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Inorganic polymer materials (Geopolymers) are synthesized using alumino-silicate
sources as solid components with an alkaline solution. This material is used as an

Received: 25 December 2021
Accepted: 22 February 2022

alternative for building materials and provides thermal protection as foaming materials.
This paper presents the preparation of these materials by the reaction between glass waste
(from brown color bottles BP) with sodium hydroxide NaOH and sodium aluminum
(ANS) solutions as alkali activators. For the preparation of mortars (BP-N5 and BP-
ANS5), sand was used as aggregate. The compressive strengths were assessed (24 and 6
MPa) respectively before heat treatment, the hydrolytic stability (PH and conductivity)
tests were performed. Furthermore, hardened mortars have been heated at very high
temperatures in the range of 200°C to 800°C within two hours. Based on the nature of the
foaming behavior of such materials, various variables have changed; (80-140) % volume
increase and porosity rise through the process of heat treatment, particularly at 600°C and
800°C. On the other hand, (3.5-7) % mass reduction occurred. It can be said that the more
significant porosity with different geometrical configurations (sizes and shapes) of such
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inorganic

materials can be considered as acoustic insulation and thermal materials.

1. INTRODUCTION

Over recent years, there has been a gradual increase in glass
waste due to the ever-growing usage of glass products.
However, a large amount of it was thrown into the garbage
sites, which is effectively not desired because these materials
are classified as not biodegradable, which is considered not
environmentally friendly. One of the glass waste applications,
the concrete construction domain, has massive potential for
using waste glasses. Concrete production costs will reduce due
to glass waste reusing concrete products [1]. There is some
similarity between some features of these materials and sands
or gravels that can exist once cullet glass or crushed if its sized
and processed processes have been appropriately performed [2,
3]. However, to achieve an efficient design gradation in the
construction sector, these materials must be accurately and
comprehensively crushed and sieved. Moreover, the better
cullet production that is identical to the rock size reduction
equipment, the glass size reduction equipment usually is
utilized. Furthermore, the crushing equipment utilized is less
than typical rock crushing or aggregate equipment. This may
be because the size reduction equipment of glass was typically
designed to decrease the density or size of the cullet for
transportation purposes and to be used for feedback material
of glass productions [4]. In addition to that, in the concrete
mixture, the glass wastes could be utilized as aggregates [5-7].

The term inorganic materials (also called geopolymer) can
be utilized for Alumino-silicate polymers which may be
formed in alkaline environments. The resulted products then
(Alumino-silicate polymers) can be dissolved through the
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polymerization process into alkali solution, which in turn
create free SiO4 units as well as AlO4 tetrahedral [8, 9].
Inorganic polymers can be defined as non-flammable
materials that resist hard materials at high temperatures. They
are produced by reacting between the alkaline solutions and
reactive aluminosilicate materials [10, 11]. Moreover, in these
binding systems, all chemical processes, precipitation
reactions and alkali-mediated dissolution can be performed in
an aqueous medium [12].

The geopolymers preparation through the soda-glass
activation by using potassium/sodium hydroxide solutions
when treating in the range of temperature between 40°C and
60°C. These products require extended treating time (at least
seven days) to obtain an efficient mechanical behavior (up to
50 MPa). This is consequent to the significant value of Si/Al
proportion which is represented by 20. Moreover, the low
durability of these materials once conserved in the water adds
another challenge to these materials [13]. Generally speaking,
the geopolymers achieved are semi-crystalline or amorphous
at less than 100°C.

Two stages are required to produce ceramic materials by a
geopolymeric: a) preparation and b) sintering. Firstly, the
preparation process of the working mixture should be capable
of reacting with them. This mixture contains two main parts;
alkaline solutions [2, 3, 14-16] and clay raw materials (usually
calcined or natural). However, the second process (i.e.,
sintering) involves the formation of such compounds, which
ensures the obtained products' behavior is comparable to the
manufactured products by traditional techniques. However,
these have two extra advantages; in balance with nature and
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more economic circumstances [10, 11, 17-21].

