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Abstract

This paper shows the results of a study of gas evolution from a patented modified cellulose mix used in the production of
no-bake casting moulds. The modified cellulose mixture was used for investigation with additives such as expanded perlite,
expanded vermiculite and microspheres. The binder was an inorganic resin based on commercial technology, called Geopol.
Samples were tested in different compositions in order to show the influence of all the additives mentioned. Two different
methods were used—one was based on TG-TDG-MS investigation and the other was based on pyrolysis combined with a
gas composition analyser. Investigations of both methods were carried out at temperatures up to 900 °C. The results showed
that the gas emissions during thermal degradation of all the modified mixtures did not constitute substances that are hazard-
ous or dangerous to health. Therefore, the material proposed can be used as a solution that is more environmentally friendly
when compared to formulas which exist on the market and are abundant in harmful compounds.
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Introduction

The worldwide tendency to reduce gas or exhaust gas emis-
sions in high-temperature processes also applies to the mate-
rials employed in metal and metal alloy cast production pro-
cesses [1, 2]. The gases and chemical compounds released
from moulding compounds, coremaking compounds, gat-
ing systems and other auxiliary materials may lead to the
appearance of problematic surface defects in casting [3-5].
They are also very often very hazardous to human life and
health [1, 2]. The tendency to reduce the emission of gas-
eous compounds during the casting process is therefore
an obvious phenomenon and leads to seeking innovative
moulding materials [6].

So far, pipe fittings and circular section fittings have been
used in gating systems in foundry made from ceramic- or
cellulose-based mixture with microspheres called also alu-
miniosilicates with urea—melamine—formaldehyde organic
binder. Ceramic moulds are the most common choice when
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it comes to the creation of gating systems for large and
medium castings. In spite of having certain advantages, they
unfortunately pollute the moulding compound and are very
difficult to machine. The alternative solution available on
the commercial market is a material based on cellulose [7]
that solves the mechanical processing problem while pro-
viding similar thermal insulation. Unfortunately, it contains
organic binders that are a source of very strong gas-forming
effects taking place during high-temperature thermal treat-
ment [8—11].

The paper presents the challenge of developing an inno-
vative mixture, patented by the authors [6], that would
meet the requirements for mouldings and profiles used for
gating systems in the technology of no-bake sand moulds
with a resin binder. This novel cellulose-based mixture
was modified with natural additives, such as expanded
vermiculite [12—-17], expanded perlite [18—20] and micro-
spheres [21-23]; inorganic resins were used as a binder [1,
24]. Expanded perlite and vermiculite have very interesting
physicochemical properties, such as: large absorption capac-
ity for liquids, low bulk density, high thermal resistance of
a neutral chemical nature and negligible chemical reactiv-
ity. The addition of microspheres whose thermal insulat-
ing power is similar to that of previous additives, enhances
the thermal insulating power of the mixture to certain
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temperature levels, when the microspheres decompose,
which generates a strong exothermic effect [10, 23]. The
samples under analysis contained an organic geopolymer
binder, whose interesting properties have made the authors
use the material as an alternative to other organic binders
used in hazardous cellulose-based mixtures [25].

This article presents studies on a qualitative analysis of
the gases produced per mass unit at a temperature of up to
900 °C from the materials used for gating systems in single-
use sand moulds. Various materials were tested—all char-
acterised by an original patented composition [6], made of
paper pulp originating from waste paper and mineral addi-
tions which could be used for producing moulds for gating
systems [10, 11]. In the original samples, expanded vermicu-
lite, microspheres and expanded perlite were employed as
composition modifiers in view of their interesting chemical
and physical properties such as thermal resistance, specific
gravity, water absorbency and resistance to fire. The author’s
composition of materials was compared to the currently used
commercial material based on cellulose in gating systems
[7]. The characteristics of the mix modified in such a man-
ner allow considering such a novel material as a short-term,
single-use thermal barrier for contact with liquid metal.

