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Abstract

In this study, the effect of substituting boron compounds with glycol-based
grinding aids to the compressive strength performances of cement was inves-
tigated. Monoethylene glycol (MEG) and diethylene glycol (DEG) were used
as glycol-based grinding aids, and anhydrous borax and boric acid were used
as boron compounds in the tests. CEM I type cement production was carried
out with the addition of grinding aid mixtures to Portland clinker and some
gypsum in the experiments. All produced cement samples were tested for
Blaine fineness, xrf elemental analysis and 2, 7 and 28 days compressive
strength tests. Test results of grinding aids of MEG and boron compounds
mixture showed no increase in any age of compressive strengths perfor-
mances related to MEG used itself. However, with the addition of boron
compounds to DEG increased grinding aid performance at all ages (2, 7 and
28 days). Possible reasons for this increase could be borate esters formed with
DEG and boric acid in a basic medium.
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1. Introduction

Many chemicals have been used as a grinding aid in scientific studies and in the
industry. Amines such as triethylenetetramine, aminalols such as diethanola-
mine, glycol compounds such as ethylene glycol, phenol, and phenol derivatives,

and also many more complex compounds were used as grinding aid [1]. Katsioti
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and colleagues [2] evaluated six commercial grinding additives used in the pro-
duction of Portland cement. In this study, in all cases, the addition of grinding
aid resulted with the development of the specific surface and the grindability in-
dex. Results were caused to the ability to reduce the resistance to friability and
the aid ability to prevent agglomeration to balls and mill inside. Sohoni and oth-
ers investigated the efficiency of the Portland cement clinker, limestone and
quartz in their batch production in a laboratory-type ball mill with seven grind-
ing aids which were triethanolamine, mono- and diethylene glycols, oleic acid,
sodium oleate, sulfite waste liquor and dodecylbenzene sulfonic acid. It was de-
termined that all used grinding aids influence at different grades. Grinding aids
had adverse effect only on quartz grinding, but have significant beneficial effects
on grinding limestone and clinker [3]. Jeknavorian and others had identified
phenol, 5-glycol, and alkanolamine compounds in cement with the test tech-
nique they found [4]. Grinding process depends on the control of the agglome-
ration force of the product. It has been shown that particle size and grinding
energy consumption can be reduced by using grinding aids [5] [6].

There were studies on boron and cement. Much of these studies were about
using boron compounds as mineral additive materials in portland cement. In the
work of Elbeyli and his colleagues, the effects of ordinary borogypsum and cal-
cined borogypsum on portland cement were studied. The cement prepared with
borogypsum (5%) did not change in its strength for 28 days compared to that
prepared with natural gypsum but reported that the (5%) hemihydrate boro-
gypsum mixed cement provided 25% strength increase [7]. Erdogan and others
used borogypsum which was a by-product of boric acid plants. It mainly con-
sisted of CaSO,-2H,0 and secondly B,O; and some other impurities. Borogyp-
sum was refined more to reduce B,O; ratio, and this new blend was used in the
tests. Results showed that this refined borogypsum could be used for ordinary
portland and puzzolana cement [8]. In another study, 1% and 1.5% boron con-
taining clay waste added cement samples showed better strength than the refer-
ence cement. Two different boron containing clays were used in the experi-
ments. The B,0; content was 19.78% and 9.63% respectively [9]. Study on the
effects on cement properties by using borax pentahydrate mineral in Portland
cement mix had shown that the borax mineral could be used up to 10% [10].
However, as borax content increased, the strength of cement that was containing
borax decreased. The cement mix prepared using 1% to 5% colemanite which
had B,0O, content of 17.65% showed a slight increase in 28 days compressive
strength compared to the reference cement. Also, the compressive strength re-
sults of colemanite admixtures were better when prepared by mixing with fly ash
and coal boiler bottom ash [11]. The reaction between the boron compounds
and Ca(OH), which occurred during hydration helps the bond formed between
the particles, and this increases the compressive strength [12].

