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Abstract:

This study investigates the absorption behavior of superabsorbent polymer (SAP) with different
chemical structures and their effect on cement hydration, early-age autogenous shrinkage and
mechanical properties of cement paste. SAP with high density of anionic functional groups absorbed the
cement pore solution quickly, and then released it because the anionic groups on the network of SAP
complexed with multivalent cations in the pore solution (e.g., Ca*"). Much less release was measured
for SAP with low density of anionic groups. Furthermore, SAP with either both anionic and cationic
groups or with only non-ionic groups did not release the liquid. Despite their different behavior in
solutions, all SAP were able to counteract autogenous shrinkage. SAP with either both ionic groups or

high density of anionic groups showed excellent internal curing effect. The internal curing had no
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negative effect on the compressive strength of the paste when the total cement-to-water ratio was

considered.

Keywords: Superabsorbent polymers; chemical structure; absorption; autogenous shrinkage;

mechanical properties

1. Introduction

High performance concrete (HPC) (also known as high strength concrete, HSC) has become popular
due to superior mechanical and durability properties [1], in particular for applications in extreme
environmental conditions [2, 3]. In HPC, the water-to-cement ratio (w/c) is kept low to reduce the
porosity and improve the durability, with the unintended consequence that the amount of water is
insufficient for complete cement hydration [4]. The shortage of water and the fine pores result in a
pronounced decrease in relative humidity (RH) within the pore system [5], which is accompanied by
increasing pore pressure and autogenous shrinkage [6]. The high autogenous shrinkage and relatively
low tensile strength especially at early ages result in macroscopic cracks in restrained concrete members

[7], which can substantially decrease the service life of structures made with HPC.

Conventional methods for curing of concrete, such as external water curing, cannot contribute
substantially to mitigating the autogenous shrinkage of concrete with low w/c. In fact, since the
microstructure of typical HPC is very dense even at early age, it does not allow sufficiently rapid
transport of curing water into the interior of concrete members, beyond a few mm from the surface.
Internal curing is considered as an effective method to maintain high relative humidity (RH) and mitigate
self-desiccation of HPC [8-10]. Autogenous shrinkage can be mitigated by introducing into the concrete
materials with high water storage capacity, referred to as internal curing agents [11], which release the
stored water into the concrete matrix during self-desiccation. Lightweight aggregates (LWA) with open
porosity are a class of internal curing agents that can be effective at reducing or eliminating autogenous
shrinkage [12-14]. However, incorporation of LWA can compromise the final compressive strength of

concrete through the introduction of voids and flaws in the cured concrete. In fact, more porosity is
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typically added than the minimum needed to store water for internal curing and hence the LWA with
poor mechanical properties end up occupying a considerable volume of concrete [15]. In addition, the
amount of internal curing water stored in the LWA is difficult to control for a number of reasons,
including: a) the absorption may vary between different batches; b) it is difficult to measure absorption
in saturated surface dry conditions accurately; c) it is also difficult to avoid water release during mixing
or pumping. Besides, not all the pores of the LWA can be filled by water and not all the water stored in
the LWA can be used for internal curing [11, 12, 16]. Superabsorbent polymers (SAP) are another most
commonly used internal curing agent [17-19]. SAP can absorb water and solutions up to thousands of
times their dry weight because of their hydrophilic network structures consisting of cross-linked
polyelectrolytes [20]. SAP also exhibit superior desorption capacity compared to other candidate
internal curing materials [13, 14, 16, 17]. Differently from LWA, which usually need to be pre-saturated
[12-14], SAP are usually employed as a dry concrete admixture and take up water during the mixing

process. The use of SAP permits moreover free design of the shape and size of the formed voids [17].

SAP particles are polymer hydrogels composed of polyelectrolyte chains which are covalently
crosslinked to form a three-dimensional polymer network [20]. Driven by osmotic pressure and water
affinity, dry SAP particles swell when in contact with water (or aqueous solutions) [21]. Osmotic
pressure results from the formation of a chemical potential gradient in the system due to the relatively
high concentration of ions within the network of the SAP compared to the external environment [22].
The most common SAP used as internal curing agent in concrete are covalently cross-linked copolymers
of acrylic acid and acrylamide. They are chemically stable and able to swell in the strongly alkaline
cement pore solution [23]. The carboxylic acid groups of the acrylic acid monomer will deprotonate at
pH > 5 (partially neutralized acrylic acid sometimes is directly used for synthesis), whereas the amide
groups of the acrylamide monomer are partially hydrolyzed to form anionic carboxylic groups along the
polymer chain when the pH is higher than about 12 [22, 24]. During the hydration process of cement,
multiple ions are released into the pore solution, such as K', Na", Ca?*, SO,* and OH [25, 26]. The
swelling of SAP in pore solution is substantially lower compared to deionized water [22, 27-29]. Lower
absorption in cement filtrate compared to a 0.1 M NaOH solution with similar pH (~12) was observed

in [30]. This phenomenon, commonly observed in the swelling of ionic hydrogels, is often attributed to
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a charge screening effect of the additional cations [24, 28]. This screening reduces the electrostatic
repulsion and leads to a decreased osmotic pressure between the hydrogel network and the external
solution [31]. Besides, the presence of Ca?" ions in the pore solution has a strong impact on the
absorption kinetics of the SAP in relation to the anionic group density of the SAP. Ca*" will in fact
complex with carboxylate groups from the molecular chains of the SAP, forming additional crosslinks
which restrain the movement of the chains in the polymer [22, 25, 26, 32]. The absorption of SAP
particles in cement paste, mortar or concrete is even smaller than in artificial pore solution, likely
because of the resistance to swelling exerted by the surrounding material [29] or due to the mixing
process. Besides, the composition of the pore fluid within cement pastes or concrete will change with
cement hydration [33, 34], contrary to artificial pore solution. Observations of SAP absorption in cement

pastes indicate that the total absorption may be about half the amount for synthetic pore solution [18].

