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� Filter glass contains saccharides and high dosages of Na+ and Cl�.
� The addition of filter glass can significantly retard the hydration process of cement.
� CaCl2, nanosilica or microsilica or a washing treatment can reduce retardation.
� The organic contamination contributes to the lower calcium hydroxide consumption.
� A high gel porosity was observed in filter glass paste samples.
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This study investigates the influence of the organic-contaminated waste glass powder-filter glass on
cement hydration and the microstructure characteristics of the hydration products. In order to study
the influences of organic contamination, treated (washed) glass powder was used as reference addition.
The incorporation of filter glass powder results in longer induction periods and lower reaction intensity
compared to the samples with washed glass. The addition of chemical accelerators such as CaCl2, nanosil-
ica and microsilica can significantly improve the hydration of samples containing high volumes of filter
glass powder. The organic contamination shows a negligible effect in terms of hydration products
identified by XRD analysis. In mixtures with high volume filter glass powder (70%), the formation of
calcium hydroxide was delayed at 3 and 7 days. Samples containing more than 50% waste glass present
a higher pore volume in pore sizes lower than 15 nm and lower pore volume between 20 and 50 nm. It
was observed from the SEM analysis that the organic contamination may slow the pozzolanic reaction of
glass particles in mixes with 70% filter glass.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, the recycling ratio of waste glass has increased
in many countries due to the concerns towards the protection of
natural resources; for instance an increasing amount of the waste
glass are collected from urban wastes and reused to produce con-
tainers like bottles and jars. However, some recycled glass fractions
cannot be used in the manufacturing of new glass products, either
because they are contaminated, or because some recycled glass
pieces are too small to meet the manufacturing specifications. Such
recovered glass is then used for producing non-container glass
products. One ideal application for these glass fractions is to be
used as concrete ingredients such as aggregates and supplemen-
tary cementitious material, because the amorphous glass has the
potential to exhibit pozzolanic reactivity [1,2].

As a municipal waste with pozzolanic reactivity, waste glass has
been widely applied as supplementary cementitious material and
aggregate replacement in concrete [3–6]. Using waste glass as
aggregates in concrete could improve the workability because of
the smooth surface [7,8]. Some researchers also developed waste
glass aggregates based self-compacting concrete [9]. As a material
with a high content of amorphous silica and sodium, alkali silica
reaction (ASR) is a serious challenge for using large size glass cullet
in concrete [10]. However, the ASR could be inhibited after the
addition of fine pozzolanic materials such as slag and metakolin
[11], and even fine glass powder can be used to suppress the
expansion [12–15]. When the waste glass is ground fine enough,
there is no significant ASR exhibition [16]. Therefore, many studies
investigated using fine waste glass powder to partly replace
cement as supplementary cementitious materials. Glass fractions
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Table 1
Mix proportions (wt%).

Sample
label

Filter glass
powder (%)

Washed filter glass
powder (%)

Cement
(%)

Water/
binder ratio

C0 0 0 100 0.3
C3 30 0 70 0.3
C5 50 0 50 0.3
C7 70 0 30 0.3
CW3 0 30 70 0.3
CW5 0 50 50 0.3
CW7 0 70 30 0.3

CF 100% cement + filtrate (L/S 2) filtrate/cement 0.3.

Table 2
Chemical addition and treatment methods for high volume filter glass powder
containing sample.

Sample ID Treatment Methods

B7 30% cement + 70% heat treated filter glass powder
(550 �C for 4 h)

DW7 30% cement + 70% second washing filter glass powder
(L/S 2-L/S 10)

5% CaCl2 dihydrate C7 + 5% CaCl2 dihydrate (by mass of binder)
5% nano silica C7 + 5% nanosilica (by mass of binder)
5% micro silica C7 + 5% microsilica (by mass of binder)
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can exhibit higher pozzolanic activity than fly ash when the parti-
cles are fine enough [6,17]. A mortar sample containing 25% soda
lime glass powder and 75% cement as binder was reported to reach
approx. 60 MPa in compressive strength after 90 days, which was
almost equal to the 100% cement samples [18,19]. Nathan investi-
gated the durability of concrete containing low dosages of fine
glass powder; the results showed that the glass powder addition
can improve the compressive strength, reduce the ASR expansion
and enhance the resistance to rapid chloride penetration [20].
The enhancement of durability also was observed through tests
such as water absorption, and the resistance to chloride and to
freeze-thaw cycles [21]. In most studies, the addition of glass pow-
der as cement replacement is limited to below 30% [21,22], since a
higher content may induce the reduction of mechanical perfor-
mance. Moreover, applications of high volume waste glass powder
with replacements up to 60% were also developed: high volume
glass powder containing concrete exhibited compressive strength
over the plain sample and better resistance for chloride penetra-
tion after 1 year of curing [23].