In another study, two different grinding aids industrial amine-based (TEA +
TIPA) and glycol-based (MEG + DEG) were used [13]. In all tests, the cement
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fineness was kept constant (3500 cm?/gr Blaine value). The rheological proper-
ties and strength results of the test cement were examined. There was a decrease
of more than 2 MPa (approx. 4.7%) in the 28-day strength of the glycol-based
0.1% dosing grinding aids compared to the reference cement produced. In
another study, the effect of grinding aids on the amount of clinker usage and the
amount of grinding energy consumed during grinding was investigated [14].
Amines, glycols, and acids were used in this study as grinding aids. The glycolic
grinding aid used was a mixture of diethylene glycol (DEG) and propylene glycol
(PG). In experiments which glycol-based grinding aids added up to 0.08% doses,
a compressive strength increase of up to 8% was determined at 28 days compres-
sive strength relative to reference cement. However, at higher doses (e.g., 0.11%)
there was an increase in water requirement, a decrease in Blaine value and a de-
crease in 28 days strength.

Schrabback showed positive effect of addition of polycarboxylate ether to
common grinding aid. In the study the performance which previously achieved
with glycol-based grinding aid as 9% increase in production was easily achieved
as 16% production increase with the glycol-based grinding aid formulated with
PCE [15]. PCE reacted like low molecular weight compounds in cement grind-
ing and subsequent hydration reactions. Duan-le and others investigated the ef-
fects of organic compounds containing ester groups on cement hydration and
hardening [16]. Five different ester group organic compounds (ethyl acetate,
dimethyl oxalate, glyceryl triacetate, trimethyl phosphate and triethanolamine
borate) were used. Esters had been found to delay the early stages of hydration.
In all other organic compounds except trimethyl phosphate, the 3 days and 28
days compressive strength increased. As well, the study concluded that the in-
crease in the number of ester groups increased the effectiveness of cement hy-
dration and the effect of the presence of functional groups such as phosphate or
borate affected the role of the esters.

Instead of conventional grinding aids, the use of these chemicals in combina-
tion with different polymers or chemicals can demonstrate more efficient grind-
ing aid performance. For glycol-based grinding aids and boron compounds,

there is no available study for this purpose.

2. Materials and Methods
2.1. Materials and Equipment

Portland cement clinker and some gypsum were used as the main components
of the cement. The elemental analyzes of the used clinker and gypsum are in Ta-

ble 1. Monoethyleneglycol and diethylene glycol were used as a glycol-based

Table 1. XRF elemental analysis of clinker and gypsum used in the experiments.

Material  SiO, %  ALO;% Fe,0;% CaO% MgO % SO; % K,O% Na,0%

Clinker 21.11 4.88 3.97 64.24 1.15 1.61 0.88 0.23
Gypsum 0.79 0.16 0.19 31.45 0.11 44.22 0.02 0.06
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grinding aids. Boric acid and anhydrous borax (Eti Maden) were used as the bo-
ron compounds whose effects on the performance of grinding aids were investi-
gated. Precision scales, laboratory type crusher, laboratory type mill, mortar
mixer, shaking table, compressive strength testing machine, mortar molds [40
mm x 40mm x 160 mm], humidity conditioning cabinet, curing pool, CEN
standard sand, pure water, XRF, Blaine fineness equipment, steel buckets, beak-

ers and pipettes were used in the experiments.

2.2. Experimental Methods

The size of the clinker was reduced (3 mm or less) by passing it through the la-
boratory type crusher before the experiments to ensure homogeneity and then
mixed. In the tests, Portland CEM I type cement conforming to TS EN 197-1:
2012 standard was produced [17]. Grinding aids except the reference cement
were used in all the cement produced in the experiments. For each experiment,
3000 g of clinker was weighed, and then the grinding aid + boron compound
was added to give a total weight of 0.1% cement, and mixed well. The laboratory
type ball mill was loaded with clinker and grinding aid mixture and operated for
40 minutes. Samples were taken from the stopped mill, and the SO, level was
checked. Gypsum was added into the mill according to the final target SO, level
[3.05% + 0.05], and the mill was operated for another 40 minutes. At the end of
80 minutes milling, cement samples were taken separately for XRF elemental
analysis and Blaine fineness test (Table 2). Mortar specimens were prepared for
strength tests according to TS EN 196-1 standard, and 2, 7 and 28-day strength
tests were performed (Table 2) [18].

