TUTi

Technischen Universitat Munchen
Lehrstuhl fur Bauchemie

Ersatz von Lithiumcarbonat als Beschleuniger fur
Calciumaluminatzemente: Untersuchungen zur Wirkung und
Aufklarung des Mechanismus von beschleunigenden

Biopolymeren
Alexander Adrian Engbert
Vollstandiger Abdruck der von der Fakultat fur Chemie der Technischen
Universitat Minchen zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Prof. Dr. Klaus Kohler

Prufer der Dissertation: 1. Prof. Dr. Johann Plank
2. Prof. Dr. Thomas Bruck
3. Prof. Dr. Josef Felixberger (schriftliche Beurteilung)
apl. Prof. Dr. Anton Lerf (mindliche Prifung)

Die Dissertation wurde am 30.11.2020 bei der Technischen Universitat
Muinchen eingereicht und durch die Fakultat fur Chemie am 01.03.2021
angenommen.



Die vorliegende Arbeit entstand in der Zeit von Dezember 2016

bis September 2020 unter der Anleitung von
Herrn Prof. Dr. Johann Plank

am Lehrstuhl fur Bauchemie der Technischen Universitat Minchen.



“The greatest danger facing us is ourselves - our irrational fear of the unknown. But there's no such
thing as the unknown. Only things temporarily hidden, temporarily not understood.”

E. W. Rodldenberry, Drehbuch fiir “The Corbomite Maneuver”

And at last 1 resolved to scale that tower,
il though Imight;

since it were better to glimpse the sky and perish,
than to live without ever beholding day.

— HP LOV€€7’.5:Z/% “The Outsider”



Mein besonderer Dank gilt

Herrn Prof. Dr. Johann Plank

fur die Aufnahme in seinen Arbeitskreis, sein personliches Interesse und dafir, dass er
das Gelingen dieser Arbeit ermdglicht hat. Ebenso flr sein Engagement, mir einen
Forschungsaufenthalt bei der Firma SE Tylose in Wiesbaden, unter Betreuung von

Herrn Heiner Klehr, im Rahmen meines Masterstudiums zu ermoglichen.

Mein weiterer Dank gilt:

- der Deutschen Forschungsgemeinschaft (DFG) fur die Férderung dieses Forschungs-
projekts unter der Sachbeihilfe PL-472/13-1.

- der Firma Imerys (fruher Kerneos) fur die grozugige Bereitstellung von Zementen

sowie Herrn Andreas Eisenreich (Fa. Imerys) fur den fachlichen Austausch.

- den Firmen KIMICA, Roeper, Eurogum, Nabertec und Quarzwerke fir die materielle

Unterstutzung mit Produktproben von Alginaten, Biopolymeren und Fullstoffen.

Personlich mochte ich mich bedanken bei:

- meinen Teamkollegen der Faschingsvorlesung fur die stets tolle Zusammenarbeit und
all den Spald an den Versuchen. Vielen Dank, Dr. Johannes Stecher, Dr. Stefanie
Gruber, My Linh Vo und Christopher Schiefer sowie Matthias Werani und Matthias
Theobald.

- meinen Laborgefahrten Marlene Schmid, Florian Hartmann, Christopher Schiefer und

My Linh Vo fir das langjahrige gute Miteinander.

- im Besonderen Herrn Christopher Schiefer flr die freundschaftliche Zusammenarbeit

und intensive Diskussion und Unterstutzung im Labor.

- sowie auch Herrn Florian Hartmann fur die vielen Gesprache nach Feierabend und beim
Sport.

- allen verbleibenden Kollegen und Ehemaligen fur die jahrlange gute Zusammenarbeit,
Dr. Lei Lei, Dr. Thomas Hurnaus, Dr. Claudia Chomyn, Manuel llg, Timon Echt, Johann
Mekulantesch, Dominik Staude und im Besonderen unserer Laborantin Dagmar Lettrich
fur inre kraftige Mithilfe.



-den Studenten Christopher Schiefer, Luis Schnurer und Richard Foja fur ihr
Engagement und ihre Mithilfe bei der Laborarbeit im Rahmen ihrer Praktika und
Abschlussarbeiten.

- Frau Dr. Oksana Storcheva fur die Durchfuhrung vieler Messungen am Festkorper
NMR-Spektrometer der Fakultat fur Chemie und Herrn Thomas Burger (Lehrstuhl fur
Technische Chemie |, Prof. Hinrichsen) flir die Messungen am ICP-OES des
Arbeitskreises von Prof. Nilges (Synthese und Charakterisierung innovativer

Materialien).

Herzlich bedanken mochte ich mich auch bei all meinen Freunden, die mich seit der
Schule Uber das Studium hinweg begleitet haben, auch wenn ich wahrend meiner
Promotion nur wenig Zeit mit Innen verbringen konnte. Im Besonderen mochte ich Herrn
M. Ed. Benjamin Stoger danken fur seine Unterstutzung und die vielen schonen Abende
und Wochenenden, die den Ausgleich zur Promotion geliefert haben. Auf viele weitere

gemeinsame Jahre.

Zuletzt, aber an wichtigster Stelle, mochte ich insbesondere meinen Eltern Miranda und
Werner Engbert meinen ewigen Dank aussprechen dafir, dass Sie mich intensiv
wahrend meiner Ausbildung unterstitzt und das Studium der Chemie sowie die
anschlieBende Promotion ermdglicht haben. Ebenso meiner Tante Lidija Oluji¢ und
meinem Onkel Mark Petri fur die Unterstlitzung und nicht zuletzt auch fir das Lesen
dieser Arbeit. Auch meinen Grofeltern, insbesondere meiner Gro3mutter Jugoslava
Oluji¢ (T 2020), die die Fertigstellung dieser Arbeit nicht erleben durften, méchte ich

gedenken.






PUBLIKATIONSVERZEICHNIS

Publikationen

Diese Arbeit basiert auf folgenden wissenschaftlichen Veroffentlichungen, wobei nur die

Publikationen mit den Nummern 1 - 4 naher diskutiert werden:

Veroffentlichungen in internationalen Zeitschriften mit peer-review Verfahren:

1

Engbert A., Gruber S., Plank J. (2020) The effect of alginates on the hydration of

calcium aluminate cement. Carbohydrate Polymers, 236, 116038.

Engbert A., Plank J. (2020) Identification of Specific Structural Motifs in Biopolymers
That Allow to Effectively Accelerate Calcium Alumina Cement. Industrial &
Engineering Chemistry Research, 59(26), S. 11930-11939.

Engbert A., Plank J. (2020) Templating effect of alginate and related biopolymers as
hydration accelerator for calcium alumina cement - A mechanistic study. Materials &
Design, 195, 109054.

Engbert A., Plank J. (2020) Impact of Sand and Filler Materials on the Hydration

Behavior of Calcium Aluminate Cement. Journal of the American Ceramic Society,
104(2), S. 1067-1075.

Veroffentlichungen in Tagungsbanden mit peer-review Verfahren:

5

Engbert A., Plank J. “The Unusual Behaviour of Specific Biopolymers as Accelerator
in Alumina Cement”, 15th International Congress on the Chemistry of Cement (ICCC),

Prague (Czech Republic), 2019, Conference proceedings, Contribution ID: 101.

Engbert A., Plank J. “Specific biopolymers as accelerator for alumina cement”,
Calcium Aluminates - Proceedings of the International Conference 2020 (Cambridge,
UK), Whittles Publishing, Scotland.

Hartmann F., Engbert A., Plank J. “Towards understanding the ageing behaviour of
SLU formulations: Impact of prehydration on individual components and role of
admixtures”, Calcium Aluminates - Proceedings of the International Conference 2020
(Cambridge, UK), Whittles Publishing, Scotland.

Die Publikationen 5 - 7 sind dem Anhang unter Abschnitt 7.6 beigefugt.


https://doi.org/10.1016/j.carbpol.2020.116038
https://doi.org/10.1021/acs.iecr.0c01620
https://doi.org/10.1016/j.matdes.2020.109054
https://doi.org/10.1111/jace.17505

| PUBLIKATIONSVERZEICHNIS

Veroffentlichungen in Tagungsbanden ohne peer-review Verfahren:

8 Engbert A., Dinkel M., Plank J. "Alginate als neue Beschleuniger fur Aluminat-
zemente", Tagung der GDCh-Fachgruppe Bauchemie, Weimar (Germany), GDCh
Monographie 52, 2017, S. 53 — 58.

9 Engbert A., Dinkel M., Plank J. "Biopolymers as Novel Accelerators for Alumina
Cement", 20. ibausil, Bauhaus-Universitat Weimar (Germany), Tagungsband 1, 2018,
S. 819 — 826.

10 Engbert A., Plank J. "Biopolymers As Novel Accelerators For Alumina Cement",
European Coatings Show — Conference, Nurnberg (Germany), 2019, Contribution
20.1.

Die Publikationen 8 - 9 sind dem Anhang unter Abschnitt 7.6 beigefugt.

Alle Publikationen wurden mit Einverstandnis der Rechteinhaber abgedruckt.



