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Abstract
Global efforts to minimise carbon dioxide emissions are also leading to attempts
to use calcined clays (CC) as a partial substitute for cement in concrete. While
the hydration mechanism of such CC blended cements is now well understood,
the range of effective admixtures like polycarboxylate ethers (PCE) is limited.
There are PCE types that promise relatively high effectiveness, but the mecha-
nisms of action are not yet sufficiently understood. For a detailed understanding
of the adsorption of such PCEs, spatially resolved studies of the binder were per-
formed using a combination of fluorescence and scanning electron microscopy.
In a comparison of two superplasticisers, the investigations have shown differ-
ent sites of preferred adsorption in a CC blended system and the results can be
correlated with flow tests and setting behaviour. The investigations have shown
that a certain PCE type has a higher adsorption on CC and other components of
a blended system in comparison to other types.
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1 INTRODUCTION

As the production of cement clinker is currently respon-
sible for approximately 8% of total annual worldwide CO2
emissions1 due to both the high temperatures required for
the burning process and the chemical conversion of the
raw material (CaCO3 → CaO + CO2), efforts are being
made to largely substitute Portland cement clinker (OPC)
withmaterials of lower climate footprint. For this purpose,
supplementary cementitiousmaterials (SCM) can be used,
such as granulated blast furnace slag, fly ash, silica fume or
calcined clays.2 Calcined clays (CC) are promising substi-
tutematerials, as the raw clays can be calcined atmoderate
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temperatures of below 850◦C3 (compared to OPC, which
must be burned at around 1450◦C4) and do not release
CO2 through their own chemical conversion. CC blended
cements show a sufficient strength development5 and have
a relatively high water demand6 due to the high specific
surface area and the platelet-like shape of the particles. In
such blended systems, usually limestone and an additional
sulphate carrier in the form of gypsum are also added.7
The demand for building materials such as concrete

will increase worldwide,8 this requires more durable and
higher performance building materials in terms of cli-
mate compatibility. This higher performance is intended
to extend the life cycle of buildings, which should
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contribute to greater sustainability. There is already a range
of purely cementitious high or ultra-high performance
concretes (HPC and UHPC), which can meet the desired
performance, but alternative or highly substituted systems
are hardly found in this performance range.9 The high per-
formance of UHPC is achieved through a high packing
density and low capillary porosity. In order to achieve this,
thewater to binder ratio (w/b)mustmostly be set at relative
low values between 0.20 and 0.30.10 This is accomplished
through the use of admixtures, typically polycarboxylate
ethers (PCE), which are inadequate or ineffective in many
alternative or highly CC-substituted systems.11,12 PCEs
consist of a polymer that has a ‘comb structure’ consisting
of a chain of carboxyl groups, which are called backbone
and polyether side chains extending from them. The syn-
thesis of such polymers is performed by copolymerising
the respective monomers for the backbone, for example
acrylic acid, maleic anhydride or methacrylic acid, with
the respectivemacromonomer for the side chain, for exam-
ple α-allyl-ω-hydroxy poly(ethylene glycol) (APEG type
PCE) or methoxy poly(ethylene glycol) methacrylate ester
(MPEG type PCE).12 In addition to such structures, there
are also PCEs with other charge groups, which can also be
cat- or zwitterionic, but they have so far played a subor-
dinate role in the industry. The conventional PCEs have
a similar mechanism of action; the carboxyl groups are
deprotonated in the alkaline pore solution of a cement
paste and therefore carry negative charges. The charge
causes adsorption on positively charged particle surfaces,
including the C3A, C4AF clinker phases aswell as the early
hydration product ettringite. By adsorbing on these sur-
faces, the positive charge is shielded on, so that there is
a higher electrostatic repulsion between the particles due
to the remaining negative charges. Additionally, there is a
strong steric repulsion between the long side chains of the
PCE, which together shows a strong dispersing effect on a
cement paste.
It is known that the superplasticiser type is particularly

