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Tyre recycling utilising molten metal - risk

assessment of a laboratory scale investigation

Maria Sousa-Gallagher', Frank Riedewald?, Paul Conway'
"School of Engineering, University College Cork, Ireland

? Chem. Eng. Technik Ltd, Cork, Ireland

Summary

This paper describes the process undertaken prior to

the commencement of a proposed tyre laboratory scale
experiment carried out in University College Cork, Ireland
to identify the hazards, assess the risks, change the design
and implement control measures to manage the hazards of
the experiment.

Keywords: Laboratory, risk assessment, pyrolysis, tyres

Introduction

In the European Union as in many other countries,
employers are legally obliged to carry out risk assessments
on occupational health and safety (OH&S)'. This legal
requirement is, of course, also valid for experiments at
tertiary institutions. While it is not unusual for universities
to do experimental work, it can be dangerous*. This may
also be true for a proposed tyre laboratory scale experiment,
which was carried out in University College Cork, Ireland, as
it involved molten metal, flammable gases, flammable solids
and nitrogen at temperatures of about 450 °C presenting
potentially significant physical hazards such as fire, explosion
and splashes of molten metal. This paper describes how we
identified the hazards, assessed the risks, changed the design
and implemented control measures to manage OH&S hazards
of this laboratory scale experiment.

Pyrolysis is a promising technology to recycle tyres, as
it is capable of recovering the raw materials of tyres. This
process uses heat in the absence of oxygen to break the
tyres down into pyrolysis oil, gases, carbon black and steel.
The amounts and composition of pyrolysis oil, gas and
carbon black produced are well known*'° although the exact
influence of the various operating parameters on the pyrolysis
of tyres is still subject to debate as is discussed in three
recent reviews®'. Because the chemistry of tyre pyrolysis
is well established®, the tyre laboratory experiment is
only concerned with the physical separation of the various
products (carbon black, steel, vapours) whereas the amounts
and composition of the pyrolysis oil and the non-condensable
gases are not further investigated. Although tyre pyrolysis
is seen as a promising technology, full scale plants have
been plagued by being uneconomical. The experiment
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was designed to verify the concept of a new approach to

tyre pyrolysis'™, which would treat whole tyres rather than
granulated ones, resulting in potentially substantial energy and
capital costs savings.

As will be outlined, the risk of an accident during the
laboratory experiment i.e. afire, injury or worse is negligible,
as all reasonable hazards have been identified and preventive
measures have been taken. In addition, mitigation measures
have been identified, reducing the consequences of an
accident. Figure1 gives an image of the experimental setup
taken before the heat was applied.

Description of the laboratory scale process

A drawing of the laboratory scale tyre pyrolysis process is
presented in Figure 2. The pyrolysis chamber (Figure 2, 2) is
manufactured from 6" and 4" ANSI schedule 40 (6" pipe =7.1
mm wall thickness, 4" pipe = 6.02 mm wall thickness), 316L
stainless steel pipes with a 7 mm 316L stainless steel plate
welded onto these pipes as the bottom plate. The bottom

of the chamber has a slope of 45 degrees. Both legs of the
pyrolysis chamber can be opened; leg A by unbolting the
schedule 40 flange which ensures that the chamber is airtight,
whereas leg B is essentially open to the atmosphere as only

Fume hood
Condenser (12)
Reactor (44)

Nitrogen supply (29)

Blow torches
Containment bund
Aluminium foil

protecting floor
and fume hood

Figure 1: Photo of the experimental setup (refer to the text and
Figure 2 for identification of numbers).
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a cover to avoid excess heat loss is provided. The pyrolysis
gases are condensed by condenser (Figure 2, 12) with cooling
water and collected in a glass beaker (Figure 2, 43). During
the pyrolysis experiments, the formation of an explosive
atmosphere within the pyrolysis chamber and downstream
equipment is prevented by nitrogen inerting the whole system
in addition to providing a small nitrogen sweep through the
chamber.