Recent studies about influences of contamination in waste glass
usually focused on heavy metal contaminated waste glass, such as
glass from cathode ray tubes (CRT), where cement could be used to
immobilize the heavy metal in CRT glass [24,25]. However, the
waste glass fractions contaminated by organics (sugar, fiber)
received less attention. This kind of waste glass usually combines
with very fine particles and is mixed with organic matters, making
it difficult to clean and recycle for re-producing new glass prod-
ucts. For the sustainable use of this kind of organic containing glass
fractions, it is desirable to use such filter glass as building material.
However, the organic contamination will influence the application
of the waste glass fractions in concrete. The waste glass in this
study is a filter glass powder, which is filtered out of the furnace
while drying the glass fraction during the manufacturing of glass
products. It has a very fine particle size and contains considerable
amounts of organic matters such as fibres and saccharides from
labels and glue. Organic matter such as wood fibres and recycled
waste paper fibre could be used to improve the performance of
cement composites [26,27], but as an organic addition, fibres act
as an inhibitor and show a negative effect on the cement hydration,
because of the sugars, starches and tannins [28]. Saccharides are
mainly responsible for the inhibition of cement hydration in
fibre-cement composites [29]. Different organic compounds show
different influences on retardation of cement hydration [30]. Sac-
charides could be absorbed on the surfaces of cement particles
and hydration products, which inhibits the hydration process and
hydration products growth [31,32]. The zeta potential of hydrating
cement particles is positive and changed to negative after the
incorporation of saccharides, which could explain the absorption
of sugar on the cement particle surface [33].

The present study aims to perform a comprehensive evaluation
and to have a better understanding of the influencing of filter glass
as supplementary cementitious material on cement hydration,
products and microstructure, providing some theoretical basis for
its application.

2. Materials and methods

2.1. Materials

The cement applied in this study is CEM I 42.5N supplied by ENCI, Netherlands.
The used glass powder is a filter glass which was filtered out in a glass drying fur-
nace, provided by a glass recycling plant. The microsilica in this study was provided
by Elkem, nanosilica was provided by AkzoNobel with a concentration of 50% and
the calcium chloride dihydrate (CaCl2�2H2O) was provided by VWR international.
The filter glass powder after washing was used as references, they were washed
by distilled water with the L/S 2 and 250 rpm for 24 h. Then these two glass pow-
ders were milled, sieved and utilized as supplementary cementitious materials in
present study. The specific surface area of milled filter glass powder is 0.65 m2/g.
2.2. Methods

Different pastes were prepared with the water/binder ratio of 0.3, where
cement was replaced by the filter glass or washed filter glass with 0%, 30%, 50%
and 70% by mass. The mix designs are shown in Table 1.

The particle size distribution of materials were determined by laser particle size
analyzer, Mastersizer 2000. The specific density of materials were conducted by the
gas pycnometer micrometrics, AccuPyc II 1340.

The sugar content of filter glass and ion concentration of filter glass and washed
filter glass were conducted by the high-performance anion exchange chromatogra-
phy (HPAEC) and ion chromatography (IC).

The calorimetry test was performed using an isothermal calorimeter (TAM Air,
Thermometric). Cement was replaced by filter glass powder or washed filter glass
with 0% to 70% by mass. Solid raw materials were firstly mixed with distilled water,
then the mixed paste was injected into the ampoule and sealed by a lid and loaded
into the calorimeter. All measurements were conducted for 160 h under a constant
temperature of 20 �C. The duration of the calorimetry test for samples containing
70% waste glass was increased to 378 h because the induction period was relatively
long. To study the influences of different chemical addition and treatment methods
on the hydration of sample containing high volume of filter glass, additional sam-
ples for calorimeter were prepared as shown in Table 2.

The X-ray diffraction test was conducted by Bruker D2 PHASER with a Co tube
to study the hydration products of the paste samples. All samples were cured in
ambient temperature and tested after 3, 7 and 28 days. After curing, all samples
were crushed and immersed in acetone to cease further hydration. At last, all sam-
ples were milled into powder (<300 lm) for the XRD test.

The thermal-gravimetric (TG) analysis was conducted in a STA 449 F1 instru-
ment, as follows: ground powder containing samples after 28 days and 90 days of
ambient curing were heated up to 1000 �C from 40 �C at the rate of 10 �C/min with
nitrogen as the carrier gas.