The recent researches in inorganic materials are used in a
wide range of industrial waste and by-products essentially
contain AlO3 and SiO; along with other oxides like MgO,
MnO, CaO, and Fe,Os3 [22-26]. These new products are
environmentally friendly materials [12, 13, 27-34]. However,
the heat treatment was noticed improvements of some
crystalline phases at an extensive temperature range since
these are evaluated and considered to be thermal insulation
materials [17], technical ceramics and refractory materials [ 18,
19]. The possibility to create foamed materials (lightweight),
can be produced by using glass waste as presage materials [15,
35-38].

2. EXPERIMENTAL SECTION
2.1 Materials

The bottles of brown color glass (cullet) have been
considered as solid materials for alkali-activated cement
synthesis. To achieve the glass powder (BP) with a Blaine
surface area of 3189 cm?/g, these bottles were milled for 25
hours in the ball mill. The oxide component of the studied
glass powder is illustrated in Table 1.

Table 1. The brown glass powder oxide composition (%)

Sample SiO2 | Na2O | CaO | Al2Os
Brown glass powder (BP) | 68.51 12 1145 | 272

Sample Fe20s | MgO | K20 C
Brown glass powder (BP) 2.2 209 | 084 | 019

The average particle size (D0.5) assessed by this method is
10.201um for brown glass powder, and the grain size
distributions are presented in Figure 1. This analysis was
evaluated by using (Malvern Mastersizer 2000) [39-44].
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Figure 1. Grain size distribution of brown glass powder (BP)

Alkali activator solution as liquid component; two types of
solutions were used:

1- NaOH solution 5 M (N5) to prepare the samples (BP-N5)
with Liquid/Solid ratio =0.3.

2- Sodium Aluminum solution (ANY) is a solution prepared
as follows:

a. Aluminum hydroxide (13) gm was mixed with (11.5)
gm of NaOH and 160 ml of distilled water;

b. The mixture was heated at 160°C for 1hr (in a closed
recipient) and continued stirring for 2 hrs;

c. The obtained solution was diluted to 200 ml with
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distilled water (D.W.).

Na Al solution (35) ml (prepared by the steps mentioned
above) was mixed with (7) gm of NaOH (solid) and 4 ml D.W.
to obtain the desired solution to prepare the samples (BP-ANS)
with L/S=0.3. With the formulations based on brown color
glass powder (BP), (BP-N5&BP-ANS), two sorts of mortar
models were created with a binder to the sand proportion of
0.5 and the aggregate was siliceous sand of particles size <250
pm.

2.2 Methods

Two mixtures of alkali activator solution and brown glass
powder were prepared. The first mixture was NaOH solution
SM(N5) with brown glass powder and sand to prepare (BP-
N5). The second mixture was sodium Aluminum solution
(ANS) with brown glass powder and sand (BP-ANS5). The
mixtures were replaced in rectangular molds of dimension
(15x15x60mm) and fixed in an electrical shaker to vibrate for
2 minutes. All specimens were treated at (60) °C for 24 hours.
Subsequently, prepared samples were demolded and were
conserved in atmosphere (i.e., 2022) °C for six days. Cyr et al.
[13], all used 7-56 days for curing the samples; as this curing
period was longer than this current study.

After being cured for up to 7 days, each sample's
compressive strength, dimensions, and weight were measured
before and after heat treatment (200, 400, 600 and 800) °C for
2 hrs. Moreover, cooling for 24hr up to room temperature in
the same oven.

The Tonitech machine was utilized to assess the
compressive strength on mortar specimens (15x15x60 mm)
[45, 46]. The compressive strength can be explained as is the
mean value of three strength values (at least) evaluated based
on specimens cured in identical circumstances.

The immersion of mortar specimens cured has been used to
evaluate the durability of the studied composition using
various conditions in demineralized water (in which 1.3 ratio
of water to solid was considered) [13]. Every day, a renewal
process was considered for the immersion solutions in which
the initial three days and then seven days (i.e., weekly) until
28 days. The conductivity and pH of the solutions have been
evaluated using a laboratory pH meter and conductometer
(PCD 6500) [47-52].

