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Highlights

-Propylene glycol was tested as quality improvers for mortar specimens made from OPC and PLC.

-Presence of PG improves the grindability index, reduce the water demand and the initial and final setting times
of both OPC and PLC mortar specimens.

-Beside it enhances the mechanical properties especially in the early stages of hydration

Abstract The performance of propylene glycol (PG) on the grindability, setting and hardening of Portland
(OPC) and Portland-Limestone cements (PLC) was studied. Propylene glycol was added to OPC clinker with
percentage ratios; 0, 0.03, 0.04 and 0.05 wt.% of the OPC clinker. PLC was made by replacing 5 and 10 wt. %
of OPC with limestone. PG offers better grinding aid performance with higher Blaine areas. Besides, presence
of PG shows higher water of consistency and lower initial and final setting times. The mechanical properties of
mortar specimens made from OPC and PLC admixed with PG were improved especially in the first 7 days.
This explained due to increase in the cement fineness which leads to an increase in the degree of cement
hydration, as well as to improvement in the interfacial transition zone between the cement paste and sand
particles, thus resulting in an enhancement in the strength. DTA and SEM results confirmed the improved
properties achieved due to admixing OPC or PLC with PG.

Keywords limestone, propylene glycol, grindability index, setting, hardening

Introduction

Cement production has been much increased all over the word since the early 1950s, especially in developing
countries [1]. This industry is considered as a one of the top high energy consumption industries [2]. A
considerable part of this energy consumption is consumed during clinker grinding. During cement milling, the
cement particles could coat the milling walls, seal the armor plating and agglomerate forming small plates which
absorb the impact.

Grinding aids in most cases are organic based compounds that are used to reduce the energy required for
grinding the clinker into a given fineness which increases the efficiency of the cement mill. Grinding in
generally are classified according to their structures into glycols, alkanol amines and phenol type compounds
[3,4]. In addition to increase the efficiency of cement mill, grinding aids could effects on the fresh cement paste
properties and so they could improve the strength development of the setting concrete. Grinding aids that
provides these “extra” properties are called quality improvers or the name performance enhancer as we also may
like to use [5-7].

Recently, different parameters were employed in order to study in the characterization of the performance of
grinding aids [8-10]. Effective GAs are those which have significant effects on physicochemical and mechanical
properties of cement. Researchers and companies led to design an effective grinding aid based on an optimum
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combination of raw materials, some of which are obtained from byproducts of other industrial processes,
providing an excellent cost advantage [11].

Portland limestone cement (PLC) can be produced by mixing Portland cement and limestone or inter-grinding
with Portland cement clinker. Limestone is also provided for more than 25 countries to use of between 1% and
5% in their Portland cements. Many countries also allow up to 35% replacement of Portland cement by
limestone. Presence of limestone in the binding system determines the acceleration of the cement during the
initial hydration, especially of the tricalcium silicate [12]. Beside, limestone particles can fill the gaps between
the clinker particles, reducing the water demand and densifying the structure of the hardened cement paste
[13,14]. When cements were dry blended with 5% limestone, the specific surface increased from 395 to 486
m?kg and the 45 pum residue decreased from 12.0% to 10.8% [15]. Permeability is also reduced by use of
limestone, probably due a reduction in the connectivity of the pores rather than to their volume. The
improvement of pore structure attributed to the nucleation effect of the fine particles of CaCO3[16].

The object of this study is to evaluate the performance of propylene glycol (PG) as sustainable quality improvers
for OPC and PLC cements. The effect of addition of (PG) on the grindability. Setting times and the mechanical
properties of OPC and OPC-limestone cement were also investigated. Microstructure and phase composition
were studied

2. Experimental
2.1. Materials
Industrial clinker used for the production of ordinary type | Portland cement (OPC-I, 42.5N). Limestone with
CaCOs; content higher than 75% was used in our study. The chemical oxide composition of OPC clinker and
lime stone theoretical phase ratios calculated by Bogue formulae are presented in Table 1. Propylene glycol
provided from Aldrich-sigma was used as grinding aids. Commercial grinding aids (CG) was used as reference
grinding aids used in market.