Each experiment mixture was prepared 3 times according to experimental de-
sign, was ground seperately then all of these three seperate samples of the same
experimental design mixture were mixed. One average representative sample
was taken from this mixture of three seperate ground cement for the tests. One
reference cement composed of clinker and gypsum was produced without any
grinding aid addition. As a grinding aid mixture 100% monoethyleneglycol (3
g), 75% monoethyleneglycol (2.25 g) and 25% boric acid (0.75 g), 67% monoe-
thyleneglycol (2 g) and 33% boric acid (1 g) were used. All test recipes were re-
peated with the same ratios by using anhydrous borax instead of boric acid.
Tests were repeated for diethylene glycol as glycol based grinding aid, and all

other mixture components and ratios were the same.

3. Results and Discussion

All experiments using MEG and MEG + BA as grinding aid (100% MEG, 75%
MEG + 25% BA, 67% MEG + 33% BA) yielded higher compressive strength re-
sults than reference cement sample (Figure 1) at all ages of mortar strengths (2,7
and 28 days). In experiments using 100% MEG, all results gave the highest re-
sults in 2, 7 and even 28 days compressive strength ages. BA used with MEG as a
grinding aid failed to show substitution for MEG, and the addition of 25% and
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Table 2. Reference cement and ground with grinding aids + boron compounds experiment cements Blaine fineness, water de-
mand, density, 2, 7 and 28 days compressive strength results and XRF elemental analysis of ground cement with the boron com-

pound.
o (Reference %75 %75 %75 %75 %67 %67 %67 %67
Grinding Aid %100 %100
. Cement) %0 MEG+ DEG+ MEG+ DEG+ MEG+ DEG+ MEG+ DEG+
Mixture L. i MEG DEG
Grinding Aid %25 BA %25 BA %25 AHB %25 AHB %33 BA %33 BA %33 AHB %33 AHB
2 -Day
Compressive 27 325 29.5 30.6 29.6 31.8 31.3 313 30.6 31.7 30.6
Strength (MPa)
7 -Day
Compressive 37.7 44 38.2 39.7 384 41.4 39.8 41 39.3 414 404
Strength (MPa)
28 -Day
Compressive 48.1 52.6 454 49.7 47.7 51.2 48.8 50.1 48.6 50.1 47.2
Strength (MPa)
Blaine Fineness
) 3704 4220 4229 4183 4108 4255 4156 4281 4180 4206 4185
(cm?/g)
Density (g/cm3) 3.19 3.19 3.19 3.18 3.18 3.19 3.18 3.18 3.18 3.18 3.18
Water Demand % 23 25.9 25.8 25.1 25 259 25.8 24.8 25 25.5 25.5
Si0, % 20.73 20.57 20.52 20.6 20.34 20.43 20.57 204 20.45 20.42 20.54
ALO; % 4.73 4.75 4.72 4.75 4.71 4.72 4.75 4.7 4.67 4.7 4.77
Fe,0; % 3.89 3.92 3.9 3.91 3.92 3.91 3.91 3.89 3.89 3.9 3.92
Ca0 % 63.55 63.55 63.63 63.29 63.13 63.19 63.18 63.11 63.11 63.14 63.14
MgO % 1.12 1.13 1.11 1.12 1.12 1.14 1.12 1.11 1.13 1.13 1.11
SO; % 3.14 3 3.04 3.05 3.06 3.09 3.08 3.1 3.1 3.09 3.04
K,0 % 0.83 0.86 0.84 0.85 0.88 0.88 0.88 0.88 0.88 0.88 0.88
Na,O % 0.2 0.2 0.9 0.25 0.22 0.22 0.21 0.22 0.21 0.23 0.18

33% displacement resulted in reduced strength results of cement at all ages com-
pared to those made with 100% MEG. The contribution of 25% of BA gave more
decrease in all strength ages related than that of 33% BA mixture (Figure 1).

