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In order to bring a solution to the problem of waste foundry sand (WFS) in the foundry sector and achieve its reuse, geopolymer
building material (as a cementless technology) was produced from the WFS for the first time in the literature in this study. +e
physical and mechanical characteristics of this material were determined. In the first part of the experimental step, the sieve
analysis, loose/tight unit weight, and loss of ignition of the WFS were obtained as well as the ultimate analysis. In the second step,
the water absorption percentage, porosity, unit weight, and compressive strength tests were conducted on the WFS-based
geopolymer specimens activated by chemical binders (sodium hydroxide: NaOH and sodium silicate: Na2SiO3). As the unit
weights of all the produced samples were lower than 1.6 g/cm3, they may be considered as lightweight building materials. +e
minimum compressive strength value for building wall materials was accepted as 2.5MPa by national standards. In this study, the
maximum compressive strength value was measured as 12.3MPa for the mixture incorporation of 30% Na2SiO3 at the curing
temperature of 200°C in 28 days. It was concluded that this geopolymer material is suitable for using as a building wall material.

1. Introduction

+e method of obtaining a desired shape by solidifying
molten metal in a mould that has space in it is called foundry
[1]. Foundry involves production of parts by melting down
metals or alloys and pouring them into the space in a pre-
prepared mould. In one step, parts with simple or complex
shapes may be produced out of any material that can be
moulded. +e foundry sector is an industrial sector where
various iron, scrap steel, and ferroalloys are melted down in
arc furnaces or cupolas, shaped in sand, ceramic, or metal
moulds, and the cast, steel, nodular, and tempered foundry
products needed in industry are produced as raw or pro-
cesses materials [1, 2].

Especially in establishments such as factories and
workshops that produce parts of the automotive, con-
struction, and machine and in steel industry, foundry sand is
used to mould foundry products (iron-steel industry and
aluminium- and copper-based alloys). A large part of
foundry process is achieved using sand moulds. Foundry

sand is used to prepare metal foundry moulds. For 1 ton of
foundry, 4-5 tons of sand is required. +is ratio may be
changed based on the type of the metal that needs to be
casted, part size, and moulding technique. Sands that
contain more than 90% of silica and 7–15% clay (bentonite
or kaolinite clay) and have a sintering temperature of over
1500°C are defined as foundry sands. Foundry sands are
found freely in the nature, and they have a loose structure.
+e physical and chemical characteristics of foundry sand
are dependent on the type of the foundry process and the
industrial sector it is to be used in [3]. Foundry sand typically
has a semicornered or circular shape [4]. It has a uniform
distribution of grain size; 85–95% of it has grain sizes of 0.6
to 0.15mm, while 5–12% of it has grains smaller than
0.075mm [5]. After each foundry operation, the moulds are
opened up, large parts in the foundry sand are sieved and
removed, and new sand is added to the system in the amount
the sand that is removed. After a certain number of cycles,
foundry sand becomes unusable for the moulds, which is
discarded from the foundry as waste foundry sand (WFS).
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+e reasons for this are (i) physical and chemical degra-
dation of the sand, (ii) exposure of the sand to 1500°C
molten metal during moulding, (iii) loss of the binding
properties of the bentonite in the sand, and (iv) loss of
resistance in sand grains due to mechanical abrasion [6].