Table 1: Chemical oxide composition of OPC and limestone

Oxides Portland Cement Limestone
SiO, 19.78 3.63
Al,O4 4,55 0.40
Fe,0; 3.28 0.25
CaO 61.84 50.1
MgO 191 0.96
SO; 2.54 0.18
Cl 0.06 0.07
K,0 0.21 0.03
Na,O 0.24 0.34
L.O.l 4.1 42.4
Total (sum) 98.51 98.36

2.2. Preparation of dry mixes

During the grinding of OPC clinker, the grinding aids are added with the ratios 0, 0.03, 0.04 and 0.05 wt.% of
the clinker. OPC-limestone blended cement (PLC) are prepared by replacement 5 and 10 wt.% of OPC by
limestone. Two percentage of the grinding aids are added to PLC, 0.03 and 0.04 wt.%, during the grinding
process. A constant 5% of gypsum by weight of clinker has been added to each cement mixture. To compare the
grindability of the different dry mixes, all the dry mixes were grinded for 45 minutes and the Blain surface area
was measured.

2.3. Preparation of cement mortar specimens

Standard mortar mixtures have been prepared by using OPC and PLC. Mortar mixtures with sand: cement:
water ratios of 3:1:0.5 (by weight) were prepared using automatic mixer. Table 2 shows the mixes composition
and their notation used in this study. The freshly prepared mortar was placed in stainless steel moulds
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(40x40x160 mm) in two approximately equal layers. Each layer was compacted and pressed until homogeneous
specimen was obtained. The moulds were then vigorously vibrated (by a Jolting apparatus) for a few minutes to
remove air bubbles and to give a better compaction of the mortar. The surface of the mortar was smoothed by
the aid of thin edged trowel. Mortar specimens after molding were cured in a humidity chamber at about 100 %
relative humidity at constant temperature of 23 + 1°C for 1 day. After the first day, the specimens were
demoulded and cured in tap water till the time of testing for compressive strength at 2,7 ,28 and 90 days.
Table 2: Mix compositions (mass %) and their notations
CG PG limestone cement MIX name

0 0 - 100 MO

- 003 - 100 MP1

- 0.04 - 100 MP2

- 005 - 100 MP3
003 - - 100 MC1
0.04 - - 100 MC2
005 - - 100 MC3

- - 5 95 LS

- - 10 90 L10

- 003 5 95 L5P1

- 004 5 95 L5P2
0.03 - 5 95 L5C1
0.04 - 5 95 L5C2

- 003 10 90 L10P1

- 004 10 90 L10P2
0.03 10 90 L10C1
0.04 10 90 L10C2

2.4. Techniques

The effectiveness of PG and the commercial grinding aid (CG) on the grindability of OPC clinker or OPC-
limestone blended cement was evaluated through measuring the grindability index (G.l.). This calculated by
using equation 1:

BS) aids
(BS)control

Where: (BS),i¢s is the Blaine surface area for OPC clinker or OPC-limestone blended cement in presence of
definite concentration of the used grinding aid.

And: (BS)conrol i the Blaine surface area for OPC clinker or OPC-limestone blended cement in absence of
grinding aid.
The standard water of consistency and setting times for each hardened cement pastes were determined
according to ASTM C187 and C191 test methods respectively [17, 18].
A set of three mortar specimens were used for the determination of compressive strength as described by ASTM
Specifications [19]. This was accomplished using a "Ton-industrial machine” for maximum load of 60 tons. The
resulting crushed specimens were ground, and the hydration reaction was stopped by stirring about 10 grams of
the ground sample with 100 ml of a mixture of acetone and methanol (1:1 by volume) using a magnetic stirrer
for at least one hour and then the solvent mixture was removed by decantation and filtration. Finally, the sample
was dried at 80°C in the dryer overnight.
To evaluate the effect of the grinding aids on the mechanical properties of hardened mortar pastes, the relative

compressive strengths were calculated using equation 2:
CS)G
(C.S)e.= ((C_S)) X100 oo, 2
Where: (C.S)¢ is the compressive strength of mortar specimens admixed with grinding aid (GA) after a certain
period of hardening t; and, (C.S.) is the compressive strength of mortar in absence of GA after the same

hardening time .
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The phase compositions and microstructure of the formed hydrates are tested on the dried samples using
differential thermal analysis (DTA) and Scanning electron microscope (SEM).