INHALTSVERZEICHNIS [l

Inhaltsverzeichnis
1. Einleitung und Aufgabenstellung ... s 1
P I =1 o111 (1 T PSP 1
1.2 AUfgabenstellung ... e 4
2. Theoretischer Hintergrund ... 5
2.1 CalciumaluminatZement...........coooo i 5
211  Herstellung und ZusammenSetZUNG ..............uuuuummmmimimiiiiiiiiiiaeee 5
2.1.2 Hydratation VON CAC ... e 7
2.1.3 Beschleunigung durch Lithium-Kationen ...............ccviiiiiiiiiiii e, 12
N = 110 o o Y/ 4 1T o S 14
/227250 N N (o 1T 15
2,22 PEKUN oo e e e as 18
2.2.3  CArTAQEEN. ... 18
2.2.4 Verdickende Wirkung von Polymeren in Zement...............ccooeeeiiiiiiiieenennnn. 19
2.3 Charakterisierung bauchemischer Materialien...................cccooviiiiiiiiiiniceeenn, 21
2.3.1 Isotherme Warmeflusskalorimetrie ..............oeoeviiiiiiiiii e 21
2.3.2 Bestimmung von Druck- und Biegezugfestigkeit .............ccccciieiiiin, 22
2.3.3 Rontgendiffraktometrie ........ ... 24
2.4 Analytische MethOden...........uuuiiiiiiiiiiiiiiiii e 25
241 Quantifizierung der Zementhydratation mittels MAS-NMR-Spektroskopie..25
2.4.2 lonenkonzentrationen in der Zementporenlosung (ICP-OES) .................... 26
2.4.3 Bestimmung des Zeta-Potentials von Alginat ............c.cccooooiiiiiiiinneennn, 27
2.4.4 Untersuchungen zur Kristallisation von Hydratphasen ................ccccccuunnee. 28
3. Ergebnisse und DiSKUSSION ... s 31
3.1 Publikation 1: Beschleunigender Effekt von Alginat in CAC..............cccccunnnnnes 35
X 0t O A U 157 T o 41T ) 2= TS TS0 g Vo 35
3.1.2  VeroffentliChUNG..........e i 37
X 0 IRC T Vo o =Y o To L1 o [ PP TP PPPPPRRRPP 54
3.2 Publikation 2: Strukturmerkmale beschleunigender Biopolymere ..................... 57
3.2.1  ZUSAMMENTASSUNG ...evtiitiiiiiiiiiiiiiiiiiiiiieieiee e snesnenennne 57
3.2.2  VeroffentliChUNG.........uu i 59

3.2.3  AdAendUM .....oiiiiiiii i 72



IV INHALTSVERZEICHNIS

3.3 Publikation 3: Wirkmechanismus beschleunigender Biopolymere ................... 75
3.3.1  ZusammeENfasSUNG ......coooviiiiiiee e 75
3.3.2  Veroffentlichung ........cooeiiiiiiiiiiiiieeee e 77
B TR TG TR Yo Lo 1= o o 11 o ¢ 94

3.4 Publikation 4: Beschleunigender Effekt von Fullstoffen auf CAC ..................... 95
3.4.1  ZuSamMENTASSUNG ....coeviiiiiiiiiiiiiiiiiii ittt e e 95
3.4.2  VeroffentliChung........ooooiiiiiiiiiiiiieeeeeeeee e 97
1 2000 S Vo (o 1= o T 0o o 111

4. Zusammenfassung und AUSDIICK ........cccooiiiiiiiiiii s 113
5. Summary and OULIOOK .........coeeeeeiiiiii e e e e e nnnnas 117
6. LiteraturverzeiChnis ... 121
7 21 2 - 5 T 135

7.1 Wirkung von Alginat und Fullstoff bei niedrigem w/z-Wert ..........ccccccevvveennn. 135

7.2 Untersuchungen mit reinen CAC-KIinkerphasen..........ccccccccvviiiiiiiiiiiiiinennnnne. 136

7.3 Untersuchungen zum temperaturabhangigen Verhalten............cccccccccennnnn. 141

7.4 XRD-Analyse der C-A-H-Alginat-Oberflache..........cccccccoiiiiiiiiiiiiiiiiiiiiinnnnn. 145

7.5 Weitere REM-Aufnahmen zur C-A-H-Kristallisation ............cccccvvvvvvviviiinnnnnnn. 146

7.6 KonferenNzbeitrage ........oiiiiiiiieeeee e 152



ABKURZUNGSVERZEICHNIS V

Abkilirzungsverzeichnis

BET

Blaine

°C
CAC

CCD
cm’’
CPS
d10/50/90
Da

DE

DIN EN

FT-IR

g
GPC

ICP-OES

kDa
kg

LDH

mbar
mg
min

mL

Brunauer, Emmett und Teller, Methode zur Bestimmung der spezifischen
Oberflache eines Feststoffs

Methode zur Bestimmung der (Mahl-)Feinheit eines Pulvers Uber die
Permeabilitat gegenuber durchstromender Luft

Grad Celsius

engl. calcium aluminate cement, dt. Calciumaluminatzement, auch als
Aluminatzement oder Tonerdeschmelzzement bezeichnet

engl. charge-coupled device

Reziproke Zentimeter, Wellenzahl, Einheit bei FT-IR Spektroskopie

engl. cement pore solution, dt. Zementporenldosung

Einheit der KorngréRenverteilung (massengemittelter Partikeldurchmesser)
Dalton, g/mol, Einheit der atomaren Masse bzw. Molekilmasse

engl. degree of esterification, dt. Veresterungsgrad

Europaische Norm, die als Deutsche Industrienorm (DIN) Gbernommen
wurde

Fourier-Transformations-Infrarotspektroskopie
Gramm
Gelpermeationschromatographie

engl. inductively coupled plasma optical emission spectrometry,
dt. optische Emissionsspektrometrie mittels induktiv gekoppelten Plasmas

Joule

Kilodalton, 1 kDa = 102 Da

Kilogramm, 1 kg = 103 g

Liter, 1 L =1 dm3 = 1000 cm?® = 1000 mL

engl. layered double hydroxide, dt. Mischmetallhydroxid
Molare Masse, Einheit: g/mol

Millibar, 1 mbar = 10-3 bar

Milligramm, 1 mg =103 g

Minute

Milliliter, 1 mL =1cm3=103dm3=103L
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mV Millivolt, 1 mV =103V

mW Milliwatt, 1 mW = 103 W

um Mikrometer, 1 um = 10% m

uS Mikrosiemens, 1 uS =10% S

MAS engl. magic angle spinning, Methode der Festkorper-NMR-Spektroskopie
Mn Zahlenmittlere Molmasse eines Polymers

MPEG w-Methoxypoly(ethylenoxid)

Mw Gewichtsmittlere Molmasse eines Polymers

M/G Verhaltnis von Mannuron- zu Guluronsaure

nm Nanometer, 1 nm = 10°m

N/mm? Newton pro Quadratmillimeter, Mal fir die Druck- und Biegezugfestigkeit
NMR engl.: nuclear magnetic resonance, dt. Kernspinresonanz

OPC engl. ordinary Portland cement, dt. Portlandzement

PCE Polycarboxylatester/-ether

PDI Polydispersitatsindex (Mw/Mn)

PEG Polyethylenglykol

PGA Propylenglykolalginat bzw. Hydroxypropylalginat

pH pondus hydrogenii, MaR fir die Saurestarke (einer Losung), pH-Wert
REM Rasterelektronenmikroskopie

SEM engl. scanning electron microscopy, dt. Rasterelektronenmikroskopie
SSA engl. specific surface area, dt. spezifische Oberflache

Upm Umdrehungen pro Minute

wt. % engl. percent by weight, dt. Gewichtsprozent

w/b Masserelation von Wasser zu Bindemittel (,Wasser/Bindemittel-Wert*)
wi/c engl. water-to-cement ratio, dt. Masserelation von Wasser zu Zement
wi/f Masserelation von Wasser zu Feststoff (,Wasser/Feststoff-Wert®)

w/s engl. water-to-solid ratio, dt. Masserelation von Wasser zu Feststoff
w/z Masserelation von Wasser zu Zement (,Wasser/Zement-Wert®)

XRD engl. X-ray diffraction, dt. Réntgenbeugung bzw. -diffraktometrie

XRF engl. X-ray fluorescence spectroscopy, dt. Rontgenfluoreszenzanalyse
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Zementchemische Notation

Historisch bedingt hat sich in der Zementchemie eine eigene Kurzschreibweise etabliert,

wobei anstatt der chemischen Elementsymbole folgende Abkirzungen fir die Oxide

verwendet werden.