Studies on usage of theWFS, which was the raw material
of this study, started only recently, and they are limited.
+ere are various fields in the world that would achieve
usage of the WFS in large amounts in the construction
sector, especially in geotechnics and highway constructions.
In general, in cases where the shipping processes in reuse do
not exceed the costs of the shipping processes used for the
primary form of sand, usage of the WFS becomes advan-
tageous [7]. +e WFS may be used as filling with or without
controlling hydraulic conductivity. One of the areas where
WFS is used most frequently is highway construction op-
erations. It is possible to use this material in various states of
highway constructions. It may be used as a foundation
material for the lower and upper structure of the road or for
the purpose of increasing the friction coefficient of the road
coating material in the struggle against snow and ice in
winter months. +e WFS is being used successfully as fine
aggregate in hot asphalt mixtures. Studies have shown that
the WFS may be used to constitute 25% of the fine aggregate
in the mixture. Ordinary Portland cement (OPC) consists of
calcium oxide, silica, and iron oxide in suitable amounts. In
cement production, the chemistry of the WFS as a source of
silica is more important than its grain size and shape. +e
WFS is one of the highest-quality silica sources for the
cement industry. +e amount of natural sand that is needed
may be reduced by replacing it with the WFS. While various
usage areas have been found and are being used in the world
for the WFS, the entropy of the foundry system may be the
enthalpy of another party that needs it. As the price for
various raw materials has started to increase in Turkey, the
WFS has started to be used by other industries as input
(enthalpy). In addition to the WFS usage areas such as
tarmac, road construction, cement, filling material, and
briquette construction which are used everywhere, usage of
the WFS as agricultural soil popularised in recent years [8].
Due to its consistency and dark colour, the WFS is ideal for
agricultural soil production. It is a suitable material as it is
needed to have high sand content in agricultural soil. It
reduces clustering during fertiliser application and prevents
mixing due to compression. Additionally, it allows air flow
in the material. +e Ohio Plantation uses foundry sand for
ornamental plants by mixing it with soil and fertiliser. Kurtz
brothers from Ohio also used it successfully for golf course
greening. In this practice, presence of clay is useful, and it
makes it easier to intake nutrients. In addition to this, it is
also utilised as fine aggregate on making mixtures, and for its
rich silica content, it is used in production of mineral wool
and fiberglass [9].

Experiments were conducted by replacing 20% of ag-
gregates in concrete mixtures with the WFS and increases of
up to 10% were achieved in water absorption and capillary
absorption values. +is increase reduced compressive
strength (CS) by a certain amount. Another study with
addition of recycled sand by 15% reported that this addition

increased ultrasonic pulse velocity and reduced chloride ion
penetration. In high-strength concretes, it was found that
addition of the WFS above 10% was not usable. Another
study found that the bestWFS ratio for CS is 5–10%, and this
ratio preserved the CS of mixtures made with standard sand,
but ratios up to 5% and higher than 10% reduced the CS of
samples by about 10% [10].

In a study which investigated usability of the WFS and
type-F fly ash (FA), it was reported that usage of FA in
mixtures increased CS (by more than 32%), abrasion re-
sistance, and durability, and the WFS or type-F FA used in
cool environments may replace sand by up to 25% [11].

Studies have been conducted on usage of foundry sands
in highways and berms [12, 13], hydraulic barriers [14, 15],
inside tarmac mixtures [16], investigation of permeability
values with usage of slurry materials [17], potentials of usage
as waste in civil engineering and ways of recycling [18],
improvement studies using biological or other materials
[19, 20], investigation of seepage water quality in landfill
areas filled with foundry sand [21], foundry sands’ char-
acteristics [22], and reuse and removal [23, 24].

Usage of theWFS was investigated for using in Portland-
cemented concrete. For this purpose, 15% WFS and various
ratios of water/cement (W/C) mixtures were added into
standard concrete mixtures instead of sand, and their effects
on the physical and mechanical properties of concrete were
observed. Accordingly, the slump test was conducted on the
fresh concrete, and compression, indirect tensile force, water
absorption percentage, specific weight, sorptivity, and ul-
trasound pulse velocity were analysed on hardened concrete.
Experiment results showed that the WFS damaged the
mechanical and physical characteristics of concrete to some
extent. Despite this damage, it was reported that WFS-based
concrete may be used safely in large-mass concrete blocks
that are not ferroconcrete. Using WFS in such applications
would be suitable for economy [24].

It was found in thermal analyses of foundry sands that
98% may be used by recycling, and this will provide various
economic and environmental benefits; green metal foundry
sands may be used as filling in areas such as ditches, holes,
and trenches. While the electrical method is recommended
to remove Zn, Mn, and Pb from foundry sand, there are also
recommendations to regain the chromium and silica in the
sand. As foundry sand contains sand and bentonite, their
mechanical behaviour resembles sand bentonite mixtures
[24].