Experimental materials and methods

Eight varieties of cellulose mix with various composi-
tions [6] and one reference mix referred to as “commer-
cial”, which comes from a ready-made mould—available in
the industry [7]—were used for gas emission studies. The
mix compositions consisted of EP-150 expanded perlite
with a granulation of 40-90 kg m~>, type FINE expanded
vermiculite with a granulation of 100-130 kg m~3, F150
microspheres with a grain size of 50-150 pm, and paper
pulp made of EKOFIBER waste paper. The base paper pulp
was made by mixing 250 g of water at 80 °C with 20 g of
paper pulp. The paper pulp obtained in this manner was
modified by adding expanded perlite, expanded vermiculite
and microspheres. The amount of binder in the form of alu-
minium silicate resin constituted 32.4% of the sample mass.
After thorough mixing, reference samples were produced
and were then dried in order to evaporate the water in a lab-
dryer at a temperature of 130 °C for 90 min. Table 1 presents
the composition of the samples produced. The logic behind
choosing samples shown in Table 1 was to have examination
of samples having the highest content of ingredient mate-
rials used for basic cellulose modification. In this case, it
was predicted to have most visible effects on curves while
making thermal degradation of samples. Due to very low
density of expanded vermiculite and expanded perlite, it has
been decided to have maximum 4% mass addition of each
ingredient, also microspheres to be equal. It was practically
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Table 1 Composition of own samples (mass%)

Sample Paper pulp Exp. Exp. Micro- Binder
number perlite vermic-  sphers
ulite

3 56 4 0 15 25
12 71 4 0 0 25
15 60 0 0 15 25
56 67 4 4 0 25
59 52 4 4 15 25
60 71 0 4 0 25
63 56 0 4 15 25
Pulp+resin = 75 0 0 0 25

not possible to prepare samples with more than 4% mass
addition of each ingredient.

TG-DTG tests

Thermogravimetric tests were carried out in the Coal Chem-
ical Processing Institute from Zabrze using a Luxx 409 PG
analyser from a company called Netzsch, coupled with a
QMS 403D Aéolos mass spectrometer, also from Netzsch.
Because of the low mass of the sample tested (about 10 mg),
the samples provided were crushed and then mixed in a mor-
tar in order to average their composition. The tests were car-
ried out at a temperature range of 40-900 °C with a constant
heating rate of 10 °C min~! in an atmosphere of flowing
inert gas (argon, 25 cm?® min~!). Mass spectrometer range

test was from 1 to 80 amu with scan speed of 160 amu s~

Testing by means of fixed bed pyrolysis

Within the framework of this paper, a pyrolysis process
was carried out for samples (25-35 g) in a laboratory setup
intended for examining fixed-bed pyrolysis processes,
installed in the Coal Chemical Treatment Institute in Zabrze.
A simplified diagram of that setup is presented in Fig. 1.

The setup includes a retort (1) that can hold, at a single
time, a batch with a mass of 150 g or with volume of about
600 cm? and operating under atmospheric pressure. The
maximum temperature of processes carried out in the retort
is 1100 °C. The retort is placed in a two-zone furnace (2),
which enables conducting processes at a maximum heating
rate of up to 20 °C min~". Volatile products pass through the
cooling and condensation system of the liquid product (3).

All products pass through a mobile SICK ‘on-line’ pro-
cess gas composition analyser, enabling the measurement of
CO,, CO, CH,, H, and O, levels (4).

The process of pyrolysis of the samples examined was
carried out in the presence of a flowing inert gas—nitro-
gen. According to the experiment plan assumed, all of the
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Fig. 1 Pyrolysis station scheme developed by Coal Chemical Treat-
ment Institute in Zabrze

samples tested were heated in an atmosphere of flowing
nitrogen at a rate of 10 °C min™' from room temperature
to a temperature of 900 °C and were then kept in this tem-
perature for 30 min. The process gas leaving the retort was
cooled in a scrubber immersed in an ice bath in order to
condense water and heavy hydrocarbons, and it was then
directed through a tube filled with quartz wool to a SICK
MAIHAK S710 gas composition analyser (4). After the gas
composition analyser, the post-process gas was directed to
the flue through a flow analyser. Carried pyrolysis process
due its idea is simultaneously done with gas volume emis-
sion measurements.