important when using CC. Various studies have shown
that the copolymer of acrylic acid as backbone monomer
and α-methallyl-ω-hydroxy poly (ethylene glycol) ether as
macro monomer (HPEG) has a high liquefaction effect in
CC blended cements.13–15 It is assumed that the higher
effectiveness is due to a higher adsorption of the HPEG
PCE on the CC.12 Nevertheless, how the adsorption of a
PCE is distributed in a finished blend of CC, limestone,
sulphate carrier and OPC is difficult to measure indi-
rectly (typically by total organic carbon or zeta potential
measurements). Therefore, amicroscopic approach should
showhow the adsorption of anHPEG is distributed in com-
parison with another APEG type PCE. Such approaches
have been carried out in the past on pure fresh cement
pastes. For example, fluorescencemicroscopy studies were

performed on model particles (synthetic tobermorite, alu-
minium oxide, synthetic ettringite) and correlated with
the zeta potential of the respective suspension.16 In addi-
tion, studies were conducted on fresh pastes to track the
retarding effect of various PCE superplasticisers.17
The methodical procedure described in Refs. 16 and

17 can be used in a modified form to visualise PCEs in
a fluorescence microscope (FL) and to be able to follow
the adsorption in spatial resolution. For this purpose, the
PCE molecules are covalently coupled with a fluorescent
marker (fluorophore) and analysed on a suitable prepara-
tion. By preparing the particles in the dry state, additional
scanning electron microscope (SEM) images of the binder
particles was taken in order to compare them with the
fluorescence images.

2 MATERIALS ANDMETHODS

2.1 Powders and chemicals

To keep the system as simple as possible, pure raw mate-
rials were selected for the production of the pastes. The
cement used should contain as few constituents as pos-
sible and should have a high clinker factor in order to
determine on which clinker phases the respective PCE
will primarily adsorb. For this reason, a white cement
CEM I 42.5 from Dyckerhoff was chosen because of its
high clinker content and because the clinker consisted only
of tricalcium silicate alite (C3S, Ca3SiO5), dicalcium sili-
cate belite (C2S, Ca2SiO4) and tricalcium aluminate (C3A,
Ca3Al2O6) and contained no aluminoferrite phase (C4AF,
Ca2(Al,Fe)2O5). The second largest mass fraction in the
binder mixture was made up of CC;Metastar 501 HP from
Imerys with a high metakaolin content was used for this
purpose. This material had a high degree of purity and a
high amorphous content. The product Kalksteinfüller KSF
60/3 fromFels-WerkeGmbHwas used as limestone powder.
It is a commercial product approved for use as a concrete
additive in self-compacting concrete. Hemihydrate can be
used as a sulphate source in such systems; stucco from
Knauf was used for this purpose. The material was a gyp-
sum binder A1 according to EN 13279-1. According to the
data sheet, the proportion of organic components was less
than 1%.

2.2 Sample preparation

Pastes of a limestone, calcined clay and Portland cement
were produced, with a content of 50% of Portland cement.
The w/b was kept constant at 0.50 and the PCE content
is set to 1% by weight of binder (bwob). Table 1 shows
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TABLE 1 Composition of the used paste for microscopy.

Component Percentage (%) Weight (mg)
Calcined clay 30 105
Hemihydrate 5 17.5
Limestone 15 52.5
Cement 50 175
Stained PCE 1 (bwob) 3.5
Water – 175

F IGURE 1 Preparation of samples for microscopy from a
defined paste.

the composition of the dry substances and the resulting
weights for one sample vessel.
For microscopic examination, this firmly defined paste

should reflect the distribution of the PCE. Methodolog-
ically, this cannot be accomplished using the above-
mentioned, existing setup17,18 because the particles are
placed in a suspension on a microscope slide. To achieve
the required particle separation, the fine fraction of the
powder had to be separated and thew/b had to be adjusted
to 5 in these publications. To overcome this disadvan-
tage and to bring the w/b to that of a real binder system
like shown in Table 1, the particles and the PCE must be
separated from the pore solution and fixed on a suitable
support for microscopy. This can be accomplished by cen-
trifugation and repeated washing of the supernatant from
the binder particles. Consideration should be given as to
whether, and in what time frame, significant desorption
of PCE from the particles will occur. Previous studies on
solid particles using the method of Arend et al.18 com-
bined with the steps C, D and E shown in Figure 1 have
shown that washing off a PCE with deionised water can-
not be measured on both inert and reactive particles over
an extended period of time. Therefore, the method was
expanded to include stepsA and B in order to separate the
PCE-occupied particles from the liquid; the experiments
were already able to provide high-resolution images of the
PCE distribution on pure white cement.19

