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Abstract—The use of bio-based admixtures on construction
materials is a recent trend that is gaining momentum. However, to
our knowledge, no studies have been reported concerning the use of
biopolymers on hybrid cement based mortars. This paper reports
experimental results regarding the study of the influence of mix
design of 43 hybrid cement mortars containing two different
biopolymers on its mechanical performance. The results show that
the use of the biopolymer carrageenan is much more effective than
the biopolymer xanthan concerning the increase in compressive
strength. An optimum biopolymer content was found.
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I. INTRODUCTION

ASTE reuse is crucial not only to avoid putting pressure

on non-renewable raw materials but also the
environmental degradation associated to waste landfill [1].
Some wastes like fly ash (FA) deserve an especial attention
because they are generated in high amount and have a very
low reuse rate [2]. Waste soda lime silicate glass is also
generated in relevant quantities and that merits increase
recycling efforts. In Hong Kong, approximately 373 tons of
waste glass are generated daily in 2010. It was estimated that
the total amount of waste glass generated in the EU-27 in 2007
was 25.8 Mt [3]. Hybrid cements involve the activation of
industrial wastes with alkaline activators, usually composed
by hydroxide, silicate, carbonate, or sulfate leading to co-
precipitation of two gels (C-S-H + N-A-S-H), but over time a
C-A-S-H type gel would be the most thermodynamically
stable product [4], [5]. These materials have a particular
ability for the reuse of several types of wastes [6], [7].
Therefore, the valorization of FA and waste glass in hybrid
cement would have obvious environmental benefits. In this
context, this paper reports results of compressive strength of
several FA and waste glass hybrid mortars containing two
biopolymers.

II. EXPERIMENTAL PROGRAM

A. Materials and Design

The raw materials used for the preparation of the hybrid
cement mortars were FA (FA), calcium hydroxide (CH), fine
aggregate, milled glass (MG) and sodium hydroxide solution.
The FA was obtained from The PEGO Thermal Power Plant
in Portugal and it was classified as class F according to
ASTM-C618 standard. The chemical composition of the FA
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selected for this study is presented in Table 1.

TABLE 1
CHEMICAL COMPOSITION AND PHYSICAL PROPERTIES OF FA
Composition (wt. %)

SiO, 60.81

AlLO; 22.68

Fe,0; 7.64

MgO 2.24

Na,O 1.45

CaO 1.01

TiO, 1.46

K,0 2.70

Physical properties

Specific gravity 2.30
Specific surface (cm¥/g) 3430

The CH used in this study had a commercial name of
Lusical H100 and chemical composition of Ca(OH), > 93%
and MgO < 3. Waste glass was provided by the use of glass
bottles that were ground for 1h in a ball mill. The density of
the MG was 1.27 g/em’. Solid sodium hydroxide which was
obtained from commercially available product of ERCROS,
S.A., Spain, was used to prepare three solutions with different
concentration (4 M and 12 M). The chemical composition of
the sodium hydroxide was composed of 25%Na,O and
75%H,0. A sand/binder ratio of 4 was used. The sand was
used as inert filler provided from the MIBAL, Minas de
Barqueiros, S.A. Portugal. Two activator/binder ratios were
used (0.4 and 0.5). Two biopolymers carrageenan and xanthan
were provided by Melbourne Food Depot. Xanthan is a natural
polysaccharide, which is produced by a biotechnological
process involving fermentation of glucose or sucrose by the
Xanthomonas campestris bacterium. Carrageenan is a natural
high-molecular-weight polysaccharide, purified extract from
red seaweed. Different contents of biopolymers were used in
the mix compositions, including 0.05%, 0.1%, 0.15% (in
weight of binder). The 43 mix compositions are listed in Table
II.

B. Production and Testing

During production, FA was mixed with fine aggregate, CH,
milled waste glass and biopolymer powder for 2 min. Then,
the alkali activator solution was added and mixed for 5 min.
Mortars were cast into cubic molds (50x50x50 mm?®). After
24h, specimens were demolded and cured in laboratory
conditions (25 °C and 65%RH). Compressive strength testing
was carried out after seven days with respect to the
recommendations of the European standard EN1015-11.
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TABLE 11
MiX COMPOSITIONS (KG/M?)