Nitrogen sorption analysis was performed using a Brunauer-Emmett-Teller
(BET)specific surface area and porosity instrument (TriStar II 3020, Micrometrics).
Samples were milled (<400 lm) and dried at 105 �C in an oven until the mass
was constant. The surface area was calculated by the Brunauer-Emmett-Teller
method [34] using the adsorption branch. The pore size distribution was deter-
mined by the Barrett–Joyner–Hallenda method [35] from the adsorption branch.

The microstructure of samples were observed by Scanning Electron Microscope
with EDX detector (Phenom Pro). The EDX analyses were conducted at 10 kV accel-
erating voltage. Crushed samples were immersed in acetone and then dried in the
oven at 40 �C to cease further hydration. After that, samples were used for SEM
observation.

3. Results and discussion

3.1. Materials characterization

The chemical composition of raw materials are presented in the
Table 3. It can be seen that the filter glass mainly contains sodium



Table 3
Chemical composition of raw materials.

Chemical
composition

Filter glass
(%)

Washed filter glass
(%)

CEM I 42.5N
(%)

Na2O 11.382 11.47 /
MgO 1.424 1.389 1.553
Al2O3 2.749 2.577 3.443
SiO2 66.971 68.294 14.382
SO3 0.249 0.133 4.424
K2O 0.844 0.799 0.449
CaO 14.247 13.613 69.243
TiO2 0.195 0.144 0.382
Cr2O3 0.15 0.147 0.015
MnO 0.032 0.028 0.097
Fe2O3 0.955 0.788 3.857
ZnO 0.058 0.043 0.107
BaO 0.069 0.065 0.016
PbO 0.042 0.036 0.008
P2O5 / / 0.306
Cl 0.207 0.061 0.073

Table 4
Sugar and ion content of filter glass powder.

Filter glass Filter glass Washed filter
glass

Sugar mg/kg Ion mg/kg mg/kg

Arabinose 12 Na+ 1549 766
Galactose 67.8 K+ 84 50
Glucose 91.8 Ca2+ 109 32
Xylose 14.8 Mg2+ 11 3
Mannose 67.7 NH4

+ 48 36
Galacturonic acid 31.3 Cl� 540 191
Glucuronic acid 37 PO4

3� 107 38
SO4

2� 235 72
Organic Massa 4.5% 2.0%
pH 9.807 9.704
LOI1000�Cb 2.5% 1.5%

a 550 �C in oven with air for 4 h.
b by TG in N2 protective atmosphere.
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oxide, calcium oxide and silica with proportion of 11.4%, 14.2% and
67.0%, respectively, while a small quantity of MgO, Al2O3, K2O and
Fe2O3 can be observed. To wash out the contamination in filter
glass, the washing treatment of 24 h with L/S 2, 250 rpm was con-
ducted. As can be seen that the filter glass contains 4.5% organic
matter from the ignition loss at 550 �C, after the washing treat-
ment, only 2.0% of organic is retained in the washed filter glass
powder. Comparing the chemical composition of washed filter
glass with untreated sample, a slight reduction of MgO, Al2O3,
SO3, CaO and Cl can be found. From the particle size distribution
results shown in Fig. 1, washing treatment results in the slight
decrease of volume around 40 lm, the d50 particle size of filter
glass powder, washed filter glass powder and cement is 33.2,
31.4 and 22.1 lm, respectively. The specific density of cement,
waste glass powder and washed glass powder are 3091 kg/m3,
2421 kg/m3 and 2429 kg/m3, respectively.

The results of leaching test are presented in Table 4. Apparently,
many kinds of saccharides are presented in the filter glass, such as
galactose, glucose and mannose with leaching of 67.8 mg/kg, 91.8
mg/kg and 67.7 mg/kg, respectively. Additionally, high content of
soluble salt also can be found, it can be observed that filter glass
contains a relatively high leaching of Na+ and Cl� with a dosage
of 1549 mg/kg and 540 mg/kg, respectively. After washing treat-
ment, the residual Na+ and Cl� are 766 mg/kg and 191 mg/kg.
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Fig. 1. Particle size distribution of material.
Fig. 2 exhibits the morphology of filter glass particles and
cement particles. The glass particles show smoother surface and
sharp edges compared with the cement particles.

3.2. Early age hydration

The results of isothermal calorimetry test of pastes containing
different amount of filter glass powder (C3, C5 and C7) and washed
filter glass (CW3, CW5 and CW7) are shown in Figs. 3 and 4. It is
apparent that all samples have the same general shape of heat flow
curve as cement which contains five stages including initial reac-
tion stage, induction stage, acceleration stage, reduction stage
and long term reaction stage [36].