The water immersed part of mass variation of mortar
specimen has been determined using the following expression

(:

Am = [(mt-mi)/mi] X 100 (%) (1)
The variables (mt & mi) represent the sample mass (g) after
“t” days of immersion in water and initial mass, respectively.
The compressive strength (Cs) difference of models after
immersion in water for 28 days was measured using the Eq.
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ACs = [(Csw-Csa)/Csa] X 100 (%) 2

In Eq. (2), the variables (Csw & Csa) are the compressive
strength values (measured in MPa) after 28 days, water
immersion and reserved in the ambience for the same period,
respectively.



3. RESULTS AND DISCUSSION
3.1 Specification of the mortar

Figure 2 shows the brown glass powder SEM micrographs
appearing the existence of a blend of glass grains (angular
shape) with sharp corners and edges considering the effect of
various volumes (red arrows). However, Figure 3, shown as
the SEM images, illustrates the geopolymer mortar
microstructure, which has been produced by the brown glass
powder activation of using (NaOH 5M and AN5) solutions.
This figure also shows the glass grains of different sizes in a
permanent matrix mostly made of sodium silicate - aluminate
hydrates (white arrows) and spherical pores resulting from the
air entrained and trapped during the precursors’ mixing
(yellow arrows) resulted in the reaction of glass waste powder
with the alkali activator solution [2, 15, 16, 37].

Moreover, the images of BP-ANS illustrate micro cracks
initiated during the sample preparation of SEM imaging
caused by drying shrinkage [2].

Figure 2. SEM micrographs of brown glass powders

Figure 3. SEM micrographs for a: BP-N5 (on the left) and b:
BP-ANS5 (on the right) geopolymers mortar

Figure 4. After curing, the visual mortar specimen’s
appearance a:(BP-N5) and b: (BP-ANb5)

The visual mortar specimen’s appearance after curing (1
day at 60°C) whereas the other (6-day at 20°C) are displayed
in Figure 4.

3.2 Heat treatment

Mortar specimens based on brown glass powder (BP-N5
and BP-AN5) cured the first day at 60°C and up to 7 days at
20°C succumbed for heat treatment for 2 hours at temperatures
between 200 to 800°C. Then, samples were cooled till the next
day in the same furnace. The visual aspect of thermally treated
specimens is presented in Table 2. BP-N5 and BP-AN5
specimens showed expansion phenomena (swelling) and
shape deformation, starting from 600°C.

Table 2. Mortar specimens (BP-N5 and BP-ANS) after
thermal treatment for 2 hours

Temp.

(°C) BP-N5 BP-ANS5

200

400

600

800

The increases in the mortar specimen’s porosity led to the
rise in the heat treatment temperature (i.e. 800°C). The data
presented in Figure 5 shows a vital volume increase
(expansion) for both mortar specimens treated at 600°C and
800°C. This approach has been used to assess the mass loss for
BP-N5 and BP-AN5 due to the severe processes involved.
Figure 6 presents the mass loss increase by increasing the
thermal treatment's heat temperatures over a temperature
range from (200-800) °C. This is probably due to the gases
released that evaluate the porosity and volume rise commonly
noticed for these specimens. Moreover, the mass loss of BP-
N5 mortar specimens is higher than that of BP-AN5 mortar
specimens; this tremendous mass loss is most consequential,
which locates the phenomena of the foaming process
according to the dehydration with the resulting diversions for
sodium silicate —aluminate.

Figure 7 illustrates the compressive strengths values of the
mortar specimens after heat treatment at temperatures (200,
400, 600 and 800) °C. As shown in Figure 7, the compressive
strength decreases with increasing the heat treatment
temperature. Generally speaking, there is an inverse
proportional between the compressive strength and porosity




materials [53]. Moreover, the compressive strength values, as
deduced from results, for both of mortar studied (i.e., BP-N5
and BP-AN5) were (2-5) MPa at temperatures (600 and
800) °C, this is representing a perfect result for foaming
materials [54].
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Figure 5. Volume Change percentage of mortar specimens
(BP-N5 and BP-AND) after heat treatment at temperatures
between (200-800) <C for 2 hrs
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Figure 6. Mass loss percentage of mortar specimens (B-N5
and B-ANDS) after heat treatment at temperatures between
(200-800) <T for 2hrs
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Figure 7. Compressive strength values of mortar specimens
(BP-N5 and BP-AND) after heat treatment at temperatures
between (200-800) °C for 2hrs

