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Abstract

The comb type poly{carboxylate—g—(ethylene glycol)methyl ether} (P(C—g—E)) copolymers were syn-
thesized at different monomer ratios. The relationship between the synthetic conditions, the molecular weights
(Mp, Mn, Mw, Mz and Mw/Mn) and the dispersion ability of these copolymers in cement paste has been
established. The molecular weights of P(C—g—E)s were analyzed by GPC. The dispersion abilities and the
dispersion stabilities of P(C—g—E)s in cement paste were tested by mini slump testing method. The optimum
formulation for P(C—g—E) synthesis was found to be P23MM 17 mol.%: SMS 10 mol.%: MA 8 mol.%:
SMA 65 mol.%: APS 0.2 mol.%. The key components in P(C—g—E) synthetic formulation for cement super-
plasticizer are SMA and P23MM. The SMA/P23MM in P(C—g—E) synthetic formulation is related to the
dispersion ability and stability of P(C—g—E) in cement paste. The SMA/P23MM in P(C—g—E) synthetic
formulation also influences the molecular weights and the polydispersity of P(C—g—E). The optimal range of
SMA/P23MM in the formulation as a cement superplasticizer is 3.50~5.50. The dispersion ability of cement

paste added with the optimum P(C—g—E) is increased more 3 times than those of the others.

Introduction

The comb type poly{carboxylate—g—(ethylene
glycol) methyl ether} {P(C—g—E)} has special prop-
erties as a dispersing agent in cement materials [ 1,2].
In particular, the slump retention ability in cement
materials of P(C—g—E) is superior to the other con-
crete superplasticizers. Recently the demand of P(C—
g¢-E) in concrete industry is significantly increased
in the world [3,4].

Many kinds of P(C—g—E) have been developed.
In 1995, Kinoshita [5] reported that the P(C—g—E)
containing carboxylic groups, ether groups, ester
groups and sulfonate groups has an excellent disper-
sion ability in cement concrete and the optimal for-
mulation in feed monomer for the P(C—g-E) was
sodium methacrylic acid (SMA) 54 mol.%: sodium
methallyl sulfonate (SMS) 7 mol.%: methyl acry-
late (MA) 8 mol.%: poly(ethylene glycol) methyl-
ether methacrylate (P23MM) 31 mol.%. Yamada [6]
and Sakai [7] demonstrated the effect of the chemi-
cal structure on the properties of comb type poly-
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carboxylates superplasticizer. Also they reported that
the performance of P(C—g—E) in cement paste de-
pended strongly on the molecular weight and the
molecular weight distribution of the polymer [6-8].

However, in our preliminary study, it has been
shown that the dispersion ability of the P(C—g—E)
synthesized using the optimal formulation suggested
by M. Kinoshita is not satisfactory [9-12]. Also, we
could not find in the literature any study of the rela-
tionship between the SMA/P23MM in feed mono-
mer for P(C—g—E) and the molecular weights (Mn,
Mw, Mz, Mp and Mw/Mn) of the polymer as well as
the physical properties of cement paste mixed with
the polymer.

In this study, to find the optimal formulation of the
P(C—g-E) for superplasticizer in cement materials,
we prepared the P(C—g—E)s consisting of 4 compo-
nents which were SMA, MA, SMS, P23MM by
changing the molar ratios of the feed mixture. The
molecular weights of P(C—g—E)s were analyzed by
gel permeation chromatography (GPC). The disper-
sion abilities and the dispersion stabilities of P(C—
g—E)s in cement paste were tested by mini slump
testing method. The relationship between the syn-
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thetic conditions of the P(C—g—E)s and the physical
properties of cement pastes mixed with these poly-
mers were investigated. The relationship between the
SMA/P23MM in the feed monomer mixture for P(C—
g-E), the physical properties of cement pastes mixed
with the superplasticizers and the molecular weights
of the polymers is discussed.

Materials and Methods

was prepared from Macid by neutralizing with 30%
NaOH aqueous solution.

Poly(Carboxylate-g-Ethyl ether)

The P(C—g—E)s were synthesized in 4 neck round-
bottom flask, at 60°C, for 8 hours [5,6]. The reaction
conditions for P(C—g—E) synthesis are listed in Tables
1-3.