Abkiirzung Oxid
A Aluminiumoxid (Al203)
C Calciumoxid (CaO)
F Eisenoxid (Fe203)
H Wasser (H20)
M Magnesiumoxid (MgO)
S Siliciumdioxid (SiOz2)
T Titandioxid (TiOz2)

Hieraus ergeben sich folgende Kurzschreibweisen fir Klinker- bzw. Hydratphasen:

Abkiirzung Klinker-/Hydratphase

CsA Tricalciumaluminat, CasAl20s

C12A7 Mayenit, Dodecacalciumheptaaluminat, Ca12Al14033

CA Monocalciumaluminat, CaAl204

CA2 Grossit, Calciumdialuminat, CaAl4sO7

C2AS Gehlenit, Ca2AlSi207

C4AF Brownmillerit, Tetracalciumaluminatferrit, Caz(AlxFe1-x)20s5

C20A13M3S3 Pleochroit, Q Phase, Ca20Al26Mg3SizOes

CsS Alit, Tricalciumoxysilikat, Ca3(SiO4)O

C2S Belit, Larnit, Dicalciumsilikat Ca2(SiO4)

CT Perowskit, CaTiO3

CsFT Tricalciumferrotitanat, Sharyginit, CasFe2TiOs

AHs Aluminiumhydroxid, Al(OH)s3

C-A-H Calcium-Aluminat-Hydrat

CAH1o Ca[AlI(OH)4]2-xH20, CaAl2(OH)s(H20)2-xH20

C2AHs Caz[Al(OH)s]2-xH20, [Ca2Al(OH)s]" [AI(OH)4-xH20]~
CsAHe Katoit, Cas[Al(OH)s]2

C4AHx Caz[Al(OH)7]-xH20, 2([Ca2Al(OH)s]"OH-xH20)
C2ASHs Stratlingit, Ca2Al2Si0O7-8H20, Ca2Al[(OH)sAISiO2(0OH)4]-xH20
C-S-H Calcium-Silikat-Hydrat
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1. Einleitung und Aufgabenstellung
1.1  Einleitung

Zement, aus dem Lateinischen ,caementum® fur ,Baustein®, ist ein Werkstoff auf
anorganischer Basis, der durch Zugabe von Wasser zur Reaktion gebracht wird und zum
Festkorper aushartet. Der namensgebende ,opus caementitium®, welcher bereits flr die
Errichtung von Bauwerken wie dem Pantheon im romischen Reich verwendet wurde, war
ein Kalkmortel mit vulkanischer Asche [1-3]. Dieser erhielt seine Festigkeit durch eine
Calcium-Alumosilikat-Hydrat-Phase und Stratlingit [4]. Das Wissen um die Herstellung

dieses Bindemittels verblasste mit dem Untergang des Romischen Reiches [3].

Erst gegen Ende des 18. Jahrhunderts begann durch die Beteiligung von John Smeaton
und James Parker das Zeitalter des ,modernen® Zements [1-3]. Der von James Parker
patentierte Romanzement (bei welchem es sich allerdings nicht um einen Zement im
heutigen Sinne handelt) war ein Baukalk mit puzzolanischen Bestandteilen. Dieser wurde
durch die Erfindung des Portlandzementes Anfang des 19. Jahrhunderts rasch aus dem
Markt verdrangt. Dessen Entwicklung und weitere Verfeinerung geht auf Joseph Aspdin
und seinen Sohn William Aspdin zurlick [1]. Heute ist Portlandzement (kurz: OPC) mit
einer Produktionsmenge von 4,1 Mrd. Tonnen im Jahr 2019 ein unverzichtbarer Baustoff
[5]. Zusatzlich zum Hoch- und Tiefbau haben sich eine Vielzahl von Anwendungsgebieten

im Bereich der Trockenmortel (u.a. im Innenausbau) fur OPC entwickelt.

Neben dem Portlandzement gibt es eine Vielzahl weiterer spezialisierter Zemente und
Bindemittel. Hierzu zahlen neuere Entwicklungen wie Calciumsulfoaluminat-Zement,
Geopolymere oder Belit-Ye’elimit-Ferrit-Zement, aber auch bereits etablierte Bindemittel
wie Magnesiabinder, Bariumzement, Phosphatbinder und Aluminatzement. Bezogen auf
die Produktionskapazitat sticht dabei der Calciumaluminatzement (kurz: CAC) wegen

seiner vielfaltigen Spezialanwendungen hervor [1,6—-10].

Calciumaluminatzemente zeichnen sich besonders durch ihre schnelle Festigkeits-
entwicklung (< 24 Std.), ihre chemische Widerstandsfahigkeit sowie ihre Temperatur-
bestandigkeit aus. Diese werden, verglichen mit OPC, aufgrund ihres deutlich héheren
Preises nur in relativ geringer Menge hergestellt. Daher werden sie bevorzugt in
Schnellreparaturmorteln, unter aggressiven Bedingungen (z.B. Schwarzwasser oder
Salzwasser) und in Feuerfestanwendungen (bis 1800 °C) verwendet. Ein wichtiger

Einsatzbereich fur Calciumaluminatzemente ist allen voran der Trockenmortel (binare
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und ternare Bindemittel), in denen sie gemischt mit Calciumsulfat (Anhydrit oder

Halbhydrat) und gegebenenfalls Portlandzement verwendet werden [1,2,11,12].

Chemisch unterscheiden sich CACs sowohl beziglich ihrer Eigenschaften, ihrer
Zusammensetzung als auch ihrer Reaktivitat mit Wasser jedoch grundlegend von
Portlandzementen. Hierbei gilt es allerdings zu beachten, dass CACs nicht fur tragende
Anwendungen empfohlen bzw. zugelassen sind, da diese aufgrund einer spater
einsetzenden chemischen Umwandlungsreaktion an Endfestigkeit verlieren. Dieses als
,Konversion‘ bezeichnete Phanomen kann allerdings durch Einsatz eines niedrigen
w/z-Wertes (< 0,4) kompensiert werden [1,2].

Fir ihren Einsatzzweck kdnnen Calciumaluminatzemente durch unterschiedlichste
Zusatzmittel, u.a. Verzdgerer, Beschleuniger, Fliel3mittel, Latex-Polymere und Stelimittel,
auf ihre Anwendung optimiert werden. Im Besonderen soll in dieser Arbeit die Rolle des
Abbindebeschleunigers betrachtet werden. In der Anwendungspraxis werden hierflr
Lithium-Salze eingesetzt, wie beispielsweise das haufig verwendete Lithiumcarbonat
(Li2CO:s3).

Da Lithium allerdings fur die Produktion von Li-lonen-Akkumulatoren unabdingbar ist, war
hier in den letzten Jahren ein stetig steigender Bedarf zu beobachten, der sich auch in
der Preisentwicklung von Lithium wiederspiegelte [13]. Der in Abbildung 1 gezeigte Preis
einer Tonne Li2COs zeigt eine kontinuierliche Steigerung Uber die letzte Dekade. Parallel
zum Preisanstieg ist ebenfalls kontinuierlich die Produktionskapazitat fir Lithium deutlich
ausgebaut worden, um den Bedarf zu decken, sodass 2019 erstmals der Wert einer

Tonne Lithiumcarbonat ricklaufig war [14].
Preisentwicklung von Li,CO,
20.000
16.000
12.000

8.000

WL LGl

2002 2004 2006 2008 2010 2012 2014 2016 2018
Jahr

Preis in US-Dollar je Tonne

Abbildung 1: Preisentwicklung von Lithiumcarbonat zwischen 2002 und 2018,
basierend auf den Daten aus [13].
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Im Jahr 2019 betrug die Férdermenge an Lithium ungefahr 77.000 Tonnen und wurde zu
circa 65 % fur die Batterie-Produktion eingesetzt [5]. Weitere wichtige Einsatzgebiete flur

Lithium sind beispielsweise die Glas- und Keramikherstellung sowie Schmierstoffe.

Nach aktuellem Stand der Technik sind in der Batterie eines Elektroautos abhangig von
seiner Bauart und Reichweite zwischen 3 und 13 kg Lithium verbaut, was einer Kapazitat
von ungefahr 20 — 100 kWh entspricht [15]. Wirden nun die gesamten 50.000 Tonnen
Lithium ausschliellich fur die Herstellung von E-Autos eingesetzt werden, so kdnnte man
weltweit 6 Millionen Pkws mit diesen Batterien (zu je 8 kg Lithium) produzieren. Um dies
in Relation zu setzen, sei Folgendes erwahnt: Alleine in Deutschland liefen im Jahr 2019
nicht weniger als 4,6 Mio. neue Pkws vom Band. Weltweit waren es Uber 67 Mio. Pkws
(2019), wobei noch zusatzlich 25 Mio. Nutzfahrzeuge (Busse, Lkws, etc.) dazukommen
[16,17].