As shown in Fig. 3(a), samples containing filter glass powder
show longer induction periods than the reference sample (C0),
and the intensity of heat flow was also reduced. It can be seen that
the sample mixed with filtrate shows a weak delay effect on hydra-
tion. The addition of filter glass powder results in obviously
reduced heat flow and prolonged hydration. Especially for the sam-
ple containing 70% filter glass powder (C7), it shows no obvious
reaction after 160 h of hydration. The increasing of the filter glass
content obviously increases the time to achieve the peak of heat
flow and reduces the intensity of hydration heat generation. There-
fore, the cumulative heat was also decreased, which can be
observed in Fig. 3(b). Because no heat release was observed in
the sample containing 70% filter glass powder, the cumulative heat
of C7 shows almost no increase after 160 h hydration.

As shown in Fig. 3(a), samples containing washed filter glass
show a lower intensity of heat flow than the reference sample.
No significant delay in terms of the heat flow peak location is
observed. The sample incorporating 70% washed filter glass pow-
der shows the reaction peak around 20 h, which is slightly delayed
compared to the reference. With the increasing of washed filter
glass amount in the mixture, the intensity of reaction and the
cumulative heat decreases continuously. It is noticeable that the
cumulative heat of sample containing 30% filter glass (C3) presents
at the same level as the washed contained sample (CW3) after 160
h hydration, which also are presented by C5 and CW5, which indi-
cates that the organic contamination in filter glass just increasing
the induction period during the hydration but shows no effect on
the cumulative heat of hydration.

In order to better understand the hydration process of mixtures
with 70% filter glass powder, the testing duration was increased to
378 h and the results are shown in Fig. 4. It is noticeable that the
reaction starts from 170 h and the peak of the acceleration stage
is at 275 h, so the hydration is delayed by almost 250 h compared



Fig. 2. SEM picture of waste glass particle (a) and cement particle (b).
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Fig. 3. Calorimetric results of different pastes: (a) heat flow and (b) cumulative
heat.
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to the mixtures with washed filter glass. The duration of the main
reaction stage is longer, with lower reaction intensity.

It is believed that the fine glass powder can partially dissolve in
the high pH environment and exhibit pozzolanic activity due to the
high amorphous silica content [1,19,37,38]. The pozzolanic reac-
tion presents limited influence on early cement hydration, as it is
a long-term reaction. With the increasing replacement of glass
powder in pastes, less cement particles result in a lower concentra-
tion of ions due to the dilution effect [23]; as a consequence the
intensity of hydration will be reduced but no influence will be
shown concerning the reaction rate. When filter glass is incorpo-
rated, the sugars in it are responsible for the delay of the heat flow
peak during the hydration. As an inhibitor of cement hydration, the
sugars absorb on the surface of cement particles and the surface of
hydration products, which slows down the growth of CH and C-S-H
gels and inhibits the hydration of cement particles [39–41]. The
sugar in filter glass increases the duration of the induction stage,
and the higher content of filter glass in pastes, the longer the
induction period is. Eventually, the reaction suddenly begins again
owing to the fact that the increasing number of nucleation sites
overcome the barrier of limited sugar present in the pore solution
[32].

To improve the hydration of sample containing filter glass pow-
der, different chemical additions were used to accelerate the reac-
tion in C7, which can be seen in Fig. 5. It is clear that chemical
additions improves the hydration of C7 significantly. The addition
of 5% calcium chloride dihydrate by mass of binder enhances the
reaction rate and cumulative heat, the peak of heat flow is brought
forward to 9 h compared the 275 h of C7. The CaCl2 can be used to
improve the hydration of cement and the early strength of con-
crete. It is stated in literature that a dosage up to 3% to 4% could
be used [42]. The incorporation of microsilica and nanosilica also
improve the hydration of C7 with a dosage of 5% by mass of binder,
and the peaks of heat flow take place after 56 h and 18 h respec-
tively. Calcium chloride is a widely used chemical addition for
the hydration acceleration of C3S and Portland cement, as it can
significant decrease the setting time and increase the early age
strength. The Ca2+ from calcium chloride can absorb on the surface
of C3S and increase the zeta potential [43,44]. The additional Ca2+