Only few systematic studies have been devoted to the effect of SAP synthesis on their performance as
internal curing agents. Jensen and Hansen [18] reported that suspension-polymerized SAP (dry particle
sizes ~200 um) had about half the absorption in synthetic pore fluid compared to solution-polymerized
SAP (dry particles sizes 125-250 pm). According to Siriwatwechakul et al. [30], solution-polymerized
SAP had slower absorption in water than suspension polymerized SAP. Even though the authors
reported that both SAP types had similar chemistry (polyacryalminde structure cross-linked with
methylene-bis-acrylamide) and had similar sizes (<100 um), it should be stressed that in fact different
physical properties (shape, sizes and surface characteristics) and some differences in the chemistry could
be responsible for the different absorption behavior. In a further study by the same group [35], it was
reported that solution-polymerized SAP resulted in higher early-age strength concrete than suspension-

polymerized SAP.

Schrofl et al. showed that SAP with high density of anionic functional groups (high acrylic acid, AA)
took up cement pore solution quickly, but released a large part of it subsequently [28]. The covalent
cross-linking density had no pronounced influence on the behavior of such SAP. The presence of Ca**
ions in the alkaline solutions had a strong influence on the absorption and desorption behavior [28]. Zhu

et al. synthesized a series of poly (sodium acrylate-acrylamide) copolymer hydrogels in which the
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concentration of covalent crosslinks and anionic groups within the polymer network varied
systematically. The results showed that cations (Na*, Ca®", AI*") have negative impacts on the swelling
capacity and kinetics of PANa-PAM hydrogels, and increased covalent crosslinking density in PANa-
PAM hydrogel samples resulted in a decreased equilibrium swelling ratio for samples immersed in water
or solutions containing Na" ions [22]. Besides, multivalent cations in the pore solution (e.g., Ca*") will
complex with the carboxylic groups, thereby reducing significantly the SAP absorption [28, 36]. The
absorption behavior of SAP with a small amount of cationic monomer will be especially affected by

multivalent cations [37, 38].

According to Schrofl and co-workers [28, 39], SAP that show fast liquid release due to high AA can
only mitigate autogenous shrinkage at very early ages. After the initial fast release, the positive effect
of these SAP disappears and the rate of autogenous shrinkage becomes the same as in mortars without
SAP. However, in a later work by Krafcik and Erk [32], SAP with high AA (which also showed
relatively fast release of absorbed pore solution) were found to be the most efficient type for reducing
autogenous shrinkage of mortars. According to Snoeck et al., SAP with high absorption and large

particle size are not ideal for mitigating autogenous shrinkage [40].

The motivation of this study is to provide a better understanding of the effect of SAP chemistry on their
performance and eventually their effect on the properties of internally cured cementitious materials. To
this end, the influence of three main chemical characteristics of the SAP is investigated; these include:
a) the concentration of anionic groups, b) the degree of cross-linking and c¢) the type of functional groups
present on the network. A novel SAP (zwitterionic SAP) class with both anionic and cationic monomers
was also used for internal curing. The absorption of SAP was first measured over time in both deionized
water and cement filtrates. In addition, the influence of the chemical characteristics of the SAP on

cement hydration, autogenous deformation and compressive strength were also investigated.

2. Materials and methods

2.1 Superabsorbent polymer

The SAP samples had as main monomers acrylic acid (AA, Sinopharm, Shanghai, China), acrylamide

(AM, Aladdin, Shanghai, China) and methacrylamidopropyltrimethylammonium chloride (MAPTAC,
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Aladdin, Shanghai, China). N,N’-methylenebisacrylamide (MBA, Aladdin, Shanghai, China) was used
as crosslinking agent [20, 23]. Sodium hydroxide (NaOH, Sinopharm, Shanghai, China) was used to
neutralize AA. Potassium persulfate (K»S,Os, Sinopharm, Shanghai, China) was used as initiator.
Span80 and Span85 (Sinopharm, Shanghai, China) were used as dispersant. Cyclohexane was used as
the hydrocarbon phase. Table 1 provides information on the monomer composition of the SAP. All SAP
are in the form of spherical particles produced using the inverse suspension polymerisation technique
(see optical microscope image, Fig. 1) [20, 41, 42]. A total of eight types of SAP were synthesized and
labelled based on the chemical composition. The first letters in the label refer to the SAP types: A refers
to the anionic SAP, N refers to the AM-based SAP and Z refers to the zwitterionic SAP. The number
after A refers to the ratio between AA and AM (e.g., A37 indicates an anionic SAP that contains 30%
AA and 70% AM monomers). The number 5 after the underline indicates that the crosslinking density
is increased by 5 times compared to the reference. Anionic SAP was synthesized with anionic monomers
AA (80% molar ratio neutralized by NaOH) and AM. As AA is neutralized before polymerization (to
form sodium acrylate, ANa), this will result in a polymer network in which the anionic groups are from
the AA segments of the chain (i.e., COO") and the AM segments remain intact and subsequently less
charged. AM-based SAP was synthesized with monomer AM. The polymer network will remain less
charged because there are only AM segments on the chain. It should be noted that the AM-based SAP
will not be totally non-ionic (0% charge) except in very acid environments. There are still less anionic
segments on the network of the AM-based SAP compared with the anionic SAP, due to the hydrolysis
reaction of the AM to form AA and subsequent deprotonation [43]. The hydrolysis reaction of the AM
to form AA is significantly affected by the pH of the solution and the presence of cationic species such
as Ca’" [44]. Zwitterionic SAP was synthesized with monomers AA/ANa, AM and MAPTAC. The
anionic groups are from the AA segments of the chain and the cationic groups are from the MAPTAC
segments of the chain. Thus, the zwitterionic SAPs contained both anionic (AA) and cationic (MAPTAC)