The 1-st synthesis of P(C—g—E)s has been per-
formed by orthogonal array testing method {Lo(3%)}

Materials
Table 1
Chemicals Experimental factors and levels for P(C—g—E) synthesis
Methacrylic acid (Macid), sodium methallyl sul- Level, mol%
fonates (SMS), methyl acrylate (MA), poly(ethylene Factors 0 ) )
glycol) methylether methacrylate (P23MM) were
supplied by Aldrich Chemical Company, Inc. Am- MA 20 14 8
monium persulfate (APS) and NaOH were purchased P23MM 30 17 5
from Oriental Cherp@al, Inc. ' SMS 15 10 5
The MA was distilled to get rid of MEHQ and AP " 5
stored in refrigerator. Sodium methacrylate (SMA) S 0 0-5 0.
Table 2
The 1-st synthesis plan of P(C—g—E)
Sample No. MA, mol% | P23MM, mol.% | SMS, mol.% SMA, mol.% APS, % SMA/P23MM
1-1 20 30 15 35 1.0 1.2
1-2 20 17 10 53 0.5 3.1
1-3 20 5 5 70 0.2 14.0
1-4 14 30 10 46 0.2 1.5
1-5 14 17 5 64 1.0 3.8
1-6 14 0.5 15 66 0.5 13.2
1-7 8 30 5 57 0.5 1.9
1-8 8 17 15 60 0.2 35
1-9 8 5 10 77 1.0 154
Table 3
The 2-nd synthesis plan of P(C—g—E)
Sample No. MA, mol% | P23MM, mol%| SMS, mol.% SMA, mol.% APS, % SMA/P23MM
2-1 8 21 10 61 0.2 2.90
2-2 8 17 10 65 0.2 3.82
2-3 8 13 10 69 0.2 5.31
2-4 8 9 10 73 0.2 8.11
2-5 8 5 10 77 0.2 15.4
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[13] to find out the optimum formulation of the poly-
mer as a dispersing agent in a cement paste (Table 2).

The 2-nd synthesis of P(C—g—E)s has been per-
formed to find out the optimum SMA/P23MM ratio

in P(C—g—E) synthetic formulations as a cement
superplasticizer (Table 3).

The estimated chemical structure of the P(C—g—
E) is shown in Fig. 1.

CH, H CH; CH;
H—HC CH3)l (c—cHj—c CH3)§——(C CH,)——H
c=—o0 c=—o0 (|:=0 CH,
ONa CH3 O(CH,CH,0),3CHj; S03Na
L —Jn

Fig. 1. The estimated chemical structure of P(C—g—E).

Cement

The ordinary portland cement produced from S
company in Korea was used. The chemical compo-
sition and the physical properties of the cement are
shown in Tables 4 and 5.

Methods

GPC analysis

The molecular weights (Mn, Mw, Mz, Mp and
Mw/Mn) of P(C—g—E)s were analyzed by GPC,
model DM400 made by Vicotek Co., using the col-
umn OHpak SB-803 HQ. The elution solvent was
0.1N NaNO; aqueous solution and PEG was used as
a standard for the instrument calibration.

Dispersion ability

The dispersion ability of P(C—g—E) in cement
paste was measured by mini slump test. The mini
slump test was conducted at 20~25°C, relative hu-
midity over 50%.

Cement was mixed with water (W/C: 30%) ad-
mixed with 1.2% P(C—g—E) solution (solid content:
20%) of the cement weight. The cement paste was
shaken manually for 5 min and poured to the mini
slump cone. The mini slump cone was made with
PVC in lower diameter 38.1 mm, upper diameter 19.1
mm and height 57.2 mm. The mini slump spread of

Table 4
Chemical composition of ordinary portland cement

Composition, | SIO» | ALO; | Fe,05| CaO | MgO | SO,

Wt% | 213 | 544 | 3.15 |6127| 3.15 | 2.2
GS | S | CA |CAF|HM. [LSFE| ILM. | SM.
41 | 31| 9 | 10 | 203|87.8| 1.58 | 2.44

Table 5
Physical properties of ordinary portland cement
Sieve Compressive
g residue, | Setting time strength,
Specific|Fineness, o, keflon?

gravity | e/g |0 TeR Tnitial] Final | 3 | 7 | 28

wm| wm| (min)|(hr:min) days|days| days
3.15 | 3.260 |9.7| 1.1| 241 | 08:19 [217|296| 372

the paste was measured by the width of the paste
when the mini slump cone was raised up.

Dispersion stability

The dispersion stability of P(C—g—E) in cement
paste was measured by the variations of mini slump
spread during the elapsed time. The mini slump test-
ing method and the room conditions for the disper-
sion stability test are the same as those of the disper-
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sion ability test. However the cement paste was stored
in humidity chamber controlled at 20~25°C, relative
humidity over 90%, during the elapsed time. The mini
slump spread was checked regularly (15, 30, 45, 60,
90, 120 minutes after the 1-st test) for 2 hours. Be-
fore the test, the paste was fiercely shaken manually
again for 1 minute.