from calcium chloride can form complexes with saccharides,
which may reduce the effect of saccharides on cement particles
surface [45]. This is different from the addition of nanosilica and
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Fig. 4. Calorimetry results of 70% filter glass and 70% washed filter glass powder containing samples (a) heat flow (b) cumulative heat.
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Fig. 5. Influences of different chemical addition on hydration of sample containing
70% filter glass (a) heat flow (b) cumulative heat.
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microsilica, which produce more nucleation sites for the cement
hydration. As can be seen in Fig. 5(a), the addition of microsilica
and nanosilica show no obvious influence on the reaction intensity
but decrease the time to reach the heat flow peak. It was found that
nanosilica shows more effective on accelerating hydration than
microsilica with the same dosage (5%). The source of nanosilica
used in this study is a slurry with 50% concentration, which can
fully disperse during the mixing, while microsilica usually aggre-
gates together. These result in different performances in the accel-
eration of hydration. The sample containing 70% double washing
treatment filter glass (DB7) and sample containing 70% heating
treatment filter glass (B7) also show no significant delay in hydra-
tion. After the double washing treatment, more saccharides can be
removed, as it can be observed that the heat peak of CW7 is slightly
delayed compared with the DB7. After the heating treatment, the
organic matter including saccharides were totally removed by
burning at 550 �C for 4 h, while the salts were still kept which
explains why B7 exhibits higher intensity and an earlier heat peak
than CW7 and DB7 during the hydration.

Table 5 illustrates the cumulative heat (normalized by the mass
of cement) after 160 h hydration and the cumulative heat (normal-
ized by mass of cement) change compared the plain sample (C0). It
can be seen that when the dosage of glass powder is less than 50%,
there is no large difference between the samples containing filter
glass and washed filter glass. This means the saccharides just retard
Table 5
Summary of cumulative heat of samples at 160 h.

Sample Cumulative heat at
160 h/(J/g cement)

Heat change/
(J/g cement)

C0 199.5 /
CF 199 �0.5
C3 232.37 32.87
CW3 231.04 31.54
C5 249.08 49.58
CW5 245.94 46.44
C7 53.3 �146.17
CW7 348.83 149.33
C7 + 5%CaCl2�2H2O 441.73 242.23
C7 + 5% microsilica 371.17 171.67
C7 + 5% nanosilica 363.93 164.43
B7 399.97 200.46
DW7 363.87 164.37
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the hydration, but have limited influence on the cumulative heat
with the glass powder dosages of 30% and 50%. C7 shows a cumula-
tive heat with 53.3 J after 160 h hydration, which is due to the seri-
ous delay caused by the saccharides. It can be seen that the
increasing cement replacement ratio results in higher heat change,
whichmay due to the increasing effective water/cement ratio. After
the addition of accelerator such as nanoparticles and calcium chlo-
ride, the cumulative heat of samples are enhanced significantly.
The burning treatment and the secondwashing treatment of the fil-
ter glass also can enhance the hydration of samples, which show
higher cumulative heat than the CW7.More saccharides and organic
matter can be removed during the treatment procedure, so conse-
quently, less retardation is seen in B7 and DW7.

3.3. X-ray diffraction

Fig. 6 illustrates the X-ray diffraction results of paste mixtures
with different compositions and curing ages. The XRD patterns
results of samples containing 30%, 50% and 70% filter glass powder
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carbonate from the carbonation process during the cement hydra-
tion or curing. It should be noticed that the peak of hydrocalumite
only shows in the samples with more than 50% waste glass. The
intensity of the peak of unreacted calcium silicates decreases with
the increasing amount of waste glass in the mixture, which is due
to the dilution effects of glass powder addition.

The effect of curing age on samples containing 70% filter glass
powder and washed filter glass powder are presented in Fig. 6(c)
and (d). It can be observed from Fig. 6(c) that the peak intensity
of calcium hydroxide shown in mixes containing 70% filter glass
is lower compared to the reference sample (C0) after 3 days curing.
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quartz and calcium carbonate are obviously observed in the XRD
results, and the peaks of alite and belite show relatively low inten-
sity. Compared to the filter glass powder based mixtures, the XRD
results of 70% washed filter glass powder containing sample (CW7)
show similar hydration products as the reference after 3 days of
curing. As the curing aging increases, the peaks of alite and belite
gradually decrease. After 28 days of curing, C7 and CW7 show a
similar composition in terms of hydration products, which shows
high intensity of calcium hydroxide peaks and relatively low inten-
sity of alite and belite peaks.