repeat units.

In a 2 L, three-necked, round-bottomed flask with a reflux and stirrer, cyclohexane, Span80 and Span85
were added, which were heated to constant 45°C in a water bath. Since the inverse suspension

polymerisaton technique was used, the cyclohexane to water phase (all monomer aqueous solution) ratio
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was 1.5. The concentration of dispersant in cyclohexane was 0.5 wt%. An acrylic acid aqueous solution
was neutralized by a sodium hydroxide aqueous solution, and the neutralization was 80% (molar ratio).
The initiator solution was obtained by separately dissolving K>S;Os in concentration equal to 0.1%
molar ratio of all monomers. Aqueous solutions of AM, MAPTAC and MBA were also obtained by
separately dissolving each monomer according to the composition in Table 1. All aqueous solutions of
monomers, initiator and crosslinking agent were mixed after being fully dissolved at room temperature,
and the obtained mixture was added dropwise into the flask with vigorous stirring. The stirrer speed was
maintained at 160 rpm. The reaction was carried out under vigorous stirring for 3 h at 50°C first and
then the temperature was increased by 5°C every second hour until 70°C. The reaction occurred rapidly
and there was a marked increase in the viscosity of the medium. For different SAP, the formation time
varied from a few minutes to a few hours. All vials were allowed to rest for another 12 h, at least, after
the gel formation to ensure reaction completion. Then, the precipitates were washed with large amounts
of methanol and filtered. The resulting SAP, in the form of white powder, was vacuum-dried at 60°C.
The particle size distributions of the SAP samples in the dry state were characterized by optical
microscope image analysis aided with ImagelJ software [45]. All SAP samples have a similar particle

size distribution in the dry state and the average particle size is approximately 100-110 pm.

Table 1. Chemical composition of the SAP samples (molar ratio).

SAP types AA AM MAPTAC Crosslinking agent (by molar of
monomers)

N 0 100% - 0.001% (MBA)
A37 30% 70% - 0.001% (MBA)
ASS 50% 50% - 0.001% (MBA)
A73 70% 30% - 0.001% (MBA)

Z 30% 50% 20% 0.001% (MBA)
N5 0 100% - 0.005% (MBA)
A37 5 30% 70% - 0.005% (MBA)
Z5 30% 50% 20% 0.005% (MBA)
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Fig. 1. Optical microscope image of A73 particles (because all different SAP types are in the form of
spherical particles and look very similar, only one type of SAP is shown): a) dry state; b) water saturated.

Images taken with a Sony DKC-5000 camera mounted on a Zeiss Axioplan optical microscope.

2.2 Mix composition of cement pastes

The cement used in this study was an ordinary Portland cement (CEM I 42.5 N) by Jura Cement
complying with SN EN 197-1. Deionized water was used as mixing water. A commercial
polycarboxylate-based superplasticizer (PCE, Sika 20 plus N) was used for all mixtures at a dosage of
0.5% by mass of cement. The PCE was pre-dissolved in the mixing water. The mixture proportions are
shown in Table 2. The w/c of the reference paste R is 0.300 (not taking into account the water in the
superplasticizer), while the entrained w./c for all pastes containing SAP is 0.054. This value was
calculated according to Powers’ model, see Eq. 1 below [8], as corresponding to the volume of chemical
shrinkage due to cement hydration to be compensated by the entrained water, necessary to avoid self-
desiccation. The w/c of the second reference paste R1 is 0.354, which corresponds to the sum of the
basic w/c 0.300 and the entrained w./c 0.054. Using two different reference pastes allows to distinguish
the effect on hydration, autogenous deformation and strength of a mere increase in w/c from that of SAP
addition. It must be noticed that the absorption kinetics of SAP changed over time when immersed in

cement filtrate (especially for anionic SAP, see section 3.1). In addition, the time from water addition
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during mixing to the start of the deformation measurements is about 30 min. Thus, the dosage of SAP
in the pastes is calculated from the desired amount of entrained water and from the absorption capacity

(AC) of each SAP type in the cement filtrate at 30 min, see equation 2.

w./c = 0.18(w/c) for w/c < 0.36
(1)

SAP/C = el
/C =" @)

Table 2. Mixture proportion of the paste

w/c we/c SAP (by mass of cement) | PCE (by mass of cement)