Normal consistency(W/C)

The normal consistency of cement pastes admix-
ed with P(C—g—E)s were tested by KS L 5102test-
ing method for normal consistency of hydraulic ce-
ment].

Setting time

The initial and the final setting time of cement
pastes mixed with P(C—g—E)s were tested by KS L
5103 [testing method for setting time of hydraulic
cement by Gilmour needles].

Results and discussion

Dispersion ability and stability by change of
P(C—g—E) synthetic condition

Dispersion ability and stability of P(C—g—E)s in
cement paste

The dispersion abilities of P(C—g—E)s which have
been synthesized in different formulations in cement
paste were measured by mini slump testing method
(Fig. 2). From these results, we can see that 1-2, 1-5
and 1-8 samples have better dispersion ability in ce-
ment paste than the others.

So, the dispersion stabilities of P(C—g—FE)s in ce-
ment paste were measured for only three samples
(Fig. 3). The three P(C—g—E)s samples have a good
dispersion stability in cement paste for 120 minutes
after adding water. From this result, we can conclude
that the P(C—g—FE) having a good dispersion ability
has a good stability also.

Significance of the P(C—g—E) synthetic factors

In order to assess the significance of P(C—g—E)
synthetic factors on the dispersion ability in cement
paste, the mini slump data of cement paste mixed
with P(C—g—E)s were analyzed as a function of the
monomer molar ratios and the initiator concentra-
tion by orthogonal array testing method {Lo(3%)}. As
we can see from the results listed in Table 6, the most
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Fig. 2. The dispersion abilities of P(C—g—E)s in cement
paste.
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Sample number

Fig. 3. The dispersion stabilities of P(C—g—E)s in cement
paste.

significant factor of the P(C—g—E) synthetic condi-
tions affecting the dispersion ability in cement paste
is P23MM which has the main chain of polyethyl
ether, the second one is SMS which has sulfonate
groups and the third one is APS which is used as an
initiator. But the formulation change of MA which
has ester groups has a little significance on the dis-
persion ability in cement paste.

Table 6
Variance analysis of orthogonal array testing for the
effects of components

Factors Sum Freedom | Significance
MA 41.47 2 0.006

P23MM 24946.34 2 3.708
SMS 1281.34 2 0.190
APS 642.55 2 0.096

*Confidence: a =0.10, F(1-a) = 3.11
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From the data shown on Figure 4 we can conclu-
de that the optimum P(C—g—E) formulation for ce-
ment superplasticizer is P23MM 17 mol.%: SMS 10
mol%: MA 8 mol.%: SMA 65 mol.%: APS 0.2%.
Table 2 shows that the optimal range of SMA/
P23MM in P(C—g—E) synthetic formulation is 3.1~
3.8.

20 14 3 017 5 15 10 5 1 0502
MA P23MM SMS APS

Fig. 4. Effect of the P(C—g—E) formulations on the disper-
sion ability in cement paste.

Dispersion ability and stability by the change
of SMA/P23MM

Dispersion ability by SMA/P23MM

In order to investigate the effect of SMA/P23MM
in P(C—g—E) synthesis on the dispersion ability and
stability in cement paste in details, the SMA/P23MM
in the same formulation has been changed from 2.90
to 15.40 (Table 3). The testing results of the disper-
sion abilities and stabilities of cement pastes mixed
with those are shown in Figs. 5, 6. The dispersion
abilities of P(C—g—E)s in cement paste did not much
decrease by the change in SMA/P23MM from 2.90
to 5.31. However when the SMA/P23MM is in-
creased to more than 8.11, the dispersion ability of
P(C—g-E)s is decreased significantly.

Dispersion stabilities by SMA/P23MM

The dispersion stabilities of P(C—g—E)s synthe-
sized with SMA/P23MM = 2.90~5.31(sample: 2-1,
2-2,2-3) in cement paste were good for 120 minutes
(Fig. 6). But the stability of P(C—g—E) which was
synthesized with SMA/P23MM = 8.11 (sample: 2-
4) decreased gradually according to the elapsed time.