The addition of filter glass as cement replacement shows
significant effect on the hydration process. As shown in Table 2,
the filter glass powder contains various kinds of saccharides such
as galactose, glucose and mannose. The incorporation of large
amount of filter glass powder (for instance C7) results in a high
content of incorporated organic contaminations such as paper fibre
and sugar. During the hydration, degradation also takes place on
the paper fibre under the alkaline environment, which results in
more released saccharides. As shown in Fig. 6(c), the saccharides
from filter glass exhibit a weaker effect on formation of ettringite
and stronger effects on the formation of calcium hydroxide during
hydration. The mechanism of saccharides on cement hydration
was investigated in detail in previous research, which indicates
200 400 600 800 1000
80

85

90

95

100

M
as

s 
lo

ss
 / 

%

 C0
 C3
 CW3
 C0
 C3
 CW3

Temperature

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0.05

(a)

200 400 6

82

84

86

88

90

92

94

96

98

100

102

 C0
 C7
 CW7
 C0
 C7
 CW7

Temperatu

M
as

s 
lo

ss
 / 

%

(c) 

Fig. 7. TG results of samples with different filter glass and
that the presence of saccharides results in the retardation of
cement hydration, due to surface absorption of retarders directly
on the anhydrous surface; resulting in the nucleation and growth
poisoning of hydrates including portlandite [39]. Actually the effect
of saccharides is more evident on the hydration of C3S and C2S than
C3A [39,40,30,46]. This explains why only the ettringite formation
is not delayed from the XRD results. The increasing content of
waste glass powder in the mixture leads to the reduced peak inten-
sity of C2S and C3S. When the glass powder was used as cement
replacement, the filler effects and heterogeneous nucleation
[47,48] can be shown, similar to the role of applying fly ash or slag
as cement substitute, thus more surface is available during the
hydration. Besides, glass powder has a high content of amorphous
silica, which will be dissolved in the alkaline environment and
releases the silicates to the solution [49], increasing the consump-
tion of C3S and C2S, and thus resulting in the reduced peak inten-
sity of calcium silicate in high volume glass powder containing
samples [17]. Additionally, the peak of hydrocalumite is observed
from the XRD results, especially in samples with high filter glass
contents such as C5 and C7 after 28 days curing, while the hydro-
calumite is also shown in the sample containing 70% washed filter
glass powder, which may relate to the residue of chloride after the
washing procedure. Ordinary Portland cement can bind chloride
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through physical adsorption and chemical substitution [50].
Hydrocalumite is a product from the hydration of calcium alumi-
nate phase, with a layered structure [51]. In ordinary cement paste,
the ettringite will react with hydrocalumite to a calcium monosul-
foaluminate hydrate. In the presence of Cl�, SO4

2� in the layered
structure will be replaced by the Cl� [52,42]. The chloride content
in the filter glass powder is 0.540 mg/g, which contributes to the
formation of the double layered hydroxide.

3.4. Thermogravimetric analysis

The thermogravimetric results of different mixtures are shown
in Fig. 7. The TG and DTG curves of samples containing 30%, 50%
and 70% filter glass and washed filter glass powder are presented
in Fig. 7(a)–(c) respectively. It can be seen that all samples present
a significant mass loss from 40 �C to 105 �C. This mass loss is
assigned to the physical bound water in mixtures. As the temper-
ature increases, the mass loss is obviously increasing before 200
�C. After the evaporation of physically bound water, the C-S-H
and AFm begin to lose the chemically bound water gradually at
higher temperatures [53]. The following two significant mass
losses are attributed to the decomposition of calcium hydroxide
(400 �C–460 �C) and calcium carbonate (600 �C–700 �C). During
the testing temperature range of 40 �C to 1000 �C, samples with
waste glass powder show less total mass loss than the reference
sample (C0). Additionally, the highest content of filter glass pow-
der sample (C7) shows the least mass loss, which is also observed
in washed filter glass containing samples. It is noticeable that
washed filter glass samples show less total mass loss than the filter
glass samples with the same replacing level after 28 days curing.

The calcium hydroxide content that normalized by mass of
cement are shown in Fig. 8. The content of calcium hydroxide is
calculated from the TG results by applying the following equation:

WCH ¼ W400 �W460

MH2O
�MCH þ DWCO2

MCO2

�MCH ð1Þ

W400 �Mass loss at 400 �C
W460 �Mass loss at 460 �C
MH2O �Molar mass of water
MCH �Molar mass of calcium hydroxide
MCO2 �Molarmass of carbondioxide