Diese Zahlen verdeutlichen, dass die Verfligbarkeit von Lithium eine kritische
Voraussetzung fur die weitere Umsetzung der Elektromobilitat darstellt. Zudem ist die
Verfugbarkeit weiterer Elemente wie Cobalt und Nickel, die essentiell fur das
Kathodenmaterial (z.B. LiCoO2) in Li-Batterien sind, ebenso wie die des Lithiums
begrenzt. Aktuell sind Li-freie Batterien wie z.B. die Natrium-lonen-, Magnesium-lonen-
bzw. Aluminium-lonen-Batterien noch in der Grundlagenforschung und kommerziell nicht
konkurrenzfahig, da diese in ihrer Zyklenstabilitat, Ladungsdichte und Schnelllade-
fahigkeit weit unterlegen und unausgereift sind [18—21]. Daher ist auf absehbare Zeit kein

alternatives Element in der Lage, das Lithium in Akkumulatoren zu ersetzen.
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1.2 Aufgabenstellung

Aufgrund des exponentiell angestiegenen Bedarfs an Lithium war die Verfugbarkeit
dieser Commodity fur die Bauindustrie zeitweilig sehr schwierig. Insbesondere die
verstarkte Entwicklung von Li-lonen-Akkumulatoren im Bereich der Elektromobiltat hat
die Nachfrage beeinflusst. Wahrend ein Recycling von Lithium aus Akkumulatoren durch
verschiedene Prozesse bereits industriell praktiziert wird [22—24], ist ein nachtragliches
Recycling des Lithiums durch Extraktion aus Bauschutt nicht moglich. Daher gilt es
anzuerkennen, dass der Einsatz der wertvollen Lithiumsalze in der Bauindustrie eine
schlechte Nachhaltigkeit zur Folge hat. Entsprechend drangt sich die Frage nach einer

geeigneten Alternative fur Li2COs3 auf.

Im Rahmen einer friheren Untersuchung zur Interkalation von Biopolymeren in LDH-
Strukturen am Lehrstuhl fur Bauchemie wurde unerwartet ein hydratations-
beschleunigender Effekt fur Alginate festgestellt [25,26]. Da Polysaccharide in der Regel
eine verzdogernde Wirkung auf die Hydratation zeigen, indem es z.B. zu einer Blockierung
(,Vergiftung“) des Kristallwachstums kommt [27-32], erweckte dies Interesse an der
Ursache hinter dem ungewohnlichen Effekt von Alginat. Zudem handelt es sich bei
Alginaten um einen global verfugbaren, nachwachsenden Rohstoff, der noch dazu
toxikologisch unbedenklich ist. Er wird bereits haufig in der Lebensmittelindustrie sowie
in der Medizin eingesetzt, wobei die gelierende Wirkung von Alginat, die in Gegenwart

divalenter Kationen auftritt, genutzt wird [33—-35].

Das wesentliche Ziel der vorliegenden Arbeit ist deshalb die Untersuchung und
Aufklarung des Wirkmechanismus, der dem beschleunigenden Effekt von Alginat
zugrunde liegt. Dies erfolgte unter Betrachtung verschiedener Aspekte. In einem ersten
Schritt wurde die generelle Wirksamkeit von Alginat auf verschiedene Zemente
untersucht und bestimmte chemische Eigenschaften des Alginats ausgemacht, welche
dessen Wirksamkeit beeinflussen kdnnten. Im Folgenden wurde die chemische Struktur
verschiedener Biopolymere unterschiedlicher Herkunft unter dem Aspekt einer mdglichen
Struktur-Wirkbeziehung studiert, um die besonderen Strukturmerkmale des Alginats zu
identifizieren. Abschliefend wurde unter Einsatz mehrerer analytischer Methoden (NMR,
XRD, ICP-OES, Zeta-Potential und REM) das Wirkprinzip untersucht und auf Basis der

gewonnenen Erkenntnisse ein Modell zum Mechanismus entwickelt.

Aufbauend auf diesen Erfahrungen wurde dartber hinaus noch der beschleunigende
Effekt von feinen Fullstoffen naher betrachtet und ein Wirkmechanismus fur diesen

vorgeschlagen.
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2. Theoretischer Hintergrund
2.1 Calciumaluminatzement

2.1.1 Herstellung und Zusammensetzung

Bereits im 19. Jahrhundert wurde die Herstellung von Aluminat-reichen Zementen
erforscht, woraufhin Anfang des 20. Jahrhunderts Jules Bied den Calciumaluminat-
zement, wie er heute bekannt ist, bei LaFarge kommerziell zuganglich gemacht hat [1,36].
In seiner oxidischen Zusammensetzung unterscheidet er sich, wie in Abbildung 2 zu

erkennen, grundlegend vom OPC.
SiO,

Sio, SiO,

C.S area of calcium
2' .
aluminate cements

Q Slags

Portland

cements Calcium

aluminate
cements

Cao ALO, 90 80 70 _ 60 50 40 30 20 10 0
Ca0 C,A CpA;  CA CA, CAs AlO,

Abbildung 2: Oxidische Zusammensetzung von OPC und CAC, abgedruckt in
bearbeiteter Form mit Genehmigung aus [3,11].

Aufgrund des hohen Al20s-Anteils (circa 36 — 82 Gew.%) dieser Zemente wird zur
erfolgreichen Synthese der gewlinschten Klinkerphasen, hauptsachlich z.B. CA und CA2
fur einen weilRken CAC, eine deutlich hohere Brenntemperatur als beim OPC bendtigt.
Dies ist aus dem Phasendiagramm in Abbildung 3, das die Schmelzpunkte der
jeweiligen Phasen angibt, ersichtlich. Bei grauen bzw. braunen Zementen, welche
zusatzlich noch Silikate und Ferrate enthalten, wird das Phasendiagramm im quaternaren
System entsprechend komplexer. Fur diesen Prozess werden Kalkstein und Bauxit in
einem Ofen gemeinsam bei bis zu 1600 °C gebrannt, wobei verschiedene Ofentypen wie
beispielsweise Drehrohréfen, aber auch Lichtbogendfen eingesetzt werden kdnnen
[1,2,11,12,36,37]. Der erhaltene Klinker wird anschlieend langsam abgeklnhlt, wodurch
in dem so hergestellten Zement die Klinkerphasen hauptsachlich kristallin vorliegen und
nur ein geringer Anteil in amorpher Form. Alternativ kann ein hochreaktiver Zement, in
dem der Zementklinker gezielt in amorpher Form vorliegt, durch rasches Abschrecken
sowie durch héhere Brenntemperaturen (1600 bis > 2000 °C) erhalten werden [38,39].



6 THEORETISCHER HINTERGRUND

210 T T T T T T

2000

1900

1800}~

1700

1600

1500

1400

L L L ) L .
\
Ca0 D oA %k A Baa ca/® 316" ta, A0
Wt%

Abbildung 3: Binares und quaternares Phasendiagramm flir die Systeme CaO/Al203
und CaO/Al203/Fe203/SiO2, abgedruckt in veranderter Form mit
Genehmigung aus [36].

Im Falle der Bildung kristalliner Klinkerphasen entstehen abhangig von der oxidischen
Zusammensetzung des Rohmehls im Wesentlichen die folgenden hydraulischen
Klinkerphasen: CA, CAz, C2AS und C4AF. Weitere Bestandteile sind C2S und C12A7,
wobei Letzteres bestimmend fur die Reaktivitat des CAC ist [2,6,11,12]. Bei den
Klinkerphasen nimmt die Reaktivitat mit Wasser mit steigendem Verhaltnis von
CaO/Al203 zu [40]:

Cs3A > C12A7 > CA > CA2

Die im Rahmen dieser Arbeit verwendeten Calciumaluminatzemente, produziert von der
Firma Imerys (bis 2019 als Kerneos firmiert), waren mit einem Al203-Gehalt zwischen 35
und 80 Gew.% von unterschiedlicher Phasenzusammensetzung. Mittels Rietveld-
Analyse wurden diese unter Zuhilfenahme von Literaturwerten quantitativ analysiert
(siehe Tabelle 1). Dabei zeigte sich, dass mit einer Ausnahme alle Zemente einen CA-
Gehalt von 40 — 60 Gew.% aufweisen, was fur CACs charakteristisch ist. Nur Ternal EP,
welches ein C12A7-reiches Bindemittel ist und fur die Formulierung in binaren, Ettringit-
bildenden Systemen konzipiert ist, bleibt hiervon ausgenommen und stellt keinen in

Reinform verwendbaren Zement dar.
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Tabelle 1: Mineralogische Zusammensetzung (in M.%) der in dieser Arbeit verwendeten

CACs.
Phasengehalte (Gew.%) der Calciumaluminatzement-Proben
Ciment Fondu Secar 51 Secar 71
Klinker-|  Termnal EF Ternal SE Secar 41 Ternal LC Secar 712 Secar 80
phase (35 % Al2O03) (40 % Al2O3) (45 % Al0s) (50 % Al2Os) (70 % Al20s) (80 % Al203)
CA 1- 5% 47 -57 % 54 - 66 % 64 -74 % 54 - 64 % 35-45%
CA: n.d. n.d. n.d. n.d. 36-44 % 22-30 %
C2AS n.d. 1-10 % 10 -22 % 18-22 % <1% n.d.
C4AF 10-20 % 10-20 % n.d. n.d. n.d. n.d.
C.S 10-20 % 1-10% 1-10% 1- 5% n.d. n.d.
Ci2A7 55-65% 1- 5% 1- 5% <1% <1% <1%
e P e v ¥