Mixtures

FA Sand SS SH

90FA_10CH_4M 2SS/SH_0.8A/B
90FA_10CH_4M_1SS/SH_0.8A/B

379 1685 269 134
379 1685 169 169

80FA_10CH_10MG_4M_2SS/SH_0.8A/B 332 1664 222 111

90FA_10CH_8M 2SS/SH_0.8A/B
90FA_10CH_8M_1SS/SH_0.8A/B

379 1685 269 134
379 1685 169 169

80FA_10CH_10MG 8M 2SS/SH 0.8A/B 332 1664 222 111
90FA_10CH_4M 2SS/SH _0.8A/B_0.05CAR 379 1685 269 134
90FA_10CH 4M_1SS/SH 0.8A/B_0.05CAR 379 1685 169 169

S80FA_10CH 10MG 4M 2SS/SH 0.8A/B 0.05CAR 332 1664 222 111
90FA_10CH_8M 2SS/SH 0.8A/B_0.05CAR 379 1685 269 134
90FA_10CH_8M_1SS/SH 0.8A/B_0.05CAR 379 1685 169 169

80FA_10CH 10MG 8M 2SS/SH 0.8A/B 0.05CAR 332 1664 222 111
90FA_10CH 4M 2SS/SH 0.8A/B 0.1CAR 379 1685 269 134
90FA_10CH_4M_1SS/SH_0.8A/B_0.1CAR 379 1685 169 169

S80FA_10CH 10MG 4M 2SS/SH 0.8A/B 0.ICAR 332 1664 222 111
90FA_10CH_8M_2SS/SH_0.8A/B_0.1CAR 379 1685 269 134
90FA_10CH 8M_1SS/SH 0.8A/B 0.ICAR 379 1685 169 169

80FA_10CH 10MG 8M 2SS/SH 0.8A/B 0.ICAR 332 1664 222 111
90FA 10CH 4M 2SS/SH 0.8A/B_0.15CAR 379 1685 269 134
90FA 10CH 4M_1SS/SH 0.8A/B_0.15CAR 379 1685 169 169

80FA_10CH 10MG 4M 2SS/SH 0.8A/B 0.15CAR 332 1664 222 111
90FA_10CH_8M 2SS/SH 0.8A/B_0.15CAR 379 1685 269 134
90FA_10CH_8M_1SS/SH 0.8A/B_0.15CAR 379 1685 169 169

80FA_10CH 10MG 8M 2SS/SH 0.8A/B 0.1SCAR 332 1664 222 111
90FA_10CH 4M 2SS/SH 0.8A/B_0.05XAN 379 1685 269 134
90FA_10CH_4M_1SS/SH_0.8A/B_0.05 XAN 379 1685 169 169

80FA_10CH 10MG 4M 2SS/SH 0.8A/B 0.05XAN 332 1664 222 111
90FA_10CH_8M 2SS/SH 0.8A/B_0.05 XAN 379 1685 269 134
90FA_10CH_8M_1SS/SH_0.8A/B_0.05 XAN 379 1685 169 169

80FA_10CH 10MG 8M 2SS/SH 0.8A/B 0.05XAN 332 1664 222 111
90FA_10CH_4M 2SS/SH_0.8A/B_0.1 XAN 379 1685 269 134
90FA_10CH_4M_1SS/SH_0.8A/B_0.1 XAN 379 1685 169 169

80FA 10CH 10MG 4M 2SS/SH 0.8A/B 0. XAN 332 1664 222 111
90FA_10CH_8M 2SS/SH 0.8A/B_0.1 XAN 379 1685 269 134
90FA_10CH 8M_1SS/SH 0.8A/B_0.1 XAN 379 1685 169 169

80FA_10CH_10MG 8M 2SS/SH 0.8A/B 0.1 XAN 332 1664 222 111
90FA_10CH_4M 2SS/SH_0.8A/B_0.15 XAN 379 1685 269 134
90FA_10CH 4M_1SS/SH_0.8A/B_0.15 XAN 379 1685 169 169

80FA_10CH_10MG 4M 2SS/SH 0.8A/B 0.15XAN 332 1664 222 111
90FA_10CH 8M 2SS/SH 0.8A/B_0.15 XAN 379 1685 269 134
90FA_10CH_8M_1SS/SH 0.8A/B_0.15 XAN 379 1685 169 169

