cr3 e+

romium cro Cr203 Cr03

= Redox — valency state multivalent ion — glass properties

cofisultancy

ReadOX

Effect of the redox state on properties

Overview

Gas production of the melt

¢ Fining behaviour SO,2 +2Fe?* > SO,(g)+2Fe*+20?
¢ Foaming behaviour SO,2 > SO, (g)+'/,0,(g) +0?
Heat transfer Fe?*: broad absorption band in near infrared

¢ Energy consumption
* Temperature distribution / glass melt flow patterns in melting tank
* Bottom temperatures (seed count and release of precipitates)
* Crown temperatures (furnace lifetime)
Forming process via cooling rate
* Gob & (pre)form cooling rate in mould (e.g. surface cracks)
» Fiber glass: cooling rate of fibers (Fiber breaks / hr)
Glass colour/optical properties
¢ Multivalent ions in solution  Fe?* Cr3t Fe 3*-S%
* UV absorption (Fe3*, Cré*, Ce**)

% Every glass melt type has its optimal redox state

% Redox variations destabilise the glass melting process
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Bouancy force ]

T SO

(o)

T . S0,

A e diffuses
@ \ into bubble
T

2Fe*

SO, — SO, + %0, + O*

2Fe’ + OF

Redox state & Fining

Fining by the sulfate—iron fining reaction:

50,2 is reduced by Fe?* (1100-1400°C) producing
SO, fining gas inflating remaining CO, seeds

Redox controls:
o Tonset fining
« Amount of fining gas produced

I8 R 1¢

SO — SO, + % 0, + O

Redox state & Foaming

Foaming by thermal sulfate decomposition:

in oxidised glass melts (T > 1400 °C) producing
large amounts of SO, and O, causing vigirous foaming

Redox controls:
o T foaming

onset

« Amount of foaming gas produced
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Glass colour as a function of redox state

ReadOX typical pO, ranges of various container glass colours
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UVA green Cr3*/

Fe2t/ Fe2t/ (!

reduced flint  oxidised flint
( I )

emerald green Cr3*

- olive green (onset of Fe3*-S%)

Fe3+-S
amber - antique green Cr3* / Fe3*-S>

Fe?'/Fe, T ; | : . . .
(cold glass)
80 75 70 45 30 25 5
Logp0, T T T T T T T 1
(1300°C) ¢ -8 7 -6 5 4 3 2 -1
EMF Ni/NiO (mV) T T T T T T T T T T T
(1300°C) -100  -50 0 50 100 150 200 250 300 350 400

In-line glass melt redox measuring system

ReadOX various components

cotsultancy

@ Exchangeable redox sensor

@ Measuring lance
® Water-cooled Jacket
@ Jacket holder unit
© J0s1-01
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Water-cooled Jacket

In-line glass melt redox measuring system

ReadOX installed system

ey

Signal cable
Oxygen cell mV (EMF)
Type B t/c mV

10SI programmable
signal converter

Analog (4...20 mA) Digital (Modbus)

ASCll or RTU
T EMF Log pO,

Sensor installed in l@ @ @ @
I

feeder channel

To data logger of plant

11
11
In-line glass melt redox measuring system
rogrammable 10SI converter and PC software
ReadOX prog f
‘ = Custom calculations:
Glass Melt Redox (Custom calculation example) X Cancel ' OK
Inputs: Outputs:  Comstants  Regiters ,lmm—| Prootamn o I
T ":;’; \u’a“ & Actual Values
2 Tspan 2800
3 Ama 4
4 20md 2
: A 1 Calcudation; [inear Vec votege: [ 43| V]
o oo Y o T T ) USB port
e by oo (S22 | ol |1 | el
1 logp02-tpan 12
:g mV-span 1000 - B Memurement
14 mVoliset o Raw vakes: Log configuation: dotalogging
15 -
16 K 273158 | Oxcen [ 45245 | ) okt i 0 08| E
Conflgurzfltlon: [ Jw :zn:ﬂ:m = Recording
* calculations T e =
*analog output ranges LT B e e
Mo -l ] o )
Actual values =
ImOxyConfig :
Start Slop )
12

