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Abstract. This Through the measurement of the hydration heat, the thermo analysis, SEM observation,
and analysis on pore structure of the cement paste, we did the research on the effects of Alcamine
Periodic Copolymer (APC) grinding aids on hydration and microstructure of Portland Lime-Mud
Cement (PLMC). The result indicates that APC can significantly improve the strength of PLMC at
ages. Within twelve hour hydration, APC surrounding cement particles slows down the hydration of
CsS and C3A, whereas accelerates the hydration in the later stages by lubricating when the surrounding
layer is released after twelve hours. The air entrainment by APC broadens overall porosity distribution
in the early stage of cement and SEM observation reveals many pores in the cement. In the later stages
of hydration, the porosity ratio is decreased and SEM shows increased volumes of interleaved
hydration products and denser cement structure.

1. Introduction

Lime Mud is muddy precipitated by-product produced by the causticizing reaction during the alkali
recovery in the pulp mill. It is largely calcium carbonate (more than 90%) and is the good choice as the
cement admixture in the industry. With the tiny particle size, 45% - 60% moisture, and colloid
properties, the lime mud is difficult to dry. Even though the lime mud gets dried completely, particles
still tend to agglomerate together to form larger clusters resulting in uneven distribution. These are the
fundamental constraints on the industrialization of the lime mud™-3l,

Given this, our research team considered adding the lime mud directly in the cement mill cooling
system and taking advantage of the heat released by the cooling process of hot clinker to dry the lime
mud. The dried lime mud is mixed with the clinker directly. In order to solve the agglomeration issue
after drying, we added a type of homemade composite grind aids at the same time when adding the
lime mud. Thus, the modification of the lime mud and the preprocessing of clinker for facilitating
grinding get completed at the same time. The experience of the industrial production suggests*®! that
modified lime mud can partially replace the fly ash or slag as the cement admixture for producing
P.042.5 cement. All physical properties meet the standard requirements. However, the further
research has not been conducted on the effects of APC on hydration and microstructure of PLMC.
Thus, this paper is to investigate such effects and provide the dependable theoretical basis for applying
APC in PLMC.

2. Experimental Details

Portland lime mud cement (composed of 89% clinker, 5% lime mud and 6% natural gypsum,
grinded by ball mill for 1h) was used. Clinker and natural gypsum are from Sichuan Esheng Cement
Group Co.Ltd. Lime mud (dried by 105°C before test) is from An Xian Paper Manufacture Co.Ltd.
The compositions of the materials are shown in Table 1. The grinding aid called Alcamine Periodic
Copolymer (APC) is the composite organic one formed by the blockpolymerization of
triisopropanolamine and the other two alcohols (triethanolamine and glycol). The goal of this paper is
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to discuss the effects of this grinding aid on hydration and microstructure of cement, so it is mixed as
additive. Its effects as the grinding aids are not discussed in this paper.

Table 1 Chemistry compositions of main raw materials w/%
Material Loss CaO SiO2 AI203 Fe203 MgO S0O3 R20 P205 moisture SUM
Clinker —  65.72 2247 AT7 346 116 087 0.68 0.05 — 99.18
Vrvnr;'ée 4217 4164 55 08 0 739 - 192 — 54  99.47
Dihydrate 3575 441 103 058 647 49.71 046 002 —  99.43
gypsum

The mixing proportions for the experiments on cement paste are displayed in table 2. Sample AO
and A4 are the cement paste mixed with APC.
Table 2 Mixing proportions of cement paste and mortar with APC

: Mass/g Mass ratio of
Sample - Mass fraction of APC/% Cement Water  Normal Sand water to cement
A0 0 1500 525 0 0.35
Al 0.02 1500 525 0 0.35
A2 0.04 1500 525 0 0.35
A3 0.06 1500 525 0 0.35
A4 0.08 1500 525 0 0.35

