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Abstract 42 

In this study, a series of suspensions were fabricated by dispersing   43 

calcium carbonate (CaCO3), cement and silica fume into a polycarboxylate-ether 44 

plasticizer (PCE)/water solution. The PCE used was a comb-like copolymer 45 

containing a sodium polymethacrylate (PMA) backbone partially esterified with 46 

polyethyleneglycol (PEG) side chains. Sedimentation and optical microscopy tests 47 

indicated that both CaCO3 and cement could form homogeneous suspensions. The 48 

crystallization behavior of the PEG side chains revealed that PEG had stronger 49 

interactions with CaCO3 than with cement and silica fume particles, which were 50 

further confirmed by differential scanning calorimetry (DSC) and thermogravimetric 51 

analysis (TGA). A detailed time-of-flight secondary ion mass spectrometry 52 

(ToF-SIMS) examination suggested that PEG were mainly located on the surfaces of 53 

the CaCO3, and the PMA backbones were mainly located on the surfaces of the 54 

cement and silica fume, respectively. The different interactions between copolymer 55 

and inorganic particles were associated with their interfacial tensions and had 56 

remarkable influence on the paste fluidity. 57 

 58 

 59 

Keywords: Superplasticizer; Crystallization; Calcium carbonate; Time-of-flight 60 

secondary ion mass spectrometry; Surface tension. 61 

 62 

 63 
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Introduction 64 

 65 

In the past three decades, polycarboxylate-ether based superplasticizers (PCEs) have 66 

attracted considerable attention due to their excellent water-reducing ability, which 67 

makes them an ideal candidate of water reducer in the manufacturing of 68 

high-performance concrete.
1, 2

 A typical PCE structure is a comb-like copolymer 69 

made of a sodium polymethacrylate (PMA) backbone partially esterified with 70 

polyethyleneglycol (PEG) chains.
3
 It has been proved that the increased fluidity of 71 

cement paste provided by PCE is due to the adsorption of PCE on cement particles,
4
 72 

which impose a strong static electrical field to enforce the cement particles separate.
5, 

73 

6
 Furthermore, the dispersion of cement particles is amplified by the steric repulsion 74 

and hydrophilic imparting effect of the PEG side chains.
4, 7

 75 

Calcium carbonate (CaCO3) and silica fume are two important 76 

cementitious minerals in concrete.
2, 8-10

 The addition of these two minerals greatly 77 

influences the fluidity of cement pastes. The interaction between the polymer and 78 

inorganic surfaces is important for paste fluidity. However, to the best of our 79 

knowledge, the interaction between PCE and inorganic binders such as CaCO3 and 80 

silica fume has not been reported before. Normally, in polymer/inorganic composite 81 

systems, the interfacial force is weak
11, 12

 unless chemical bonds form at the 82 

interface.
13-15

 As for the adsorption of PCE on the inorganic surface, the exact 83 

adsorption mechanism is not clear. Since PCE is a copolymer with a PMA backbone 84 

and PEG side chain, the different charge and surface tensions of these two 85 
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components might contribute to the adsorption mechanism. 86 

Although various techniques, such as rheology, atomic force microscopy 87 

(AFM), and ζ-potential, have been used to characterize the effect of PCE on cement 88 

suspensions,
16, 17

 the crystallization behavior of PCE has seldom been emphasized in 89 

the investigation of adsorption mechanism. We note that in the PCE molecular 90 

structure, the PMA backbone is non-crystallizable due to the steric effect of its side 91 

groups, but PEG is a typical semi-crystalline polymer.
18

 During either melt- or 92 

solvent-induced crystallization processes, PEG can develop a spherulitic morphology 93 

which can be clearly observed with a polarized optical transmission microscopy 94 

(POM).
19

 Under a heterogeneous nucleation condition, the number and size of the 95 

spherulites are greatly influenced by the contacted substrate. Therefore, we can 96 

identify the interaction between PCE and inorganic surfaces from the crystallization 97 

morphology of the side chains. Moreover, thermal properties of semi-crystallized PCE 98 

such as its endothermic enthalpy and thermal stability during heating process can also 99 

be used to reflect its interaction with inorganic surfaces, because the strong interaction 100 

between polymer and inorganic surfaces can restrict the mobility of polymer chains 101 

and thus influence the crystallinity and degradation temperature.  102 

When PCE is adsorbed on different inorganic surfaces and form a monolayer, 103 

the surface concentration of PMA backbone and PEG side chain is controlled by the 104 