The crushed and weighted sample of the material exam-
ined was placed in a retort (1) and connected to the process
line gas and a nitrogen cylinder. After flushing the retort

TG/%

lon Current

with nitrogen, its flow was set to a value of about 100
cm® min~!. After the gas analyser indications stabilised,
the furnace heating and process parameter recording were
activated. After the process finished and the retort cooled
down, the solid remains (after pyrolysis) were weighed
and the mass of the condensed (liquefied) ingredients was

determined.

Results

Results of TG-DTG tests

Figures 2—4 present example TG-DTG curves together
with ion current curves of gas products emitted during
analyses, for the sample with the composition no. 59. On
the curves, the final mass values for samples, expressed in
mass percentage (mass%), are specified. Table 2 provides a
summary of defect sizes and the mass of sample remains in
a temperature of up to 900 °C. Table 3 provides a summary
of the temperature values of the minimum points (peaks)
observed on the DTG curves (corresponding to the local
maximum rate of mass loss) for all the samples examined.

Results of testing by means of fixed bed pyrolysis
The mass of output samples—solid remains after pyrol-
ysis—and condensation are presented in Table 4. Fig-

ures 5—7 show the results of post-process gas composition
analyses recorded, during processes of pyrolysis of the
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Fig.2 TG and DTG curves and the water/H,O ion current curve recorded during analysis of the sample no. 59
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Fig.3 TG and DTG curves and the carbon dioxide/CO, ion current curve recorded during analysis of the sample no. 59
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Fig.4 TG and DTG curves and the carbon monoxide/CO ion current curve recorded during analysis of the sample no. 59
Table 2 Mass lost and dry mass Sample
left after 900 °C TG process
3 12 15 56 59 60 63 Commer-  Pulp +resin
cial sample
Mass lost % 19.07 3512 1737 244 16.86 24.62 2373 31.6 32.09
Dry mass left % 80.93 64.88 82.63 75.60 83.14 7538 76.27 68.40 67.91
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Table 3 Peak temperatures on Peak temperature Sample
DTG curves for the samples DTG °C
examined 3 12 15 56 59 60 63 Commercial  Pulp +resin
sample
83-87 X X X X X X X - -
104-113 - - X X - X - - -
258-270 X X X X X X X X X
328 - - - - - - - X -
424 - _ - - _ X
444-461 X X X X X X X X -
605-611 X - - - X - - - -
Table 4 Samples mass after the pyrolysis process Discussion
Sample Sample mass/g Mass loss  Condensate
— - products On the basis of an analysis of the ion currents registered
nitial m; - Finalm; g % masslg (Figs. 2—4), it was found that the main gas products emit-
3 3506 2500 1026 29 453 ted during a thermal analysis of the samples examined
12 34.30 1975 1455 42 10.02 were water (H,0), carbon dioxide (CO,) and carbon mon-
56 27 68 2077 691 25 3.84 oxide (CO). Such summaries show which temperatures
15 057 2331 926 28 532 and sample mass losses correspond to the gas products
59 3394 2718 676 20 2.6 which appear. The analysis of samples using the TG-DTG
60 26.93 1772 921 34 345 method detected no CH,,—one of the decomposition prod-
63 317 273 044 29 447 ucts of cellulose included in all of the products [8, 23,
Pulp + resin 24.72 16.34 838 34 323 26-30]—which should be explained by the difference in
Commercial sample  15.06 10.52 454 30 215 absolute mass in the test method. In addition, the sam-

samples examined, in the laboratory setup intended for
testing the fixed-bed pyrolysis process.

ples for the TG-DTG analysis were subjected to grind-
ing, which could facilitate the reduction of CH, to carbon
dioxide or carbon monoxide in this scale and at relatively
high gas flows. The diagrams of the TG and DTG curves
for all the samples examined showed a multi-signal course
(Table 3). For samples 3, 12, 15, 56, 59, 60 and 63 a peak
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takes place at a temperature of about 80—-115 °C that is
related to the exothermic process of water (humidity)
evaporation. It can take place in a single stage (83-87 °C)
or in two stages (104—113 °C). Another signal takes place
in a temperature range of 258-270 °C (for samples 3, 12,
15, 56, 60 and 63, commercial, and pulp + resin) and is
related to an exothermic process related to the evapora-
tion of structural (intercrystalline) water. For the com-
mercial sample, this process takes place in two stages.
A minor signal at a temperature of 424 °C occurs in the
‘pulp +resin’ sample, which may be related to the destruc-
tion of the geopolymer binder (an ingredient of the mix).