R 0.300 - - 0.50%
R1 0.354 - - 0.50%
N 0.300 0.054 0.42% 0.50%
A37 0.300 0.054 0.19% 0.50%
ASS 0.300 0.054 0.20% 0.50%
A73 0.300 0.054 0.19% 0.50%
Z 0.300 0.054 0.30% 0.50%
A37 5 0.300 0.054 0.25% 0.50%
NS 0.300 0.054 0.47% 0.50%
Z5 0.300 0.054 0.38% 0.50%

2.3 FTIR spectra of SAP

The functional groups of the different SAP types were characterized by Fourier-transform infrared
spectroscopy (FTIR). Attenuated total reflectance (ATR) Fourier-transform infrared spectra were
collected by averaging 32 scans on a Bruker Tensor 27 FTIR spectrometer by transmittance between

500 and 4000 cm ™' at a resolution of 4 cm™' on ~3 mg of powder. The obtained IR spectral data was



211 preprocessed using the software package OPUS (Bruker Optics GmbH, Ettlingen, Germany). Baseline

212 correction and normalization were applied to every recorded spectrum.
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2.4 SAP absorption

The gravimetric tea-bag method was used to evaluate the overall absorption capacity and kinetics of the
SAP samples [46, 47]. As the absorption performance depends on the absorbed fluid, both deionized
water and filtrate of cement slurry were used. In order to produce a sufficient amount of pore solution,
a slurry with w/c of 5 was prepared and continuously and automatically stirred for 24 hours, followed
by filtration of the liquid. The average mass () of fluid absorbed by an empty tea-bag was first assessed,
using ten individual tea-bags. A dry tea-bag was weighed (m;), followed by a dry tea-bag containing the
dry SAP (m>). This filled tea-bag was hung in a plastic bottle filled with the test fluid (either deionized
water or pore solution). The bottle was rapidly and tightly sealed with a cap to avoid carbonation and
evaporation. The cap was only removed shortly for each weighing. At 1, 5, 10, 30, 60 minutes, 3 and 24
hours after the SAP/liquid contact time, the tea-bag with the hydrogel inside was removed and weighed
(ms3). Before each weighing, the tea-bag with SAP was placed on a dry cloth and gently wiped with
another dry cloth for a short time (approximately 30 s) to remove surplus and weakly-bound liquid.
After weighing, the tea-bag containing the hydrogel was returned into the test fluid until the next time
step of mass recording. Equation 3 provides the formula to calculate the absorption capacity AC. To

ensure the reliability of the results, three individual tea-bags were measured for every SAP sample.

msz—my—m
AC: 3 2 0

my—my

)

2.5 Isothermal calorimetry

All pastes were mixed at 450 rpm in a vacuum mixer (Twister Evolution) with about 300 mL mixing
capacity. The heat flow was measured with a Thermometric TAM Air conduction calorimeter, capable
of eight parallel measurements in eight separate measuring cells. For each specimen, about 10 g of
freshly mixed paste were weighted into a glass vial. Duplicate specimens were prepared for each mixture.
The glass vial was sealed and placed into the calorimeter and the heat flow was measured for about 72 h.

During the experiment, isothermal conditions (20 + 0.02 ‘C) were maintained in the measuring cells.
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The hydration heat flow and the cumulative hydration heat were normalized to the cement mass in the

samples.
2.6 Autogenous deformation

Each paste was mixed using a 5-1 Hobart mixer. First, dry cement and SAP were mixed dry for 1 min.
Next, water was slowly added and wet mixing lasted for 5 min (with an intermediate 30 s pause after
2 min for scraping of the mixing bowl). The corrugated tubes [48] were filled with the pastes on a
vibrating table and tightly closed with plastic end plugs. All shrinkage measurements were performed
on a rigid stainless-steel frame capable of accommodating 6 specimens. Each sample was fixed with a
clamping device at one end, and the displacement of the free end was measured with a LVDT (resolution
0.1 pm). The data was logged at 60 s intervals and the measurements lasted up to 7 days from water
addition. The steel frame was immersed in a bath filled with silicone oil (Rhodorsil 47V20) for
temperature regulation and to ease the sliding of the tubes on the steel frame. The oil temperature was
controlled by a circulating pump and a thermostat system at 20.0 = 0.1 “C. All measurements were run
and the samples were stored in the same climate-controlled room at 19.3 £ 0.1 °'C and 70 + 3% RH. The
time-zero for the autogenous shrinkage measurement was determined as the time instant when the scatter

of the deformation rates of replicate samples reached a constant, low level [49].
2.7 Mechanical properties

The prismatic samples of dimensions 25x25x100 mm?® for testing flexural and compressive strength of
the pastes were mixed in a vacuum mixer (Twister evolution) at 450 rpm. The vacuum mixer was
employed to limit the amount of entrained air, which has a significant impact on the strength, in
particular for the relatively small samples of cement paste tested here (whereas the impact on the
autogenous deformation after set was assumed to be negligible). The first step of dry mixing was 1 min
for all mixtures. Next, the superplasticizer pre-dissolved in the mixing water was added and mixed for
5 min. The specimens were sealed cured at 20 + 0.5 °C until testing. At least 3 specimens for each
mixture and age were tested. All pastes were tested at 1, 3 and 7 days from sample preparation. The
flexural strength was measured first in 3-point bending, followed by compressive strength measurements

on each half prism.