3. Results and Discussion
3.1. Blaine area and grindability index
Table 3 shows the Blaine area and the grindability index (GI) values of the dry mixes prepared from OPC and
OPC-limestone blended cement (PLC) in presence of different dosage of propylene glycol (PG) and commercial
grinding aid (CG) after grinding for 45 minutes. For OPC mixes, presence of grinding aids shows higher values
of Blaine areas than the control mix. Beside, PG offers better grinding aid performance than the commercial
grinding aid (CG). Moreover, Gl values for PG increase by increasing the dose of PG from 0.03 to 0.05 while
the commercial grinding aid (CG) does not show an increase in values of Gl after 0.04 dose. Cement particles
possess positive and negative charges when it ground into smaller particles. These charges make agglomeration
of the cement particles and they become easier to adhere on the ball mill surface. Propylene glycol (PG)
absorbed on the cement particles and ball mill surface via the hydroxyl groups which neutralize these
electrostatic surface charge. Besides, the alkyl part of PG shield the surface charge of cement particle which
reduces the adhesive forces leading to prevention of aggregation of the powder and coating on balls mill [20].
This makes the ball mill getting the higher capability to produce finer particles [2]. The increase in the Gl values
by increasing PG dose could be related to the monolayer coverage of the solid surface [21, 22]. For commercial
grinding aids (CG) the unchanged GI values after 0.04 dose is attributed to the formation of multimolecular
layers on the solid surfaces at excessive dose. Multimolcular layers of GAs can lead to the formation of capillary
forces that favor agglomeration.

Table 3: Blaine area and the Grindability index (GlI) of various mixes

Mix  Blaine area (cm*g) Gl

MO 4096 1
MP1 4348 1.06
MP2 4427 1.08
MP3 4465 1.09
MC1 4321 1.055
MC2 4315 1.054
MC3 4102 1.01
LS 4448 1

L10 4698 1
L5P1 4762 1.076
L5P2 5012 1.127
L5C1 5714 1.22
L5C2 6216 1.32
L10P1 4705 1.05
L10P2 4805 1.08
L10C1 5606 1.17
L10C2 5656 121

As indicated from the values of Blaine area, L5 and L10 mixed shows higher Blaine areas then PO mix.
Replacement of OPC by 10 % limestone (mix L10) shows higher Blaine area than 5% replacement (mix L5). In
general, limestone particles are softer than clinker particles [23]. These soft limestone particles tend to stick to
the surfaces of the mill and grinding balls. Adhesion of limestone particles on the surfaces of balls increase the
fracture and grinding efficiency of the mill. The combination effect of blending OPC by limestone and presence
of grinding aids results in an enhancement in grindability index (GI), show table 3. The highest GI values
recorded were 1.22 and 1.32 for L5P2 and L10P2 mixes respectively.
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3.2. Standard Water of consistency

Fig.1-a shows the standard water of consistency of OPC pastes admixed with 0, 0.03, 0.04 and 0.05 wt.%
grinding aids. Higher water: cement ratio for normal consistency are observed in OPC pastes containing
grinding aids (CG and PG). This could be related to the increase in the cement fineness as a result of presence of
grinding aids. Increasing the finesses of cement requires higher amounts of water for proper lubrication [2]. PG
shows higher water of consistency for OPC pastes compared to the commercial grinding aid (CG) Increasing the
dose of PG inthe OPC paste increases the standard water of consistency while this not observed for CG.

L5 and L10 pastes showed lower standard water of consistency than MO paste. The finesses and the smooth
surface of the limestone particles reduce the friction between particles and, therefore, favor their mobility in
pastes leading to higher fluidity. The “packaging” effect of particles leads also to the decrease of amount of
water needed for a good workability of the system [24]. Presence of grinding aids (CG and PG) in Portland-
lime stone pastes leads to increase the standard water of consistency, Fig.1-b.
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Figure 1: Water of consistency of mixes admixed with various dose of propylene glycol (PG) and commercial
grinding aids (MA).
a) OPC mixes  b) PLC mixes
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3.3. Setting times

Increasing the standard water of consistency in Portland cement pastes admixed with grinding aids leads to
reduce the initial and final setting times, Fig.2-a. The initial and final setting times for Portland cement pastes
admixed with propylene glycol were longer than those obtained for commercial grinding aid. This related to the
increasing the finesses of the cement as a results of presence of grinding aids. This increases the initial rate of
Portland cement hydration which fasts its hardness and stiffens.

