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Abstract

Encapsulation and controlled release of active agents is a common practice to improve processing
and properties of materials and final products in different industries. Today, a large variety of
chemical admixtures are used in construction materials, the performance of which could be im-
proved by a better dosage control. This work presents investigations on the controlled release of
encapsulated construction chemicals for future applications in construction materials. The high
shear mixing technology was used to produce matrix based encapsulations by agglomeration ap-
plied to commercially available construction materials. The agglomeration process was varied by
the use of different agitator types, the variation of the agitator speed and the application of addi-
tional coating materials. The particle size distribution as well as the particle shape of the pro-
duced agglomerates was analyzed by automatic image evolution and scanning electron microsco-
py- The release behavior of the capsules in aqueous solutions was investigated by UV spectrosco-
py- The obtained results confirmed a theoretical model for the encapsulation and release of ad-
mixtures, which was derived from pharmaceutical drug release concepts and adapted to construc-
tion materials. The results indicate that the matrix based encapsulation is a promising technique
for future applications in the field of construction materials.
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1. Introduction

The process ability of cementitious systems is governed by the chemical and mineralogical cement composition,
most notably the content and modification of tricalcium aluminate (C;A), the content of soluble sulfates and the
composition of the pore solution during the early stage of the hydration. It is strongly affected by physical para-
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meters like the particle size distribution, the specific surface area and particle-particle interactions as well as the
water cement ratio (w/c). Beyond that, the construction chemical industry provides a wide range of chemical
admixtures, e.g. superplasticizers, retarders and accelerators, to improve the fresh and hardened material proper-
ties of construction materials. Looking at the mixing process, it is the dosing time of the chemical admixture,
which has a significant impact on the fresh material properties due to the rapid hydration reaction of C;A in ce-
ment after first contact with water and concurrent surface growth [1]-[5]. The high surface area of the first hy-
dration products often result in an adsorption of chemical admixtures, which are overgrown by later hydration
products with the consequence of a sharp loss in performance. With regard to the early hydration process, a de-
layed release of chemical admixtures would be desirable to enhance the material properties and reduce the
amount of chemical admixtures for future applications.

In the fields of pharmacy, nutrition and fertilizer, encapsulation is already a well established practice to gen-
erate such controlled release behavior. In general, encapsulation systems can be divided into core@shell par-
ticles and matrix based morphologies as illustrated in Figure 1. Core@shell particles are characterized by a lig-
uid or solid core of active material which is covered by a single or a multiple shell around the core. For matrix
based encapsulations, the active agent is bound in a solid matrix material which is partially or completely so-
luble. The drug release of the matrix type encapsulation primarily depends on the properties of the matrix ma-
terial whereas for core@shell particles several release mechanisms can be applied, e.g. by diffusion, osmotic
pressure or dissolution of the membrane [6]-[10]. Normally, solid materials are encapsulated by coating or ag-
glomeration techniques whereas liquid materials are encapsulated by an additional shell, based on different
physical or chemical processes. The use of encapsulation systems for the controlled admixture delivery could
improve the handling, safety, processing and performance of a wide range of construction materials which are
used in civil engineering for future, e.g. dry mix mortars, self-healing agents etc. This could result in an ecolog-
ical as well as economic benefit for the construction industry.

It was shown by the authors in a previous work that it is possible to produce matrix type encapsulations based
on supplementary cementitious materials (SCMs) containing chemical admixtures with delayed release behavior
[11]. The obtained results confirm the theory that the production process, the resulting particle size distribution
as well as the release behavior of the encapsulated admixtures is mainly influenced by a combination of the ma-
terials viscosity and the mixing energy which is introduced in the mixtures during the agglomeration process. As
shown in Figure 2(a), a high binder viscosity, due to a combination of low water and high superplasticizer con-
tent in the mixture, combined with a low energy input during the agglomeration yields in fly ash coated super-
plasticizer particles. The dissolution of these encapsulations is retarded by the time span needed for washing off
the fly ash coating from the particles surface. With increasing energy input or decreasing binder viscosity during
the agglomeration process, a larger proportion of the binder liquid is pressed towards the particle surface result-
ing in a faster admixture release in aqueous solution as given in Figure 2(b). Nonetheless, the high shear ag-
glomeration technique provides an easy and reproduceable possibility to encapsulate construction chemicals in

(a) (b)

Figure 1. Illustration of a core@shell particle (a) and a matrix type encapsulation (b), based

on[10].
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Figure 2. Encapsulation and dissolution mechanism of the agglomerates depending on the binder viscosity and/or
the energy input during the agglomeration process, based on [11].