different adsorption groups. Thus a detailed surface analysis can be employed to find 105 

out which group of PCE is adsorbed on the relevant inorganic surface. Besides 106 

electrostatic attraction, interfacial effect plays an important role during the adsorption 107 
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of different groups. Normally, substrate tends to adsorb group that has smaller 108 

interfacial tension. 109 

In this study, we investigated the adsorption mechanism of PCE on the 110 

surfaces of CaCO3, cement, and silica fume. First, the dispersibility and stabilization 111 

of inorganic particles in PCE solutions were characterized by sedimentation and 112 

optical microscopy (OM) tests. Then, the crystallization behavior of PCE, and 113 

detailed thermal and surface properties of PCE/inorganic composites were studied 114 

using polarized optical microscopy (POM), differential scanning calorimetry (DSC), 115 

thermogravimetric analysis (TGA), and time-of-flight secondary ion mass 116 

spectrometry (ToF-SIMS). Finally, the surface and interfacial tensions of polymer and 117 

inorganic particles were examined by contact angle measurement. 118 

 119 

Materials and methods 120 

Materials 121 

The PCE/water solution with a concentration of 21.5 wt% was produced by 122 

Grace Concrete Admixture Products. Calcium Carbonate Lime Stone Powder (CaCO3) 123 

was obtained from Jiangxi Guangyuan Chemical Co., Ltd. The particle sizes were 325, 124 

600, 800 and 1250 meshes, and named as C325, C600, C800, and C1250, respectively. 125 

The average particle sizes of these four CaCO3 samples were measured to be around 126 

18, 12, 8, and 5µm, respectively, using an OMEC LC908 laser particle size analyzer. 127 

Cement that satisfies the requirements of BS EN197-1:2000 (a European standard that 128 

was adopted as a British Standard) for CEM I Portland cement of strength class 52.5 129 
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N (roughly equivalent to the requirements of ASTM C150 for Type I Portland cement) 130 

is used in this study. Silica fume particles were obtained from Elkem ASA. 131 

 132 

Methods 133 

Inorganic particles (CaCO3, cement, and silica fume) were dispersed in 134 

PCE/water 21.5 wt% solution, respectively. The weight ratio of the inorganic particles 135 

in the solution was 4 %. The mixtures were magnetically stirred for 20 minutes then 136 

ultrasonicated for 10 minutes. Some of the suspensions were dropped onto a glass 137 

slide for OM characterization first, and then dried in a vacuum oven at room 138 

temperature for 3 days for POM characterization. 139 

The remaining suspensions were dried in a dish in a vacuum oven at room 140 

temperature for 3 days to evaporate the solvent, then the dried paste was ground into 141 

powder and used for DSC and TGA characterizations, both with a heating rate of 142 

10
o
C/minute, in a nitrogen atmosphere. To prepare the specimens for ToF-SIMS 143 

examination, CaCO3, cement, and silica fume were pressed into flat plates at 100MPa. 144 

Then the PCE/water 21.5 wt% solution was spin-coated onto the plates at a spin rate 145 

of 3000 rpm. The contact angle measurements were performed at room temperature 146 

with a G10 contact angle analyzer (Krüss GmbH Co., Germany) equipped with a 147 

video capture module. 148 

 149 

Results and Discussion 150 

Dispersibility and stabilization of inorganic particles in PCE solutions 151 
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The photographs of the vials of the suspensions are shown in Fig. 1. Both 152 

CaCO3 and cement achieved uniform dispersion in PCE solution, though some solute 153 

still precipitated automatically at the bottom, as shown in Figs. 1a to e. Uniform and 154 

stable white dispersions were clearly visible in CaCO3 dispersed in PCE solution. 155 

Further careful observations revealed that the color became darker with the decrease 156 

of CaCO3 meshes (c.f. Figs. 1a to d). Moreover, in cement suspension, the color 157 

turned darker from the top to the bottom (c.f. Fig. 1e). Precipitations at the bottom 158 

together with the upper clear solution phase can be observed in Fig.1f, indicating that 159 

PCE solution is not a good dispersing medium for silica fume. The silica fume 160 

precipitation layer was at the highest height. This shows that the interaction between 161 

PCE and silica fume was the poorest in the investigation.  162 

 163 

 164 

Fig. 1. Photograph of vials of CaCO3, cement, and silica fume dispersed in PCE/water 165 