12
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Redox sensor: measuring principle
RefdOX
' Oxygen sensor is an electrochemical cell: output Electro Motive Force (EMF)
+ - +
EMF § t/c
Type B
(mv) i (mv)
Zirconia cell Alumina rod
(conducting oxygen ions)
Mo/MoO, refe Pt
(defined pO,) measuring
Ut pO, (Glass melt)' electrode
|
13
13
Redox sensor: measuring principle
ReadOX

Electrochemical cell

Pt / Mo-MoO, // ZrO, // pO, (glass) / Pt

¢ Mo-MoO, reference material

e 7Zr0, solid electrolyte

¢ po, oxygen activity in the glass melt
e Pt measuring electrode

Nernst equation:

RT o,(gl 30620
EMF:7.|nw |ngOZ(MO/MOOZ)=—
nF  pO,(ref.Mo/Mo0,) (T+273)
20.171-EMF-30620
logpO,(glass)=——— —+9.33 i
gpO,(glass) 11273 o
EMF (mv) | W
T (°C) Preprogrammed :
pO, (bar) in the 10SI signal converter &

14
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In-line glass melt redox measuring system

ReadOX
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e Simple design, low-cost

e Flexible in location

e Exchangeable redox sensor
(lifetime of about 6 weeks at 1150-1200°C)

e Easy sensor exchange (takes 10 to 15 minutes)

¢ No reference gas flushing due to solid reference
(No gas bottles near furnace)

e Repair and part exchange can be done
by personnel of the production facility

15
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Redox measurements in industrial furnace

ReadOX container glass

cotsultancy

Feeder redox-sensor

. ‘ . Refiner2

Batch redox sensor

16
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Redox measurements in industrial furnace
ReadOX advantage of a continuous redox measurement
ol
log pO, (feeder sensor) versus daily analysed Fe?*/Fe,_, ratio:
2 tot
-4.75 25
Advantages in-line redox sensor:
-4.70 A
- 24
-4.65 e Time gain for control (max. = 24 hr!)
= -4.60 - F23 &
_§ S ® Redox state continuously available
= -4.55 4 L)y & Level, direction and rate of change
% -4.50 +§° (also when laboratory is closed!)
et &
2 445 L1 &
-4.40 -
- 20
-4.35
430 b——— 19
22 ¢ EE5 55 E 5 5 5 8§ B
N © —~ = O o < ww O ©~ o o S —~ o
N o o - - -
% Operator is more confident and uses signal for batch redox number corrections
# Foreign cullet share could be increased by 5% (saving batch costs and energy costs!)
17
17
ReadOX Relation heat transfer - redox / Emerald green container glass
P A

Use of in-line redox sensor revealed following relation*:

210 1215 _
he] > @]
gl £ L1213 &
2230 A 1211 E
S 2,
Z 240 1209 &
3 o =
£ g 250 1 1207 8
X 59 % P )
° = m
v 260 : : 1205
0 50 100 150 200

Time (hrs)
Oxidised melt — low bottom temperatures (bad heat transfer)

Reduced melt — high bottom temperatures (good heat transfer)

* in this particular emerald green container glass furnace (air fuel fired)

18
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Redox control — Heat transfer

ReadOX Relation heat transfer - redox : better process control

cofisultancy

T{crown) Corrective measures to restore bottom temperature:
J Case 1 — increase overhead firing

[ Case 2 — increase boosting / reduce firing

Case 3 — batch redox number correction

tc
H (use of in-line redox sensor)

NN

reduced heat transfer !