SCM based agglomerates with retarded release behavior. Due to the maximum mean dissolution time of the ag-
glomerates of 3.6 min, the objective of this research is to retard the release behavior by particle optimization
which was done by a variation of the mixing tool used, the tool speed during the agglomeration process as well
as by the application of different coating materials.

2. Materials and Methods

2.1. Encapsulation and Coating

The encapsulation by high shear agglomeration was carried out using a standard fly ash which is commonly
used as SCM for mortar and concrete applications and a dry superplasticizer powder based on melamine sul-
phonate. The particle size distributions and the median particle size dsy of both materials were determined by la-
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ser granulometric analysis (Malvern Mastersizer 2000, UK) and are given in Figure 3(a). Before the agglomera-
tion, fly ash and superplasticizer were homogenized with a combination of 80/20 wt.-% in a high shear mixer
(Eirich R02, Germany) using a star agitator with an impeller speed of 500 rpm for 120 s and counter-rotating
mixing pot on level 1. The water saturation point of the premixed mixtures was determined by the Puntke test
[12], which is a common method in building technology to investigate the water demand of fines.

During the mixing process, 2500 g dry mixture were agglomerated by the addition of 260 g of tap water
which was sprayed in by a hand pump within 300 s (vessel speed 1, agitator speed 76 rpm). After the water ad-
dition, all mixtures were agglomerated for 600 s with a varying agitator type and tool speeds between 440 and
2083 rpm. The two used agitator types, a star and a pin agitator, are depicted in Figure 3(b) and Figure 3(c).
Due to the equal agitator diameters, the tool speeds of the agitators were comparable. Following, the samples
were coated in a second step by the extra addition of an ordinary Portland cement CEM I 42.5 R (5.0 to 7.5
wt.-% of the production mass) or a silane based dry hydrophobic agent powder (3.0 to 5.0 wt.-% of the produc-
tion mass) and further mixing for 60 s with a tool speed of 178 rpm. The mixture compositions of the coated ag-
glomerates are given in Table 1.

—&—fly ash, d,;, = 5.8 ym
—A— superplasticizer, d., = 60.6 ym

2 e
& g
0,1 1 10 100 1000
particle size [um]
(a) (b) (c)

Figure 3. (a) Particle size distribution of the basic materials, different agitator types used during the agglomeration process;
(b) star agitator; (c) pin agitator.

Table 1. Mixture composition of the coated agglomerates.

Mixture Mixing tool Tool speed [rpm] Coating material [wt.-%)]
Ml 660 - -
M2 - -

C2.5.0 5.0
Star agitator 2083 Cement
C2.75 7.5
H2 3.0 3.0
Hydrophobic agent
H2 5.0 5.0
M3 - -
C3.5.0 5.0
Pin agitator 1902 Cement
C3_75 7.5
H3_3.0 3.0
Hydrophobic agent
H3 5.0 5.0
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2.2. Particle Size Analysis

The particle size distribution was characterized with the automatic image evolution system Camsizer® (Retsch
Technology, Germany) in a particle size range of 0.3 to 30 mm. The analysis yields the particle size distribution,
the median particle size ds, and the specific particle surface (S,) according to Equation (1).

sum of particle surfaces [mz]

S, = [m"] (1)

sum of particle volume [m3]

2.3. Scanning Electron Microscopy (SEM)

The surface of the agglomerates was investigated by scanning electron microscopy (SEM). To ensure good
conductivity conditions during the investigations, the samples were sputtered with platinum. The observations
were done with a SEM Zeiss Supra 25 (Carl Zeiss AG, Germany).

2.4. Admixture Release

The admixture release behavior of the agglomerates was determined by UV spectroscopy (UV-1650PC, Shi-
madzu, Japan). The successful determination of the dissolution of melamine based superplasticizers in aqueous
solutions is reported by Spanka and Thielen [13] within a wavelength area between 200 and 400 nm. However,
the determination in high alkaline solutions like cementitious materials is difficult, since high pH values enhance
the main transmission peak of the UV spectrum of melamine based admixtures at 228 nm [13]. Due to this, the
dissolution behavior of the granules was investigated in deionized water and concurrent mixing with a magnetic
stirrer.