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

3. Results and discussion

3.1 FTIR spectra of SAP

The FTIR spectra of the SAP with different chemical structures are presented in Fig. 2. The absorption
band at 3325, 3186 and 1602 cm™ are related to the stretching and bending vibrations of N-H [50-53].
The absorption band at 2933 cm™! corresponds to the stretching vibration of C-H [54, 55]. The absorption
band at 1645 cm™ is related to the stretching vibration of C=0 [54, 56, 57]. The peak observed at
1562 cm™ is associated with the -COO™ group in the carboxylate anion [54, 58]. Furthermore, the
absorption peaks at 1479 and 966 cm™ arise from N*(CH3); stretching vibration [59, 60]. For SAP N,
the peaks detected at 3325, 1645 and 1602 cm™ indicate N-H stretching, C=O stretching and N-H
bending of the amide bands, respectively, which are characteristics of the -CONH; group in AM [51,
61]. For SAP A37, A55 and A73, the additional peak at 1562 cm™ indicates the -COO" group in the
carboxylate anion contained in AA/ANa [55]. New peaks at 1479 and 966 cm™ were detected with SAP
Z, which corresponds to the N'(CH3)s stretching vibration in MAPTAC [59, 62]. The results indicate
that the different functional groups were successfully synthesized onto the corresponding SAP types. In
addition, the SAP with high crosslinking density showed similar results to the corresponding reference
SAP type. This is consistent with the expectation that the increasing crosslinking density should have

no influence on the functional groups.
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Fig. 2. FTIR spectra of different SAP types
3.2 Absorption behavior of SAP in deionized water and pore solution

The ability to absorb water, store it and release it is the essential feature of SAP to mitigate autogenous
shrinkage. The main driving force for the water absorption and swelling is osmotic pressure for ionic
SAP (anionic SAP and zwitterionic SAP). However, for AM-based SAP, the adsorption mechanisms
are more difficult to determine. They may be the result of protonation of an amide group or the formation
of a hydrogen bond between the oxygen ion of the carbonyl group and the surface hydroxyls and/ or
hydrogen ion of NH, [63-65]. To study the absorption of SAP with different chemical structures,

deionized water and pore solution were considered (Figs. 3-5).

Fig. 3 shows the absorption kinetics of SAP with different chemical structures in deionized water. After
a rapid initial intake of water at short times, the absorption reached an effective plateau within
approximately 180 min for all SAP. In general, the maximum absorption and the initial absorption rate
were observed to increase for SAP that contained greater concentrations of anionic group in the polymer
network. With the same crosslinking density of 0.001% molar ratio, the absorption in deionized water
at 24 h of SAP A37 was almost 40% of that for SAP A55 and almost 70% of that for SAP A73 (see Fig.

4.). With the same crosslinking density, ionic SAP have a larger absorption compared with AM-based



299  SAP. The reason for this behavior is that the driving force for swelling comes from the osmotic pressure
300  (governed by the ionic groups), which is stronger than water affinity (governed by the hydrophilic
301  groups). The water affinity of PAM comes from the ability of the hydrophilic amine functionalities to
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Fig. 4. Influence of AA concentration of SAP on absorption in deionized water after 24 h.

The absorption in deionized water at 24 h of zwitterionic SAP Z is lower than for anionic SAP and
higher than for AM-based SAP (see Fig. 3.). SAP A55 and SAP Z have the same molar ratio of nonionic
group (50% molar ratio), the only difference being the 20% molar ratio of anionic group replaced by
cationic group in SAP Z. In other words, SAP A55 samples are composite with 50% molar ratio
AA/ANa group and 50% molar ratio AM group. SAP Z samples are composite with 30% molar ratio
AA/ANa group, 20% molar ratio MAPTAC group and 50% molar ratio AM group. The differences in
absorption indicate that the osmotic pressure that comes from the AA/ANa group is stronger than that
from the MAPTAC group. The absorption of SAP Z is even lower than that of SAP A37, which indicates
that the osmotic pressure introduced by the MAPTAC group is much weaker than that of the AA/ANa
group [66]. Another possible reason is that the anionic and cationic repeat groups on the zwitterionic
SAP attract each other and prevent the network from expanding [67]. As introduced above, the driving
force for swelling originating from osmotic pressure is stronger than that from water affinity and as a

consequence the absorption of SAP Z is higher than that of SAP N.

Fig. 3 also indicates that increased crosslinking density led to decreased absorption when immersed in

deionized water. This rule is valid for all samples: anionic SAP, AM-based SAP and zwitterionic SAP.
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According to Flory theory and rubber elasticity [21, 22], during the swelling process of the SAP,
equilibrium is reached between the expansion force that comes from osmotic pressure or water affinity
and the contraction force that originates from the network’s bulk modulus [23]. Thus, as the crosslinking
density increased, the bulk modulus increased as well, which led to large retraction forces within the
network and reduced the swelling ratio. The final swelling ratio at 24 h in deionized water was reported

in Table 3 for SAP containing different crosslinking densities and AA group concentrations.

Fig. 5 indicates that the absorption kinetics of the anionic SAP immersed in the cement filtrate displayed
fast absorption immediately followed by fast fluid release. The initial absorption is higher with higher
anionic group density. The fast fluid release was probably caused by Ca*" ions complexing with the
anionic groups in the network, which leads to an increase of the effective crosslinking density and
shrinkage of the SAP network [22, 28, 36]. As a result, additional uptake of the solution is blocked and
swelling is reduced. This is the reason why the higher the molar ratio of AA/ANa in the network, the
more the SAP release water. For the same reason, zwitterionic SAP and AM-based SAP showed less or

even no fluid release.