To clarify the dispersion stabilities of P(C—g—E)s
in cement paste, the widths of mini slump change
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Fig. 5. Mini slumps of cement pastes admixed with P(C—
g—E)s different in SMA/P23MM.
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Fig. 6. Dispersion stabilities of cement paste admixed with
P(C—g—E)s different from SMA/P23MM.

from the initial mini slumps according to the elapsed
time are plotted as Fig. 7.
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Fig. 7. The mini slump spread changes of cement pastes
admixed with P(C—g—E)s different from SMA/P23MM.
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The mini slump of P(C—g—E) which is synthesiz-
ed with SMA/P23MM = 2.90 has a little decrease in
1 hour after adding water. The mini slumps of P(C—
g—E)s which are synthesized with SMA/P23MM =
3.82~5.31 increased slightly for 2 hours. But the mini
slump of P(C—g—E) synthesized with SMA/P23MM =
8.11 has a large reduction in 1 and 2 hours.

The relationship between SMA/ P23MM and mini
slump

To investigate how much the SMA/P23MM in
P(C—g-E) synthetic condition affects the mini slump
of cement paste, the mini slump data of the cement
pastes mixed with P(C—g—E)s which are prepared
according to Table 2 and 3 are plotted against SMA/
P23MM (Fig. 8).

From the results, we can conclude that the mini
slump of paste is related to the SMA/P23MM in P(C—
g—E) synthesis formulations and the optimum SMA/
P23MM in P(C—g—E) is 3.50~5.50. The reason of
this relationship is discussed in a separate paper [14].

The relationship between SMA/P23MM and
molecular weights of P(C—g—E)s

Apex molecular weight (Mp)

The Mp of P(C—g—E)s according to the SMA/
P23MM in P(C—g—E) synthetic formulations are
shown in Fig. 9. The Mp of P(C—g—E)s are monoto-
nously decreased from 25,000 Da to 17,000 Da by
the change in SMA/P23MM from 2.90 to 15.40.

Number average molecular weight (Mn)

The Mn of P(C—g—E)s according to the SMA/
P23MM in P(C—g—E) synthetic formulations are

200 .
180 | o
160 | ¢
140 + .
120
100 +
80 1 o
60 + o _ ¢
40 1 ’. L J
20
0 — — —
0 2 4 6 8 10 12 14 16 18
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Fig. 8. The mini slump spreads of cement pastes admixed
with P(C—g—E).
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Fig. 9. Effect of SMA/P23MM on the Mp of P(C—g—E)s.

shown in Fig. 10. There is a small deflection around
SMA/P23MM = 4.00, but the Mn of P(C—g-E)s are
monotonously decreased from 21,000 Da to 16,000
Da by the change in SMA/P23MM from 2.90 to
15.40.
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Fig. 10. Effect of SMA/P23MM on the Mn of the P(C—g—
E)s.

Weight average molecular weight (Mw)

The Mw of P(C—g—E)s according to the SMA/
P23MM in P(C—g-E) synthetic formulations are
shown in Fig. 11. There is a little large point of de-
flection around SMA/P23MM = 4.00, but the Mw
of P(C—g—E)s are very slightly decreased by the
change in SMA/P23MM from 5.31 to 15.40.

Z average molecular weight(Mz)

The Mz of P(C—g-E)s according to the SMA/
P23MM in P(C—g-E) synthetic formulations are
shown in Fig. 12.
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Fig. 11. Effect of SMA/P23MM on the Mw of P(C—g—E).
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Fig. 12. Effect of SMA/P23MM on the Mz of P(C—g-E).

The Mz of P(C—g—E)s are steeply decreased by
the change in SMA/P23MM from 2.90 to 3.82. But
the Mz of P(C—g—E)s are monotonously increased
from 200,000 Da to 400,000 Da by the change in
SMA/P23MM from 5.31 to 15.40.

Polydispersity(Mw/Mn)

The polydispersity of copolymers is calculated
as Mw/Mn ratio [14]. Mw is more focused on the
heavier molecules than on the lighter ones. So, the
Mw is greater than the Mn in a polydisperse
polymer. Also, Mz is more focused on the heavier
molecules than Mw. In general, the relationship of
Mn<Mw<Mz exists in a polydisperse polymer [14].

The Mw/Mn of P(C—g—E)s according to the SMA/
P23MM in P(C—g—E) synthetic formulations are
shown Fig. 13. The Mw/ Mn of P(C—g—E) decreased
by the change in SMA/P23MM from 2.90 to 5.31.
But the Mw/Mn of P(C—g—E)s are not affected by
the change in SMA/P23MM from 8.11 to 15.40.
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25 T

2.0 I I I

0 4 8 12 16

SMA/P23MM, mole/mole

Fig. 13. Effect of SMA/P23MM on the Mw/Mn of P(C—
g-E)s.

We can conclude that the change in SMA/P23MM
in P(C—g—E) synthetic formulations has greater in-
fluence on the heavier molecules than on the lighter
ones. Also, when P23MM which has polyethylene-
glycol group {—(CH, CH,—0),;—} adjacent to SMA
which has carboxylic group{—COONa} is relatively
increased, the heavier molecules in P(C—g—E) are
largely increased. But when SMA adjacent to
P23MM is increased, the Mw and the Mz are slowly
increased.