The differences between 2, 7 and 28 days strengths of 25% BA mixture expe-
riment cement sample from 33% BA mixture are less 0.7, 1.3 and 0.4 MPa re-
spectively (Figure 1). The relatively higher difference values in early strength
ages (2 and 7 days) indicate another factor leading to early reactions. The Blaine
of 33% BA + MEG experiment sample is a few higher (+98 cm?/gr) which can
speed the early hydration reactions (Table 2). Also according to the chemical
analysis of both cement, it is seen a few SO, difference that the amount of SO, of
25% BA+MEG experiment sample is 3.05%, and that of 33% BA+MEG experi-
ment is 3.10. The SO, increase also may cause the increase of early ages strengths
although the %BA content was increased in grinding aid mixture.

The 2 days compressive strength of the test made with 100% DEG as grinding
aid is 2.5 MPa higher than the compressive strength of the reference cement.

The 7 days compressive strength of the same test is 0.5 MPa higher than the
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Figure 1. Comparisons of 2, 7 and 28 days compressive strength results of the experiments using

boric acid added with 25% and 33% to glycol-based grinding aids and 100% grinding aids ac-

cording to reference cement and comparison with each other.

compressive strength of the reference cement. Test result with 100% DEG is 2.7
MPa less than the 28 days compressive strength of the reference cement. Addi-
tion of 100% DEG had an adverse effect on the 28 days compressive strength al-
though it contributed to early ages strengths (2 and 7 days).

The compressive strength in 2 and 7-day tests using 25% BA+ 75% DEG is
very similar to the compressive strength of experiments using 100% DEG and
higher than the 2 and 7-day compressive strength results of the reference ce-
ment. The experiment using 25% BA + 75% DEG is higher than the result of 28
days 100% DEG (2.3 MPa), but it is lower than (0.4 MPa) the 28 day compres-
sive of reference cement.

It was observed that boric had a positive effect to diethylene glycol perfor-
mance especially on the 28 days compressive strength results by contributing as
a grinding aid to the mixture. When the amount of boric acid was increased to
33%, it was observed that the grinding aid DEG performances in all compressive
strength ages increased and gave much higher results compared to the reference
cement. As a theory the reason for this strength development could be the inte-
raction between boric compounds and glycols:

In literature it is shown that boric acid acts more like a Lewis acid when dis-

solved in water (Equation (1)) [19].

B(OH), +2H,0 < B(OH), +H,0" (1)
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The covalent product formed between boric acid and diol is called borate es-
ter. These interactions proceed in the direction of occuring tetrahedral borate
ester at basic pH levels (Figure 2) [19].

The displacement between the boric acids and the divalent ligands can be
complex in the aqueous solution and may vary according to pH levels [20].

Boric acid may form either neutral or anionic esters depending on the pH level.
Bond formation of boric acid to diols occurs at basic pH levels. Boric acid may
form anionic tetrahedral diesters with diols or divalent ligands [20] (Figure 3).
Borates form neutral esters in apolar solvents and form anionic borate ester in wa-
ter. Borate esters almost do not form at physiological pH (7.5) levels; also they split
in a strong acid medium [20]. PH level of fresh cement mortar is at least 12.5 [21].

Cement hydration reactions start with the addition of water to the cement
mixture. After the water is added, the water moves on the particle voids. This
cement-water mixture with a high pH level enables borate ester formation be-
tween the boron compounds and the diols (MEG and DEG) used in the experi-
ments (Figure 3), and it is understood that these esters also influence the hydra-

tion reactions.