Indirect tensile strength experiment results of samples
with and without WFS addition were in parallel with CS
experimental results. In comparison with the values found in
the non-WFS mixtures, the water absorption in 28-day
samples with 15% WFS addition was 1.5% higher in low
W/C ratios and 2.9% higher in high W/C ratios. Sorptivity
and visible porosity rates of samples with 15% WFS were
higher than those of samples without WFS addition. Ac-
cordingly, the clay that is found in the WFS to some extent
and particles on theWFS grains weakened adherence, and as
they led to an increase in the rate of pores in the concrete,
they reduced the mechanical and physical properties of the
concrete. +is reduction may be caused by high rates of
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WFS added into the concrete mixture. It is thought that the
WFS may be used in backfill concrete [24].

Deng and Tikalsky [25] stated that the WFS can be
converted into flowable fill for geotechnical applications. In
the related study, the WFS samples were obtained from 17
independent metal casting facilities with different casting
processes, thus representing a good range of the WFS
properties. +e laboratory studies include physical, geo-
technical, and leaching properties of flowable fills consisting
of the WFS, cement, and FA mixed to different water
contents. +e main properties measured include WFS
physical properties (density, particle gradation, grain shape,
and fine content), WFS flowable fill geotechnical properties
(unconfined compressive strength, hydraulic conductivity,
setting time, and bleeding), and the fill’s leaching properties
(heavy metals and organics in the bleed water and the
leachate extracted from hardened WFS flowable fills). +e
test results indicate that, in terms of the physical properties,
most of the data fall within narrow ranges, although data
from the copper/aluminum-based WFS samples might fall
beyond the ranges. Geotechnical properties of the WFS
flowable fills in both fresh and hardened phases were verified
conforming to the features of specified flowable fills. Ma-
terial leaching analyses indicate that the toxicity of the WFS
flowable fills is below regulated criteria. A mix formulation
range originated from the study is proposed for the design of
the WFS made flowable fill.

Siddique and Noumowe [26] present an overview of
some of the research published on the use of spent foundry
sand (SFS) in controlled low-strength materials and con-
crete. In the related study, effects of SFS on controlled low-
strength materials (CLSM) characteristics like plastic
properties, such as CS, permeability, and leachate analysis,
and concrete properties such as CS, splitting tensile strength,
modulus of elasticity, freeze-thaw resistance, and shrinkage
are presented.

Siddique et al. [27] present the results of an experi-
mental investigation carried out to evaluate the mechanical
properties of concrete mixtures in which fine aggregate
(regular sand) was partially replaced with used-foundry
sand (UFS). In this study, fine aggregate was replaced with
three percentages (10%, 20%, and 30%) of UFS by weight.
CS, splitting tensile strength, flexural strength, and mod-
ulus of elasticity were determined at 28, 56, 91, and 365
days. Test results indicated a marginal increase in the
strength properties of plain concrete by the inclusion of
UFS as partial replacement of fine aggregate (sand) and that
can be effectively used in making good quality concrete and
building materials.

Guney et al. [28] investigated the potential reuse of the
WFS in high-strength concrete production. In this study, the
natural fine sand is replaced with theWFS (0%, 5%, 10%, and
15%). +e findings from a series of test program showed
reduction in CS, tensile strength, and the elasticity modulus
which is directly related to waste foundry inclusion in
concrete. +e slump and the workability of the fresh con-
crete decreased with the increase of theWFS ratio. However,
the freeze-thaw significantly reduced the mechanical and
physical properties of the concrete. +e obtained results

satisfy the acceptable limits set by the American Concrete
Institute (ACI).

Siddique et al. [29] present the design of concrete mixes
made with UFS as partial replacement of fine aggregates. In
this study, test results indicate that industrial by-products
can produce concrete with sufficient strength and durability
to replace normal concrete. CS, and split tensile strength,
was determined at 28, 90, and 365 days along with car-
bonation and rapid chloride penetration resistance at 90 and
365 days. Comparative strength development of foundry
sand mixes in relation to the control mix (i.e., mix without
foundry sand) was observed.