Meanwhile, for many addition polymers, Mw/Mn
lies in the range 1.5~5.0. Typical range of Mw/Mn
in grafted polymer is 20~50 [11]. From this rule and
the molecular structures of monomers, we can con-
clude that the P(C—g—E) is polymerized by addition
reaction.

From these results, we can conclude that when
the SMA/P23MM in P(C—g-E) synthetic formula-
tions is below 3.82, the P(C—g—E) may be mainly
polymerized by addition of P23MM. But when the
SMA/P23MM in P(C—g—E) synthetic formulations
is more than 5.31, the P(C—g—E) may be mainly po-
lymerized by addition of SMA.

Also, considering the data shown on Fig. 8 to Fig.
13, we can see that the dispersion ability and stabil-
ity of P(C—g—E) in cement paste has a strong rela-
tionship with the molecular weights of the polymer.
Therefore, in order to use P(C—g—E) as a superpla-
siticizer in cement, the SMA/P23MM in P(C—g-E)
synthetic formulation has to be adjusted to 3.50~5.50.
In this range of SMA/P23MM, the P(C—g-E) may
be balanced with the poly(ethyleneglycol) groups and
the carboxylic groups. So the P(C—g—E) acts as a good
dispersing agent in a cement paste [6,7].
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54 Comb Type Poly { Carboxylate—g—(Ethylene Glycol)Mmethyl Ether} Copolymer

The physical properties of cement by the change
of SMA/P23MM

Consistency (W/C)

The normal consistencies (W/C) of cement pastes
mixed with P(C—g—E)s are plotted against the change
in SMA/P23MM ratio in P(C—g—E) synthetic condi-
tions (Fig. 14). When the SMA/ P23MM in P(C—g—
E) is changed from 2.90 to 3.82, the W/C is decreased
from 22.00 to 20.45. But when the SMA/ P23MM in
P(C—g—E) is changed from 3.82 to 8.11, the W/C is
increased from 20.45 to 23.56. When the SMA/
P23MM in P(C—g-E) is changed from 8.11 to 15.40,
the W/C is not changed. From this result, we can
also conclude that an excessive increase of SMA or
P23MM in P(C—g-E) synthetic conditions drops
down the dispersion ability of P(C—g—E) in cement
paste.

25.0
240 T
23.0 T
220 T
21.0 T
20.0 I I I I

0 4 8 12 16 20

SMA/P23MM, mole/mole

W/C, %

Fig. 14. The normal consistencies of cement pastes by
changing SMA/P23MM in P(C—g-E).

Setting time

The variations of the initial and the final setting
times of cement pastes mixed with P(C—g—E)s by
changing the SMA/P23MM in P(C—g—E) synthetic
conditions are shown in Figs. 15 and 16. When the
SMA/ P23MM in P(C—g-E) synthetic condition is
increased from 2.90 to 5.31, the initial and the final
setting times of cement pastes are shorten down. But
when the SMA/ P23MM in P(C—g—E) synthetic con-
dition is increased to more than 5.31, the setting times
of paste are not shorten down any more.

Conclusions

The comb type P(C—g—E)s were synthesized with
different feed monomer formulations with SMA,
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Fig. 15. The initial setting times of cement pastes admixed
with P(C—g—E)s.
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Fig. 16. The final setting times of cement pastes admixed
with P(C—g—E)s.

SMS, MA, P23MM. The relationship between the

synthetic formulation of the P(C—g—E) and the mo-

lecular weights (Mp, Mn, Mw, Mz and Mw/Mn) of
the polymer and the dispersion ability and stability
of the admixtures in cement paste were analyzed.

From those results we can draw the following con-

clusions:

e The optimal formulation of P(C—g—E) synthesis
for cement concrete admixture was found to be
P23MM 17 mol.%: SMS 10 mol.%: MA 8 mol.%:
SMA 65 mol.%: APS 0.2%.

e The SMA/P23MM in P(C—g-E) synthetic formu-
lation is related to the performance of P(C—g—E)
in cement paste. The optimal range of the SMA/
P23MM in the formulation as a cement superplas-
ticizer is 3.50~5.50.

e The SMA/P23MM in P(C—g—E) synthetic formu-
lation is related to the molecular weights of P(C—
g—E). The SMA/P23MM in the formulation is
more related to the Mz and the Mw than the Mn
and the Mp of P(C—g-E).
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