3. Results and Discussion

3.1 Heat of Hydration

There are generally three hydration heat peaks for Portland cement(®®l: The first peak is majorly
from the dissolution of the active minerals and the formation of Aft. The second peak is mainly due to
the formation of C-S-H. If the gypsum depletes during the hydration, Aft will be transformed to Afm
and result in the 3" peak after the 2" one. The figure 1 and 2 are the heat evolution rate of PLMC
hydration and accumulated hydration heat, with or without APC respectively.
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Fig.1 Heat evolution rate of hydration of PLMC with APC Fig.2 Cumulative heat of hydration of
PLMC with APC

From Fig 1, the first peak decreases as the amount of APC mixture increases, and gets postponed.
This indicates that APC has not affected the formation of Aft, as APC surrounding layer on the surface
of the cement particles has not got the chance to release thus the water can not reach the particle surface
rapidly. Such fact slows down the formation of Aft. Likewise, the 2" peak shows the similar pattern.
That is, the 2" peak gets postponed and lowered slightly as the amount of APC increases, indicating
that APC slightly affects the initial hydration of C3S. There is no 3 peak if the gypsum is adequate.
The fig 2 shows that even though both the 1%t and 2" peak gets postponed, 48h cumulative heat clearly
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increases with the increasing amount of APC, indicating that APC surrounding layer has been released
completely and lubricating among cement particles and water, promoting the entire hydration process.

3.2 Thermal Analysis
The fig 3 and 4 are respectively 1d and 28d TG and DSC curves for sample A0 and A4 in the

strength experiments. The sample has been vacuum dried, so there is not free water. According to
literatures 1Y among the hydration products, the dehydration temperature of Aft is between
130-180 °C ; the decomposition temperature of Ca(OH), is between 430 °C and 450 C; the
decomposition temperature of CaCOzis between 700°C and 740°C. Because the heating rate (10°C
/min) is high in the experiment, the corresponding decomposition temperature on the curves deviates to
some degree. Comparing Fig3 to Fig4, we know that the peak of 110°C-120°C was caused by the
dehydration of Aft; 470°C-490°C by the decomposition temperature of Ca(OH),; 740°C-850°C by the
decomposition of CaCOs,

N

=]
N
=]

100k —— Sample A0 i 100} — Sample A0
... sample A4 15 ... Sample A4

=
o

Iy
<]

o
o

95

=3
=)

90

Mass change/%
Heat flow/W/g

Mass change/%
eS
> @

Heat flow/W/g

I
o

851

-2.0

80
0o

L L L L 25 L L L L 25
200 400 600 800 1000 [ 200 400 600 800 1000
Temperature/C Temperature/‘C

Fig. 3 Thermal analysis of pastes hydrated for 1d  Fig. 4 Thermal analysis of pastes hydrated for 28d

In order to facilitate comparing the amount of Ca(OH),, CaCOsand the change in the hydration
products of the sample A0 and A4, we calculated the relative contents of hydration products according
to the thermal gravimetric loss of the corresponding temperature range on the thermal gravimetric
curves and showed the result as Table 3. We see that Ca(OH); content in the sample A0 and A4
increases as the age increases. However, the contents of Ca(OH)z in A0 and A4 of the same age are
close. At 1d, A4 is less than AO by 0.62%; at 28d, A4 is more than A0 by 0.2%. Because Ca(OH):is
majorly formed by C3S hydration, mixing APC does not promote the hydration of C3S in the early
stages, and does not affect the hydration at the later stages significantly. Taking both hydration heat
and strength analysis into account, we see the major effects of APC on cement hydration: at the early
stages of hydration, APC forms the organic surrounding layer on the surface of cement and lime mud
particles. Even though slowing down the hydration of hydration products, it promotes the lubrication
among the particles, improves the spatial distribution. Moreover, it gets released in the short time, so
does not affect the development of cement strength at the early stages.