To prepare the samples, the dry substances shown in
Table 1 were weighed into a vessel. The PCE was dissolved
in water in a second vessel. After the PCE has completely
dissolved, the liquid was mixed with the dry substances in
a vortex mixer like shown in Figure 1, step A. The mix-
ture was left to rest for 15min with occasional mixing, then
5 mL of water were added and centrifuged at 3000 rpm for
5 min (step B). The procedure was repeated. A last wash
cycle was carried out with 5 mL isopropanol. The particles
were dispersed again in 5 mL isopropanol, picked up with
a pipette and 10 drops are dripped onto a filter (step C).
After drying, the powder was transferred in a stream of air
to a glass surface freshly spin-coated withM-glass (Merck)
like shown by step E. Spin coating (stepD) was performed
by dropping the liquid film onto a cutted microscope slide
and rotating at 5000 rpm for 2 s.

2.3 Superplasticisers and staining

PCEs of HPEG and APEG type were obtained from Prof.
Plank’s group at the Department of Chemistry at the
TU Munich. In order to observe the PCEs in a fluo-
rescence microscopic measurement, a staining reaction
was performed. This reaction involves attaching a flu-
orophore, Rhodamine B (Rhod B), to a PCE molecule
through a covalent bond. The reaction involves the for-
mation of a reactive intermediate from the PCE using 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysuccinimide (NHS). The intermediate can then
couple with Rhod B to produce a fluorescent PCE-marker
molecule by using ethylenediamine (EDA) as a linker
molecule. The synthesis is carried out like shown in
Figure 2 out in two steps, Rhod B (1) has a carboxyl group
that can be activated with EDC and NHS to form a reactive
NHS ester with Rhod B (2).20 Analogously, the respective
PCE (3) can be activated in parallel with EDC and NHS in
order to be able to covalently bind with a primary amine
of the EDA molecule (4) while still in the solution. The
product (5) of this reaction step is a molecule in which the
PCE is connected to the EDA by an amide bond. The prod-
ucts of the two partial reactions can also be linked with the
same reaction; the amine group of the PCE-EDA interme-
diate (5) is covalently bound to the activated Rhod B (2).
The product is a PCEmolecule attached to the Rhod B flu-
orophore via two amide groups and two carbon atoms (6).
During the reaction, a by-product urea species is formed.
In each of the three partial reactions, the EDC is oxidised
by a carbodiimide to a urea; NHS has a catalytic effect. This
by-product, catalyst and unreacted educts can be separated
from the desired product through dialysis due to its large
difference in molar mass compared to the PCE (EDC =

155.24 g/mol, NHS= 115.09 g/mol, EDA= 60.1 g/mol, Rhod
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F IGURE 2 Staining of a PCE with Rhodamine B.

B = 479.02 g/mol). Figure 2 illustrates the combination of
the reactants.
The staining reaction was carried out as follows: 4 g cal-

culated from the respective solid content of the PCE were
given into a flask and filled up to 48 g. 28.8 mg (1.5 ×
10−4 mol) EDC and 6.9 mg (6 × 10−5 mol) NHS were
dissolved in 1 mL 2-(N-morpholino)ethanesulphonic acid
(MES) buffer solution and given to the solution. 20 µL
(18 mg, 3 × 10−4 mol) EDA was given to the solution. In
a vial, 14.4 mg (3× 10−5 mol) Rhod B, 5.8 mg (3 × 10−5 mol)
EDC and 6.9 mg (3 × 10−5 mol) NHS were dissolved in
2 mL MES buffer and stirred for 2 h at room tempera-
ture. After stirring, themixture from the vial was given into
the flask and stirred for 5 days at room temperature. After
stirring, the mixture was given into a dialysis tube with a
molecular weight cutoff (MWCO) of 3.5 kDa and fixedwith
locking clamps. The filled dialysis tube was fixed in a 5 L
bucket, filled up to 4.5 L and stirred for 5 days with every-
day water exchange. After 4 days, the dialysis water was
clear.