To assess fluctuations of superplasticizer concentration of the agglomerates, the admixture content was ana-
lyzed before by the loss of ignition up to 1000°C. In all cases nearly the complete superplasticizer content was
found in the produced granules. Furthermore, to evaluate the influence of the agglomerate size on the admixture
release behavior, uncoated agglomerates were classified by sieve analysis before the determination of the ad-
mixture release.

To evaluate the dissolution behavior of the agglomerates, a Weibull function as given in Equation (2) was fit-
ted to the obtained data from UV spectroscopy, which allows a complete fit of the dissolution rate [14] [15].

W, = (1—e‘<"")” )-100 ?)
with
W, = dissolved admixture content after t [%]
t = time [s]

k = scale factor [s ']

d = form factor [—]

After fitting, the dissolution behavior of the agglomerates was evaluated by the calculation of the mean dissolu-
tion time (MDT) which is a common method in pharmacy and medicine since the early 1980s. The MDT (cf. Eq-
uation (3) and Figure 4) is defined as the mean time to yield the release of the admixture content [16] [17].

MpT = ABC )

t
with
MDT = mean dissolution time [min]
ABC = area between the curves [min-%]
0, = released admixture content after t [%]

3. Results and Discussion

3.1. Influence of Tool Type and Tool Speed on the Particle Shape and Admixture Release

The influence of the tool type and the tool speed on the particle size distribution of the produced agglomerate
capsules is shown in Figure 5. Furthermore, the influence of the tool speed on the median particle size dso and
the specific agglomerates surface S, is depicted in Figure 6.
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Figure 4. Admixture release and mean dissolution time of matrix based encapsulations, based on [ 16].
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Figure 5. Particle size distributions of selected matrix based capsules agglomerated with the star agitator respectively and the
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Figure 6. (a) Median particle size dso and (b) specific particle surface S, of the produced agglomerates.
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Independent of the agitator type used, a minor fraction of very fine particles below 0.1 mm was found at tool
speeds up to 1736 rpm as given in Figure 5. Probably, these particles are very small agglomerates or a rest of
the starting material, which was not agglomerated during the process. The major particle fraction in a range be-
tween 0.1 and approx. 2 mm was mostly influenced by the tool speed. If the materials were mixed with a slow
agitator speed of 660 respectively 951 rpm, an inhomogeneous slope of the particle size distribution was ob-
served with a peak at a particle size of approx. 0.4 mm as marked by the arrow in Figure 5(b). With increasing
agitator speed the slope of the particle size distribution is more homogeneous due to a continuous growth of the
agglomerates. The particle fraction with a size above 2 mm is comparable for all agglomerates independent of
the impeller speed used up to 1736 rpm and independent of the tool type used. With a further increase of the tool
speed during the agglomeration process to 2083 respectively 1902 rpm bigger agglomerates with a narrow par-
ticle size distribution were obtained.

As depicted in Figure 6(a), the median particle size ds, of the produced agglomerates was nearly constant at
0.5 mm up to an impeller speed of approx. 1500 rpm. Subsequently, it rose up with the increasing impeller speed.
A significant influence of the agitator type used was not observed. The particle size of the agglomerates was
only influenced by the speed of the mixing tool. Based on the agglomeration model described above, a consoli-
dation of first formed agglomerates takes place with an increasing impeller speed. Due to the consolidation inner
water or binder liquid was pressed out of the agglomerates. The moistening of the particles surface facilitates an
additional accumulation of fine particles or the bridging of small agglomerates to bigger ones.

The data given in Figure 6(b) indicate that the maximum value of the specific particles surface S, was
reached with an impeller speed between 1000 and 1300 rpm. With increasing tool speed first agglomerates were
formed. Due to the agglomerate formation the specific particle surface S, was increased. However, with a further
increase of the tool speed above approx. 1300 rpm the particle surface was decreased. With increasing mixing
energy (or tool speed), a consolidation of the formed agglomerates takes place. Due to this consolidation, water
and/or binder liquid from the agglomerates core is pressed to the particles surface. This second wetting step faci-
litates the bridging of small agglomerates to bigger particles accompanied by a decrease of the specific particle
surface S,.