1.07

084 B(OH); (B(OH),J
0.6

%

0.4

0.2

0.0+= T

4 6 8 10 12 14

pH

Figure 2. Change in mole ratios of boric acid (black boxes) and anions (white boxes) ac-
cording to pH level, adapted from M. Bishop, N. Shahid, J. Yang ve A.R. Barron, Dalton
Trans, 2004, 2621.

+LH, +LH,
[B(OH), === [B(OH),L] <=~ [BL,]
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HO /\/
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Figure 3. The possible esterification reaction of boric acid with glycols in alkaline medium.
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Borax is an important boron compound and boric acid salt. The powder borax
is a white color and consists of soft, colorless crystals which are readily soluble in
water. Borax dissolves in water to form boric acid. In alkaline environment boric
acid yields tetrahydroxyborate anion.

The resulting increases in compressive strengths because of the interaction
between the DEG and the boron compounds are similar to the results of Duan-le
and others There is an increase in strength results of 2, 7 and 28 days after the
formation of possible borate esters [16]. In other studies, DEG was used as a
grinding aid with a dosage of 0.1%, which resulted in a lower 28 days compres-
sive strength compared to reference cement [13] [14]. These results were also
seen in experiments using 100% DEG in this study. The use of boron com-
pounds led to an increase in the performance of DEG as a grinding aid. The
possible reason for this can be that the formed borate esters increase the degree
of hydration, to trigger the formation of the hydration products and the optimi-
zation of the pore structure as shown in the Duan-le study, [16]. It means a sig-
nificant increase in early ages (2 and 7 days) and 28 days compressive strength
regarding mechanical properties.

The 2, 7 and 28 days compressive strength results of %25 AHB + 75% DEG
mixture is higher (0.8; 0.6 and 3.4 MPa respectively) than the results of the expe-
riment with 100% DEG (Figure 4). Likewise, the results of the tests with 25%
AHB + 75% DEG are higher than those of the reference cement at 2, 7 and 28

°
[ ] [ ]
° (]
- e
A
A A A
A
A
A
Ref. %100 MEG %100 DEG %75 MEG+ %75 DEG+ %67 MEG+ %67 DEG+
%25 AHB %25 AHB %33 AHB %33 AHB

Grinding Aid Mixture

A 2-Day Comp. Strength (Mpa) @ 7-Day Comp. Strength (MPa) 28-Day Comp.Strength (MPa)

Figure 4. Comparisons of the results of 2, 7 and 28 days compressive strength results of the expe-
riments made with anhydrous borax and 25% and 33% additions to the glycol based grinding aids
with respect to the reference cement and each other with 100% grinding aid.
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days compressive strengths. The compressive strength results for all ages of 33%
AHB + 67% DEG test are higher than those of the results done with 100% DEG
and except for the 7 days compressive strength results, 2 and 28 days compres-
sive strength are lower than the results of 25% AHB + 75% DEG test (Figure 4).
Although it gives higher results than the reference cement at 2 and 7 days
strength ages, it gives lower result than the reference cement at 28 days. The 33%
AHB mixture test showed a positive contribution to the DEG performance at the
28-day compressive strength, but it was not enough to be more than reference

cement.

4. Conclusion

DEG was unable to yield the positive performance of MEG in the experiments
according to the reference cement at 2, 7, 28 days compressive strength results.
The use of boron compounds resulted in a significant increase in the compres-
sive strength performance of the DEG as a grinding aid. The possible reason for
this could most probably be the borate ester formation between boric acid and
DEQG in the alkaline medium formed during the cement hydration reactions. In
the cement industry where energy use is intense, improvements in the perfor-
mance of cement products will provide advantages in terms of cost reduction.
Similarly, it is important that the performances of glycol-based grinding aids
which have a price advantage compared to other chemicals (e.g., amine-based
grinding aids) providing similar strength increases are of importance in the
commercial issue. Industry-friendly results will be obtained when more studies
in which the mixture ratios of DEG and boron compounds and the amount of
addition of the mixture to the cement are to be found for higher strength in-

creases.
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