2.4 Fluorescence microscopy

The fluorescence images were taken with a Leica M
205 MA microscope on fixed particles like schematically
shown in Figure 3. A bandpass filter with wavelengths of
525–560 nm (green light) was used for excitation and a
bandpass filter with 590–650 nm (red light) for emission.
The exposure time was set to 5 s at maximum inten-
sity. The substrate produced in Section 2.2 was therefore
a microscope slide with fixed particles on it. Centrifuga-
tion and washing in turn results in the particles being
covered with the respective fluorescent PCE. As shown in
Figure 3, the fluorescence signal is only emitted by the
PCEmolecules, which means that only these are visible in
fluorescence mode. In order to obtain a comparison with
the localisation of the particles, reflected light images are
recorded.

F IGURE 3 Fluorescence microscopy applied on fixed particles
with adsorbed fluorescent PCE.

A light source emits polychromatic light, and a band-
pass filter (indicated in green) is used to filter out only the
desired excitation wavelength. The excitation light is then
initiated into the lens system of the microscope using a
dichroic mirror (in this case, a low pass filter that reflects
frequencies over the cutoff frequency). After the sample
is excited, the objective collects the emitted light from the
sample, which has a higher wavelength than the exciting
light (indicated in red). The collected light passes through
the dichroic mirror, emission filter and ocular before being
detected. The emission filter is necessary because the emit-
ted light is not monochromatic. Typically, the emitted light
consists of a spectrum of all wavelengths higher than the
excitation wavelength, so the wave band of interest must
be filtered out before reaching the detector.
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KOSENKO et al. 219

F IGURE 4 Reflected (A, B) and adjusted fluorescent light images (C, D) of the particles (equivalently brightened).

2.5 ESEM

The samples were analysed using ESEM. Measurements
were made on a FEI QUANTA 250 FEG ESEMwith a volt-
age of 15 kV and a vacuum of approximately 5× 10−2 mbar.
Acquisitions were made in backscattered electron (BSE)
mode of the raw materials and the samples of the binder.
Images of the rawmaterials and samples of the binderwere
taken in order to be able to compare the substances in the
samples. With the ESEM images of the samples obtained,
the fluorescence images are to be used to determine which
particles the respective PCE adsorb on.

2.6 Fresh concrete properties

In addition to the fundamental microscopic investigations,
the effects of PCEs on the fresh and hardened concrete
properties are also of great interest for further applications.
Therefore, the flowability of the resulting pastes was tested
using a ‘mini-slump’ test derived from DIN EN 1015-3 in
which the dimensions of the slump funnel were halved.
These small dimensions were chosen due to the limited
availability of the respective PCE.

3 RESULTS

3.1 Fluorescence images

The reflected light images were used to determine the par-
ticle localisation on the samples. A first look showed a
different distribution of the particles on the samples. This
is due to the preparation method, which is difficult to
control because the distribution of particles on the sur-
face cannot be controlled by the airflow like shown in
Figure 1, step E. In addition, precise control of the part
coverage on the filter in step C has been inadequate. How-
ever, the distribution of fluorescence intensity between
samples with HPEG and APEG differs significantly. Here
it can be recognised for APEG that the fluorescence on
certain particles is strongly increased while other parti-
cles are hardly visible or not visible at all (comparison
of Figure 4A and C). If the comparison is made for a
sample with HPEG (Figure 4B and D), although the flu-
orescence intensity does not have such high peak values as
with APEG, it appears to be uniformly distributed over the
entire material.
If the fluorescence signal is assumed to be representa-

tive of the coverage of the particles with the respective
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F IGURE 5 ESEM pictures of the raw materials for production of the pastes.