21.5 wt% solution with the inorganic particle weight ratio 4 wt%. (a) C1250, (b) C800, 166 

(c) C600, (d) C325, (e) cement, and (f) silica fume, taken after magnetic stirring, 167 

ultrasonication and subsequent standing for 48 hours. 168 
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 169 

Figure 2 shows optical transmission micrographs of the dried film samples of 170 

the above CaCO3, cement, and silica fume dispersions. Figs. 2a to e are for CaCO3 171 

and cement no obvious large agglomerates, but clear individual particles can be 172 

observed. The particle sizes of CaCO3 with different meshes observed from the 173 

optical images are consistent with the previous laser particle size analyzer result. This 174 

demonstrates that the good dispersibility of CaCO3 in PCE solution is not much 175 

influenced by particle sizes. Normally, the particle sizes of CaCO3 influence only the 176 

amount of adsorbed PCE. Thus, in the following study, we focus only on the CaCO3 177 

of 1250 mesh. A high degree of silica fume aggregation is observed, and large 178 

agglomerates with an average size of 100 µm dominate, as shown in Fig.2f. Note that 179 

in the drying process of the suspensions, it is possible that the debundled inorganic 180 

particles reaggregated into agglomerates due to the large surface tension. No large 181 

agglomerates can be observed in Figs. 2a-e. This provides further evidence that PCE 182 

solution significantly improves the dispersion and the stability of CaCO3 and cement, 183 

leading to the absence of large agglomerates. This is consistent with the above 184 

sedimentation experimental results, and similar deduction can be found in our 185 

previous work.
20

  186 

 187 
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 188 

Fig. 2. Optical transmission micrographs of suspensions of CaCO3, cement, and silica 189 

fume dispersed in PCE/water 21.5 wt% solution with the inorganic particle weight 190 

ratio 4 wt%. (a) C1250, (b) C800, (c) C600, (d) C325, (e) cement, and (f) silica fume. 191 

Before drying, the dispersions were magnetically stirred, subjected to ultrasonication 192 

and left standing for 48 hours. 193 
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 194 

Crystallization morphology of PCE side chains 195 

Before demonstrating how PCE molecules interact with the inorganic particles, 196 

the molecular structure of PCE is described below in detail. The PCE structure used is 197 

a comb-like copolymer made of a sodium polymethacrylate (PMA) backbone partially 198 

esterified with polyethyleneglycol (PEG). The chemical structure of the PCE 199 

molecule is shown as below:
16

  200 

CH2 C

CH3

COONa

CH2 C

CH3

COO(CH2CH2O)nCH3

a b

 201 

 202 

It is well known that PMA is non-crystallizable due to the steric effect of its 203 

side groups, while PEG is a typical semi-crystalline polymer.
18

 During either melt or a 204 

solvent-induced crystallization process, PEG develops a spherulitic morphology 205 

which can be clearly observed using a polarized optical transmission microscopy 206 

(POM).
19

 As shown in Fig.3a, when PCE solution is dried on a glass slide at room 207 

temperature and forms a polymer film around 50 µm thick, clear spherulites with 208 

diameters of around 400 µm can be observed under POM. Normally, spherulite 209 

development is depending on how it is nucleated. A common progression is that a 210 

spherulite begins with a fibre and evolves through sheaf-like embryos before attaining 211 

a spherical envelope. Adjacent growing spherulites impinge on each other, forming 212 

polygonal shapes, exactly like the single-crystalline grains of a metal.
21, 22

 When the 213 

solvent-induced spherulites in the film were heated to 80 
o
C, 20

 o
C higher than the 214 
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melting temperature of pure PEG,
19

 the spherulites were completely melted and the 215 

window under POM turned dark. After that, the same film was cooled down to 30
 o
C, 216 

the amorphous PEG chains started to form crystals, and the spherulites appeared again 217 

(c.f. Fig. 3b to d). However, the melt-crystallized spherulites did not grow from the 218 

center similar to the common case mentioned above. Instead, bright crystallized parts 219 

appeared randomly in the spherulite region of Fig.3a (c.f. Fig. 3b to d). Tsitsilianis 220 

et.al. had proved that in comb-like copolymers, the crystallizable part could be 221 

phase-separated with the non-crystallizable part during the crystallization process.
23

 222 

When PCE was dried from solution, PEG crystallized and was phase-separated from 223 

PMA. At this state, PMA was in a solution state, and did not disturb the formation of 224 

PEG spherulites (c.f. Fig. 3a). However, when the PEG spherulites were melted and 225 

cooled down, PMA was in a solid state since its glass transition temperature was 130 226 

o
C.