Table 3 Relative contents to unhydrated cement for Ca(OH)2 and CaCO3

Sample Age/d w[Ca(OH)2]/% w[CaCO3]/%
A0 1 2.84 3.68
A0 28 3.38 3.40
A4 1 2.22 3.66
A4 28 3.58 3.68

3.3 SEM Investigation
From Fig5, there are plenty of gaps in the cement stone within 3d hydration of A0, and the surface

is covered by the unreacted lime mud particles. The cotton-shaped C-S-H gel, flaky Ca(OH). crystal,
and columnar Aft appear in 3d cement stone. In 28d cement stone, the hydration products increase
significantly, and the structure becomes denser without evident gaps. Compared to AO at the same age,
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the structure of A4 cement stone is relatively denser, and evident gaps and the coverage of lime mud
are relatively less. Moreover, we see the hydration products like C-S-H gel, Ca(OH)2, and Aft in 28d

cement stone, which are interleaved with each other to form the denser structure.
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Fig.5 SEM of samples A0 and A4 at different ages

2pm

3.4 Pore Strucure

) Hydratin of ample for 3d (c) Hydration of sample A0 fe 2

8d

2um

4 for §3d

To analyze the effect of APC on the pattern of porosity structure of PLMC paste, we selected A0
and A4 with 1d and 28d hydration. The porosity distribution is shown in fig 6. Table 4 lists the

properties of pore structure of hardened cement.
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Fig.6 Pore size distribution of samples A0 and A4 hydrated for 1d and 28d

Tab.4 Pore structure parameters of cement pastes at different ages

Pore size distribution/%

Sample  Age/d Total Average pore  Median pore -~
porosity/%  diameter/nm diameter/nm  3.5-10nm 10-50nm 50-1000nm 1000nm
A0 1 32.98 38.7 20.2 7.29 29.89 58.62 4.20
A0 28 23.79 37.2 19.0 5.37 32.84 54.36 7.43
Ad 1 34.86 41.5 20.7 6.94 26.36 61.83 4.88
Ad 28 21.74 33.1 16.6 9.28 37.63 46.68 4.41
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Fig.6 is marked with the critical pore diameter in sample, which refers to the diameter of the
connected pore allowing maximum materials permeating through the cement stone, and reflects the
connectivity of gaps and tortuosity of permeating paths in the cement stone 2, From fig 6 and table 4,
we see that the critical pore diameter of A4 is smaller than AO by 12.7nm at 1d, whereas the overall
porosity of A4 is larger than A0 by 1.88%, average pore diameter larger by 2.8nm, median pore
diameter larger by 0.5nm, and the ratio of large pores (> 50nm) in A4 is greater than AQ. This indicates
that at the early stages of hydration, APC makes the cement particles redistribute spatially and the
number of connected pores in paste decrease. Due to the air entrainment by APC, however, large
amount of bubbles got generated. There are not enough hydration products for filling up gaps at this
moment, so the distribution range of overall porosity becomes wide. At 28d, the difference between
their critical pore diameter is only 0.1nm, the overall porosity of A4 is smaller than AO by 2.05%,
average pore diameter smaller by 4.1nm, and the median pore diameter smaller by 2.4nm. Moreover,
the ratio of small pores (<50nm) in A4 is much greater than AQ, indicating that large pores, introduced
by APC organic ingredient at the early stages, are being gradually filled up with hydration products, as
the hydration reaction is going on. The spatial redistribution of cement particles played a great role in
the later stages of hydration, making hydration products interleaved and distributed evenly, improving
the structure of cement stone.

4. Conclusion

Within twelve hour hydration, APC forms the organic surrounding layer on the surface of cement
and lime mud particles, slowing down the hydration of C3S and C3A, so there are no large amount of
hydration products formed in the cement stone. However, the organic surrounding layer gets releases
after 12h, lubricates between cement particles and water, promotes the rheology and fluidity, improves
the internal distribution, thus accelerates the hydration at the later stages. The air entrainment by
organic APC ingredients generates large amount of bubbles in the cement stone in the early stages of
hydration and makes the overall porosity distributed widely. SEM observation reveals many gaps. In
the later stages of hydration, the ratio of small pores increases and the number of large pore decreases.
The large pores introduced early get filled up by hydration products and the overall porosity decreases.
SEM shows increased volumes of interleaved hydration products and denser cement structure.
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