3.3 Mechanical strength and hydrolytic stability

Figure 8 is displayed the values of compressive strength that

can be enhanced by BP-N5 and BP-ANS5 mortar specimens,
cured one day at 60°C and then in the air at 20°C up to 28 days.
As can be seen, the compressive strengths developed in this
system are between 21 up to 25 MPa for BP-N5 and five up to
7 for BP-ANS, in correlation with the curing time. Moreover,
the compressive strength values of BP-ANS specimens, as
shown, record a decrease of 22-27 % as compared with the BP-
NS5 formula. These findings may be clarified by the smaller
alkalinity (ANS5) compared with NaOH 5M. According to the
brown glass powder (BP N5 and BP-ANSY), the hydrolytic
stability corresponding to geopolymer mortars has been
considered by both variables changes of mass and compressive
strength as shown in Figures 9 and 10, in which these were
evaluated on mortar specimens for a wide range of periods
immersed in demineralized water.
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Figure 8. Compressive strength of studied mortar at different
curing times
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Figure 9. Mass loss percentage of mortar studied after
immersion in water for 28 days
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Figure 10. The mortar compressive strength variation (after
immersion in water for 28 days)



The mass variation of BP-N5 and BP-ANS mortar samples
is presented in Figure 9. From this figure, it can be deduced
that after the 24 hours of water immersion for BP-N35, the mass
increase has been marked whereas, after 48 hours, the mass
gain has been marked for BP-ANS5. This is most probably
owing to the water absorption in the porous mortar specimen.
On the other hand, the mass reduction has been observed for
more extended immersion periods due to the persistent
dissolution of hydrates created by the brown glass powder (i.e.,
the alkaline activation of solid components).

The compressive strength loss (i.e., 90%) recorded for the
compositions (BP-ANS5) is higher as compared with those
obtained for the composition (BP-N5) see Figure 10. This is
due to the leaching of components (i.e., sodium silicate -
aluminate), which are the prime for matrix bonds.

The values of cumulated electrical conductivities of
leachate (water in which the mortar specimens were
immersed) are presented in Figure 11. These data confirm the
solubilization process of studied compositions, i.e., the values
of cumulated conductivities continuous increase vs. time.

The pH of leachate (Figure 12) has high values (11-12) even
when the solution is refreshed daily (in the first four days),
confirming the continuous dissolution process of the mortar
specimens.
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Figure 11. The record for 28 days of cumulated conductivity
for mortar specimens immersed in demineralized water
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Figure 12. The PH values of mortar specimens recorded for
28 days of immersion solutions

4. CONCLUSIONS

New inorganic polymers (geopolymer) formulations were
synthesized by sodium hydroxide (5SM NaOH) and sodium
aluminum solution (ANS) as alkali activators of the mixture
(brown color glass waste powder and sand). The substitution
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of 5SM NaOH with ANS5 solution calculates the reduction with
(22-27) % of compressive strength values in correlation with
curing time and (0-15) % after heat treatment between (200 to
800) °C. Heat treatment of the studied inorganic polymers at
temperatures between 600°C and 800°C determines a
significant volume expansion (swelling) due to a foaming
phenomenon distinctive through the hydration of sodium
silicate — aluminate, which is considered as an essential
component of these products. As anticipated, the compressive
strength values reduce with increasing heat treatment
temperatures from (600 to 800) °C (i.e., 2.7-3.8) MPa and (0-
0.6) MPa for BP-N5 and BP-AN5 specimens, respectively,
this is a benchmark result for foamed materials. The achieved
findings are auspicious future researches that should determine
the thermal and acoustic insulation features to improve the
light and power-saving materials, with minimum cost for
environmental advantages even that synthesized with large
scale.
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