T(bottom)

———

19

19
Case | Redox control — Heat transfer
ReddOX Relation heat transfer - redox : better process control
ol T(crown) /Mﬁw
i Mwwﬁw Disadvantages:
- * Extra fuel costs
tc H * Even higher crown temperature
U

Increase of overhead firing

T(bottom)

e

20

20



Presentation GlassTrend Miinchen 2019
Case |I Redox control — Heat transfer
ReadOX Relation heat transfer - redox : better process control
b T(crown)
A
MMW/W o Disadvantage:
* Even higher overall higher energy costs
tc H
U
Decrease of overhead firing
T(bottom)
21
21
Case Il Redox control — Heat transfer
ReddOX Relation heat transfer - redox : better process control
ol T(crown)
N A W
tc H using in-line redox sensor in feeder
U pO,
firing
Reduce melt ox Log(pO,)
by lowering
batch number red

tc

T(bottom)

e

In-line redox sensor provides better insight
leading to better process control and energy saving

22
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Redox control — Seed count
Re$ ﬁlOX Relation seed count — redox / Emerald green container glass
consultancy
Emerald green : reduced melt — better heat transfer but also lower seed count *
40
*
30 -
=
3 20
3
’ 10
0
30 32 34 36 38 40 42 44
Fe*'/Fe,, (%)
* in this particular emerald green container glass furnace (air fuel fired)
23
23
Redox control in industrial furnace
Red QOX Relation redox - seed count - heat transfer / Emerald green container glass
cohsultancy

Emerald green glass can be melted in a relatively large redox range:
Log pO, (1300°C) = -3to -6  (Fe?*/Fe,, (cold glass) = 20 to 50% )

More reduced melt (Fe?*/Fe,, (cold glass) = 40 to 45% ) :

— lower seed count
— better heat transfer

Large redox range

Feli"}_e“" T T T T T T T
(cold glass)
80 5 70 45 30 25 ot
Logp?l T T T T T T T 1
(1300°C) g 8 5 6 5 4 3 2 4

24
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Redox control in industrial furnace

ReadOX Relation redox - seed count - heat transfer / Emerald green container glass
cosultancy

Emerald green glass can be melted in a relatively large redox range:
Log pO, (1300°C) = -3to -6  (Fe?*/Fe,, (cold glass) = 20 to 50% )
Risk of melting more reduced :

melting foreign recycling cullet with incidentally high COD

— amber cords and/or blisters may appear in the green glass

..

Large redox range

Fel_’rﬁe““ T T T T T T T
(cold glass)
80 75 70 45 30 25 5
Logp?z 1 t T T T T T 1
(1300°0) ¢ 8 ) 6 E 4 3 3 g

25
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Redox control in industrial furnace

ReacLOX Relation redox - seed count - heat transfer / Emerald green container glass

Melting emerald green under reduced conditions, with high levels of foreign recyling cullet:

-3
green

-4
-~ -5
Q
&
g
= -6

good heat transfer
7 lower seed count
-8
0 2 4 6 8 10
time (days)

— Policy: melting oxidised (high batch sulfate) to avoid amber cords

26
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Redox control in industrial furnace

ReadOX Relation redox - seed count - heat transfer / Emerald green container glass

consultancy

Melting emerald green under more oxidised conditions, to avoid amber cords
3

green

no amber cords

reduced heat transfer
higher seed count

log(pO5)

risking amber cords
good heat transfer
lower seed count

0 2 4 6 8
time (days)
— Policy: melting oxidised (high batch sulfate) to avoid amber cords

10

27
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Redox control in industrial furnace

ReadOX Relation redox - seed count - heat transfer / Emerald green container glass

cosultancy

However, using an in-line redox sensor:

green

no amber cords
good heat transfer
lower seed count

log(pO,)

<o
()
IS
=)
o0

10
time (days)
Variations can be reduced due to a better control by the continuously available redox value

=% The redox sensor may help to melt more reduced without risking amber cords!

28
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Redox control in industrial furnace

Colour control of green glasses with an amber colour component

Antique green, olive green and dead leaf are very sensitive to redox variations

Mix of green and amber:

oz
Cr3+ | Amber chromophore
0% —Fe3*—S%* Colour intensity ~ [Fe3*]-[S%]
Fe?*/Fe3* |
0%

Out of colour specification already as a result of small changes in :
e firing condition (air/fuel ratio)

e weathering degree of recycling cullet

e batch humidity

e pull

29

29

cotsultancy

ReadOX

Redox control in industrial furnace

Green glasses with an amber colour component : Olive green

— 0,3 1 Olive q2-
X
e reen
B ¢ .
g 02 2 Amber chromophore
El E Colour intensity ~ [Fe3*]-[S%]
201 amber
- intensity