The dissolution behavior of the particle fractions of the agglomerates M1, M2 and M3 is given in Figure
7(a)-(c). In all cases the dissolution of the agglomerates was well approximated by the Weibull function de-
scribed above. Figure 7(d) depicts the calculated mean dissolution time MDT with respect to the particle frac-
tion. Comparing the results for the agglomerates M1 and M2 (cf. Figure 7(a) and Figure 7(b)) the dissolution
of the admixture was slightly decreased with increasing tool speed. Furthermore, the dissolution was also
slightly decreased with increasing particle size, which is observable in the shift of the approximated dissolution
functions to later times as given in Figure 7(b). The investigations of the dissolution of the agglomerate M3 in
Figure 7(c) lead to similar results. Even if the biggest particle fraction 2.0 to 4.0 mm yielded a maximum disso-
lution of approx. 80%, any qualitative differences of the approximated dissolution function were obtained.

Generally, a decrease of the dissolution velocity with increasing particle size can be expected. This tendency
could be observed as depicted in Figure 7(d). Furthermore, the MDT of agglomerate M2 was slightly increased
compared to agglomerate M1. For agglomerate M3 a slower dissolution velocity of the smaller particles was
observed which approached to that of the other agglomerates with increasing particle size. However, the linear
regression depicted in Figure 7(d) yields a slope of only 0.17 with a R* = 0.96. Due to the small gradient angle,
it is quite difficult to retard the admixture dissolution of the investigated agglomerates only by an enlargement of
the particle size.

The particle shape as well as the particle surface of the fraction 1.0 to 2.0 mm of the agglomerates M1, M2
and M3 is shown in Figure 8. While agglomerate M1 seems to have a flat particle shape and porous micro-
structure, agglomerate M2 is characterized by a nodular particle shape and a denser surface microstructure (cf.
Figure 8(a) and Figure 8(c)). The more compact appearance of agglomerate M2 compared to agglomerate M1
can be explained by the higher impeller speed which was applied during the agglomeration process leading to an
enrichment of the binder in the surface region. This is confirmed by surface analysis at higher magnification as
shown in Figure 8(b) and Figure 8(d). Comparing the particles surfaces in Figure 8(b) and Figure 8(d), sig-
nificant differences are observable. The surface of agglomerate M1 in Figure 8(b) is characterized by the
ball-shaped fly ash particles which are loosely glued by interparticle bridges. For agglomerate M2, the primary
fly ash particles are completely coated. The glue respective the coating is based on the superplasticizer which
was dissolved by the water during the agglomeration and was transported to the surface region during the
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Figure 7. Dissolution functions of (a) M1; (b) M2; (c) M3 depending on the particle size; (d) correlation between the
calculated mean dissolution time MDT and the agglomerate size.

consolidation.

Agglomerate M3 has nearly the same particle shape as agglomerate M2 (cf. Figure 8(e)). However, the sur-
face of this agglomerate was quite different. As can be seen in Figure 8(f), it is characterized by a cover of fly
ash particles mixed with a second particle type of different shape. We assume that the later result from super-
plasticizer which was deformed during the agglomeration. However, presumably due to the lower impeller
speed during the agglomeration process, the agglomerates of mixture M3 appear less compact compared to
mixture M2. Due to the variation of the impeller used, as well as the slightly decreased impeller speed, agglo-
merate M3 was less consolidated compared to agglomerate M2. Because of the differences in the compaction,
agglomerate M2 is completely covered with superplasticizer whereas such coating could not be observed for ag-
glomerate M3.

3.2. Influence of the Coating on the Admixture Release

To further retard the dissolution behavior, the agglomerates were provided with an additional coating consisting
of either a cement layer or a dry hydrophobic agent powder. The cement layer should mechanically stabilize the
outer shell of the particle to prevent a fast mechanical dissolution. However, the hydrophobic agent should dis-
tract the water from the matrix type particle to prevent solving by direct contact with water. The dissolution
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Figure 8. SEM images of classified agglomerates (1.0 - 2.0 mm) from mixtures M1, M2 and M3.

behavior in aqueous solution of both modifications is depicted in Figure 9(a) and Figure 9(b). Figure 9(c) de-
picts the calculated mean dissolution time of the different agglomerates. Looking at the agglomerate types M2
and M3 before coating, the dissolution times MDT of 0.5 min for M2 and 0.6 min for M3 are quite comparable.
The slight difference results from higher superplasticizer content available on the particles surface. This en-
hances the dissolution behavior of the admixture and approves the assumption of the model of controlled release
described in Section 1.