Singh and Siddique [30] performed an experimental
investigation to evaluate the strength and durability prop-
erties of concrete mixtures, in which natural sand was
partially replaced with the WFS. In this study, natural sand
was replaced with five percentages (0%, 5%, 10%, 15%, and
20%) of the WFS by weight. A total of five concrete mix
proportions (M-1, M-2, M-3, M-4, and M-5) with and
without WFS were developed. +e CS test and splitting
tensile strength test were carried out to evaluate the strength
properties of concrete at 7, 28, and 91 days. +e modulus of
elasticity and ultrasonic pulse velocity test were conducted at
28 and 91 days. In case of durability property, the rapid
chloride permeability test was performed on all five mix
proportions at 28 and 91 days. Test results indicate a mar-
ginal increase in strength and durability properties of plain
concrete by inclusion of the WFS as a partial replacement of
fine aggregate.

Singh and Siddique [31] investigated the abrasion re-
sistance and strength properties of concrete containing the
WFS. In this study, sand (fine aggregate) was replaced by 0%,
5%, 10%, 15%, and 20% of WFS by mass. +eW/C ratio and
the workability of mixtures were maintained constant at 0.40
and 85± 5mm, respectively. Test results indicated that re-
placement of sand with the WFS enhanced the 28-day CS by
8.3–17%, splitting tensile strength by 3.6–10.4%, and
modulus of elasticity by 1.7–6.4% depending upon the WFS
content and showed continuous improvement in mechan-
ical properties up to 365 days. It was determined that in-
clusion of the WFS as sand replacement significantly
improved the abrasion resistance of concrete at all ages.
Strong correlation exists between the abrasion resistance and
each of the mechanical properties investigated.

Akkaya [32] examined UFS with some additives as
a landfill cap layer material. For this purpose, laboratory
tests were performed with these samples: UFS (for two
different types of foundry sand: green sand and resin-
bonded sand), UFS + bentonite (various proportions),
and UFS + bentonite + waste rubber (with different shapes).
It was found that increasing bentonite content (9%) de-
creased the hydraulic conductivity below the requirements
(10−9 m/s) for all UFS. Adding rubber (3%) to UFS ben-
tonite mixture increases the split tensile strength for all
types of samples, and it also increased hydraulic conduc-
tivities; only 1 result was found below the requirements. In
this study, results showed that UFS with bentonite and
rubber revealed a good candidate for construction of
a landfill cap layer material.
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About 300 thousand tons of foundry sand is used an-
nually in various sectors in Turkey, and the used sand is
released into the nature as waste. Top users of foundry sand
in the world include Russia by 10,800 thousand tons,
Germany by 2,754 thousand tons, the USA by 6,032
thousand tons, France by 1,428 thousand tons, and Italy by
1,245 thousand tons [24]. Turkey is in the 12th place in the
world and 4th place in Europe in terms of the foundry
industry, and this is a significant market share.

In the industry, there is the tripod of raw material-
process-product, and waste formation is an inevitable
problem in most industrial establishments [33]. Today,
where environmental issues are substantial, utilisation of
industrial wasted supplement materials in building material
technologies is an important issue that needs to be focused
on as it will reduce costs and fight environmental problems
[9]. In parallel with advancement of today’s technology,
building material technology has entered a rapid change and
advancement process.

Geopolymer is a group of cementitious materials formed
by activating aluminosilicate-based material with alkaline
solution containing a mixture of hydroxide and silicate of
alkali earth metal (sodium or potassium) [34]. Geopolymers,
with their great physical and chemical characteristics, may
be used in the prefabricated construction industry, bearing
and nonbearing building materials, sculpting and ornament
arts, concrete-based road coatings, ground improvement,
storage of toxic and nuclear waste, refractory ceramic ma-
terial production, production of wall coatings that are re-
sistant against challenging climate conditions like fire,
reinforcement and restoration of bearing system of historical
buildings, plane and race car industry, and nuclear power
plants [35]. Oven cured FA-based geopolymer concrete was
found to behave in a more brittle manner than the con-
ventional OPC-based concrete [36].

Transformation of the waste into another product in
terms of environmental technology is known in the waste
management hierarchy pyramid as “reuse.” It is needed to
develop usage areas for this waste within the concept of
industrial ecology. In Turkey and worldwide, it seems
possible by utilising theWFS, an industrial/sectoral waste, to
reduce CO2 emissions, produce more inexpensive building
materials, support the country’s economy by reusing the
waste material, protect the ecological balance with natural
raw materials, and prevent environmental pollution. Reuse
of this waste as an input for the economy is a necessity which
is increasingly adopted in Turkey as it is in the world for
a priority policy goal to a sustainable environment and
development.