Blending of Portland cement by 5 and 10 wt.% limestone ( mixes L5 and L10 respectively) reduces both the
initial and final setting times compared to neat MO pastes. L5 paste shows shorter times for initial and final
setting than L10 paste, Fig.2-b. This could be related to the nucleation effect formed by limestone particles
inside the cement pastes which favorable the growth of the hydration products on it leading to acceleration of
the hydration reaction [25].

Again, presence of grinding aids in Portland- limestone pastes results in reducing of both initial and final setting
times compared to L5 and L10 pastes, show Fig.2-b. This observed for propylene glycol and commercial
grinding aids. The least setting time was recorded for L10P paste which showed a reduction by about 40% for
both initial and final setting times compared to L10 paste.
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Figure 2: Setting times of PLC admixed with various dose of propylene glycol (PG) and commercial grinding
aids (CG).
a) OPC mixes  b)PLC mixes
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3.4. Compressive strength of mortar specimens:

The variation of the compressive strength values for mortar specimens made from OPC, sand and admixed with
PG and commercial grinding aids after 2, 7, 28 and 90 days are shown in Fig.3 and 4 respectively. The control
mortar paste, MO, shows three stages of strength development with increasing the hydration ages up to 90 days.
A rapid increase in the compressive strength values is noticed during the first 7 days of hydration which
represent the acceleration stage. This is followed by a continuous and gradual increase up to 28 days. A slow
increase in the compressive strength values noticed during the hydration period from 28 to 90 days. Mortar
specimens admixed with propylene glycol or commercial grinding aid, showed the same trend of variation of
compressive strength values with the hydration ages but with relatively higher values.
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Figure 3: Compressive strength of OPC mortar admixed with propylene glycol at various hydration ages
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Figure 4: Compressive strength of OPC mortar admixed with commercial grinding aid at various hydration
ages

The increase in the compressive strength values due to presence of grinding aids were evaluated via calculation
of relative compressive strength which showed in table 4. According to the values of the relative strength both
the commercial grinding aid (M) and propylene glycol (PG) showed an increase in the relative strength values at
all the hydration ages indicating the presence of the grinding aids causes an enhancement in the mechanical
properties of hardened mortar. Moreover, the values of the relative strength increase with increasing the dose of
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the grinding aid which is more notable at early hydration ages, up to 7 days, than the later ages. The
improvement in relative strength due to presence of GAs may be attributed to increasing the cement fineness
which leads to an increase in the degree of cement hydration, as well as to improvement in the interfacial
transition zone between the cement paste and sand particles, thus resulting in increased strength [26]. Jolicoeur
et demonstrated that PG behave as accelerators for both silicates and aluminates phase and this accelerating
effect of PG was mainly predominate at the early ages of the hydration [27].
Table 4: Relative compressive strength of different mixes
Mix  Relative compressive strength (%)
2 7 28 90
MP1 1075 1089 111.3 1105
MP2 1114 1141 1109 109.3
MP3 1224 1156 1084  107.7
MCl1 1141 1059 1046 1035
MCc2 1188 1129 1153 1107
MC3 125.1 115.6 113.8 107.5
L5P1 1156 1138 105.2 98.5
L5P2 1144 112,65 985 101.5
L10P1 137.9 118 118 108.6
L10P2 124 117 105 105.6
L5C1 110 111.1 1052 106.8
L5C2 1229 1203  109.6 109
L10C1 119.2 116.5 106 101
L10C2 1244  120.9 100 107
Fig. 5 shows the variation of the compressive strength values with the hydration ages for mortar specimens
made from limestone cement (mixes PCL5 and PCL10 respectively). These mortar specimens showed lower
values of the compressive strength than the mortar specimens made by OPC although the former showed higher
Blaine areas and shorter setting times. This could be related to the dilution effect occurs via blending OPC by
limestone and formation of calcium carbo-aluminate hydrates which have low mechanical properties.
Admixing PCL mortars with 0.03 and 0.04 wt.% propylene glycol or commercial grinding aids, mixes PGL and
ML show an enhancement in the compressive strength values at all the hydration ages, Figs 8 and 9
respectively. This enhancement in the compressive strength values was more obvious at early hydration ages (at
acceleration stages) and for mortar blended with 10% limestone, mixes PGL10 and ML10, than 5% limestone,
mixes PGL5 and ML5. According to the values relative strength showed in table 4, increasing the dose of PG
from 0.03 to 0.04 wt.% in all limestone blended cement has negative effect on the compressive strength value.
While as, increasing the dose of commercial grinding aids (M) leads to increase the values of the compressive
strength at all the hydration ages.
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Figure 5: Compressive strength of PLC mortar at various hydration ages
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a) mortar with 5% limestone, b) mortar with 10% limestone
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Figure 9: SEM micrographs of mortar mixes after 90 days of hydration
a,b) mix L5  ¢,d) mix L5P2.