The design of the experiment evolved over a number of
iterations with the input from various parties i.e. technicians
from the department, the manufacturer of the vessels and
others, with the result that some hazards were eliminated from
the experiment (see Figure 3). For example an earlier design
included a charging lock (Figure 2, 27) for tyre pieces allowing
adding of materials to the pyrolysis chamber (Figure 2, 2)
while at operating temperature. This arrangement, however,
made the experiment top heavy as the valves are very heavy
designed to operate at 450°C with the risk of toppling the
experiment over.

Moreover, unnecessary complexity was removed from
the experiment. The original design also included a fan and
acyclone. The cyclone was installed to remove carbon black
entrained in the vapour stream originating from the pyrolysis
chamber (Figure 2, 3) or leg A. In order to ensure proper
functioning of the cyclone, a fan and large amounts of nitrogen
would have been required. However removing carbon black
from vapour streams with cyclones or bag filters is state-of-the-
art and hence proof of this operation is not necessary'".

Risk assessment

The actual risk assessment procedure used followed a
procedure from the University of South Wales'? and the HSE™.
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According to these two documents, risks must be minimised to
the lowest reasonably practicable level by taking measures in
the following order.

1. Elimination
Eliminate the hazard: performed as described above.

2. Substitution
Replace the material or process with a less hazardous one:
not possible as the materials are essential to the experiment

3. Engineering controls
Install or use additional machinery such as local exhaust
ventilation to control the risk: the exhaust from the
experiment shall be vented into a laboratory fume hood
cabinet.

4. Administrative controls
Reduce the time the experimenter(s) is exposed to the
hazard. Perform risk assessments.

5. Personal Protective Equipment
Only after all the previous measures have been tried
and found to be ineffective in controlling the risks to a
reasonably practicable level, then Personal Protective
Equipment (PPE) must be used. However as this will be the
first time this experiment is carried out, PPE will be worn
regardless of any risk assessments.

In effect, a combination of elimination, engineering controls,
administrative controls'and PPE was chosen to control the risks
of this experiment.

Two different experiments are planned to be carried out on the
laboratory scale pyrolysis plant:

Experiment 1:  Steel separation with leg A open to the
atmosphere; flange (Figure 2, 44) removed,
condenser (Figure 2, 12) and pyrolysis oil
collecting pot (Figure 2, 43) are not used.

Experiment 2:  Rubber pyrolysis with leg A closed, airtight
and nitrogen inerted; condenser
(Figure 2, 12) and pyrolysis oil collecting pot
(Figure 2, 43) are used.

The hazards associated with molten metal were identified
from relevant European standards™ ¢, literature' and own
assessment after a site visit.

In the next section, the potential hazards of the steel
separation experiment are assessed, and the additional hazards
of the rubber pyrolysis experiment are assessed following that.

Experiment 1: Steel separation risk assessment

During the steel separation experiments, leg A is open to
the atmosphere (flange (Figure 2, 44) is removed). Once the
operating temperature of 450 °C has been reached, small steel
parts will be introduced into leg A to verify that they migrate by
gravity from leg A to leg B.

The actual risk assessment of experiment 1 is presented
below in tabulated form following the procedure from the
University of South Wales':
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No | Hazard Consequence Preventive measures Mitigation measures

1. | Accidental Ejection of molten metal | Only dry steel parts are introduced into the chamber. Fire extinguishers suitable for molten
introduction or from evolution of steam | The exposed surface area of the molten metal is small, metal are provided.
accidental spillage of | or gases. minimising the possibility of accidentally introducing liquids into | Drinking or eating is not allowed in
liquids in or onto the | Generation of hot gases | the chamber. the laboratory.
molten zinc. and steam. PPE suitable for molten metal / hot

gases and steam is worn.
Protect area with aluminium foil from
possible ejection of molten metal.

