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1 Introduction

Abstract

The importance of polycarboxylate ethers (PCE) as concrete superplasticizers has
significantly increased in recent decades, both technically and commercially. At the
least, three descriptors describe the average PCE structure: the side chain length
(P), the charge density (N), and the number of repeating units (n). The synthesis
parameters determine the average composition of the PCEs and, consequently, their
performance in cementitious materials. This study examines the rheological prop-
erties of 27 different PCE structures, which were synthesized using redox-initiated
free-radical copolymerization. We independently varied the parameters P and N and
produced three PCEs with different molar weights for each combination of P and N.
Cement pastes with low PCE dosages of 0.035 wt% were tested in a rheometer
using a plate-plate geometry. It turns out that when the PCE is added directly to
the mixing water, the PCE has a complex influence on the very early hydration.
Consequently, the obtained rheology data is not entirely in line with available struc-
ture-activity relationships. Additionally, we attempted to model the observed rheol-
ogy data based on three structural PCE descriptors. While a multivariate linear re-
gression model failed to accurately describe the relationship, a random forest model
delivered a better model. In summary, we conclude that the impact of PCEs on early
hydration significantly affects the rheology of the paste. The changed hydration
pathway causes a deviation of our results from existing structure-activity relation-
ships and makes it challenging to statistically model the sparse rheology data with
a minimal set of three structural descriptors.
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Polycarboxylate ethers (PCE) are the most important su-
perplasticizer class [1]. Their structure affects the dosage
needed to obtain a desired dispersion at a defined w/c
value and also influences the early strength by retarding
the cement hydration [2]. PCE are synthesized by free-
radical polymerization and generally consist of polyeth-
ylene glycol (PEG) side chains attached to a negatively
charged backbone of carboxylate monomers, as shown in
Figure 1. Their structure is described as follows: the num-
ber of repeating units in a side chain, i. e. its length, is
denoted as P. The letter N describes the number of mon-
omers per polymer repeat unit. The parameter n describes
the number of repeating units in a polymer. Note that a
repeat unit comprises the side chain monomer and (N-1)
charge-carrying monomers.
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Figure 1 Structure of a methacrylate-based PCE. A PCE with only one

type of side chain carrying monomer has (N-1) charged monomers for
each side chain monomer.

The molecular weight of the macromonomer determines
P. Finally, the CTA amount and the initiator concentration
influence the backbone length n. The chemical structure
analysis of the obtained PCE can be challenging [3,4]. Gel
permeation chromatography (GPC) gives insight into the
molar mass distribution of the resulting PCE molecules but
does not provide information about the monomer distribu-
tion within the polymer chains.
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During GPC analysis, for example, PCE molecules with
longer backbone length n can be eluted in the same weight
fraction as shorter ones with a higher side chain density.
Since the synthesis conditions and raw material chemistry
determine the characteristics of a PCE, we set out to ex-
amine the relationship between the synthesis parameters
and the rheological properties of cement pastes containing
the PCE.

The effectivity of PCEs to lower the yield stress of a cement
paste depends on their ability to adsorb onto clinker and
hydrate surfaces [5,6]. The side chains establish steric re-
pulsion among the covered particles [7]. Winnefeld et al.
describe larger dosage efficiency for lower side chain den-
sities [6]. Higher adsorption rates were reported to corre-
late with stronger dispersion abilities of the PCEs [8]. The
affinity of a PCE for cementitious surfaces drives the ad-
sorption and is generally large for high charge densities
and short side chains. On the other hand, large side chain
densities (small N values) or long side chains (large P) re-
duce the adsorption affinity of the PCE [6,9]. The relation-
ship between the adsorption constant of a PCE and its
structure was described by Marchon et al. [8] by equation

(1).

z?(N —1)?