18
 So, PEG crystallized in a restricted environment due to the indurated PMA, and 227 

only formed tiny crystals in the previous spherulite region. This demonstrated how 228 

PEG crystals randomly formed in the spherulite region of Fig.3a (c.f. Fig. 3b to d). 229 

 230 
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 231 

Fig. 3. Polarized optical transmission micrographs of a dried film of PCE/water 21.5 232 

wt% solution (a) Initial sample dried from solution, (b) heated to 80 
o
C then cooled 233 

down to 30
 o

C and kept for 7 minutes, (c) kept for another 6 minutes after (b), and (d) 234 

kept for another 8 minutes after (c). 235 

 236 

       After the above detailed discussion of the crystallization behavior of PCE, 237 

the interaction between PCE and CaCO3, cement, or silica fume can be examined. It is 238 

obvious that it would be more desirable if the interaction could be studied in solution. 239 

Unfortunately very few analytical techniques are available to study the interaction in 240 

solution samples.  Therefore, we carried out the analysis on the dried samples and 241 

expected that the interaction can indirectly be obtained from these samples. The 242 
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heterogeneous nucleation during the formation of PEG spherulites is employed in the 243 

below discussion. In Fig. 3, a PCE solution with no impurities was dropped onto a 244 

clean glass slide. During the solvent-induced crystallization process, the 245 

heterogeneous nucleation effect was weak, and PEG formed spherulites had a 246 

diameter of 400 µm. When the suspensions of PCE and CaCO3, cement, or silica fume 247 

were dried and spherulites were formed, because of the heterogeneous nucleation 248 

effect of these inorganic particles, the number of spherulites increased and the size of 249 

the spherulites decreased as compared to those in Fig. 3 (c.f. Fig. 4a, c and e). Among 250 

the three PCE/inorganic particle systems, CaCO3 had the strongest heterogeneous 251 

nucleation effect due to the large number and small size of PEG spherulites from 252 

PCE/CaCO3 suspension (c.f. Fig. 4a). In contrast, fewer large spherulites were 253 

generated during the drying process of the PCE/cement and PCE/silica fume 254 

suspensions (c.f. Fig. 4c and e). The interaction of PEG side chains with cement or 255 

silica fume was weaker than that of CaCO3. The POM images in Fig. 4b, d and f were 256 

obtained by heating the samples in Fig. 4a, c and e to 80
o
C then cooling down to 30

o
C 257 

and keeping for 60 min. As can be seen from the figures, during the 258 

melt-crystallization process, spherulites became darker and indistinct, indicating that 259 

the crystallinity of PEG decreased. It was proved that the mobility of polymer chains 260 

was restricted within 30 nm to the solid substrate.
24

 During the melt-crystallization 261 

process, both the indurated PMA and inorganic particles restricted the PEG chain 262 

mobility and decreased its crystallinity. The spherulites formed in the PCE/CaCO3 263 

system were the darkest (c.f. Fig.4b), indicating that the crystallinity of PEG was the 264 
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lowest, so the contact of PEG to CaCO3 was stronger than that of cement and silica 265 

fume. 266 

 267 

Fig. 4. Polarized optical transmission micrographs of dried samples of CaCO3, cement, 268 

and silica fume dispersed in PCE/water 21.5 wt% solution with the inorganic particle 269 

weight ratio 4 wt%. (a) CaCO3, (c) cement, and (e) silica fume. (b), (d) and (f) are the 270 
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samples in (a), (c) and (e) heated to 80
o
C then cooled down to 30

o
C and kept for 60 271 

minutes, respectively.  272 

Thermal analysis of PCE/inorganic composites 273 

         To confirm the above results inferred from the crystallization morphology 274 

of PEG, a DSC test was employed to study the heating and cooling process of PCE 275 

and PCE/inorganic composites dried from the solution. As shown in Fig.5a, during the 276 

heating process, an endothermic peak around 50
o
C can be observed in both PCE and 277 

the composites. This peak represents the melting of PEG crystals that formed during 278 