2. | Increased pressure Overflow or spillage of Not possible as leg A is open to the atmosphere during The containment bund can take
in leg A of vessel. molten metal. experiment 1. more than 150% of the entire amount

of the molten metal.

3. | Breakages of bath Leakage of molten zinc | Very unlikely as the vessel is constructed from a Schedule 40 The containment bund can take
container i.e. weld through holes. pipe, 316LSS (minimum wall thickness 6.02 mm). more than 150% of the entire amount
by U"e{mal stresses, All welds wetted with molten zinc are fully penetrated. of the molten metal.
corrosion or both. Heat up and cool down the containment vessel slowly. The molten metal will rapidly

The container of the experiment will be exposed to molten SOl'd'f,y on contact with the‘metal
zinc for less than 4 hours limiting corrosion. To put corrosion contalnment bund'fs Fhe zinc melt
of 316LSS by molten zinc into perspective: A container tempe'rature of 419°Ciis close to the
manufactured from 25 mm thick 316 LSS is suitable for about operating temperature of 450°C.

8 years of continuous operation in industrial scale hot dip The amount of molten metal is as
galvanising plants operating at about 450 °C 7. However at small as possible (less than 2 litre).
higher operating temperatures the lifespan will be reduced

below 8 years'.

4. | Overheating of zinc. | Excessive corrosion of The molten zinc temperature is measured by a temperature The experiment is supervised at
the container material gauge as the experiment demands that the operating all times. The temperature will be
(316 LSS) by the molten | temperature is controlled to 450 °C. closely monitored and if necessary
zinc potentially resulting | Container is over-designed for the duty (schedule 40 pipe). All | the burners will be adjusted to avoid
in leakage. welds are fully penetrated. any temperature overrun.

Thermal stresses in As the time frame of the experiment is limited even a
container metal of temperature overrun of 100 °C would not be a problem.
construction resulting in
leaks i.e. weld breakage.
Inhalation of zinc fumes. | Despite the high operating temperatures of 450 °C, zinc and
Metal fume fever caused | zinc oxide (ZnO) fumes are either negligible or non-existent:
by ZnO. a) The zinc fume concentration in the working environment is
low as the zinc vapour pressure is very low at 450 °C (see
Appendix).
b) The zinc fume concentration in the working environment is
further reduced by room and extraction through the fume
hood.
c) ZnO fumes potentially resulting in ‘Metal fume fever' (see
explanatory material) are not generated as the operating
temperature of 450 °Cis too low.

5. | Tipping over of the Leakage of molten System is designed such that tipping it over is unlikely. PPE suitable for molten zinc is worn.
vessel (i.e. unstable, | metal. Flammable materials are not stored in laboratory for the duration | Fire extinguishers are provided.
for example, top Burns. of the experiment. Access to laboratory is limited to
heavy installation). Fire. authorised personnel only.

6. | Slip /trip. Floor surfaces. Ensure that: The containment bund can take the

) A da a) Trip conditions do not exist. entire amount of the molten metal
Spilled fluids (i.e. water, ) (150% of amount).
oil). b) Floor s clean / dry.
Inadequate lighting. c) Openings are covered or guarded.
d) Adequate lighting is provided.

7. | Movement of Collapsing of parts or Such activities are prohibited for the duration of the experiment. | A fire watch is provided (two man
components or of equipment or materials. experiment).
machinery. Access to laboratory is limited to

authorised personnel only.

8. | Thermal radiation or | Fire (ignition of Protect laboratory furniture closest to the experiment with A fire watch is provided (two man

other phenomena
(exposure or ignition
by naked flames

(i.e. natural gas
burners)).

Heat from burners.

combustible materials).

aluminium foil.

Protect Linoleum floor from radiation heat with aluminium foil if
necessary.

Flammable materials are not stored in the laboratory for the
duration of the experiment. Ensure this is the case before
proceeding with the experiment.

experiment).
Fire extinguishers are provided.

PPS suitable for molten zinc and
thermal radiation is provided.