With the additional cement coating of M2, the dissolution was slightly retarded compared to the uncoated
sample independent of the cement content added while the corresponding MDT was slightly decreased (cf. Fig-
ure 9(c)). Compared to M2, the retarding effect of the cement coating at agglomerate type M3 was found to be
stronger and again independent of the content added. As given in Figure 9(c), the MDT of the uncoated particle
M3 was doubled from 0.6 min to 1.2 min by the additional cement coating.

A stronger retardation of the admixture dissolution was achieved by a coating based on hydrophobic agents.
With this type of layer, an obvious correlation between the amount of the hydrophobic agent and the dissolution
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Figure 9. Dissolution functions of (a) M2 and (b) M3 with different additional surface coatings; (c) calculated mean dissolu-
tion times MDT in aquous solution (c).

time could be observed for all agglomerate types investigated. With increasing amount of the hydrophobic agent,
the onset of dissolution was continuously shifted towards later time. The corresponding MDTs given in Figure
9(c) confirm the observations. With the addition of the hydrophobic coating, the MDT was significantly ex-
tended in all cases with a maximum span up to 6 minutes. This means that the high shear mixing technology in
combination with hydrophobic treatment enabled the controlled release of active agents with retardation times in
the range of several seconds up to 6 minutes.

SEM pictures of agglomerate type M3 with an additional coating of cement resp. hydrophobic agent reveal
characteristic differences in surface morphology in Figure 10. On the one side, the cement coated agglomerate
shows a particle surface comparable to the reference mixture without an additional coating. However, additional
cement grains of crushed shape are observable at the agglomerates surface with increasing cement content (cf.
Figure 10(b) and Figure 10(d)). On the other side, the hydrophobic agent coated particles are characterized by a
thin cover at the surface (cf. Figure 10(e) and Figure 10(g)). The SEM pictures of the agglomerates surface in
Figure 10(f) and Figure 10(h) depict that the characteristic agglomerates surface is completely different to that
of the uncoated agglomerate M3 in Figure 8(f). This observation confirms the effect of the additional coating of
the hydrophobic agent which results in the delayed release of the admixture as presented in Figure 9(c).
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Figure 10. SEM images of classified agglomerates (1.0 - 2.0 mm) from mixtures M2 and M3 with additional coating of
cement (a)-(d) or hydrophobic agent (e)-(h).
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4. Conclusion

The encapsulation of construction chemicals is a promising technique to enhance the properties of different con-
struction materials. Based on first matrix based granules, which were produced by the use of the high shear
agglomeration technique, a spectrum of controlled release profiles of the admixture was realized. This was done
by a variation of the mixing tool used, the tool speed during the agglomeration process as well as by the applica-
tion of different coating materials. The relevant parameters were identified as follows:

e The release behavior of the encapsulated admixture was mostly influenced by the tool speed, which was ap-
plied during the agglomeration process. In contrast, the tool type used had no significant influence on the
dissolution of the agglomerates in water.

¢ An influence of the particle size on the admixture release was also observed due to the varying specific sur-
face of the particles. However, this effect was too small to retard the admixture release significantly.

e Furthermore, an additional coating based on cement and a dry hydrophobic agent powder proved to be a
powerful instrument to significantly prolong the dissolution time of the agglomerates. Comparing both coat-
ing materials, the hydrophobic agent yielded better results. The mean dissolution time of the agglomerates
could be enhanced from approx. 0.6 min for the uncoated particle to approx. 6.0 min for the particle coated
with the hydrophobic agent.

The present results confirm a model for the encapsulation of construction chemicals with later delayed release
behavior, which is reported in a former publication. Future research will focus on the possible application of the
matrix based encapsulation of construction chemicals in construction materials like dry mix mortars.
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