2.1.2 Hydratation von CAC

Der Mechanismus der beim Anmischen von CAC mit Wasser einsetzenden
Hydratationsreaktion folgt einem weitgehend kongruenten Aufldseprozess der
Klinkerphasen und anschlieBender Prazipitation der Hydrate aus der Ubersattigten
Lésung [2,3,6,11,12,36,37,41-46]. Hierbei werden nach anfanglichem Kontakt mit
Wasser Ca?*-lonen aufgrund ihrer besseren Loslichkeit aus dem Klinker gelost, wahrend
Aluminium-lonen sich an der Klinkeroberflache anreichern und in hydroxylierter Form als
Aluminium-Hydroxo-Hydrat vorliegen (siehe Abbildung 4) [6,42,45,47-50]. In diesem
initialen Schritt, der die Induktionsperiode der Zementreaktion umfasst, wird allerdings
nur ein geringer Anteil (<1 Gew.%) des Zementes gelost [49]. Die nachfolgende
dormante Periode, welche an der fehlenden Warmefreisetzung in der Kalorimetrie zu
erkennen ist, ist durch hohe Konzentrationen an Calcium- und Aluminium-lonen in der
Zementporenlosung gekennzeichnet [3,37,40,41,44,49,51]. In Abhangigkeit von
Additiven (Beschleuniger und Verzogerer) beginnt die Akzelerationsperiode, sobald
durch anfangliche Nukleation Hydratphasen aus der Porenlésung sowohl homogen als
auch heterogen auskristallisieren [37,46,52,53]. Die daraufhin einsetzende
Sammelkristallisation fuhrt sukzessiv unter Warmefreisetzung zur Ausbildung eines
Gefliges durch interpartikulare Uberbriickung, wodurch der Zementleim erstarrt und
anschlielend erhartet [37,45]. Aufgrund der massiven Kristallisation von C-A-H-Phasen

in einem kurzen Zeitraum baut CAC schnell Festigkeit auf, was ihn vom OPC, bei
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welchem die C-S-H-Bildung tUber Wochen, Monate oder sogar Jahre erfolgen kann,
grundlegend unterscheidet [11].

® ” Ca?*
o AI(OH)(H;0);
[AI(OH),I”

Cas [AI(OH),I

Ca?*

[AI(OH),]"

Ga-" C-A-H-Phasen

@

Ca* Ca* Ca**
[AI(OH),]" [AI(OH),I

Abbildung 4: Darstellung eines angeldsten Klinkerkorns mit hydroxylierter Schicht nach
initialem Kontakt mit Wasser, angelehnt an [47].

Im Gegensatz zu OPC ist fur Calciumaluminatzemente ein charakteristisches
temperaturabhangiges Hydratationsverhalten zu beobachten [2,6,45]. Hierbei reagieren
C12A7, CA und CA:2 entweder zu CAH10, C2AHs oder C3AHs, wobei bei Raumtemperatur
ausschlielich CzAHs eine thermodynamisch stabile Phase darstellt (sieche Abbildung 5),
wahrend CAH10 und C2AHs unter diesen Bedingungen metastabil sind [40,43].

ALO; CA, CA CA; C.A CsA + Ca0

80

70
O 60-
2 50
2 CsAHs + AH, CsAHs + CH
5 40
g %0 metastable e metastable
2 C2AH75 + AH3 CoAH: 5 + C,AH o C,AH;9+ CH

20

10- CAHy + CAH,, + C3AH; + C4AH;s +

AH; C3;AH; C4AH;g CH
0 T
0 1 2 3 4
CaO/Al0,

Abbildung 5: Stabile Hydratphasen im System CaO/Al203/H20 in Abhangigkeit der
Temperatur, abgedruckt in bearbeiteter Form mit Genehmigung aus [43].
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Die Bildung dieser Phasen erfolgt bevorzugt in den angegebenen Temperaturbereichen,
entsprechend den nachfolgenden Reaktionsgleichungen, wie sie in Tabelle 2 aufgefihrt
sind [6,12,36,40].

Tabelle 2: Reaktionsgleichungen der Phasen C12A7, CA und CA2 mit Wasser und
Umwandlung der metastabilen Hydrate in Abhangigkeit von der Temperatur
in stabile Endprodukte.

<15°C | C12Al14033 + 69 H20 6 CaAl204-10H20 + 2 Al(OH); + 6 Ca(OH)2
CaAl204 + 10 H20 CaAl204-10H20 (= CAH10)
CaAlsO7 + 13 H20 CaAl204-10H20 + 2 Al(OH)3
15-25°C | C12Al4033 + 51 H20 6 Ca2Al205-8H20 (= C2AHs) + 2 Al(OH)3
2 CaAl204 + 11 H20 Ca2Al205:8H20 + 2 Al(OH)s

2 CaAlsO7 + 17 H20
2 CaAl204-10H20
>25°C | C12Al14033 + 33 H20
3 CaAlz04 + 12 H20
3 CaAlsO7 + 21 H20
3 CaAl204-10H20
3 Ca2Al205:-8H20

Ca2Al205-8H20 + 6 AI(OH)3
Ca2Al205-8H20 + 2 AI(OH)3z + 9 H20

4 CasAl206-6H20 (= C3AHes) + 6 Al(OH)s3
CasAl206:6H20 + 4 AI(OH)3
CaszAl206-6H20 + 10 Al(OH)3
CaszAl206'6H20 + 4 Al(OH)s + 18 H20
2 CaszAl206-6H20 + 2 AI(OH); + 9 H20

L I e A A A

Die Bildung der unterschiedlichen C-A-H-Phasen CAH1o, C2AHs und C3AHs ist aufgrund
ihrer unterschiedlichen Ldslichkeit und der thermodynamischen Stabilitdt temperatur-
abhangig, wodurch die Zeit fir das Abbinden und Erharten des Zements ein
charakteristisches temperaturabhangiges Profil zeigt. Dieses ist in Abbildung 6
dargestellt und weist zwischen 25 — 30 °C ein Maximum auf, bei welchem aufgrund einer
ungunstigen Thermodynamik die Kristallisation der Hydratphase C2AHs behindert ist und
hierdurch das Abbinden deutlich verzdgert stattfindet [2,6,12,40,43,45,54-58].

Ebenso ist die nachfolgende Konversion der metastabilen Phasen CAH1o und C2AHs zum
Katoit abhangig von der Temperatur und kann aufgrund der Kinetik bei der jeweiligen
Umgebungstemperatur Uber einen Zeitraum von Jahren stattfinden [2,6,11,59,60].
Parallel kommt es zu einem Verlust an Endfestigkeit durch die Umwandlung der
hexagonalen, plattchenférmigen Hydrate CAH1o und C2AHs in das dichtere kubische
C3AHs unter Freisetzung von AH3 und H20 im Zementsteingeflige, was die Porositat
erhdht und die Festigkeit reduziert [3,6,11,12]. Die Morphologie der Hydratphasen ist zur

Verdeutlichung in Abbildung 7 rasterelektronenmikroskopisch dargestellt.
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Abbildung 6: Temperaturabhangiges Abbindeverhalten eines Zementleims bzw. eines
Betons mit Calciumaluminatzement als Bindemittel, abgedruckt mit
Genehmigung aus [11].

CAH1o

aahg

Abbildung 7: Rasterelektronenmikroskopische = Aufnahmen der C-A-H-Phasen,
abgedruckt in veranderter Form mit Genehmigung aus [37].
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Bei den C-A-H-Phasen unterscheidet sich, wie aus Abbildung 8 ersichtlich, der
strukturelle Aufbau grundsatzlich. Wahrend es sich bei CAH1 und C3AHes um ein drei-
dimensional verknupftes Gerust aus Oktaedern / Polyedern (CAH10) sowie Oktaedern /
Dodekaedern (CsAHs) handelt, liegt bei C2AHs eine Schichtverbindung vor [61-65]. Diese
besitzt eine Hauptschicht aus AlOs-Oktaedern und eine Zwischenschicht aus Wasser und
[AI(OH)4]-Tetraedern, wobei ein Entzug von Wasser unter Verringerung der Zwischen-
schichtdicke moglich ist [61,66]. Basierend auf dieser Schichtstruktur, welche auch als
Jlayered double hydroxide“ (bzw. kurz LDH) bekannt ist, sind weitere Hydratphasen
madglich. Hierzu zahlt C4AHx, in dessen Zwischenschicht Hydroxid-Anionen sitzen, und
Mono- bzw. Hemicarbonat, welches Carbonat-Anionen eingelagert hat. Diese sind unter
bestimmten Umstanden auch bei der Hydratation von CAC zu beobachten [12,67—-69].
Ebenfalls kann es zu einer unvorteilhaften Einlagerung von Polymeren in diese
Zwischenschicht kommen. Dieses Phanomen ist beispielsweise fir PCE-FlieRmittel

bekannt und reduziert deren verflissigende Wirkung [69-72].