The absorption of the anionic SAP (A73, A55, A37 and A37_5) was much lower in the cement filtrate
(see Fig. 5) than in deionized water (see Fig. 3). The reason is a general screening of the charges of the
SAP and reduction of the osmotic pressure that causes swelling by the dissolved ions. In addition, the
presence of the divalent Ca®" ions in cement filtrate fundamentally changes the absorption behaviour of
anionic SAP [24]. The carboxylic group of the polymer complexes the Ca*" ions in a stable way and the
efficient anionic charge density inside the SAP diminishes [22, 25]. The now apparently uncharged
polymer chains experience a considerably lower osmotic pressure than uncomplexed chains and as a
consequence the absorption capacity is tremendously diminished. This effect of Ca’" complexation is
strongly pronounced in SAP with high anionicity. For example, with the same crosslinking density, the
absorption at 24 h is decreased by almost 100% in cement filtrate compared to deionized water for SAP
A73 and by almost 90% for SAP A37. Fig. 3 and Fig. 5 show that, on the contrary, cement filtrate has
a limited influence on the absorption of zwitterionic SAP, which decreases only by 44% compared to

deionized water. This reduction of absorption can be explained by the decrease of the osmotic pressure.
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On the other hand, unlike in the anionic SAP, in zwitterionic SAP the general screening charges by the
dissolved ions in the cement filtrate cause an opposite effect [38, 68], leading to less dramatic reduction
in absorption. The swelling characteristics of SAPs also depend on the attractive and repulsive forces
between the various charged repeat units [66]. On the one hand, the anionic and cationic repeat units of
SAPs attract each other and prevent the network from expanding. On the other hand, the repulsive forces
between anionic—anionic and cationic—cationic repeat units cause the network to expand. The swelling
characteristics of SAPs are determined by the net charge on the polymer network [67]. The zwitterionic
SAP in water has extensive intra-associations (either intra-chain or intra-group type) [69]. These intra-
associations will limit the swelling of the SAP. However, the ions from the cement filtrate break up
these ionic associations between zwitterionic monomers by shielding the positive and negative charges,
leading to the swelling enhancement [38, 69-71].The equilibrium swelling capacity of the zwitterionic
SAPs increased as the ratio of anionic to cationic repeat units deviated from unity [67]. In this study,
zwitterionic SAP has a higher molar ratio of AA monomer (anionic monomer) compared to the

MAPTAC monomer (cationic monomer).

For the AM-based SAP samples, the absorptivity was even higher in cement filtrate than in deionized
water (the absorptivity is 13.22 + 0.22 g/g in deionized water and 25.34 £ 0.67 g/g in cement filtrate for
SAP N). The AM-based SAP contain amide groups, which can be hydrolyzed to form carboxylic acid
with hydrogen that can be deprotonated at high pH (above 12), making the polymer chains responsive

to changes in pH or even to the type of ions present and their concentrations [24, 36].

Increasing the crosslinking density will also lead to decreased absorption of all SAP samples when
immersed in cement filtrate, due to the increased bulk modulus. For SAP with the same anionic molar
ratio monomer but different crosslinking density, the absorption of SAP also shows a significant
decrease in cement filtrate compared with the absorption in deionized water (see Fig. 3 and Fig. 5).
However, this decrease is more limited for SAP with higher crosslinking density. For example, the 24 h
absorptivity is decreased by almost 90% in cement filtrate for SAP A37 and by 80% in SAP A37 5.
The probable cause of this behavior is that the physical confinement imposed by the chemical crosslinks

dominates the swelling response of the SAP particles compared to electrostatic-based confinement. The
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Table 3. Final absorption at 24 h in deionized water

group concentrations is reported in Table 4.

final absorption at 24 h in cement filtrate for SAP containing different crosslinking densities and AA

Sample Absorption (g/g)
SAPN 13.22+0.22
SAP A37 234.52 +19.48
SAP ASS 320.59 +12.29
SAP A73 393.67 + 6.47
SAP Z 45.00+1.78
SAPN 5 10.29 +0.47
SAP A37 5 85.10 £ 5.66

SAPZ 5 17.75+0.44

Table 4. Peak absorption, absorption at 30 min and at 24 h in cement filtrate

Absorption (g/g)
Sample
peak 30 min 24 h

SAPN - 12.87+0.13 | 21.65+0.29
SAP A37 31.80+1.56 | 27.89+0.92 | 20.48+0.41
SAP AS5 36.81+£1.47 | 27.13+1.15 12.02+0.46
SAP A73 38.89+1.25 | 27.84+2.23 591+0.84
SAP Z 18.59+0.10 18.35+0.26 17.07£1.32
SAPN 5 - 11.51 +1.38 15.45+0.49
SAP A37 5 2528+1.33 | 21.61+£0.84 14.53£1.26
SAPZ 5 14.97 £0.84 14.13 £1.37 13.83+1.33
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Fig. 5. Absorption of SAP in cement filtrate:

3.3 Effects of SAP on the kinetics of cement hydration

The hydration kinetics of cement pastes with and without different SAP types were investigated by using
isothermal calorimetry (see Fig.6 and Fig. 7). As can be seen from the comparison of R and R1 in Fig.
6, a dormant period of 3-4 h is followed by a main heat rate peak at either 15 or 18 h, respectively. For
the pastes without SAP, the dormant period and the main heat release peak are delayed as w/c is
increased. The height of the main peaks slightly reduces with higher w/c, while the cumulative heat of
hydration increases with w/c. The results are in good agreement with the results reported in previous

studies [72, 73].