Besides the environmental benefits of waste disposal and
CO2 sequestration [37, 38], the WFS is suitable raw material
for building material production. Selection of reuse the
geopolymer building material among alternatives in utilising
WFS in this study was based on that fact that the con-
struction sector satisfies the most basic human need of
shelter; it usually acts as a leverage for the economy of
Turkey, and the world in terms of the added value and
employment opportunities it creates, its annual growth rate
is 7.1% and its contribution to gross national product is 6%;

they are some of the most abundantly used materials per
person following water [39].

2. Materials and Methods

Classification of foundry sand may depend upon the type of
binder (bentonite or resinous). +e WFS used in this study
contained bentonite, and it was supplied from the province
of Konya in central Turkey. In this study, it was worked on 4
different types of WFS, and it was decided to continue with
one type after the preliminary results. Elemental analyses of
this WFS were carried out, and then, preliminary experi-
ments (the sieve analysis, loose/tight unit weight, and loss of
ignition tests) were conducted on this material. +e study
included experiments of chemical binder and sample col-
lection from the WFS and on the geopolymer building
material samples, which involved (i) water absorption
percentage (WAP), (ii) porosity, (iii) CS, (vi) unit weight
(UW) tests. Related Turkish standards were used in the
experiments conducted in the scope of the study.

+e WFS elemental analysis was carried out in an
accredited laboratory based on the EPA 3051 A (microwave-
assisted digestion “preliminary process”) [40] and EPA 200.7
(analysis in ICP-OES) [41] standard test methods, and the
results are given in Table 1.

SiO2 is significantly abundant in terms of its ratio in the
WFS content. +e ratios of the other components are very
low in comparison with SiO2.

+e sieve analysis of the WFS was conducted (Figure 1).
According to TS EN 933–10 [42], the material was cat-
egorised based on size.

Table 1: Elemental analysis of the WFS.

Compounds Amount (%)
SiO2 98.64
Al2O3 0.74
CaO 0.35
Fe2O3 1.01
K2O 0.21
MgO 0.50
Na2O 1.07
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Figure 1: Granulometric distribution of the WFS.
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For combustible material calculation of the WFS, firstly
crucible tare weighted 1 g of WFS is put into a crucible and
left on the stove at 105°C for 1 hour.+en the sample is left in
a desiccator for cooling. +e sample that is taken out of the
desiccator is weighed on a precision scale and left in a muffle
furnace at 750°C for 2 hours. After 1 day, it is taken to the
desiccator again for cooling. Combustible material is cal-
culated by the formula: (y−x/sample weight)× 100 (crucible
tare� x, sample weight� 1 g, after-stove N+K� y). How-
ever, the WFS is a solid industrial waste which also contains
the substance used during moulding in its structure. During
the foundry operations, automobile parts were left in the
WFS used as a raw material in this study. +erefore, as in
high temperatures in geopolymer production processes,
issues of gas release and smell occurred as the temperature
increased (>200°C), and the temperature of 750°C could not
be reached. So, combustible matter calculation could not be
achieved. Naturally, the UW of an aggregate varies in the
range of 1.20 to 1.80 kg/dm3. UW values are dependent on
the granulometry of the aggregate, amount of faulty ma-
terials, form of positioning, and the specific weight of the
aggregate. +e compressed UW values for the WFS were
calculated as given below:

(i) Air-dried compressed UW: 1.60 g/cm3

(ii) Oven-dried compressed UW: 1.59 g/cm3

WFS-chemical substance mixture rates were calculated
to produce geopolymer building material samples from the
WFS with chemical binder (Table 2). +e mixtures prepared
based on these calculations were poured into moulds with
the dimensions of 4× 4×16 cm. +e samples were obtained
in different ratios by volume (10%, 20%, and 30%); they were
then dried for 24 hours in an oven at different temperatures
(75, 100, 150, and 200°C).

While preparing the samples, as gas emission was ob-
served at temperatures over 200°C, the upper limit for
temperature was determined as 200°C. +ese experiments
suggested that theWFSmay be activated by chemical binder.
Consistency tests were conducted in preparation of the
samples as water ratios may influence sample characteristics,
and the consistency ranges of all samples were held constant.