the drying process. In Table 1 we can see that the endothermic enthalpy of 279 

PCE/CaCO3 is 89.1 J/g, which is much lower than the others. This demonstrates that 280 

the crystallinity of PEG is lower than the others when it interacts with CaCO3 during 281 

the solvent-induced crystallization process. Fig.5b shows the cooling process of PCE 282 

and the composites. PCE generates an exothermic peak at 19.7
 o

C, which is about 10
 

283 

o
C lower than that of the other three composites. The reason is the heterogeneous 284 

nucleation of pure PCE is weak, so it is difficult for PCE to crystallize at high 285 

temperature. However, with the interaction of CaCO3, melt-crystallization can occur 286 

even at a temperature of 29.8
 o

C, which is also higher than the exothermic peak 287 

temperatures of the composites containing cement and silica fume. This provides 288 

further evidence that CaCO3 has the strongest interaction with PEG side chains when 289 

it is dispersed into a PCE solution. The strong interaction between PEG and CaCO3 290 

also caused the lowest crystallinity of PEG during the melt-crystallization process, as 291 

demonstrated by the lowest exothermic enthalpy of 68.7 J/g (c.f. Table 1).  292 
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Fig. 5. DSC thermograms of dried samples of PCE and CaCO3, cement, and silica 294 

fume dispersed in PCE/water 21.5 wt% solution with the inorganic particle weight 295 

ratio 4 wt%. (a) Heating process, and (b) cooling process, with a rate of 10
 o

C/minute, 296 

under nitrogen. 297 

 298 

Table1. Endothermic and exothermic peak temperatures (Tp) and associated 299 

enthalpies (△H) of dried samples of PCE and inorganic particles dispersed in 300 

PCE/water 21.5wt% solution with the inorganic particle weight ratio 4 wt%, as 301 

obtained from the thermograms of DSC and their derivative. 302 

 303 

Specimen Endothermic peak temperatures  

and associated enthalpies 

Exothermic peak temperatures 

and associated enthalpies  

Tp (
o
C) △H (J/g) Tp (

o
C) △H (J/g) 

PCE 51.5 108.0 19.7 83.7 

PCE/CaCO3 49.6 89.1 29.8 68.7 

PCE/cement 51.1 105.9 27.8 82.2 

PCE/silica fume 50.1 101.3 25.5 77.8 

 304 

       The difference of the interaction between PCE and different inorganic 305 

particle can also be seen from TGA tests. As shown in Fig. 6, the onset decomposition 306 

temperature (Tonset) and the temperature at the maximum degradation rate (Tmax, 307 

determined from the derivative of TGA curve) of PCE/CaCO3 is 364 and 390
o
C, 308 
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respectively. In contrast, both PCE/cement and PCE/silica fume under the same 309 

processing condition shows much lower Tonset (355
o
C) and Tmax (376

o
C). The 310 

increases of the Tonset and Tmax are 9 and 14 
o
C, respectively. The strong interaction 311 

between PCE and CaCO3 may prevent polymer chains from debundling and 312 

degradation, and significantly improve thermal stability. 313 

 314 

Fig. 6. TGA heating diagrams of dried samples of CaCO3, cement, and silica fume 315 

dispersed in PCE/water 21.5 wt% solution with the inorganic particle weight ratio 4 316 

wt%, with a heating rate of 10
 o

C/minute, under nitrogen. 317 

 318 

Interfacial effect between PCE and inorganic surfaces 319 

The strong interaction between CaCO3 and PEG side chains indicates a 320 

possibility that most PEG side chains adsorbed onto the CaCO3 surface instead of 321 
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PMA backbone when CaCO3 was mixed with PCE solution. To investigate the 322 

distributions of PEG side chains and PMA backbone on the surfaces of inorganic 323 

particles, ToF-SIMS was used to determine the surface chemical composition of the 324 

PCE-coated inorganic plates. Positive ion C3H7O
+
 was chosen to represent PEG side 325 

chains while C4H7O2
+
 was chosen to represent PMA backbone. The peak area ratio of 326 

C3H7O
+
 to C4H7O2

+
 was used to represent the concentration ratio of PEG to PMA.  327 

The ToF-SIMS results of the specimens of PCE/water 21.5 wt% solution spin-coated 328 

on the surfaces of CaCO3, cement, and silica fume plates showed that the 329 

PEG-to-PMA ratio on the surface of the CaCO3 plate was much lower than that on the 330 

surface of the pure PCE, cement, and silica fume plates (c.f., Fig. 7). Therefore, from 331 

the surface chemical composition of these PCE-coated inorganic plates, we can 332 

conclude that most PEG side chains adsorbed onto the CaCO3 surface, while the PMA 333 

backbone mainly adsorbed onto the surface of cement and silica fume. The higher 334 