Further signals within a temperature range of 440-460 °C
can be observed most clearly for samples no. 15 and 60
although they are present in all samples that contain inor-
ganic resin in characteristics of CO, emission, which may
testify to the residual degradation of cellulose fibres that
were soaked the most with inorganic resin. Within a tem-
perature range of 605-610 °C, additional samples occur
for samples no. 3 and 59, resulting from the microsphere
combustion process. Similar signals—although with much
less defined peaks and at slightly lower temperature range
of 580-600 °C—occur for samples 15 and 63, which also
contain microspheres. In all the samples examined, no
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signals originating from endothermic processes were reg-
istered. The mass loss for the materials examined reaches
a value of about 17-35%.

For sample no. 59 (mix with expanded vermiculite and
perlite, and microspheres), the above-mentioned relation-
ships achieve the lowest level of sensitivity as a result of
various influences of ingredients on one another. In the case
of the signal origination from the ion current of water/H,O
(Fig. 2), the diagram translates to the DTG curves, where
two signals are visible within a range of up to 300 °C, corre-
sponding to the evaporation of humidity and the destruction
of intercrystalline water. In the case of ion current of car-
bon dioxide/CO, (Fig. 3) and carbon monoxide/CO (Fig. 4),
multiple signals within a temperature range of up to 700 °C
occur (products of combustion of individual ingredients of
the mixes). There is no correlation between the TG and DTG
results (signal multiplication factor) and the composition
of the samples. All the courses of ion currents (for the own
samples) examined have a similar diagram type with similar
sensitivity.

In the case of analysis of fixed bed pyrolysis (Figs. 5, 6,
7), it is possible to notice CO, CO, and CH, compounds—
the products of cellulose decomposition. In the case of the
commercial sample, it is possible to see that the emission
of CH, has a peak with characteristics different to those of
own samples, which results from the decomposition of the
organic resin [9, 10, 27-29]. In addition, in the fixed-bed
pyrolysis test method, it is possible that CH, was identified
as part of another organic compound with higher molecular
weight. This results from the specificity of the examination
method. In the case of the ‘commercial’ sample (Fig. 7), the
effect of the emission of methane is more extended in time,
taking place for up to 98 min whereas for own sample the
methane emission time is within a limit of 40—58 min.

In the own samples examined, the dominant emissions
are those of carbon dioxide and carbon monoxide (Figs. 5,
6). The carbon dioxide and monoxide emissions take place
in two stages—the first maximum was observed after
20-30 min, and the second one after 70-80 min of the pro-
cess. Methane emissions (Fig. 7) mainly take place at the
40th minute of the process and their volume achieves values
of below 8%. Together with an increase in the temperature of
pyrolysis, the yield of individual ingredients decreases. No
differences in terms of gases emitted, depending on sample
composition type, were found in the qualitative examination
of gases emitted from own samples.

Conclusions

The application of expended perlite expanded vermiculite
and microspheres as additives that improve the thermal
resistance of a cellulose mix proved to be the right choice.

These materials exhibit some very interesting physico-chem-
ical properties that may be useful for creating moulds which
come into contact with liquid metal intended for formation
of gating systems in traditional single-use sand moulds.
Because of their specification, these materials may contain
organic or inorganic contaminants which may be a source of
trace contamination appearing during thermal degradation.

The application of aluminium silicate binder did not
result in significant deviations from the course of tempera-
ture changes during measurements. This enables the usage of
this resin in the application of this type, which is significant
given that this material is much friendlier in terms of human
life and health in comparison to the materials applied in the
commercial cellulose mould.