CAH1o C2AHs
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i
—
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Abbildung 8: Struktur der Hydratphasen CAH1o, C2AHs und CsAHs, abgedruckt in
bearbeiteter Form mit Genehmigung aus [36,61].
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2.1.3 Beschleunigung durch Lithium-Kationen

Um die Erstarrungszeit von Calciumaluminatzement zu kontrollieren, werden Verzdgerer
und Beschleuniger eingesetzt, welche die Dauer der dormanten Phasen bzw. den Beginn
der Akzelerationsperiode beeinflussen. Dies ist exemplarisch in Abbildung 9 fur
verschiedene anorganische (NaF, Li2COs, NaOH und Ca(OH)2) und organische
(Apfelsaure und Cyclodextrin) Verbindungen dargestellt. Bereits literaturbekannt ist der
verzogernde Effekt von organischen Verbindungen mit Hydroxyl- und/oder Carboxylat-
Gruppen, welche u.a. Calcium-lonen in der Porenlésung komplexieren bzw. prazipitieren
[6,12,30,31,36,73-75]. Einen beschleunigenden Effekt zeigen neben Calcium- und
Alkalihydroxiden insbesondere Lithiumsalze. Diese wirken bereits bei sehr geringen
Dosierungen und werden in kommerziellen Produkten haufig eingesetzt [36,46,52,75—
77]. Einen mit Lithium vergleichbaren spezifischen Kationen-Effekt zeigt kein anderes
Alkali- bzw. Erdalkalisalz. Lediglich von Chrom-(lll)-Salzen ist noch ein stark
beschleunigender Effekt bekannt [78], der aber aufgrund der Toxizitat von Chrom nicht

weiter verfolgt wurde.

+0,05 % NaF | [+ 50 ppm Li>CO;s]

1/()+ 0,2 % NaOH ||

3 | '
§ —~+ 0’2|% Ca(OH). |
% KH Secar 71 Referenz | _ +*0,1% Apfe'“““le
e — | o :
@ f 7 — + 0,1 % B-Cyclodextrin }
51NN N
E AN / N\
: P ~
0 :I3 é Sll 1I2 15 1I8 21 2I4 27 30 3I3 36

Zeit [Std.]

Abbildung 9: Einfluss verschiedener Zusatzmittel auf das Abbindeverhalten von CAC-
Mortel (Secar 71, wiz = 0,55), bestimmt mittels Warmeflusskalorimetrie.
Alle Dosierungen in Gew.% bezogen auf die Zementmasse.

Die Wirkung von Lithium-Salzen wurde bereits 1984 von Rodger und Double [79],
Matusinovi¢ [76,80,81] und auch Damidot [51,82] betrachtet. Spater hat Gobiz-
Neunhoeffer [47,48,67,83] diese auf eine komplexe Wechselwirkung mit den CAC-
Klinkerphasen und der Kristallisation zurlckgefuhrt. Der Effekt des Lithiums basiert
demnach auf dem Zusammenspiel multipler Wirkmechanismen [47,48]: (1) Durch eine

erhohte Permeabilitat der Aluminium-Hydroxo-Hydrat-Schicht, welche das Zementkorn
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im Zementleim passiviert, wird die Loslichkeit von Calciumaluminat (CA) verbessert. (2)
Durch anschlieBende Nukleation des [LiAl2(OH)s]*2 [(OH)2 - x H20]> LDHs in Form einer
metastabilen Zwischenphase als ,Seeding“® Material. Die Struktur der Li-Al-LDH-
Verbindung ist nicht isotypisch mit der des Hydratationsprodukts C2AHs, beide enthalten
aber [AI(OH)s]* Einheiten, welche die Nukleation von C2AHs ([Ca2Al(OH)e]*
[AI(OH)4 - x H20]") begunstigen. (3) Die hierdurch verringerte Aluminium-Konzentration in
der Porenlosung verschiebt das Calcium-zu-Aluminium-Verhaltnis, wodurch die Bildung
der Calcium-reichen C2AHs-Phase bevorzugt wird. (4) Durch die Abgabe von Aluminat
wird das Li-Al-LDH zersetzt, wodurch die Lithium-lonen kontinuierlich rezykliert werden,
d.h. sie wirken nur katalytisch auf die Hydratation und werden dabei nicht verbraucht,
sondern konnen zahlreiche Zyklen (Bildung von LiAI-LDH und anschlieRende
Zersetzung) durchlaufen. (5) Hierdurch wird die Aluminium-Konzentration in der Losung
niedrig gehalten und folglich das weitere Auflésen des Aluminats gefordert. Dieser in
Abbildung 10 visualisierte Wirkmechanismus erklart, warum ein Li-Salz bereits in

geringer Konzentration sehr effektiv beschleunigt.

aoH,; @ §
®  AI(OH),(H,0)y-

C-A-H-Phasen Ca®"

& 2+ i Ca?*
it Ca -l

Abbildung 10: Darstellung eines hydratisierenden Klinkerkorns in Gegenwart von
Lithium-Kationen, angelehnt an [47].

Eine alternative Theorie zum Wirkmechanismus, wurde von Damidot entwickelt. Sie
besagt, dass die Nukleation von AHs durch Lithium beschleunigt wird [51,82,84].
Untersuchungen hierzu zeigen, dass das Li*-Kation die Polymerisation der Aluminat-

Anionen, die aufgrund elektrostatischer Abstol3ung an sich erschwert ist, begunstigt.
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Hierdurch werden Hydroxid-lonen freigesetzt, wodurch die weitere Auflosung der

Klinkerphasen und die Bildung der Hydratphasen begunstigt wird [85-87].

Es gilt jedoch anzumerken, dass weder das Modell nach Gétz-Neunhéffer noch das

Modell nach Damidot eindeutig belegt sind.

2.2 Biopolymere

Im Rahmen dieser Untersuchung wurde eine Vielzahl von verdickend wirkenden
Polymeren bezlglich ihrer Wirkung auf die Hydratation von CAC gepruft. So ist
beispielsweise flr Celluloseether bekannt, dass diese sowohl OPC als auch CAC
verzdgern, wobei die Derivatisierung des Celluloseethers von entscheidender Bedeutung

fur dessen verzogernde Eigenschaft ist [2,88—93].

Drei naturliche Biopolymere stachen hier durch einen stark beschleunigenden Effekt auf
CAC heraus und sollen nun im Folgenden naher beschrieben werden. Dabei handelt es
sich um die Polysaccharide Alginat, Carrageen und Pektin, deren Strukturen in
Abbildung 11 dargestellt sind. Ein ausfuhrlicherer Vergleich verschiedener Biopolymere
(naturlichen, halbsynthetischen und mikrobiellen Ursprungs) findet sich in der

angehangten Publikation 2.
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Abbildung 11: Molekulare Strukturen von Alginat, Pektin und Carrageen.



THEORETISCHER HINTERGRUND 15

2.21 Alginat

Als Alginate werden lineare Copolymere zweier spezifischer Uronsauren bezeichnet,
welche in den Zellwanden von Braunalgen (Phaeophyceae) strukturgebend vorliegen.
Diese werden durch Extraktion gewonnen und bestehen aus a-1—4 und B-1—4
glykosidisch verknupfter a-L-Mannuronsaure (M) und 3-D-Guluronsaure (G). Je nach Art
der Verknupfung der beiden Monomere (G-G-G oder M-M-M oder M-G-M) kommt es, wie
in Abbildung 12 illustriert, zu unterschiedlichen sterischen Anordnungen sowie zur
Bildung von homopolymeren Blocken. Diese sind fir den Mechanismus der ionotropen
Gelierung von essentieller Bedeutung und beeinflussen die Viskositat, Wechselwirkung
mit Kationen sowie die Eigenschaften des Gels [33-35,90,94—-100].

M M M
coo®
m W AU
®oocC
G G G G
\ziii}i ®00c¢ \JE:;?\
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Abbildung 12: Unterschiedliche sterische Anordnung von a- bzw. B-verknUpften
Einheiten von Mannuron- und Guluronsaure, adaptiert aus [100].

Bedingt durch die Biosynthese in unterschiedlichen Algengattungen und -spezies sowie

deren Wachstumsbedingungen handelt es sich bei Alginaten in der chemischen



16 THEORETISCHER HINTERGRUND

Zusammensetzung (M/G-Verhaltnis, Blockstruktur und Molmasse) um ein heterogenes
Naturprodukt. Kommerzielle Alginat-Produkte werden zumeist aus u.a. Laminaria
hyberborea, Laminaria digitata, Macrocystis pyrifera oder Lessonia nigrescens
gewonnen, wobei anzumerken ist, dass weltweit circa 2000 Braunalgen-Spezies
existieren. Das erhaltene Alginat weist nach Extraktion und gegebenenfalls
Depolymerisation eine durchschnittliche molare Masse von 10.000 — 600.000 Dalton auf,
was einem Polymerisationsgrad von circa 50 — 3000 entspricht [33-35,90,94—-101].

Die protonierte Alginsaure ist in Wasser nahezu unldslich und wird erst durch Uber-
fuhrung in das deprotonierte Pendant I6slich, wobei die Carboxylatgruppen dieses
Polymers mit Kationen wie beispielsweise Na*, K* oder NH4* als Gegenion ein Salz
ausbilden. Natriumalginat ist wasserloslich und bildet ein viskoses Hydrokolloid, das
durch Zugabe divalenter Kationen wie Ca?*, Ba2* und Kationen diverser Ubergangs-
metalle ein Gel ausbildet (siehe Abbildung 13) [94,95,98,102-108].

Abbildung 13: Aussehen eines selbst hergestellten Calcium-Alginat-Hydrogels.