Shutdown procedure experiment no. 1
a) remove heat source, i.e. switch off natural gas supply;
b) place flange onto leg A;
c) wait until experiment has cooled down to ambient temperature.
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Experiment 2: Rubber pyrolysis risk assessment

With the steel separation experiments concluded, the
experiment will be cooled down to ambient and rubber pieces
obtained from a waste tyre will be loaded into leg A (see Figure
2). Leg A will be made airtight by bolting down the flange
(Figure 2, 44). A pressure test (leak test) will be carried out by
covering all connections with soap solution. The entire system
will be nitrogen swept for ten minutes to ensure an oxygen
free environment before the burners are switched on. For the
remainder of the experiment the chamber will be continuously
swept with nitrogen. The cooling water to the condenser

(Figure 2, 12) will be switched on and a beaker (Figure 2, 43)
will be used to collect the condensables. The beaker (Figure 2,
43) will be placed in a laboratory fume hood designed to limit
exposure to hazardous or toxic fumes. The non-condensables
including the nitrogen sweep will also be vented into this fume
hood and extracted to the atmosphere.

In the following table, the additional hazards of the laboratory
scale pyrolysis plant due to the presence of the pyrolysis gases
and carbon black from the decomposition of the waste tyre
rubber are risk assessed.

No

Hazard

Consequence

Preventive measures

Mitigation measures

1.

Explosive atmosphere inside
leg A.

The European Standard

EN 1127-119 distinguishes
thirteen types of ignition
sources. Of these possible
ignition sources, hot surfaces
cannot be avoided as they are
inherent to the experiment
operating at 450 °C. Hence,

it is important to maintain an
inerted state in leg A during
the experiment as otherwise
ignition of the hydrocarbons
within the chamber may occur.

Explosion
inside leg A.

Pressure
increase in leg
A. Possible
overflow of
molten metal
from leg B.
Higher than
normal flow of
gases through
vent line into
fume hood.

Nitrogen inertion to prevent explosive atmosphere
from forming by:

Chamber leg Ais initially nitrogen inerted by
sweeping it with nitrogen for 10 minutes prior to
starting the experiments involving rubber. The flow
of nitrogen to the chamber is monitored by the
flowmeter.

Furthermore, throughout the experiment the
chamber leg A is continuously swept with nitrogen,
the flow of which is monitored by the flowmeter.
The nitrogen flow to the chamber leg A is visually
indicated by a flowmeter.

Pyrolysis gases are present for a short time (< 1
hour) only reducing the time frame of possible
ignition.

The vessel is designed to take the force of an
internal vapour explosion without rupture. The
maximum explosion pressure of a hydrocarbon —
air explosion is 10 bar®, but the design pressure
of the chamber is, according to the manufacturer,
in the order of 3,000 psig or 200 barg and is hence
capable to take the force of an internal explosion
without damage (explosion pressure resistant).
The tube and valves are designed to at least 33 bar
at the operating temperature®; again significantly
higher than the maximum possible explosion
pressure.

The containment bund can take the entire amount
of the molten metal, but in the event not all the
molten metal will be flowing out.

Fumes (pyrolysis gases)
outside of chamber i.e. due
to leak.

Fire.

Smell.

Chamber A will be closed with a schedule 40 flange
and a carbon gasket (suitable up to 500 °C) will be
fitted, so that fumes cannot escape from leg A.

A fire watch is provided (two man experiment).
The experiment will be stopped should there be
excessive smell and fumes visible.

Ignition of hydrocarbon
vapours at vent outlet.

Fire.

The pyrolysis gases are vented into the fume hood
and are diluted with air.

No ignition sources are present in the fume hood
and its exhaust system.

The chamber (leg A) and the vent pipe are nitrogen
inerted.

Moreover pyrolysis gases are present for a short
time (< 1 hour) only reducing the time frame of
possible ignition.