Fig. 8 shows the calcium hydroxide content (normalized by
cement) after 28 days and 90 days curing in different samples.
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Fig. 8. Calcium hydroxide contents.
The addition of both filter glass and washed filter glass promotes
the formation of calcium hydroxide. Filter glass powder containing
samples, especially for high volume filter glass incorporation sam-
ple, present a slightly lower calcium hydroxide content after 28
days curing but higher after 90 days than samples containing
washed filter glass. For the sample containing washed filter glass,
calcium hydroxide consumption can be observed in all samples.
Apparently, more calcium hydroxide is consumed in washed filter
glass containing samples with the increasing of the replacement
ratio compared with the sample containing filter glass powder.
The lower calcium hydroxide consumption after 28 days and the
delay of calcium hydroxide formation in samples with filter glass
addition may indicate that the pozzolanic reaction of glass powder
is partially influenced by the retardation effect of saccharides.

3.5. N2 adsorption analysis

Fig. 9(a–c) present the nitrogen sorption and desorption iso-
therms of samples containing different dosage of filter glass pow-
der and washed filter glass powder at various relative pressures (p/
p0). It is clear that the isotherm curves show similar type loop. A
summary of the specific surface area results from the BET
(Brunauer–Emmett–Teller theory) calculation is shown in Fig. 9(d).

It can be seen that samples with filter glass and washed filter
glass powder show higher quantity of adsorbents than the refer-
ence (C0) from the nitrogen adsorption branch. The washed filter
glass containing sample (CW3) absorbs slightly higher absorbents
than the sample containing filter glass powder (C3) under the same
replacement ratio of 30%, after the relative pressure reaches 0.4.
When the dosage of filter glass and washed filter glass powder
increased to 50% and 70%, samples containing filter glass powder
show higher absorption ability than the washed filter glass powder
incorporated samples, from the very low relative pressure to high
relative pressure.

It can be seen from Fig. 9(d) that mixtures show different sur-
face areas. The addition of filter glass and washed filter glass pow-
der increases the specific surface area when compared with the
reference (C0). It is noticeable that 70% filter glass powder contain-
ing sample (C7) presents the highest surface area around 11.36 m2/
g, while this value is 9.49 m2/g in washed filter glass based sam-
ples. In addition, no significant difference in surface area is
observed between filter glass and washed filter glass containing
samples at low replacement level (30%).

The nitrogen sorption isotherm analysis was conducted through
pore size distribution calculation by BJH (Barrett-Joyner-Halenda)
method. The results of pore size distributions of mixtures are
shown in Fig. 10. As can be seen, the addition of filter glass and
washed filter glass powder leads to different pore structure
changes on the hydration products. For samples containing 30%
washed glass powder (CW3), a slightly higher volume of pores that
less than 15 nm and relatively larger volume of pores from 2 nm to
50 nm is observed in Fig. 10(a), when compared with filter glass
powder containing samples (C3). Further increasing the filter glass
powder dosage to 50% and 70% leads to high porosity at low ranges
(<15 nm), and low porosity at high ranges (>20 nm) when com-
pared with washed filter glass powder containing samples, as
shown in Fig. 10(b) and (c).

The addition of both filter glass and washed filter glass powder
increase the surface area and results in reaction products with
higher porosity. It is well known that the higher hydration degree
of cement pastes contributes to the high specific surface area [54];
and the water/cement ratio show limited influence on the surface
area [55]. As a consequence, the addition of glass powder could be
the main reason for the increased surface area. On the one hand,
the incorporation of glass powder lowers the overall Ca/Si atom
ratio and increases Al/Ca in the pore solution, which causes the
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producing of C-S-H gel with low density as fly ash in early age [56];
on the other hand, the dissolving of glass powder in alkali environ-
ment releases silicate, which also promotes the hydration of the
cement particle [57]. Comparing filter glass containing samples
with washed filter glass containing ones, filter glass containing
samples present higher surface area and larger pore volume. This
indicates that the incorporation of filter glass produces C-S-H gels
with lower density than washed filter glass incorporating samples.
The retardation of the saccharide in filter glass powder containing
samples induces the high initial dissolution of ions [29,31], while
the long delay period demonstrates that the many ions could
migrate to the sites far from the reaction particle [32]. These result
in the formation of C-S-H gel in the open pore spaces [58] and
higher surface area in terms of the microstructure, which is also
due to the more porous structure.
3.6. SEM

The SEM- EDX are used together to determine the micro-
structure and chemical composition of hydration products of
pastes containing filter glass powder and washed filter glass pow-
der. The results are shown in Fig. 11.