PEG-to-PMA ratio on cement surface than that of the neat PCE surface partially 335 

supports the argument that in cement paste, PCE adsorbs onto positively charged 336 

surface sites of the cement particles with their anionic trunk polymer chain. The part 337 

of the cement particles carrying a cationic charge is neutralized by the PCE.
7
 338 
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 339 

Fig. 7.  Ratios of the peak intensity of the positive ion C3H7O (59) representing PEG 340 

to the peak intensity of the positive ion C4H7O2 (87) representing PMA obtained from 341 

a spin-coated film of PCE/water 21.5 wt% solution on CaCO3, cement, and silica 342 

fume plates at a spin rate of 3000 rpm. 343 

 344 

        To elucidate the mechanism of the adsorption of PCE on the surfaces of 345 

CaCO3, cement, and silica fume, the interfacial effect between PCE or PMA and 346 

inorganic particles was investigated in detail. In order to get the interfacial tensions 347 

between polymer and inorganic substrates, the relevant surface tensions were 348 

measured using a contact angle method. For PEG and PMA, the contact angle θ can 349 

be easily obtained by dropping the test liquids onto the as-formed polymer films. 350 

However, since CaCO3, cement and silica fume are all powder samples, the relevant 351 

contact angle θ has to be calculated using the Washburn equation (1):
25

  

352 

                        

2 cos
2

l

Rt
x γ θ

η
= ⋅

                               (1) 

353 
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where, x is the penetrating distance of the liquid at the time t through the powdered 354 

substrate, η is the viscosity of the liquid, R is the effective pore size, and lγ  is the 355 

surface tension of the liquid. In Table 2, viscosities and surface tensions including 356 

dispersive and polar components of the used test liquids are listed.  357 

 358 

Table 2. Viscosities and surface tensions including dispersive and polar components 359 

of the test liquids at 25
o
C used in the contact angle method.

26
 360 

Test liquid Viscosity (η) Surface tension (mJ/m
2
) 

Dispersive (γl
d
) Polar (γl

p
) Total (γl) 

n-Hexane 0.307 18.43 0 18.43 

Water 0.8937 21.8 51.0 72.8 

Ethyl Glycol 20.93 30.9 16.8 47.7 

 361 

The surface tensions of polymer and inorganic powder are calculated using 362 

the geometric-mean equation (2):
27

 363 

 364 

( ) ( ) ( )1/2 1/2
d d p p

l l s l s1  cos   2  γ θ γ γ γ γ + = +  
,      (2) 365 

where θ  is the contact angle obtained as mentioned above, lγ is the surface tension 366 

of the liquid, 
d

lγ and 
p

lγ  are the dispersive and polar components of the surface 367 

tension of the liquid, and 
d

sγ and 
p

sγ  are the dispersive and polar components of the 368 

surface tension of the solid, respectively. The equation has been described in detail in 369 

our previous work.
22, 28

 The values are shown in Table 3.  370 
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 371 

Table 3. Surface tensions of PEG, PMA, CaCO3, cement and silica fume measured 372 

using the contact angle method and calculated using Eq. 2. 373 

 

Material 

Surface tension (mJ/m
2
) 

Dispersive (γs
d
) Polar(γs

p
) Total(γs) 

PEG 8.2±0.5 32.1±1.2 40.3±0.9 

PMA 14.2±0.3 32.9±0.5 47.1±0.7 

CaCO3 2.9±0.3 56.8±1.1 59.7±1.0 

Cement 502.3±3.2 25.9±1.5 528.2±2.6 

Silica Fume 17.7±0.6 26.2±1.8 43.9±1.3 

 374 

The interfacial tension between the polymer and inorganic substrate,
 1,2γ , is 375 

calculated using the geometric-mean equation (3):
27

 376 

1,2 1 2 1 2 1 22 2d d p pγ γ γ γ γ γ γ= + − −
,        (3) 377 

where 1γ  is the surface tension of medium 1, and 1

dγ and  1

pγ are the dispersive 378 

and polar components of the surface tension of medium 1, respectively. The 379 

interfacial tensions between polymer and inorganic substrate are calculated using Eq. 380 