£

0 . —L : .
0 -2 -4 -6 -8 -10 -12 -14
log (pO(bar))

Olive green colour must be melted at the onset of the amber chromophore formation

®» Narrow redox operating window

30
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Redox control in industrial furnace
ReadOX Green glasses with an amber colour component : Olive green
oty
097 T —
3320\~ — T Brightneﬂ‘s#oo% T Brightness = 30% (~5 mm sample thickness)
\-~ 7 I I B Saturation =75%
Shift to Olive Shift to
Green green Amber
DWL (nm) 565 570 575
X 0.38 0.42 0.44
y 0.53 0.50 0.47
T=1250°C
Sensor (mV) 290 280 270
log(p0,) -6.93 -7.07 -7.20
| Narrow color spec.range of only +/- 5mV
e 03 0 07 04 Sensor very helpful !
31
31
Redox control in industrial furnace
ReadOX Green glasses with an amber colour component : Olive green
eagon
Green 1 3-week Olive green campaign Green 2
600 600 No sensor: daily 3 lab. values are needed
500 50.0
s g
% 400 400 E
=3
E g
3 300 300
5 2
2 200 200 &
: :
=
100 10.0 . —
Sensor: one lab. value per day value suffices!
0 0.0
12-Feb 17-Feb 22-Feb 27-Feb 4-Mar 9-Mar 14-Mar
date (d-m)
32
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Redox control in industrial furnace

Green glasses with an amber colour component : Antique green

RepcOX
Antique green is also very sensitive to redox variations (problem: over-reduction!)
Amber in flint:
0.80
Antique: Olive Antique
Amber in chromium green :
0
Fe?/Fe,, 0.50 0.80
Data/Pictures by courtisy of Fehiman Akmaz, SISECAM 33
33
Redox control in industrial furnace
Re qOX " Green glasses with an amber colour component : Antique green
cotsultancy

Antique green is sensitive to over-reduction

Amber in flint :
— 031 q2-
X
z -
S 02 2
=] &
g 2
% 0,1 1 amber
= / intensity
0 T / T
0 2 4 6 8 -0 -12 -4
log (pO,(bar))

34
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Redox control in industrial furnace

ReaglO_)g Green glasses with an amber colour component : Antique green
consultancy

Antique green is sensitive to over-reduction

Amber in chromium green:
03] Antique
$ green
E —
S 02 2}
2 &
8 2
Q0,1
()
89
//
0 T T T T
0 -2 -4 -6 -8 -10 -12 -14

log (pO,(bar))

% Narrow redox operating window

35
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Redox control in industrial furnace

ReadOX Green glasses with an amber colour component : Antique green

cotsultancy

Antique green is sensitive to over-reduction

Amber in chromium green:
At melting temperature 03 g2

[

0 T T T T T T
0 2 4 6 8 -0 -12 -4

log (pO,(bar))

On cooling down to T,: Cr3*

021 _—"

Cr?* + Fe3* — Cr3* + Fe?

[Fe¥ J-[57]

Fe,0; and SO5 (Wt%)

36
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Redox control in industrial furnace

ReaglO_)g Green glasses with an amber colour component : Antique green
consultancy

Antique green is sensitive to over-reduction

Amber in chromium green:

S

E —
S 02 2}
2 &
8 &
Q01 -

()

89

0 y ;

log (pO,(bar))

37
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Redox control in industrial furnace

Red QOX Green glasses with an amber colour component : Antique green
cotsultancy

Antique green is sensitive to over-reduction

Amber in chromium green:

03] Antique
S green
H - -
- . &

4 wn
8 0,2 =
=] &
g &
Q01
o
Fy

h—
0 2 -4 -6 8 -0 -12 -4
% Narrow redox operating window log (pO,(bar))

Antique green turns green (amber colour dissappears): glass can be too oxidised or too reduced !