A fire watch is provided (two man experiment).
The collected pyrolysis liquid is unlikely to be
highly flammable ¢ being similar to diesel.

Moreover not more than 100 ml are expected to
be collected. In addition the oil is collected in a
beaker, which is placed in a laboratory fume hood.

Hazards of nitrogen.

Asphyxia.

Only a small flow of nitrogen is used and the
nitrogen flow is measured by a flowmeter.

Good ventilation is provided in the laboratory.
The nitrogen is vented into the fume hood extract
system and discharged to a safe location.

Leg A and the entire venting system are airtight.

The operating pressure is low, minimising leakage
rates.

A fire watch is provided (two man experiment).

Carbon black / pyrolysis gas
hybrid mixture or carbon
black alone may be flammable
at higher temperatures
(operating temperature is
450°C) %

Fire /
explosion.

Nitrogen inertion of leg A.

Leg Ais airtight and leak tested.

Leg A will only be opened after experiment has
cooled to ambient.

Provide flow of nitrogen during cool down period to
avoid air from entering leg A of vessel.

The vessel is designed to take the maximum
explosion pressure of 10 barg (see above).
The maximum explosion pressure of a carbon
black / hydrocarbon hybrid mixture is about
8-9 bar”? and is hence lower than the maximum
explosion pressure of a hydrocarbon explosion
(see above).

Increased pressure in leg A
of vessel, i.e. due to a closed
valve.

Overflow of
molten metal
from leg B.

Ensure that all valves are in the correct position
before applying heat.

The containment bund can take the entire amount
of the molten metal. However, not all the molten
metal will be flowing out.

Shutdown procedure experiment no. 2

Normal shutdown: a) remove heat source i.e. switch off natural gas supply;

b) switch off water to heat exchanger;

¢) wait until experiment has cooled down to ambient temperature;
d) switch off nitrogen sweep through chamber leg A.
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] ) — Inside
Figure 2. P&ID of the laboratory scale tyre pyrolysis laboratory
plant as will be used in the experiment (T = temperature W 12 fume hood
gauge, F=flow meter, =45 degrees; N2 = nitrogen, } / s
H20 = water).
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Figure 3. P&ID of the laboratory scale tyre
pyrolysis plant as originally planned before
applying the risk assessment.
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In Table 3 below the consequences and preventive measures / actions of utility losses are assessed.

No | Utility loss Consequence

Preventive measures / actions

1. | Loss of nitrogen.

Similar to ‘explosive atmosphere in leg A' (see above).

Ensure a sufficient amount of nitrogen is available before
commencing pyrolysis experiments. Loss of nitrogen will be
manually detected by monitoring the flowmeter. Experiment will be
stopped and all valves closed should the nitrogen flow fail.

2. | Loss of natural gas. Loss of heat, no safety implications.

The experiment will be stopped / disrupted i.e. chamber will cool
down.

If the experiment involves rubber, the nitrogen sweep through the
chamber will continue until the experiment has cooled down to
ambient, preventing air from entering the chamber.

3. | Loss of cooling

might be lost.

Loss of cooling to condenser would result in an increase of

water. pyrolysis gases being discharged. It may also result in a loss
of the water seal due to excessive evaporation and as a result | The amount of rubber in the experiment is limited; hence the
the slight overpressure towards the atmosphere in leg A

Loss of cooling water can be detected visually by routing the cooling
water return locally into a sink.

amount of pyrolysis gas is also limited.

The experiment will be stopped i.e. chamber will be cooled down as
described above.

4. | Loss of electricity.

The experiment does not require electricity, but the room
itself may be dark. Loss of extract from fume hood.

The experiment will be stopped / disrupted. The flow of natural gas
to the experiment will be stopped by the operator before leaving the
lab. All valves will be closed sealing in the pyrolysis gases.
Emergency lights are provided in the laboratory.

5. | Loss of extraction.

Pyrolysis gases may enter the room. Smell in laboratory.