As the UWs of the samples in the study were very diverse,
the mixture parameters were determined based on volumes.
+ree groups of samples were prepared in the study:

(a) Samples prepared with NaOH (at least 97% purity)
(b) Samples prepared with 38 bome Na2SiO3

(c) Samples prepared with 48 bome Na2SiO3

CS experiments were conducted on samples at 7-day and
28-day curing times. New samples were prepared based on
the optimum design parameters. Additionally, samples were
also prepared based on the ±5% interval values of the op-
timum design (Figure 2). Based on these results, necessary
tests were carried out on the obtained samples in order to
determine their physical-mechanical characteristics.

For CS analyses on the geopolymer samples, the vola-
tility of the spherical bearing was checked before starting the
experiment. +e surfaces of the loading trays and the
samples were carefully cleaned, and the sample was placed
on the lower tray. Adjustments were made in a way to ensure
that the sample axis and the tray on the spherical bearing had
the same centre of compression. In order to ensure that the
load to be applied on the sample is distributed evenly on the
surface, the tray was adjusted in a way to contact the surface
of the sample completely. +e loading was adjusted in
a continuous way so that the loading rate is as constant as
possible (in a period of 3–5 minutes), and the CS was
measured by using mangle.

Cube-shaped samples were used for WAP experiments
on the geopolymer samples. +e samples were dried at
105°C for 24 hours and left at room temperature for
30 minutes, and then their weights were measured. +e
dried samples were left in a container filled with water at
20–25°C temperature for 24 hours. +ey were then weighed
right away after wiping the water drops on them with
a damp sponge and put back into the water. +is mea-
surement operation was repeated in 24-hour intervals.
In the last state, their water-saturated constant weights
were determined. +e WAP values could be measured in

Table 2: Production parameters of geopolymer samples including the chemical binders and the WFS (in w/w basis).

Sample number Ratio in total amount (%) +e amount of chemical binder
(NaOH or Na2SiO3) (g)

+e amount of WFS (g)

1 10 125 1250
2 15 187 1250
3 20 250 1250
4 25 312 1250
5 30 375 1250

Figure 2: Geopolymer buildingmaterial samples activated by using
chemical binders. ADK is the Turkish name of the WFS.
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the samples where NaOH was used as the chemical binder
in geopolymerisation in the 100–200°C temperature range;
as the samples were prepared at 50 and 75°C curing
temperatures dispersed in water, no measurements could
be made in terms of WAP values at these temperatures.
All geopolymer samples where Na2SiO3 was used as the
chemical binder had a tendency to disperse in water
(Tables 3 and 4) during WAP measurements.

+e WAP of a material is also its visible porosity.
+is parameter could also be measured at the curing tem-
peratures where the WAP could be measured, but again, it
could not be measured at the temperatures where the WAP
could not be determined.

+e TS 699 [43] standard was used to determine the UW
of the geopolymer samples. +e arithmetic average of the
unit weights of three samples was taken to obtain the UW

Table 3: +e results of the WFS-based geopolymer materials produced by using NaOH.

Curing
temperature (°C)

NaOH amount
(with respect to

WFS amount, w/w) (%)
UW (g/cm3)

CS (MPa)
WAP (%) Porosity

(%)7 days 28 days

50
10 — — — BIW∗ BIW
20 — — — BIW BIW
30 — — — BIW BIW

75
10 1.42 1 1 BIW BIW
20 1.44 1 1 BIW BIW
30 1.50 1 1 BIW BIW

100
10 1.41 2.4 2.5 29 35
20 1.44 1.8 1.9 29 33
30 1.51 1.1 1.2 28 33

150
10 1.40 1.7 1.8 28 34
20 1.45 1.6 1.6 27 32
30 1.52 1.5 1.6 26 31

200
10 1.42 1.8 1.8 26 33
20 1.45 1.6 1.6 24 31
30 1.57 1.6 1.6 24 31

∗BIW: breakup in water.

Table 4: +e results of the WFS-based geopolymer materials produced by using Na2SiO3.