12)

3.5. Differential thermal analysis (DTA)

DTA curves of the hardened mortar specimens made by 95% OPC + 5% limestone and 95% OPC + 5%
limestone + 0.04 % PG , mixes L5 and L5P2 respectively after 2 and 90 days of hydration are shown in Figs
7,8. L5 mix after 2 days, see Fig.9-a, shows two endothermic peaks at 52°, 106°C which are related to removal
of free water and dehydration of amorphous and illcrystalline CSH [28]. Another endothermic peak is located at
465°C, which is related to the dehydration of portalndite (CH) [29]. Three peaks are appeared 575 °, 677 ° and
866°C. These endotherms could be related to the decomposition of lime stone (CaCOs) of varying degrees of
crystallinity [30]. After 90 days,Fig.7-b, L5 mix shows the same endotherms in its DTA curve as after days but
with a notable increase in the intensity of the peak characterized CSH which shifted to higher temperature and
located at 136 <C. This indicates an intensive amount with increased crystallinity of the hydration products are
formed.

DTA curve of mix LSP2 after 2 days, see Fig. 8-a, shows the same endotherms as L5 mix. The main difference
was the slight increase in the enotherms characterized to CSH and CH located at 100° and 462° C respectively.
This confirms the compressive strength results that presence of PG enhances the hydration reaction leading to
formation of more hydrates. After 90 days, these two enotherms became more broadening and were shifted to
higher temperatures, see Fig 8-b.
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3.6. SEM

Microstructure of the formed hydrates in (95% OPC + 5% limestone) and (95% OPC + 5% limestone + 0.04 %
PG), mixes L5 and L5P2 respectively after 90 days of hydration are shown in Figs 9. SEM micrograph of mix
L5, Fig.9-a displays the formation of both microcrystalline and fibrous crystals of cement hydration products,
mainly as calcium silicate hydrates (CSH) with low porosities. Beside, crystals of calcium carboaluminate
hydrates and limestone particle could be identified in SEM micrographs. For mix L5P2, SEM micrograph shows
A more dense structure of the formed hydrates which represents the formation of almost nearly amorphous
hydrates due to the low porosity and the limited pore volume available to the deposition of the formed hydrates,
Fig 9-b. These types of amorphous and ill- crystallized hydrates lea to a hardened cement pastes with stronger
hydraulic characteristics.

4. Conclusion

On the basis of our study we can concluded that:

-Admixing Portland clinker with Propylene glycol leads to increase its fineness .

-Replacing Portland cement clinker by 5 and 10% limestone leads to increase its Blaine area, as indicted by Gl,
this effect improved in the presence of Propylene glycol.

-Admixing of Portland and Portland-limestone cement by propylene glycol causes an increase in the water of
consistency and reduction in both the initial and final setting times of their pastes.

- The mechanical properties of mortar specimens made from Portland and Portland-limestone cement admixed
with PG were improved especially in the first 7 days.

- DTA and SEM results confirmed the improved properties achieved due to admixing OPC or PLC with PG.
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