Described in this paper mixtures composition has been
used to manufacture experimental laboratory gating fittings
for pour liquid grey iron into sand mould in small scale.
Analysis did not show any negative effect to grey iron metal
casting microstructures by using described in this paper
material mixtures for gating system to run liquid metal from
a ladle into the mould [10, 27]. That gives some positive
perspective to run very first industrial tests once the correct
commercial partner will be found.
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bution 4.0 International License, which permits use, sharing, adapta-
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References

1. Holtzer M, Baginska E, Baliriski A, Borla K, Bydatek A, Dariko
J, Kowalski K, Latata-Holtzer M, Mlynski M, Podrzucki Cz,
Rozek J, Zmudziriska M. The best available technic guides (NDT)
instruction for foundry industry. Polish Ministry of the Environ-
ment Press; 2005. https://ippc.mos.gov.pl/ippc/custom/odlewnie.
pdf (in Polish).

2. Holtzer M. Dumping process in foundries. Krakéw: UWND AGH;
2001. (in Polish).

3. Campbell J. The new metallurgy of cast metals-castings. Amster-
dam: Elsevier; 2003.

4. Naro RI. Porosity defects in iron castings from mold-metal inter-
face reactions. AFS Trans. 1999;107:839-51.

5. Perzyk M, Biernacki R, Kozlowski J. Data mining in manufac-
turing: significance analysis of process parameters. Proc Inst
Mech Eng B J Eng Manuf. 2008;222(11):1503-16.

6. Zawieja Z, Sawicki J. Polish Patent PL225852 (2017).

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://ippc.mos.gov.pl/ippc/custom/odlewnie.pdf
https://ippc.mos.gov.pl/ippc/custom/odlewnie.pdf