The main peaks of pastes with SAP (see Fig. 6a and Fig. 7a) are slightly lower and appear earlier
compared to R1 with the same total w/c. This finding can be explained by the desorption kinetics of
SAP. The entrained water introduced by SAP is then gradually released as pores in cement paste are
emptied by chemical shrinkage and capillary forces build up [18, 74, 75]. The alkali metal ions (K" and
Na") that come into solution after the first minutes, when the SAP are already swollen, would increase
the concentration in the pore solution [75, 76]. Therefore, the pastes with SAP show earlier main peaks

compared to the reference paste R1 with the same total w/c. On the other hand, the main peaks of pastes
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with SAP are delayed compared to the reference paste R. One possibility is that some alkali ions were
likely taken up by the SAP initially [36, 77]. Thus, the initial alkali ions concentration in the pore
solution was diluted and the main hydration peak was retarded. It is noticed that this retardation is lower

than the retardation observed when the w/c is increased [76].

It can also be seen from Fig. 6a and 7a that the main hydration peak of AM-based and zwitterionic SAP
appear slightly earlier than that of anionic SAP. One possible reason is that the carboxylic groups of
anionic SAP complexes the Ca®" ions in a stable way due to high AA, which makes anionic SAP have
stronger alkali ions absorption. The dilution of initial alkali ions concentration is more obvious for
anionic SAP. Another possible reason is that the fast liquid release after initial absorption of anionic
SAP also contributes to the dilution of the pore solution. Therefore, the main cement hydration peaks

with AM-based and zwitterionic SAP appear slightly earlier compared to anionic SAP.

Fig. 6b and Fig. 7b show that all pastes containing SAP reach higher cumulative hydration heat values
than the reference paste R. The cumulative heat of hydration of pastes with SAP exceeds that of the
reference paste R after about 24 h. This is in good agreement with a previous study [75]. The hydration
heat values of pastes with anionic SAP show no obvious difference with the reference paste R1 with the
same w/c during 3 days. The hydration heat values of pastes with AM-based and zwitterionic SAP also
show no obvious difference with the reference paste R1 with the same w/c during the first 36 h and
slightly lower values after 3 days. The stable absorption of AM-based and zwitterionic SAP in pore

solution may be the cause of this small difference.
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3.4 Autogenous deformation

Fig. 8-10 shows the linear strain of cement pastes with SAP of different chemical structure. The strain
was zeroed at the time instant when the scatter of the deformation rates of duplicate samples reached a

constant, low level [49]. Each curve shows the average of two measurements.

The reference mixtures R and R1 continued to shrink significantly over time (see Fig. 8). As expected,
mixture R with lower w/c shows higher autogenous shrinkage. When compared to the SAP-free
reference paste R and R1, adding any type of SAP reduced the autogenous shrinkage. This is worth
noting considering that all mixtures with SAP had the same total w/c (0.354) as the paste R1. As
observed previously [78], in this w/c range autogenous shrinkage was not eliminated by just increasing
free water (corresponding to a difference in w/c between R and R1: from 0.300 to 0.354), it was only

slightly reduced.

Fig. 8 shows that anionic SAP were able to induce rapid expansion during the first day and continuous,
slow expansion after that. According to Krafcik and Erk [32], if the SAP begin releasing the absorbed
pore solution fluid around initial set, the fluid will fill the capillary pores next to the SAP, from which
it is transported further into the still highly permeable matrix. This mechanism of water redistribution
from the SAP had been already proposed by Wyrzykowski et al. [74]. On the contrary, according to
Schrofl et al. [28] SAP with high AA and fast fluid release are only efficient as internal curing agents at
very early age, until all the fluid is released. In the present study, SAP with high AA molar ratio led to
fast fluid release in pore solution, but also showed excellent internal curing performance. Our new
results agree with [32] and may confirm the mechanism of fluid release and redistribution already

proposed in [74].

Fig. 9 shows the autogenous deformation of pastes with AM-based and zwitterionic SAP. Both AM-
based and zwitterionic SAP show stable storage (i.e. no release of the absorbed solution) in cement pore
solution (see Fig. 5). The addition of both SAP types also reduced autogenous shrinkage significantly

compared to the reference pastes. The paste with SAP Z exhibited intense expansion during the first day
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and slight expansion later, while the paste with SAP N exhibited smaller expansion during the first day
and slow shrinkage later on. Free desorption of pore solution by SAP is apparently sufficient to eliminate
shrinkage and induce expansion already in the first hours after final set. Among the absorption of SAP
examined in cement filtrate in this study, the sequence of absorption before 30 min was A73 > AS5 >
A37>7>N (see Fig. 5). This order is almost the same as the initial expansion of paste containing SAP,
with the only exception of SAP Z. It is worth noting that all mixtures with SAP have the same amount
of entrained water, which means that the dosage of different SAP types is different. Whereas the dosage
of SAP with high absorption at 30 min is lower than that of SAP with low absorption, the SAP with
higher absorption show better internal curing performance. Good internal curing performance is
characterized by steady, moderate expansion that does not turn into shrinkage in the period of testing.
As the initial particle size distributions in the dry state of all SAP types are very similar, it appears that
larger internal curing reservoirs introduced by SAP with high absorption demonstrate better internal
curing performance (this was already observed in [78], where the same SAP type with different sizes
was examined). The crosslinking density of the SAP also impacted the autogenous deformation of
cement pastes (see Fig. 10). Comparing A37 and Z, the internal curing performance of A37 SandZ 5
was worsened when the crosslinking density increased. On the contrary, no significant difference
between N and N_5 was observed. The reason may also be caused by the reservoir size introduced by
SAP. The absorption of A37 and Z decrease with increasing crosslinking density, but the absorption of