= PN W

Ka

Here, z is the charge number of the charged monomer
(z=1 in the case of methacrylic acid). The inverse value of
Ka is the desorption constant Ka™t. A large desorption con-
stant corresponds to a PCE with a low surface affinity. The
desorption constant increases with P/N (Figure 2). Fur-
thermore, the slump flow diameter D for a specific polymer
dosage ¢ was formulated by Marchon et al. [2] as a func-
tion of P and N (see equation (2)).
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P

For the empirically determined constants yi1 and y2, the
suggested values of 237 and 0.17 were chosen [2]. Do is
the diameter of the cone used in the slump flow test. The
yield stress To is calculated from the radius R of the slump
flow by equation (3) [10]

225pgV?
0= 128m2R5 (3)
where p is the density of the cement paste, g is the stand-
ard gravity, and V is the volume of the cone. According to
the model of Marchon (equation (2)), at a given dosage,
the slump flow D is proportional to the ratio of P/N to the
power of an empirically determined constant. Equation (3)
and equation (2) can be combined to provide a relation
between the yield stress and P/N (equations (4)-(7)). The
yield stress decreases monotonically with P/N (red curve
in Figure 2).

P Y2
D= 0.76y1c(ﬁ> + D, 4)
D = 2R (5)
076  (P\"
R=5ve(g) +Re (6)
_ 225pgV? (076 (P)V2+R - -
T = 28w \ 2 "N 0

This model implies that long side chains (i. e., large P val-
ues) and low charge densities (i. e., low N values) lead to
low yield stresses. However, the model does not account
for a reduced adsorption constant of PCEs with large P/N
ratios. Another limitation of the model is related to the
dosage mode of the PCE: equation (2) was derived from
slump flow data of cement pastes with delayed addition of
the PCEs. Note that this differs from the findings of Win-
nefeld and Zingg, who added PCEs with the mixing water
and reported larger dosage efficiencies for lower side chain
densities [6,11], i. e., larger N or smaller P/N ratios.
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Figure 2 Theoretical dependence of the yield stress (red curve) and
the desorption constant Ka* (blue curve) on P/N, derived from Marchon
[8,12]. In red: yield stress calculated for a w/c of 0.38 and a polymer
dosage of 0.035 %bwoc (equation (7)). In blue: desorption constant
calculated for a constant value of P=113 and n=15 (equation (1)). The
relative scaling of the y-axes is arbitrary. Therefore, the intersection of
both curves is also arbitrary. The plot serves to demonstrate the ex-
pected convex curvature for the dependence of the yield stress on P/N.

Figure 2 suggests that the yield stress decreases for in-
creasing values of P/N, and the desorption constant Ka
increases with P/N. The yield stress relation does not con-
sider the reduced surface affinity at large P/N values,
which will lead to increasing amounts of desorbed PCE.
Therefore, although the exact functional relationship is un-
known, the yield stress dependency on P/N will have a
convex curvature.

PCEs have a strong influence on the cement hydration, in-
cluding the amount and particle size distribution of form-
ing hydration products, which consequently affects the
rheological properties of the paste [2,13,14]. The early re-
activity of the cement determines the rheology of the
paste, and is governed in large part by the dissolution of
C3A and the precipitation of ettringite [15]. Jakob et al.
have shown that the early ettringite formation is a major
influence on the rheology of the cement paste [16]. During
the growth of ettringite, water from the pore solution is
consumed, which leads to a higher solid volume fraction,
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and thus, the yield stress increases according to the
YODEL model [17]. Direct addition of the PCE with the
mixing water strongly modifies the early C3A reaction of
the cement [12,13,18-23]. Three distinct effects can be
discerned: First, Stroh et al. found that the amount of
ettringite during the first 20 minutes is enhanced in the
presence of highly charged PCE [21]. The enhanced for-
mation of ettringite leads to a higher yield stress of the
paste due to changes in the solid volume fraction and the
surface area. Second, the site of ettringite nucleation is
shifted from the surface of CsA to the pore solution of the
cement paste [14,24]. And third, PCEs hinder the growth
of individual ettringite crystals, which then undergo elon-
gation [25]. Larger effects were found for higher charged
PCEs. While individual crystals are hindered in their
growth, the total amount of formed ettringite is increased.
Consequently, smaller crystals are formed which possess
a higher specific surface area than in the case without PCE
[18,26]. The formation of additional surface area further
consumes free PCE, which is hence no longer available for
the dispersion of other particles. In summary, PCEs which
possess a high charge density were found to have a
stronger impact on the early hydration of cement, which
includes changes in the amount, the formation site, and
the morphology of ettringite. These changes lead to a
larger surface area content of the formed ettringite, which
drastically affects the rheology of the paste.