3 and the results are shown in Table 4. These results indicate that CaCO3 tends to 381 

adsorb PEG instead of PMA, because the interfacial tension between CaCO3 and PEG 382 

is lower than that between CaCO3 and PMA. In contrast, cement and silica fume 383 

adsorb PMA more easily due to their lower interfacial tension than that of PEG. This 384 

conclusion is in agreement with the above ToF-SIMS results.  385 
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It is clear from the above crystallization and thermal study that the interaction of 386 

PCE with CaCO3 is stronger than those with cement and silica fume. This is in 387 

agreement with the dispersibility measurements of these inorganic particles in PCE 388 

solution. Furthermore, based on the findings obtained from the ToF-SIMS and 389 

interfacial energy measurements, the detailed adsorption mechanism of PCE on the 390 

surfaces of inorganic particles can be deduced. The backbone and side chain of PCE 391 

adsorb on the surfaces of cement and CaCO3 respectively, due to the different 392 

interfacial tension. This finding would be very useful for the selection criterion of 393 

inorganic fillers and to identify their compatibility with superplasticizers. Also if the 394 

adsorption behavior of the superplasticizer on the surfaces of selected inorganic fillers 395 

is determined, their influence on the fluidity can be predicted. For example, based on 396 

the adsorption behavior of PCE on the surfaces of cement and CaCO3, the addition of 397 

CaCO3 to cement will not reduce the fluidity of cement paste as demonstrated by the 398 

fluidity test described in the following part. 399 

 400 

Table 4.  Interfacial tensions between PEG, PMA and CaCO3, cement and silica 401 

fume, calculated using Eq. 3. 402 

 

Interface tension (mJ/m
2
) 

Polymers 

PEG PMA 

CaCO3 4.8±0.3 7.5±0.8 

Cement 382.5±3.7 348.0±5.2 

Silica Fume 2.10±0.1 0.57±0.2 
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 403 

Fluidity test  404 

The performance of the different adsorption of PCE on the surfaces of 405 

CaCO3 and cement can be seen from the fluidity of the cement/CaCO3 paste. The 406 

fluidity was determined by the spread diameter of cement paste with the presence and 407 

absence of CaCO3 after slump cone was lifted. As shown in Fig. 8, the spread 408 

diameter of cement paste apparently decreases with time, indicating the fluidity 409 

decreases during the hydration process. With the addition of 20 wt% and 30 wt% 410 

CaCO3, represented by cement/CaCO3 ratio (80/20) and (70/30), the fluidity decrease 411 

with time is obviously reduced. The dosage of PCE/water solution (21.5 wt%) in 412 

cement, cement/CaCO3 (80/20) and (70/30) was 0.40 wt%, which is decided by 413 

controlling the initial spread diameter to be 260±5 mm. This demonstrated that CaCO3 414 

could improve the fluidity of cement paste. Since CaCO3 mainly adsorbs the PEG side 415 

chains, while cement mainly adsorbs the PMA backbone, the addition of CaCO3 did 416 

not influence the interaction between cement and PCE. Further, the steric repulsion of 417 

PEG side chains was amplified due to the adsorption on CaCO3 particles, resulting in 418 

an increase of dispersion of cement particles. Therefore, the fluidity of cement/CaCO3 419 

had been improved dramatically during the cement hydration process. 420 

 421 
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 422 

Fig. 8. Fluidity of cement paste (W/C=0.3) according to time with the addition of 423 

CaCO3. 424 

 425 

Conclusions 426 

The adsorption mechanisms of polycarboxylate-ether based 427 

superplasticizers on the surface of CaCO3, cement, and silica fume were investigated 428 

using several methods in this study. The strong interaction between CaCO3 and the 429 

PEG side chains of the superplasticizer was firstly demonstrated by the crystallization 430 

behavior of PEG. In this work, ToF-SIMS was used to prove that CaCO3 mainly 431 

adsorbed PEG side chains, while cement and silica fume mainly adsorbed PMA 432 

backbone. So, CaCO3 could improve the fluidity of cement paste. The adsorption 433 

mechanism was explained by interfacial effect based on the measured interfacial 434 

tensions between the superplasticizer and inorganic surfaces. This work opens new 435 

avenues to the future analysis of mechanism of superplasticizers and to the selection 436 
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criterion of inorganic fillers. 437 
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