N and N_5 was similar. This is consistent with the results obtained above.

The origin of the often observed early-age expansion in cementitious materials with internal curing may
be caused by crystallization pressure of hydration products. For the case of SAP, it is possible that the
modification of portlandite formation may play a decisive role in early age expansion, while ettringite
precipitation might also contribute [34, 79]. The phenomenon of early-age expansion was previously
reported and discussed by Sant et al. and Zuo et al. [34, 80]. Although no SAP was used in those studies,
portlandite formation was discussed as the main reason for the early-age expansions observed. The pore
solution saturation level has been related to the size of crystals and the magnitude of crystallization
stresses. Considering that pore fluid absorption by the SAP likely increases the saturation level, this may

contribute to the expansion of pastes with SAP.
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3.5 Effect of SAP on the compressive strength of cement paste

Fig. 11 shows the compressive strength of cement pastes with or without SAP as a function of age. The
basic w/c is 0.300, while the w./c is 0.054 for all pastes with internal curing. As expected, the reference
paste R with w/c=0.300 showed higher strength than R1 with w/c=0.354 and the compressive strength
of all pastes increased with age. According to previous studies, the effect of SAP addition on the
compressive strength of concrete could be a counterbalanced result of several factors [15, 81]. On the
one hand, the large voids introduced by SAP after releasing water may in general have negative
influence on the compressive strength [82]. In this regard, the size of the SAP voids and portlandite
precipitation into the voids may play a role. On the other hand, cement hydration may be enhanced by

the addition of SAP that provides extra curing water [75].

In this study, all pastes with SAP showed lower compressive strength compared with the reference paste

R. This is expected, since the w/c of paste R is lower than the total w/c of the mixture with different
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types of SAP, as the initial porosity of paste R is lower and additional voids are introduced by SAP
particles for mixtures with SAP. On the other hand, two way analysis of variance (ANOVA, with SAP
type and age as factors) suggested no significant difference (P-value of 0.18) between R1 and the pastes
with different SAP types at 3 d and 7 d. This is also expected considering that the total w/c is the same,
the initial porosity is the same and the final degree of hydration is expected to be similar. However, the
compressive strength of pastes with different types of SAP at 1 d increased by 11-27% compared to that
of the reference R1, with the only exception of SAP N. This may be caused by the acceleration of
hydration observed in isothermal calorimetry (see Fig. 6 and Fig. 7) and discussion above. Although
small differences exist between the pastes with different SAP, no significant trend could be seen
regarding the SAP type (anionic, AM-based or zwitterionic) when all ages are considered together (as
shown by a two-way ANOVA with SAP type and age as factors; the P-value for the type factor was >
0.3). When only the age of 3 d and 7 d are considered, the type of SAP becomes moderately significant
(according to ANOVA, with P-value of 0.02). Slightly lower strength were found at these ages for pastes

with zwtterionic SAP.
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4 Conclusions

This study investigated the effect of the chemical structure of SAP on their absorption capacity and on
the efficiency of internal curing. SAP with different density of ionic groups, different types of ionic
groups and different crosslinking density were synthesized. The main experimental outcomes are as

follows:

(1) The absorption of SAP in cement filtrate was strongly decreased in comparison to deionized
water. SAP with high density of anionic groups showed rapid absorption in cement filtrate,
immediately followed by desorption. SAP with low density of anionic groups showed more
limited desorption in cement filtrate. The liquid desorption ranged from 35 to 85% of the
maximum absorption. No desorption was observed with SAP of only non-ionic groups or both
anionic and cationic groups in cement filtrate.

(2) Increments in crosslinking density in ionic and zwitterionic SAP resulted in decreased
equilibrium absorptivity both in deionized water and cement filtrate. On the contrary,
increments in cross-linking density in non-ionic SAP had a small effect on the absorptivity. SAP
with high crosslinking density were less sensitive to the solution environment.

(3) All SAP synthesized in this paper counteracted autogenous shrinkage, albeit to different extents.
When the amount of entrained water was the same, SAP with high absorptivity before 30 min
showed better internal curing performance. Contrary to some previous studies, also SAP with
rapid liquid release after initial absorption in the teabag experiments were able to eliminate
autogenous shrinkage. Zwitterionic SAP showed excellent internal curing performance.

(4) SAP with different chemical structures showed no significant negative influence on the
compressive strength of cement pastes when the total water-to-cement ratios were the same as
in a reference paste without SAP. Cement pastes with different types of SAP showed slightly
higher compressive strength at 1 day compared to a reference paste with the same total w/c,

while the compressive strengths are close to the reference paste at 7 days.
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