While the structure-activity relationship of PCEs is well-
established for delayed addition, knowledge is more lim-
ited if they are added to the mixing water. Despite the
aforementioned relationships, a comprehesive picture of
the precise interactions of the PCEs with the initial hydra-
tion process and the resulting rheological properties of the
paste is still missing.

This study aims to provide data on the effects of various
PCE structures on the early rheology of cement paste.
Therefore, we synthesized a set of 27 PCEs by varying the
parameters: P, N, and n. Here, the amounts of CTA and
initiator control n, while the monomer choice and mono-
mer ratio determine P and N. The yield stress of cement
pastes containing a PCE dosage of 0.035 %bwoc (by
weight of cement) was measured using a rotational rhe-
ometer. We compare the resulting data with existing
structure-activity relationships and test multivariate linear
regression and random forest models.

2 Experimental
2.1 Material

The polyethyleneglycol methacrylates, methacrylic acid
(MAA, stabilized with hydroquinone monomethyl ether), 3-
mercapto propionic acid (3-MPA), tert-butyl hydroperoxide
(tBHP), and sodium formaldehyde sulfoxylate dihydrate
(SFS) were obtained from commercial suppliers and used
as received. A commercial CEM I 42.5 R ordinary Portland
cement was used in this study.

2.2 Synthesis

PCEs were synthesized in small-scale reactions with a vol-
ume of 10 mL. An aqueous solution of macromonomer and

MAA was prepared and weighed into small vials for each
combination of P and N. To the stirred monomer solutions
varying amounts of 3-MPA (CTA agent), SFS (1.1 times
the respective molar amount of tBHP), and tBHP (initiator,
0.6 - 3 mol% to the total amount of monomers) were
added at 25 °C. For instance, the PCE with the parameters
P=23, N=5.2, and a CTA dosage of 2 mol% was synthe-
sized by adding a solution of 3-MPA (0.564 mL, 32 mg,
0.3 mmol), a solution of SFS (0.941 mL, 47 mg,
0.3 mmol), water (0.49 mL), and a solution of tBHP
(0.941 mL, 27 mg, 0.3 mmol) to a mixture of polyeth-
yleneglycol methacrylate (P=23, 3.1 g, 3 mmol) and MAA
(1.0 g, 12 mmol) containing 3.5 mL water from the mac-
romonomer. The reaction mixture was stirred for two
hours and was analyzed by GPC and 'H NMR. The synthe-
sis parameters are shown in Figure 3. N was chosen to
include some unconventional P/N ratios. Therefore, the set
contains low values for P/N (e. g., around 2), especially
for PCEs with short side chains (P=23). The PDIs of most
polymers are between 1.6 and 2.0. However, for one mac-
romonomer (P=45), we obtained PDI values between 2
and 3, which is unusually broad and is most likely related
to a lower raw material quality for this macromonomer
(this was not checked in detail, however).
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Figure 3 Variations of the synthesis parameter. For each value of P,
PCEs were prepared at three values for N, and three different amounts
of CTA (in mol% to the total amount of monomers present in the reac-
tion).