80FA_10CH_10MG_8M_2SS/SH_0.8A/B_0.15 XAN 332 1664 222 111

III. RESULTS AND DISCUSSION

A. Compressive Strength

The results of the compressive strength after seven days
curing of hybrid cement mortar mixtures without biopolymers
are shown in Fig. 1, The mixture 80FA_10CH_10MG_2SS/
SH_0.8A/B shows the highest compressive strength of around
9 MPa. It is worth remembering that this mechanical
performance is high enough for several construction
applications, like for use in renders and for masonry units. The
explanation lies in the fact that, for low sodium hydroxide
concentrations, the main hydration product formed is a CSH
gel [8], [9]. The replacement of 10% FA by milled waste glass
shows a relevant increase on the short term compressive

strength of around 30%. The waste glass provides reactive
silica that contributes to the increase of the compressive
strength. The reduction of sodium silicate/sodium hydroxide
ratio from 2 to 1 shows no influence on the compressive
strength for both sodium hydroxide concentrations. Increasing
the replacement of FA from 10% to 20 wt.% by the MG as
well as decreasing the ratio of sodium silicate to sodium
hydroxide from 2 to 1, reduced the compressive strength of the
mix composition of 80FA_ 10CH_10MG_4M_2SS/SH _0.8A/
B about 30%. This is because silica from waste glass is not as
reactive as liquid Na,SiOs;. Fig. 2 shows the compressive
strength of hybrid cement mortar mixtures with biopolymer
carrageenan and cured at ambient temperature during seven
days. The biopolymer carrageenan increased compressive
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strengths of mixtures 90FA_10CH_2SS/SH 0.8A/B and
90FA 10CH_1SS/SH_0.8A/B. This increment was higher for
these mixtures with 4 M sodium hydroxide concentration. Due
to addition of carrageenan, the maximum compressive
strength and the maximum increase of compressive strength
was about 17 MPa and 3 times, respectively for the mix
mixture 90FA 10CH_2SS/SH 0.8A/B  with 0.15% of
carrageenan. For mixture 80FA_10CH_10MG_2SS/SH_0.8A/
B with molar concentration of 4 mol/L, the compressive
strength increased by increasing the content of carrageenan up
to 0.1%, while increasing the content of carrageenan to 0.15%
reduced the compressive strength. Conversely, by increasing
the molar concentration from 4 mol/L to 8 mol/L, increasing
the content of carrageenan up to 0.15% resulted in recording
the maximum compressive strength (16.2 MPa for mixture
80FA_10CH_10MG _2SS/SH 0.8A/B. Fig. 3 shows the
compressive strength of AACB mixtures with biopolymer
xanthan and cured at ambient temperature during 7 days.
Xanthan is not as effective as carrageenan to enhance
compressive strength. With the exception of 90FA 10CH
8M_1SS/SH_0.8A/B_0.1XAN, addition of Xanthan has no
significant effect on increasing the compressive strength of
mix compositions. The maximum compressive strength and
increase of compressive strength due to addition of Xanthan
were recorded about 13 MPa and 2 times, respectively for
mixture 90FA_10CH_8M_1SS/SH_0.8A/B_0.1XAN.
Concerning the mixture 80FA 10CH_10MG_2SS/SH_0.8A/
B, 75FA_10CH_15MG_1.5SS/SH_0.8A/B, the addition of
Xanthan biopolymer as even reduced its compressive strength.
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Fig. 1 The compressive strength after 7 days curing of hybrid cement
mortars without biopolymers

2 2
3 1
€ 16
‘S___:a
212
£3.,
£ 8
g ¢
5 &
2 H
0

am M
Molar concentration -

(2)

Compressive strength at 7 days
(MPa)
o

"~
o

=
[

Compressive strength at 7 days
w wPa)

Fig. 2 Compressive strength of AACB mixtures with biopolymer
carrageenan: a) 90FA_10CH_2SS/SH_0.8A/B; b)
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Fig. 3 Compressive strength of AACB mixtures with biopolymer
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IV. CONCLUSIONS

The results of the present investigations are as follows. The
results show that a mixture of 80% FA, 10% waste glass and
10% CH activated with an alkaline activator based on a 4-M
sodium hydroxide shows the highest compressive strength.
The reduction of the sodium silicate content is associated with
a reduction of compressive strength that is slightly
compensated by the replacement of FA by waste glass. The
mixtures containing carrageen show better workability in
comparison with mix compositions containing xanthan. The
results show that the increase of biopolymer carrageenan
content is associated to an increase in compressive strength
and that the use of 0.1% of carrageenan leads to optimum
compressive strength. The use of xanthan shows no beneficial
effects on the compressive strength of AACB mortars. Several
mixtures with xanthan even show a reduction in the
compressive strength.
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