Curing
temperature (°C)

Na2SiO3 amount
(with respect to WFS, w/w) (%)

UW
(g/cm3)

CS (MPa) WAP
(%)

Porosity
(%)7 days 28 days

75

38 bome
10 1.69 — — BIW BIW
20 1.60 — — BIW BIW
30 1.65 — — BIW BIW

48 bome
10 1.68 — — BIW BIW
20 1.80 — — BIW BIW
30 1.73 — — BIW BIW

100

38 bome
10 1.65 0.7 — BIW BIW
20 1.69 2.7 — BIW BIW
30 1.57 0.9 — BIW BIW

48 bome
10 1.67 0.9 1.3 BIW BIW
20 1.72 0.9 — BIW BIW
30 1.55 0.9 — BIW BIW

150

38 bome
10 1.61 0.9 — BIW BIW
20 1.56 0.9 1.3 BIW BIW
30 1.43 2.1 2.0 BIW BIW

48 bome
10 1.62 0.3 — BIW BIW
20 1.59 0.6 2.6 BIW BIW
30 1.52 4.4 4.2 BIW BIW

200

38 bome
10 1.64 0.9 0.7 BIW BIW
20 1.61 3.2 2.75 BIW BIW
30 1.39 4 4.3 BIW BIW

48 bome
10 1.63 1.1 1.1 BIW BIW
20 1.53 4.6 4.25 BIW BIW
30 1.41 9.1 12.3 BIW BIW
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value for that group. +e following equation was used to
calculate the UW values:

ρg,u �
mdry,u

Vg,u
, (1)

where mdry,u is the dry UW, Vg,u is the gross volumes of the
samples (obtained by multiplying length, width, and height),
ρg,u is the UW.

3. Results

+e experiments of this study were carried out at temper-
atures under 200°C. +e remaining foundry wastes (auto-
mobile parts) in the WFS had a tendency to burn in curing
trials at higher temperatures, and the design of the exper-
imental setup had to be set at temperatures under 200°C.+e
WFS samples were passed through a 1mm sieve; the study
was carried out using different ratios of mixing NaOH and
Na2SiO3 and different curing temperatures, and geopolymer
building materials were produced.

+e collective results of the tests applied on the geo-
polymer materials during the production process in this
study are given in Tables 3 and 4 and Figures 3–6. In the
curing temperature, ticks between marks indicate the NaOH
amount given in Table 3 (from 10 to 30%, Figures 3 and 4)
and Na2SiO3 amount given in Table 4 (from 10 to 30%,
Figures 5 and 6), respectively.

Previous studies produced building materials from the
WFS by using cement as the binder. In themethod applied in
this study which used this waste (WFS) as a raw material in
geopolymer production, the optimum amounts of the
chemical binders added onto different ratios of the WFS by
w/w basis were 10% (curing temperature of 100°C) for
NaOH and 30% (curing temperature of 200°C) for Na2SiO3.

4. Discussion and Conclusion

+e SiO2/Al2O3 ratio in the WFS by weight was not in the
range of 2–3.5. In addition to this, excessive rates of Fe2O3
(during metal moulding) slow down the geopolymer
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Figure 3: +e relationship between WAP, porosity, UW, and
curing temperatures (100–200°C) for the WFS-based geopolymer
materials produced by using NaOH (10–30% in the total amount).
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reaction and provide low CS in some samples (with different
chemical compositions). American Society for Testing and
Materials (ASTM) categorised building concretes as normal
(UW≥ 2 g/cm3), medium (1.6∼2.0 g/cm3), and lightweight
(<1.6 g/cm3). In this study, the UW values of all the spec-
imens produced with NaOH were lower than 1.6 g/cm3, and
these may be considered as lightweight building materials.
On the contrary, the UW values of the specimens produced
with Na2SiO3 were in the range of 1.39–1.80 g/cm3, which
covers both medium and lightweight building materials.