Ensure the extract system is in good working order before
commencing experiment. The experiment will be stopped as stated
above should the fume hood fail. The fume hood is alarmed for
failure of extraction.

General safeguards

At the door to the laboratory, the following warnings shall be
displayed:

a) high temperature experiment;
b) admittance of non-authorised persons is prohibited.

During the experiments, PPE suitable for molten zinc shall
be worn:

a) face protection, gloves, trousers and jacket constructed of
self-extinguishing material suitable for molten zinc.

b) safety shoes with a friction/slip resistant sole as used in the
chemical industry.

PPE should not be the primary line of defence against
accidents™ " and it is not intended to be the case here. The
decision to wear suitable PPE was made as residual risks remain
and this experiment is executed for the first time.

The following equipment is available at the location to mitigate
against an accident:

a) fire fighting equipment;

b) eye wash station / emergency shower;

c) first aid equipment.

Summary of risk assessment outcome

The risk of a major accident, i.e. a fire or injury, is negligible
as all reasonable hazards have been identified and preventive
measures have been taken. In addition, mitigation measures
have been identified and put into place, reducing the
consequences of an accident.

References

1. Council Directive 89/391/EEC of 12 June 1989 on the
introduction of measures to encourage improvements in
the safety and health of workers at work, downloadable

© Institution of Chemical Engineers
0260-9576/15/$17.63 + 0.00

from: http://eur-lex.europa.eu/LexUriServ/LexUriServ.
do?uri=CELEX:31989L0391:en:NOT, last accessed 1st of
December 2013.

R. Winderlich, Prevention of accidents when handling
chemicals, Journal of Chemical Education, 27, 12, (1950),
670.

I J. Wilk, Chemical Accidents in Academic Institutions
- A Critical Commentary on Accidents Reported in the
University of California System, Journal of Chemical
Education, 54,10, (1977), A415-A418.

Hazards associated with conducting research at chemical
laboratories in academic institutions, Texas Tech University
Chemistry Lab Explosion, CSB Case Study downloadable
from: http://www.csb.gov/texas-tech-university-chemistry-
lab-explosion/

. de Marco Rodriguez, M.F. Laresgoiti, M.A. Cabrero, A.
Torres, M.J. Chomén and B. Caballero, Pyrolysis of scrap
tyres, Fuel Processing Technology, 72, 1, (2001), 9-22.

M.F. Laresgoiti, B.M. Caballero, I. de Marco, A. Torres,
M.A. Cabrero and M.J. Chomén, Characterisation of

the liquid products obtained in tyre pyrolysis, Journal of
Analytical and Applied Pyrolysis, 71, 2, (2004), 917-934.
M.F. Laresgoiti, . de Marco, A. Torres, B. Caballero, M.A.
Cabrero and M.J. Chomén, Chromatographic analysis of the
gases obtained in tyre pyrolysis, Journal of Analytical and
Applied Pyrolysis, 55, 1, (2000), 43-54.

J.D. Martinez, N. Puy, R. Murillo, T. Garcia, M.V. Navarro
and A.M. Mastral, Waste tyre pyrolysis — A review,
Renewable and Sustainable Energy Reviews, 23, 0, (2013),
179-213.

A. Quek and R. Balasubramanian, Liquefaction of waste
tires by pyrolysis for oil and chemicals - A review, Journal of
Analytical and Applied Pyrolysis, 101, 0, (2013), 1-16.

|IChemE



http://eur-lex.europa.eu/LexUriServ/LexUriServ
http://www.csb.gov/texas-tech-university-chemistry-lab-explosion/
http://www.csb.gov/texas-tech-university-chemistry-lab-explosion/

28 | Loss Prevention Bulletin 244 ~ August 2015

10.

Tl

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

P.T. Williams, Pyrolysis of waste tyres: A review, Waste
Management, 33 (2013) 1714-1728.