% In-line redox sensor very helpful for a fast correction in the right direction
38
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Redox control : continuous iron ratio
Reaqlo‘.ég Iron-ratio cold glass as continuous sensor output (with lab. calibration)
consultancy
Present situation: redox sensor gives log pO, of the melt
log(pO;) ? I
Operator is used to work
with daily lab analysis
Fe*/Fe
Semi-empirical relation P ™
Fe?*/Fe,,(cold glass product) = f(EMF, T)
“lab-analysis” continuous available !!
‘ =
o
39
39
Redox control : continuous iron ratio
ReaC?Q..?S”_,___ Iron-ratio cold glass as continuous sensor output (with lab. calibration)
cotsultancy

Continuous iron-ratio is the sum of an iron-ratio calibration value (laboratory)
and an (empirical) function of the EMF change and T change:

(Fe?*/Fe,., ), = (Fe?*/Fe,,), + f(AEMF, AT)
L J \ J

| |

laboratory sensor
(Fe**/Fe,, )y = continuous iron-ratio of cold glass (sensor output)
(Fe**/Fe,)o  =iron-ratio calibration value (laboratory spectrometer)
AEMF = EMF, -EMF,
AT =TeTo At calibration procedure
ﬂ estimation of t=0

t=0: time at which the (later) analysed cold -
glass sample passed the sensor | Glassmelt - Bottle - Lab result (?“)
(EMF, and T,) as a glass melt 0

t=0 :EMF, and T,

40
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L] ] ]
Redox control : continuous iron ratio
Reat%ﬁoggm Iron-ratio cold glass as continuous sensor output (with lab. calibration)
consultancy
Laboratory analysis (Fe?*/Fe,,), Estimation of t,
N 450 | on [11092016 | at 36:2/ (estmated)
New calioration: ﬁs‘.o_l on [11-e20m 2] st |us:;5 2] b % calbrate |
5007
1300 2 3
e
Calibrated value: 1225
EMF, —= -
11507
Calibrated value: 31102:;3.
To E—— 1119.20
250
100054 0
41
41
O [ ] [ ] [ ]
Redox control : continuous iron ratio
ReadOX Iron-ratio of cold glass as continuous sensor output (Emerald green)
colsultancy 45
Amber cords! ¢ Redox Sensor
= [aboratory
40 |
s
n __ Sensor : rapid change - alarm !!
¢ g
35 - % Laboratory : no worry
R P T
4 ¢ ?g E; g \- .y : F
230 = &{ w.‘ : 14
*
Specification range =N * " - s ¥
N $
\
25 . N
\\
Lab value (optical measurement) falsified by amber
Sensor signal much more reliable!
20 ‘ , : : :
7-2 12-2 17-2 22-2 27-2 3-3
date (day-month) 42
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Redox control : continuous iron ratio

Iron-ratio cold glass as continuous sensor output (with lab. calibration)
Continuous iron ratio of cold glass - Advantages:

* No miscommunication between lab and furnace operators

* Lab: single iron-ratio value once a day

Sensor: continuous (level, direction and rate of change)

# In a few emerald green furnaces the continuous iron-ratio is running with great satisfaction

43
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ReadOX

Concluding remarks

Advantages of using an in-line glass melt redox measuring system

Continuous use:

¢ Always redox state available for monitoring and for fast correction
e Container glass with high levels of recycling cullet
(energy saving by optimal heat transfer, colour stability and low seed count)
* Glasses with narrow colour specifications (olive green, dead leaf, antique green)

Occasional use:

e During a colour conversion (faster conversion without overshoot)

e During a campaign of a redox sensitive colour

¢ Batch recipe changes (new material supplier)

* Trouble shooting (is redox causing the process instability or product defect?)

e Research program: relation process/product parameters to glass melt redox (Big Data: PCA)

44
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New developments

Reéggx Advantages of an in-line glass melt redox measuring system

i

congultancy

New developments:

e For float glass lines: Nickel free stainless steel redox measuring system
(water-cooled jacket, measuring lance)

¢ Glass melt redox sensor with high internal resistance
(higher EMF stability in (ultra) clear glasses, with low levels of multivalent ions)

45
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SPECIAL MEASURING REQUIREMENTS ¢
in glass melt, molten metal and salts
Contactus!

=
Y,

/

adox.com

info@readox.com
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ReadOX Thank you for your attention !
colaaty™ info@readox.com
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