2.3 Rheometry

In a typical experiment, 40 g cement were added to a so-
lution of PCE in water at a water/cement ratio (w/c) of
0.36 and a dosage of 0.035 %bwoc of the PCE. The paste
was stirred with a four-blade mixer (IKA Eurostar 20) at
600 rpm for one minute, followed by a one-minute rest
time, and remixed at the same speed for another minute.
The paste rested for 10 minutes, was stirred once more
for one minute, and then used for the rheometer experi-
ment (Anton Paar, serrated plates (diameter = 25 mm),
gap width of 1 mm). The measurement program started
20 minutes after the cement came in contact with water.
It included 10 seconds of a pre-shear phase at 80 s}, fol-
lowed by a stepwise descending shear rate y starting at
80 s and arriving at 0.01 s! within 14 steps. The range
within 60 to 20 s* was considered for evaluating the yield
stress To and the viscosity n according to the Bingham
equation (8).

T= T+ Y (8)
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2.4 Machine Learning Models

A multivariate linear regression model and a random forest
regression model were implemented in Python using the
scikit-learn package [27]. The random forest regression
model operates on an estimator number (number of trees)
of 100 at a varying depth until all nodes are expanded to
pure leaves. The trees are created based on bootstrapped
datasets. The data set was randomly split into a training
set (70% of the experiments) and a testing set (30%).
Three polymer parameters were used to predict the yield
stress: 1) the carboxylate dosage per gram cement, i. e.,
the content of carboxylate groups that are dosed to one
gram cement, 2) P/N, and 3) the CTA dosage in mol%
employed during synthesis. The carboxylate dosage is
given in mol carboxylate groups per gram of cement and
is calculated based on the molar mass of the repeating unit
by equation (9).

0.035%bwoc
Carboxylate Dosage = ——— -

N=-1) (9)

repeating unit

3 Results and Discussion

3.1 Experimental Results

A set of PCEs with varying structural parameters (P, N)
and varying synthesis parameters (CTA and initiator con-
tent) was synthesized. Each polymer was added to the
mixing water, and cement pastes (w/c = 0.36) were pre-
pared with a constant PCE dosage (0.035%, weight poly-
mer by weight cement). The dynamic yield stress was de-
termined by fitting a Bingham model to the t,y-curve of
the paste between 20 and 60 s,

The measured yield stress is shown in Figure 4 as a func-
tion of the ratio of P/N. Three vertically stacked points are
found for each P/N ratio due to different values of n. No-
tably, the P/N values for P=23 are small compared to con-
ventional PCE, i. e., they correspond to very highly
charged PCE.
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Figure 4 Yield stress values as a function of P/N. The dashed line
marks the yield stress of the cement paste without PCE. Each value for
P/N contains three polymers with different n, which were synthesized
with varying amounts of CTA.

The experimental distribution of ther yield stress T against
P/N shows a concave curvature, contrasting what we ex-
pected from structural considerations as discussed earlier
(see Figure 2)).

Some PCEs increase the yield stress beyond the value for
blank cement paste, suggesting that their impact on the
hydration process, which compromises workability, ex-
ceeds their inherent dispersing ability. Based on reported
results, higher charge densities of the PCE are expected to
increase the reactivity in the first minutes [21]. The in-
creased formation of ettringite particles with higher sur-
face content would increase the yield stress. However, the
lowest yield stress values were achieved with the highest
and lowest values of P/N, respectively. Surprisingly, the
highest charge density, i. e., the lowest P/N ratio, results
in low yield stresses comparable to large P/N values (black
points with P/N > 20). As discussed above, increasing P/N
values should lead to decreasing yield stresses and de-
creasing surface affinities of the PCE. A third parameter
influenced by the P/N ratio is the formation of ettringite
and the reactivity of the C3A phase. If the PCE is added to
the mixing water, the influence of PCE on the C3A reactiv-
ity dominates their behavior. Further studies are ongoing
to improve the understanding of the influence of the PCE
structure on the early hydration.

3.2 Machine Learning Models

We built a simple multivariate linear regression and a ran-
dom forest model to the Bingham yield stress using three
predictor variables: the carboxylate dosage per cement
(umol g1), P/N, and the amount of CTA used during syn-
thesis. Both models were trained on a subset of 70% of
the data set's experiments (18 data points).