PCE, the distribution of HPEG is uniform while APEG
favours certain locations. It can be seen from the images
that the intensities differ between the two PCEs. This is
due to the different molar masses of the PCEs, since the
same mass of both PCEs was used for the staining reac-
tion. This results in a different number of stained -COOH
groups, which changes the absolute intensity values. This
circumstance does not allow a comparison of the absolute
adsorption values of the two PCEs. Because there is no
quantitative comparison, but a determination of the pre-
ferred adsorption sites on the particles, this circumstance
can be neglected for the evaluation.

3.2 Comparison between ESEM and
fluorescence results

ESEM images were taken and compared with the fluores-
cence images obtained to visualise the surfaces on which
the respective PCE is adsorbed. The measurements were
performed in BSE mode to distinguish the particles mor-
phologically based on the particle shape. For this purpose,
the morphology of the rawmaterials, shown in Figure 5, is
compared with the products obtained. Since white cement

is a finished product, there is a small number of other
ingredients in the mix in addition to clinker like sulphate
carrier. Thematerial shown inFigure 5A represents clinker
particles of different sizes. Distinguishing between the sul-
phate carrier mostly consisting of hemihydrate (Figure 5B)
and limestone (Figure 5C) presents a greater challenge due
to their similarmorphology. CC is relativelywell to identify
due to their flat morphology, as shown in Figure 5D.
Figure 6 shows the white marked area of the taken flu-

orescence images of the samples shown in Figure 4D. The
ESEM image in Figure 6A shows agglomerates of CC, lime-
stone, ettringite and not dissolved calcium silicate phases
which were marked with different colours. Figure 6B, on
the other hand, shows the pure fluorescence signal from
the marked section. A superimposition of both images
shows the distribution of the FL signal on the respective
particles as shown in Figure 6C. In the superimposition
can be seen that theHPEG appears to be evenly distributed
across most components of the mixture. Deviations in the
distribution can be found on the supposed ettringite-rich
area marked in the image in purple, where adsorption is
highest, and on the supposed limestone marked in blue,
where it is lowest. For better visualisation, the area of the
fluorescence signal in Figure 6C is framed in blue.
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KOSENKO et al. 221

F IGURE 6 ESEM-BSE image (A), fluorescence image (B) and superimposition of BSE with the fluorescence signal of HPEG (C).

In contrast to the uniform distribution of HPEG,
APEG shows a high spatial dependence of adsorption.
Figure 7 shows the marked area of the fluorescence image
Figure 4C. Larger calcium silicate phases surrounded by
assumed ettringite-rich agglomerates of CC, limestone and
gypsum can be recognised, which can be recognised by the
colouredmarkings in Figure 7A. In comparison, the super-
imposition of the ESEM-BSE image and the FL-image
(Figure 7B) in Figure 7C shows that the adsorption of
APEG on ettringite appears to be favoured. The biggest dif-
ference to theHPEG samples is that the difference between
the adsorption at these favoured sites and the nonfavoured
sites is relatively large.
From theESEMandFL images, it can be seen thatHPEG

shows a wide distribution on different components of a
blended binder system. A comparison of the areas identi-
fied from the raw materials for the different components
of the system shows that the adsorption on ettringite is
increased, but there is also significant adsorption on alite,
belite and CC.
APEG, on the other hand, is primarily due to the ettrin-

gite formed or possibly the tricalcium aluminate that has
not totally yet dissolved underneath. It has little or no
affinity for the other components of the mixture.

3.3 Flowability

Themixture fromTable 1 was scaled up to obtain amixture
volume of 50 mL; the w/b was lowered to 0.30 and stirred
for 2 min with a hand mixer. With the deliberately low
w/b selected, the paste without PCE was not flowable, so a
value of 5 cmwas selected to describe the spread flow based
on the dimensions of the outlet cone. Figure 8D shows
the obtained pastes with the respective spread flow val-
ues. Without superplasticiser, the material is earth moist
(Figure 8A); with APEG (Figure 8B), a plastic paste is cre-
ated, which has an extremely low flowability. When using
HPEG (Figure 8C), an enormous liquefaction effect can be
seen, so that the material runs very unevenly.