Among the geopolymer building material specimens
prepared by using NaOH binder and the WFS, the material
produced by 10% NaOH addition at a curing temperature of
100°C had the highest CS value (2.5MPa) at 28th day.
Relevant national standards determined the minimum CS
value for wall materials as 2.5MPa. +us, this material could
be suitable for using as a wall material. Different amounts of
NaOH added into theWFS-based samples led to losses in CS
values. +ese losses had the highest value in the specimens
produced with 30% NaOH addition. +is result showed that
usage of NaOH binder and the WFS is not effective on CS
values of the specimens. As the geopolymer building ma-
terials were deformed during WAP measurements, it was
seen that they were not resistant against external effects. +e
maximum UW (1.52 g/cm3) value was measured at a curing
temperature of 150°C in the sample produced with 30%
NaOH addition; however, almost the same values were
found in all mixtures as no expanding agent was used in
any material. WAP and porosity values of the samples were
similar. +is was an expected result due to similarity in
UW values. +e geopolymer building materials produced
at the curing temperatures of 50 and 75°C broke up in the
water, and therefore, their WAP and porosity values could
not be determined. In the materials produced in the curing
temperatures of 100–200°C, WAP and porosity values
were in the range of 24–29% and 31–35, respectively.
Due to the sand contents of the WFS, our expectation was
to measure a lower value for WAP. As the NaOH binder
ratio decreased, porosity increased due to gas emission
during curing and UW values decreased (Table 3 and
Figures 3 and 4).

In terms of the physical and mechanical values, similar
results were obtained for the geopolymer building materials
produced by using Na2SiO3 or NaOH binder and the WFS.
+e materials with Na2SiO3 binder were produced by using
two types of bome (38 and 48), and no noticeable difference
was found between these two types. However, as opposed to
the case in the NaOH-binded samples, better results were
reached in the physical and mechanical properties for the
Na2SiO3-binded samples at a 30% ratio. +e geopolymer
building material that was produced with Na2SiO3 (in 30%
ratio) binder at a curing temperature of 200°C reached the
values of 9.1 and 12.3MPa at 7 and 28 days, respectively, and
got closer to the literature values of geopolymer building
materials produced with FA.+e maximumUW (1.80 g/cm3)
value was obtained in the sample produced at a curing
temperature of 75°C by using 48 bome Na2SiO3 in the ratio of
20%. As the geopolymer buildingmaterials produced by using
Na2SiO3 (as the binder) had a tendency to breakup in water,

and their WAP and porosity values could not be determined
(Table 4 and Figures 5 and 6).

In this study, at 28th day, the CS values of the geo-
polymer materials produced with 48 bome Na2SiO3 (in the
ratios of 20% and 30%) at the curing temperature of 150°C
were found as 2.6 and 4.2MPa, respectively. Additionally,
the 38 and 48 bome Na2SiO3 samples that were produced
with 20% and 30% Na2SiO3 addition at 200°C curing
temperature reached the CS values of 2.75, 4.3, 4.25, and
12.3MPa, respectively, at 28th day. +ese samples are
suitable for using in walls as building materials.

Geopolymer building material production is technology
where cement as binder is not used and production is
achieved using chemical binders. In cost calculations, the
price of chemical substances is dependent on date and the
firm that supplies them. In case of industrial geopolymer
production, it is possible to obtain these chemicals in bulk
within a price range of 0.70–1 Turkish Lira ( )/kg. Addi-
tionally, the cost will also fall (by around 75%) when the
chemical is used in a diluted (1/3) form. +erefore, as re-
search and development (R&D) advances, there will be
a possibility to industrially produce geopolymer building
materials with a much lower cost (approximately 1/4) than
cemented building materials.

It is expected that better results may be obtained in terms
of CS, WAP and porosity values if geopolymer building
materials are produced by different rates of NaOH and
Na2SiO3 addition in combination. Advancement of research
and development (R&D) practices may result in more ef-
ficient production processes. Additionally, potential future
studies on the WFS, which are in the class of hazardous
wastes, should investigate the options of vitrification and
solidification.

+is study that sheds light on the problem of industrial
WFS is the first record in the literature in terms of geo-
polymer building material production by using this waste
(WFS) as the rawmaterial. It is believed that, with the help of
this study, important steps will be taken in terms of usability
of the WFS in geopolymer building material production not
only in Turkey but also in the world, increasing the effec-
tiveness of its usage. Building material production by using
WFS and its steps constitute an industrial solution for all
firms that plan to reuse this waste into an usable/valuable
product.
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İstanbul Technical University, İstanbul, Turkey, 2008, in
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