Figure 5 shows the predicted Bingham yield stress of the
multivariate linear regression model for the training and
the test data. The coefficient of determination R2 of the
predicted training data, which the model had not seen be-
fore, is 0.431, and a root mean squared error of 7.92 Pa
was determined. The simple linear model with three pa-
rameters fails to predict the yield stress reliably.
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Figure 5 Measured yield stress values and predicted values based on
a multivariate linear regression with the predictor variables carboxylate
dosage, P/N, and CTA content. The black line indicates perfect predic-
tion.

The random forest model is another regression model suit-
able for small data sets. We use the same variables and
data splitting to model the yield stress. The predicted val-
ues of the random forest model are plotted against the
measured values in Figure 6.



611

ki

§ 110

N
5100 Train Data
© e Test Data
a

£ 904

£

£ 8o]

o

c

m

w 701

(0]

g

w 60'

o

©

>

60 70 80 90 100 110
Yield Stress Bingham in Pa, measured

Figure 6 Measured yield stress values and predicted values based on
a random forest model with the predictor variables carboxylate dosage,
P/N, and CTA content. The black line indicates perfect prediction.

The prediction of the test data set, which the model had
not seen before, shows a coefficient of determination
R2 = 0.66 and a root mean squared error of 7.05 Pa. The
predictions are closer to the experimental values than
those obtained from the multivariate linear regression
model. We use the obtained model to predict the yield
stress (Figure 7) as a function of P/N for a fixed CTA
dosage of 4 mol% and a fixed carboxylate dosage of
1 ymol gi. The carboxylate dosage corresponds to the
amount of introduced carboxylate groups per gram of
cement and represents an average value across the
samples. Due to the underlying calculation (equation (9)),
the carboxylate dosage and P/N are not independent.

The linear regression model produces a linearly declining
yield stress, and the random forest model yields a predic-
tion profile similar to the original data, i. e., predicting the
highest yield stress values for medium values of P/N.
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Figure 7 Prediction profiles of the models for different P/N values at
constant values for the carboxylate dosage (1 pmol g'') and a CTA dos-
age of 4 mol%.

3.3 Limitations

While this study offers valuable insights, we want to high-
light some limitations. First, the range of PCE structures
comprises some unusual cases. Notably, the PCEs with
P=23 represent very high charge densities. Second, the
dataset exclusively consists of methacrylic PCEs synthe-
sized via one specific route. Third, this study does not con-
tain a mechanistic investigation of the observed patterns,
especially concerning the influence of the PCE on the early
hydration. Fourth, the explored data set is small for sta-
tistical modeling purposes. Therefore, considering a more
extensive set of predictor variables is impossible.

4 Conclusions

In this study, we have synthesized 27 different PCEs and
determined the yield stress of cement pastes at a w/c ratio
of 0.36 and a PCE dosage of 0.035%. Based on theoretical
considerations, we expected to find a convex distribution
of the yield stress values as a function of P/N, with the
lowest yield stress for intermediate values of P/N. How-
ever, we found a concave distribution. The lowest yield
stress values were found for high and low values for P/N,
respectively. We explain this by assuming that PCEs added
to the mixing water strongly affect the hydration processes
of the cement paste. The formation of increasing amounts
of initial ettringite leads to a decrease of the effective w/c
value due to the incorporation of water and, more im-
portantly, significantly increases the total surface area of
the suspension at early ages. Surprisingly, small P/N val-
ues lead to decreased yield stress. It is, therefore, essen-
tial to quantitatively describe the effect of PCE on the early
hydration of the cement and the formation of ettringite for
the considered P/N ratios. Such a study is an objective for
future work.

The machine learning models were of low to modest qual-
ity. A more comprehensive structural description of the
PCE would provide sufficient information to predict their
rheological properties accurately. For our case, it can
therefore be concluded that essential information on PCE
chemistry is still missing in the data. As the available da-
taset for training contained less than 20 experiments, it
was not possible to include all available synthesis param-
eters due to the risk of overfitting. Subsequent datasets
should ideally contain a significantly increased number of
experiments and a narrower distribution of PCE structure
parameters.
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