4 DISCUSSION

The superimposition of the fluorescence images with the
ESEM images shows that the adsorption of HPEG and
APEG on the paste of a CC-substituted cement differs. The
adsorption of theHPEGPCEused shows less extreme pref-
erence for one of the components of themixture compared
to APEG. There is an increased adsorption on ettringite,
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F IGURE 7 ESEM-BSE image (A), fluorescence image (B) and superimposition of BSE with the fluorescence signal of APEG (C).

but the adsorption on C3S, C2S and CC is also increased
in relation to the maximum value. Based on the images
obtained, no more precise information can be given about
the adsorption of HPEG on limestone or gypsum, since the
measured areas did not contain sufficient particles of these
components.
It can therefore be stated that the HPEG PCE has an

increased adsorption on CC, limestone and the sulphate
phases, which leads to an improved liquefaction effect.
However, given the small structural difference between
the two PCEs used, the reason for this behaviour cannot be
mechanistically explained. It can be stated that the dialysis
washed out any unreacted monomers contained in the
copolymerisation during the staining process, so that the
higher liquefaction effect can actually be attributed to the
type of PCE and not to unwanted components in the poly-
mer. TheHPEGPCEused is amoleculewith relatively long
side chains. The side chains of polyethylene glycol (PEG)
are known to have a chelating effect on alkali and alkaline
earth metals similar to that of crown ethers.21 It is known
that the side chains can receive a positive charge from
the ions they contain,22 thereby become bifunctional23
and therefore adsorb on the negatively charged calcium
silicate phases and CC in the observed system.

APEG seems to attach primarily to the C3A phase and
allegedly on the rapidly forming ettringite on it, which
often contains the other components to which APEG
seems to attach only marginally. The results from the flu-
orescence microscopic measurements therefore correlate
with themeasured flow properties of the pastes. A possible
explanation for the behaviour of the APEG superplasti-
ciser lies in the general competitive adsorption between
SO4

2− ions and PCEs on ettringite.24 If the formation of
ettringite is formed by dissolved C3A and sulphate ions
in the solution, then dissolved Ca2+ ions from the C3A
phase are a starting material for the precipitation reac-
tion. However, APEG is known to have a high chelating
effect for Ca2+ ions due to maleic anhydride as back-
bone monomer.25 The idea is therefore that APEG must
have a high affinity for tricalcium aluminate and ettrin-
gite. Previous studies comparing APEG with other PCE
types have also shown this retarding effect and prevention
of early hydration products.17 These studies have shown
that APEG forms a barrier layer so that water is prevented
from reaching the cementitious phases. This also led to a
delay of several weeks in C3S hydration.18 However, the
presented study here only looks at a time point shortly after
mixing.
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KOSENKO et al. 223

F IGURE 8 Resulting pastes and measured spread flow values.

Summarising, the flowability of mixes containing APEG
is lower than for HPEG at the same dosage.

5 CONCLUSION AND OUTLOOK

The following statements can be made based on fluores-
cence images, ESEM images and flow tests:

a. For the selected system made of white cement, CC,
limestone and sulphate carrier, a high liquefaction
effectwas observedwith aHPEG superplasticiser, while
an APEG superplasticiser used only showed amarginal
effect.

b. The fluorescence microscopy images show a very dif-
ferent distribution for the two PCEs. This shows that
HPEG is more widely distributed on the particles while
APEG favours certain areas.

c. Comparing ESEM, light and fluorescence microscopy
can be used to determine which phases and surfaces
PCE prefers to adhere to.

d. The microscopic results correlate with the measured
macroscopic material properties.

The work shown here also raises further questions
regarding both the preparation method and the results
obtained. Methodologically, there is still a need for optimi-
sation in terms of particle distribution and fixation, as the
film used seems to partially creep onto the surface of the
particles to be analysed, which makes the evaluation more
difficult. The solution can be achieved by further adjust-
ing the spin coating and deposition steps. The retardation
effect caused by APEG can be observed by time-dependent

measurements; coupling with ESEM allows a precise anal-
ysis of the educts aswell as the products and the adsorption
of PCE on them. In a further step, the samples can
potentially be used to study the desorption of the respec-
tive sample in the presence of sulphate ions in more
detail.
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