2034 Z. Zawieja, J. Sawicki
7. https://www.vesuvius.com/content/dam/vesuvius/corporate/ 19. Demirborga R, Gul R. Thermal conductivity and compressive
Our-solutions/our-solutions-master-english/foundry/iron-found strength of expanded perlite aggregate concrete with mineral
ry/filtration-gating-systems/brochures/hollotex_eg_runner-c2_ admixtures. Energy Build. 2009;35(11):1155-9.
fh-e.pdf.downloadasset.pdf—(31 Dec 2020). 20. Yilmazer S, Ozdeniz B. The effect of moisture content on
8. Grabowska R, Szucki M, Suchy J, Eichholz S, Hodor K. Ther- sound absorption of expanded perlite plates. Build Environ.
mal degradation behavior of cellulose based material for gating 2005;40(3):311-8.
systems in iron casting production. Polim J. 2013;1(58):39-44. 21. Losiewicz M, Halsey D, Dews J, Olomaiye P, Harris F. An inves-
9. Bobrowski A, Holtzer M, Zymankowska-Kumon S, Danko R. tigation into the properties of micro-sphere insulating concrete.
Harmfulness assessment of moulding sands with a geopoly- Constr Build Mater. 1996;10(8):583-8.
mer binder and a new hardener, in an aspect of the emission 22. Mazzoni AD, Aglietti EF. Aluminium reduction and nitriding of
of substances from the BTEX group. Arch Metall Mater. aluminosilicates. Thermochim Acta. 1999;327(1):117-23.
2015;60(1):341-4. 23. Haustein E, Quant B. The characteristics of selected properties of
10. Zawieja Z, Sawicki J, Gumienny G, Sobczyk-Guzenda A. Inves- the cenospheres—fraction of fly ash—by-product of coal combus-
tigation of an advanced cellulose profile used for the manufac- tion. Mineral Resour Manag. 2011;27:95-111.
ture of gating systems. Arch Foundry Eng. 2014;14(3):123-8. 24. Holtzer M, Drozyniski D, Bobrowski A, Makselon J. Method
11. Zawieja Z, Sawicki J. Gas evolution quantitative analysis at a of the moulding sands binding power assessment in two-layer
temperature of 900°C of a cellulose mixture modified by min- moulds systems. Arch Foundry Eng. 2013;13(2):39-42.
eral additives. Arch Metall Mater. 2016;61(2B):1051-5. 25. Posniak M, Koziet E, Jezewska A. Harmful chemicals in the pro-
12. Suvorov SA, Skurikhin VV. High-temperature heat-insu- cessing of phenol-formaldehyde resins. In: Occupational Safety—
lating materials based on vermiculite. Refract Ind Ceram. Science and Practice, vol. 3. 2000; p. 8-11.
2002;43(11-12):383-9. 26. Zawieja Z, Sawicki J. Gas emissivity of a modified cellulose mix
13. Suvorov SA, Skurikhin VV. Vermiculite—a promising mate- at the temperature of 900°C. Arch Foundry Eng. 2015;15(3):91-4.
rial for high-temperature heat insulators. Refract Ind Ceram. 27. Zawieja Z, Sawicki J. Expanded perlite, expanded vermiculite
2003;44:186-93. and microspheres as fillers in new generation paper pulp mix-
14. Kristkova M, Weiss Z, Filip P. Hydration properties of ver- ture used for contact with liquid metal. Adv Sci Technol Res J.
miculite in phenolic resin friction composites. Appl Clay Sci. 2015;9(26):83-8.
2004;25(3-4):229-36. 28. Zawieja Z, Sawicki J. Gas evolution qualitative analyses from
15. Peletskii VE, Shur BA. Experimental study of the thermal con- modified cellulose mixtures during thermal degradation in air and
ductivity of heat insulation materials based on expanded ver- argon. Adv Sci Technol Res J. 2017;11(3):24-30.
miculite. Refract Ind Ceram. 2007;48:356-8. 29. Zawieja Z, Sawicki J. Thermogravimetric analysis of modified
16. Liang Y, YuJ, Feng Z, Ai P. Flammability and thermal prop- cellulose mixtures in air. Arch Metall Mater. 2019;64(1):153-7.
erties of bitumen with aluminium trihydroxide and expanded 30. Foldvari M. Handbook of the Thermogravimetric System of Min-
vermiculite. Constr Build Mater. 2013;48:1114-9. erals and its use in Geological Practice: Occasional Papers of the
17. Barabaszova KC, Valaskova M. Characterization of vermiculite Geological Institute of Hungary. Vol. 213. Budapest; 2011.
particles after different milling techniques. Powder Technol.
2013;239:277-83. Publisher’s Note Springer Nature remains neutral with regard to
18. Pichor W, Janiec A. Thermal stability of expanded perlite modi- jurisdictional claims in published maps and institutional affiliations.

fied by mullite. Ceram Int. 2009;1:527-30.

@ Springer


https://www.vesuvius.com/content/dam/vesuvius/corporate/Our-solutions/our-solutions-master-english/foundry/iron-foundry/filtration-gating-systems/brochures/hollotex_eg_runner-c2_fh-e.pdf.downloadasset.pdf
https://www.vesuvius.com/content/dam/vesuvius/corporate/Our-solutions/our-solutions-master-english/foundry/iron-foundry/filtration-gating-systems/brochures/hollotex_eg_runner-c2_fh-e.pdf.downloadasset.pdf
https://www.vesuvius.com/content/dam/vesuvius/corporate/Our-solutions/our-solutions-master-english/foundry/iron-foundry/filtration-gating-systems/brochures/hollotex_eg_runner-c2_fh-e.pdf.downloadasset.pdf
https://www.vesuvius.com/content/dam/vesuvius/corporate/Our-solutions/our-solutions-master-english/foundry/iron-foundry/filtration-gating-systems/brochures/hollotex_eg_runner-c2_fh-e.pdf.downloadasset.pdf

	The gas evolution of a modified cellulose mixture used for gating systems in the no-bake mould process
	Abstract
	Introduction
	Experimental materials and methods
	TG–DTG tests
	Testing by means of fixed bed pyrolysis

	Results
	Results of TG–DTG tests
	Results of testing by means of fixed bed pyrolysis

	Discussion
	Conclusions
	References