Bei diesem Hydrogel handelt es sich um ein dreidimensional verknupftes Polymer-
netzwerk mit Wassereinschluss, welches im vorliegenden Fall durch ionische Bindung
verknupft (,cross-linked) ist. Dies erfolgt flr Alginat nach einem Mechanismus, der durch
das sogenannte ,Egg-Box“ Modell (dt. Eierschachtel-Modell), urspringlich postuliert von
Grant et al. [109], beschrieben wird. Bei diesem wird, wie in Abbildung 14 illustriert,
durch die Wechselwirkung der Carboxylatgruppe mit den Ca?*-lonen erst ein
Monokomplex gebildet, der sich im nachsten Schritt zu Dimeren und Multimeren
zusammenlagert. Dieser Komplex aus Ca?*-Kationen inmitten zweier Alginat-Strange,
welche die Form einer Zick-Zack-Kette einnehmen, erinnert an die charakteristische

Form eines Eierkartons, in welchem das Calcium-Kation analog zu einem Ei eingelagert



THEORETISCHER HINTERGRUND 17

ist. Dabei kann das Ca®*-lon sowohl durch die Komplexierung mit den Carboxylat-
Gruppen als auch mit den Hydroxyl-Gruppen oder dem endocyclischen Sauerstoff-Atom
stabilisiert werden. Dies ist in Abbildung 15 schematisch dargestellt. Durch
quantenchemische Berechnungen ist jedoch lediglich die Bindung zwischen
Carboxylatgruppen und Ca?* eindeutig validiert worden, wohingegen die Beteiligung der
weiteren funktionellen Gruppen an der Komplexierung des Calciums nicht abschlieRend
geklart ist [95,98,99,109-119].

inter-cluster associated multimer Egg-box dimer

Abbildung 14: Ausbildung eines Calcium-Alginat-Hydrogels nach dem ,Egg-Box*
Modell, abgedruckt in veranderter Form mit Genehmigung aus [95].

Abbildung 15: Mogliche Komplexierung von Calcium-lonen durch die funktionellen
Gruppen des Alginat-Molekdls, angelehnt an [34,120].
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2.2.2 Pektin

Pektine liegen in den Zellwanden verschiedener Pflanzenarten (u.a. die Gattungen Citrus
und Malus) vor, in denen sie eine festigkeitsgebende und wasserbindende Funktion
erfullen. Dieses lineare Homopolymer der D-Galakturonsaure weist eine
durchschnittliche molare Masse von 50.000 — 900.000 Dalton auf und seine
Carboxylatgruppen sind zu einem gewissen Anteil methoxyliert. Bei der Galacturonsaure
handelt es sich wie bei der Mannuron- bzw. Guluronsaure des Alginats ebenfalls um eine
Uronsaure. Dieses 1—4 verknupfte Polymer wird durch den Einbau von Rhamnose, die
mit oligomeren Seitenketten neutraler Zucker verknupft ist, unterbrochen. Industriell wird
nach der Extraktion das Polymers mit Saure behandelt, um den Veresterungsgrad zu
reduzieren, wobei ebenfalls saurelabile Seitenketten austreten. Das erhaltene Produkt
wird abhangig vom Veresterungsgrad als hoch- bzw. niederverestertes Pektin
bezeichnet, wobei niedrigmethylierte Derivate einen Veresterungsgrad von 20 — 45 %
und hochmethylierte von 55 — 75 % aufweisen [33—-35,90,95,121].

Hierbei zeigen nur niederveresterte Pektine, aufgrund der freien Carboxylatgruppen, eine
Wechselwirkung mit Kationen wie Ca?*, durch die eine Vergelung induziert wird. Diese
Gelbildung verlauft nach einem vergleichbaren Mechanismus, wie er bereits fur das
Alginat mittels des ,Egg-Box“ Modells beschrieben wurde. Diese Parallelitat ist auf die
Molekulstruktur des Pektins zurlckzufuhren, welche spiegelsymmetrisch zu der des
Alginates ist. Da die Struktur des Pektins jedoch nur eine geringere Interaktion mit den
Kationen erlaubt, ist diese Vergelung schwacher ausgepragt als beim Alginat
[95,111,118,119,121-127].

2.2.3 Carrageen

Von den Alginaten und Pektinen, die strukturell eng verwandt sind, unterscheidet sich
Carrageen deutlich in seiner Molekilstruktur. Dieses Copolymer aus a-1—4 und 3-1—3
glykosidisch verknlpfter Galaktose und 2,6-Anhydrogalaktose ist partiell sulfatiert. Man
unterscheidet zwischen k-, I- und A-Carrageen, welche sich in ihrem Grad der Sulfatierung
und im Falle der A-Form auch in der Molekulstruktur unterscheiden. In kommerziellen
Produkten liegt die durchschnittliche molare Masse bei 200.000 — 800.000 Dalton [33—
35,90,94].

Lediglich k- und 1-Carrageen bilden in Gegenwart von Kationen (mono- oder divalent) ein
Gel aus. Der Mechanismus dieser Vergelung verlauft, wie in Abbildung 16 gezeigt,

deutlich unterschiedlich verglichen zu Alginat und Pektin. Diese bendotigen zur
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Agglomeration der Molekulketten divalente Kationen. Carrageen hingegen bildet bereits
in Abwesenheit gelbildender Kationen ein helikales Dimer aus und wird durch die Zugabe
von Kationen zur weiteren Aggregierung / Zusammenlagerung der bereits bestehenden
Doppelhelices bewegt. Dabei wird durch Kationen (wie Ca?*) eine Verbriickung zwischen
den Sulfat-Gruppen zweier Helices aufgebaut, wodurch eine Annaherung dieser
zueinander ermoglicht wird [90,94,95,128-136].

—

Lower
temperature

—

Addition of ions

S0 0400000
UL UIUL

TS+ + ¢+ + 4+ P

2000000000

Abbildung 16: Ausbildung eines Carrageen Hydrogels durch Zugabe von Kationen,
abgedruckt in bearbeiteter Form mit Genehmigung aus [95].

2.2.4 Verdickende Wirkung von Polymeren in Zement

Naturliche sowie synthetische Makromolekule werden Maorteln und Beton zugesetzt, um
deren Rheologie zu modifizieren und Wasserrickhaltevermégen zu erzielen. Dies
reduziert autogenes Schwinden und stabilisiert die Suspension, indem Sedimentation
bzw. Entmischen unterbunden wird. Zu diesem Zweck werden beispielsweise
Celluloseether, Starke(ether), Diutan Gum, Guar Gum, Welan Gum, Xanthan Gum oder
Polyacrylamide zugegeben, deren prinzipieller Wirkmechanismus in Abbildung 17
schematisch illustriert ist [90,92,137-141].

Hierbei bilden Wassermolekile mit dem Polymer durch Adsorption und Bindung uber
Wasserstoffbriicken ein Hydrokolloid aus, das in einem ersten Schritt die Viskositat der
wassrigen Losung erhoht. Im Folgenden tritt durch Wechselwirkungen der Polymerketten
untereinander eine schwache Gel-Bildung auf, welche allerdings bei ionischen
Polymeren wie beispielsweise Alginat durch das ,Cross-Linking‘ mit Calcium-Kationen zu
einer ausgepragten Gelierung fuhrt. In einem weiteren Schritt kann es durch Adsorption
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des Polymers auf der Partikeloberflache zu einer Verbriickung zwischen den Partikeln

kommen, womit eine weitere Steigerung der Viskositat einhergeht [139,141-145].

1) Polymer - water interaction

Polymer chains adsorb and bind
water molecules

2) Polymer - polymer interaction

Interaction between polymer
chains results in a gel-like network
which hinders the movement of
free water and increases the
viscosity of the material

Cement particles and fine
aggregates adsorb the polymer,
increasing the particle drag and,
as a consequence, the viscosity.
At higher polymer concentrations
their chains interact with each
other by physical entanglement
and connect the particles,
producing a rigid network

Abbildung 17: Wirkprinzip von verdickenden Polymeren auf einen Zementleim,
abgedruckt in veranderter Form mit Genehmigung aus [142].

Die adsorptive Wechselwirkung verdickender Polymere mit der Zementpartikeloberflache
ist jedoch noch nicht abschlieRend geklart. Fur nicht-ionische Celluloseether konnte
jedoch gezeigt werden, dass es zu keiner nennenswerten Adsorption an den

Zementpartikeln kommt [146].
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2.3 Charakterisierung bauchemischer Materialien

Der Einfluss von Zusatzmitteln auf das Reaktionsverhalten von Zement wurde mittels
Warmeflusskalorimetrie und Bestimmung der mechanischen Mortelfestigkeiten
betrachtet. Die resultierenden Reaktionsprodukte wurden mittels Rontgendiffraktometrie

charakterisiert.

2.3.1 Isotherme Warmeflusskalorimetrie

Durch isotherme (= konstant gehaltene Temperatur) Kalorimetrie bei einer definierten
Temperatur wird Uber eine Zeitspanne der durch eine Reaktion freigesetzte oder
aufgenommene Warmefluss einer Probe aufgezeichnet. Hierbei kann eine Reaktion auf
ihre thermodynamischen und kinetischen Eigenschaften reproduzierbar untersucht
werden [147].