F. Riedewald, Process for Whole Tyres and Plastic
Composites Pyrolysis to Fuel Conversion and Compound
Recovery, Patent No. PCT/EP2013/064866, 2014.

Kirk-Othmer Encyclopedia of Chemical Technology, 5th
ed., 2007, John Wiley & Sons, Inc., ISBN: 0471485047.

The University of South Wales, Australia, OHS329 Risk
assessment and control procedure, downloadable from:
http://www.ohs.unsw.edu.au/ohs_policies/procedures/
pro_risk_assessment.pdf, last accessed 1st of December
2013.

Health and Safety Executive (HSE), United Kingdom, Five
steps to risk assessment, downloadable from: http://
www.hse.gov.uk/pubns/indg163.pdf, last accessed 1st of
December 2013.

EN 746-1: 2000, Industrial thermoprocessing equipment
Part 1: Common safety requirements for industrial
thermoprocessing equipment.

EN 746-4: 1997, Industrial thermoprocessing equipment
Part 4: Particular safety requirements for hot dip galvanising
equipment.

P. MaaR and P. PeiRker (editors) Handbook of Hot-dip
Galvanisation, 2011, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, Germany, ISBN: 978-3-527-32324-1.

J. R. Davis (Editor), ASM Speciality Handbook, Heat-
Resistant Materials, 1997, ASM International, ISBN:
0871705966.

EN 1127-1:2011, Explosive atmospheres. Explosion
prevention and protection - Basic concepts and
methodology.

D. A. Crowl, J. F. Louvar, Chemical process safety:
fundamentals with applications, 2nd ed., Prentice-Hall,
New Jersey, ISBN 0-13-018176-5.

Design information on tubes and valves, see Swagelok
website: www.swagelok.com, last accessed 1st of
December 2013.

P. Kosinski, R. Nyheim, V. Asokan, T. Skjold, Explosions of
carbon black and propane hybrid mixtures, Journal of Loss
Prevention in the Process Industries, 26, (2013), 45-51.
M.J. Assael, I.J. Armyra, J. Brillo, S.V. Stankus, J. Wu and
W.A. Wakeham, Reference Data for the Density and
Viscosity of Liquid Cadmium, Cobalt, Gallium, Indium,
Mercury, Silicon, Thallium, and Zinc, Journal of Physical
and Chemical Reference Data, 41, 3, (2012), 16 pages.

IChemE

24. D.R. Lide editor, CRC Handbook of Chemistry and
Physics, CRC Press / Taylor and Francis, Boca Raton, FL,
90th edition, Internet Version 2010.

25. Toxicological Profile for Zinc, U.S. Department of Health
and Human Services, Public Health Service, Agency for
Toxic Substances and Disease Registry, August 2005,
downloadable from: www.atsdr.cdc.gov/toxprofiles/
tp60.pdf, last accessed 1st of December 2013.

Appendix: Additional explanatory material

Zinc melts at a temperature of 419 °C and has the following
properties in its molten state:

Compound | Density Surface Viscosity | Melting | Vapour
[kg/m3] | tension [Pas] point | pressure
[N/m] [*C] [Pa]
Zinc 6,508 at | 0.755at | 0.003254 | 419 100
(molten) | 476°C | 450°C | at476°C at 477
HE
Water (25 1,000 0.072 | 0.001003 0 3,000
°C)

Table 4: Physical properties of molten zinc? % in comparison
to water®

Inhaling zinc oxide may result in 'metal fume fever'?:
Metal fume fever is the symptom of acute ZnO poisoning.
Symptoms generally appear within a few hours after acute
exposure, usually with dryness of the throat and coughing,
and generally resolve within 1-4 days after cessation of
exposure without leading to long-term respiratory effects.

Exposure levels leading to the development of metal fume
fever have been characterised. While the precursor events
for the development of metal fume fever begin to occur at
very low zinc concentrations, the condition itself does not
fully manifest until exposure levels reach much higher (>75
mg/m?) levels.
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