It can be observed that the plain cement paste (C0) shows a rel-
atively dense microstructure. The hydration products ideally fill
the space between the unreacted cement particles and show a
homogeneous structure. The result of EDX obtained around the
unreacted cement particle shows a Ca/Si ratio of 2.02, which is a
typical C-S-H produced by cement hydration [59,60]. The filter
glass and washed filter glass incorporation leads to a more porous
structure at micro scale. As can be seen in Fig. 11(d) and (e) that
30% filter glass (C3) and washed filter glass (CW3) samples shows
more porosity than the plain sample, and EDX and SEM images
with 8000 � exhibit that the glass particles around 10 lm are cov-
ered by the C-S-H gel with a low Ca/Si ratio. For example, Ca/Si
with 1.09 and 1.67 are observed in C3 and CW3, respectively. At
the same time, most of the glass particles around 10 lm in C7
show clean and smooth surface with a Ca/Si with 0.14, which is
due to the largely unreacted glass particles. These may indicate
that a limited pozzolanic reaction occurred on the surface of these
glass particles, and the products from cement hydration fill the
pores between glass particles with weak binding forces. The EDX
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Fig. 10. BJH pore distributions.
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result of the glass particles surface in sample C7 also presents high
Si and O content, which can be referred to the raw glass phase,
while the morphological image of sample containing 70% washed
filter glass powder exhibits a rough surface of glass particle. As
can be seen from the SEM picture Fig. 11(b) and (c), the glass par-
ticles in CW7 are covered by the reaction products. The EDX result
of the gel on the surface of glass particle shows a low Ca/Si of 0.93,
which can be considered as the products from the pozzolanic reac-
tion of glass powder.

Compared with the glass particles in high volume filter glass
and washed filter glass containing samples, it is obviously that
the washed filter glass particles show a clear sign of pozzolanic
reaction. The glass particle could be dissolved in the alkaline envi-
ronment and the silicate released from glass phase reacts with the
calcium hydroxide from cement hydration. The filter glass powder
contains organic matter and saccharides contamination, which
poisons the surface of cement particle and the growth of calcium
hydroxide. Consequently, the dissolution of glass particles is inhib-
ited, which limits the pozzolanic reaction on the surface of glass
particles. Combining with the results of BET, it can be suggested
that the samples containing washed filter glass show higher vol-
ume pore between 20 and 50 nm, which is related to the C-S-H
from pozzolanic reaction.
4. Conclusions

This paper studies the influences of high volume filter glass
powder on cement early age hydration, reaction products, mechan-
ical properties and microstructure properties. The following con-
clusions can be addressed:

(1) The leaching results indicate that the filter glass contains
saccharides and high dosage of Na+ and Cl�. After washing
treatment, the soluble salts and organic matter can be
removed efficiently.

(2) The addition of filter glass powder significantly retards the
hydration process. The incorporation of filter glass powder
also decreases the heat flow peak and cumulative heat
during hydration. After washing, filter glass powder shows



G. Liu et al. / Construction and Building Materials 187 (2018) 1177–1189 1187
a limited influence of retardation on the cement hydration,
which indicates that the organic contamination in filter glass
is the main reason for the retardation of hydration.

(3) The addition of the hydration accelerator such as CaCl2,
nanosilica and microsilica can significantly improve the
hydration process and reduce the retardation of sample con-
taining high volume filter glass. Burning treatment and sec-
ond washing treatment for filter glass also can obviously
reduce the retardation effect.

(4) The saccharides in filter glass powder show significant
influence on the hydration of high volume filter glass con-
taining samples during different ages. After 28 days curing,
the high volume filter glass powder containing samples
Fig. 11. SEM images and EDX results: (a) plain sample C0 (b) 70%
show peaks of hydrocalumite which is related to the chlo-
ride in raw material. Also, the high volume filter glass
powder and washed filter glass powder incorporation
improve the consumption of tricalcium silicate and dical-
cium silicate.

(5) The filter glass powder containing samples show lower cal-
cium hydroxide consumption than washed filter glass pow-
der containing samples. However, the amount of generated
portlandite suggests that the glass undergoes a pozzolanic
reaction.

(6) The filter glass powder incorporation increases the specific
surface area, which is attributed to the increasing pore vol-
ume. The saccharides in filter glass powder contributes to
filter glass sample C7 (c) 70% washed filter glass sample CW7.
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the higher pore volume of less than 15 nm and lower pore
volume of more than 20 nm when compared to the filter
glass after washing.

(7) High volume filter glass powder and washed filter glass pow-
der containing samples result in porousmicrostructure. From
the SEM images, the washed filter glass powder shows higher
activity of pozzolanic reaction than the filter glass powder.
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