Far Zemente wie OPC und CAC, aber auch Sulfatbinder und Bindemittelmischungen,
werden mittels Kalorimetrie der Warmefluss der exothermen Abbindereaktion ermittelt,
um sowohl den qualitativen Verlauf, also das Linienprofil, als auch die quantitative
Warmefreisetzung zu bestimmen [46,148—150]. Dies erlaubt einen schnellen und i.d.R.
aussagekraftigen Ruckschluss bezuglich der Wirkung eines Zusatzmittels auf die
Hydratation des Bindemittels. So kann durch eine verspatete oder gestreckte
Warmefreisetzung eine verzégernde Wirkung oder durch eine vorzeitige bzw. schnellere
Warmeentwicklung ein beschleunigender Effekt festgestellt werden. Dies ist
exemplarisch in der vorher gezeigten Abbildung 9 flr Verzdgerer und Beschleuniger

dargestellt.

Das verwendete Instrument der Firma TA Instruments (friher Thermometric) erlaubt die
parallele Messung anhand von acht Probenkanalen, welche uber je einen separaten
Referenzkanal verfluigen. Hierfir wird eine Temperaturkonstanz der Warmesenke mit
einer Genauigkeit von + 0,02 °C gehalten. Die von der exothermen Hydratationsreaktion
abgefuhrte Warme wird dabei durch einen Warmeflusssensor mittels des Seebeck-
Effekts ermittelt. Durch den Temperaturgradienten zwischen der Referenz und der Probe
wird eine Spannung durch Kontakt zweier verschiedener Metalle oder Legierungen,
welche eine unterschiedliche Lage in der thermoelektrischen Spannungsreihe aufweisen,
aufgebaut. Die Warme wird anschlielend durch ein Peltier-Element aus dem Gerat
abgefuhrt. Der Aufbau dieses Warmeflusskalorimeters, in dessen Kanalen die zu
untersuchenden Proben platziert werden, ist in Abbildung 18 schematisch illustriert
[148,150].
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Abbildung 18: Schematischer Aufbau eines isothermen Warmeflusskalorimeters,
abgedruckt in bearbeiteter Form mit Genehmigung aus [151].

Das Anmischen der Proben erfolgt ex-situ mittels eines Vortex-Mischers und muss stets
reproduzierbar Uber einen spezifischen Zeitraum durchgefihrt werden. Hierbei muss
sowohl auf die Mischzeit als auch auf die Durchfuhrung zwecks Reproduzierbarkeit
geachtet werden, da insbesondere Aluminatzemente eine ausgepragte Sensibilitat bzgl.
des Eintrags an Mischenergie aufweisen [6]. Dieses Phanomen flihrt bei CAC je nach
Zement bei unterschiedlichen Anmischzeiten von 30, 60, 90 oder 120 Sekunden bereits

zu einer Differenz in der Abbindezeit von bis zu mehreren Stunden.

Als Probengefale dienen Glasampullen mit 10 mL bzw. 20 mL Volumen, die mittels eines
Bordel-Deckels nach Wasserzugabe verschlossen werden. Zementpasten wurden in den
Ampullen mit 10 mL Volumen angemischt, wahrend Mortelmischungen in 20 mL

Ampullen hergestellt wurden.

2.3.2 Bestimmung von Druck- und Biegezugfestigkeit

Die Warmeflusskalorimetrie ermdglicht eine zeitlich aufgeloste Betrachtung des
Hydratationsfortschritts und ist durch DIN EN 196-11 fur Zementpasten genormt [150].

Komplementar hierzu muss aber die Festigkeit eines Mortels ermittelt werden, um die
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tatsachlichen Materialeigenschaften makroskopisch zu bestimmen. Insbesondere fur
Portlandzement ist bekannt, dass die Kalorimetrie irreflihrende Rickschlisse zulasst, da
beispielsweise der sogenannte ,sulphate depletion peak® trotz Warmefreisetzung keinen
wesentlichen Einfluss auf die Festigkeit ausubt. Bei dieser Reaktion im OPC kommt es
lediglich zu einer Umwandlung von Ettringit zu Monosulfat, wobei keine dieser
Hydratphasen festigkeitsgebend ist [152—154]. Ebenso ist von CAC und auch von OPC
bekannt, dass sich die Abbindezeit einer Zementpaste von der eines Mortels bzw. Betons
unterscheidet [2,6].

Zur Bestimmung der Druck- und Biegezugfestigkeiten wurden Mortelprismen gemal} der
Norm 196-1 [155] hergestellt, indem eine gewichtete Mischung aus % Normsand und V2
Zement sowie ggfs. Zusatzmitteln, wie beispielsweise Fliemittel und Alginat, mit Wasser
maschinell angemischt wurde. Die aus der Edelstahl-Form ausgeschalten erharteten
Prismen, deren Ausmalfie in Abbildung 19 (oben) dargestellt sind, wurden in einer
hydraulischen Presse, wie in Abbildung 19 (unten) gezeigt, abgedruckt. Hierzu wurde
an den Mortelprismen durch zentrisches Belasten im 3-Punktverfahren die Biegezug-
festigkeit bestimmt und aus den jeweils resultierenden beiden Fragmenten die

Druckfestigkeit ermittelt.

10,005

o
.

10,0+05
100,005 ‘ ~ 30 ~ 40 mm
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Abbildung 19: Schematischer [155] und instrumenteller Aufbau fur die Bestimmung von
Druck- und Biegezugfestigkeit eines Mortels.
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2.3.3 Rontgendiffraktometrie

Durch die Beugung von Rontgenstrahlung an der Elektronenhulle der jeweiligen Atome
in einem Festkorper, der eine periodische Strukturanordnung aufweist, entsteht ein
charakteristisches Beugungsmuster bzw. Diffraktogramm. Dieses fur jede Verbindung
aufgrund ihrer Kristallstruktur, Atomanordnung und Zusammensetzung charakteristische
Beugungsmuster wird durch die konstruktive Interferenz der im Gitter gebeugten Wellen
erhalten. Die dafur nétigen Bedingungen kénnen anhand der Bragg-Gleichung, welche
die konstruktive Interferenz beschreibt, hergeleitet und zur weiteren Strukturbestimmung
eingesetzt werden [156,157].
n-A = 2d - sin(0)

Mithilfe des in Abbildung 20 gezeigten Diffraktometers der Firma Bruker AXS wird eine
Probe in Bragg-Brentano-Geometrie vermessen. Hierzu wird der Probenhalter, welcher
entweder ein Pulver oder eine mit rontgentransparenter Folie abgedeckte (Zement)Paste
enthalt, bestrahlt und die Intensitat der gebeugten Rontgenstrahlung durch den Detektor

winkelabhangig (Theta-Theta Geometrie) bestimmt [157].

Abbildung 20: Goniometer mit Rontgenréhrenhalterung (links) und Detektor (rechts) des
Roéntgendiffraktometers D8 Advance.

Mit Hilfe der Rdntgendiffraktometrie wurden die Hydratationsprodukte verschiedener

CAC-Proben identifiziert und die Phasenzusammensetzung der verwendeten
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Calciumaluminatzemente quantitativ bestimmt. Letzteres erfolgte unter Einsatz der
Rietveld-Methode, die durch Abgleich und mathematische Optimierung eines
theoretischen Beugungsmusters einer Verbindung mit dem gemessenen Diffraktogramm

eine quantitative Analyse ermoglicht [158,159].

2.4 Analytische Methoden

241 Quantifizierung der Zementhydratation mittels MAS-NMR-
Spektroskopie

Eine Quantifizierung des Hydratationsfortschritts bzw. Hydratationsgrads ist bei Aluminat-
Zementen mittels Festkorper-NMR-Spektroskopie (engl. Magic-Angle-Spinning, MAS-
Technik) am 27Al-Kern moglich. Da es sich bei Aluminium um ein anisotopes Element
(100 % 2’Al) handelt und der Kern eine vergleichsweise gute relative Empfindlichkeit
E: ("H) aufweist, konnen MAS-NMR-Spektren mit kurzer Messdauer (beispielsweise
15 Minuten) aufgezeichnet werden [12,160-162].

Hierfir wurde der entsprechende CAC, teils vermengt mit Alginat, in einem
Zentrifugenréhrchen oder einem Rollrandglas mit Wasser vermischt und Uber eine
definierte Zeit bei 20 °C hydratisiert. Daraufhin wurde je nach Reaktionsfortschritt der
flussige Zementleim mit Aceton versetzt bzw. der erhartete Zementstein in einem
Achatmorser aufgemahlen. Das erhaltene Pulver wurde unmittelbar in einen Zirkonia-
Rotor gefillt und im NMR-Spektrometer (siehe Abbildung 21) bei 15 kHz rotiert. Die
Rotation der Probe um eine Achse, die um den magischen Winkel von (cos 6m)? = /3
bzgl. der Magnetfeldrichtung verschoben ist, ermdglicht es, anisotrope Effekte des
Festkorpers, die in einer Linienverbreiterung der Spektren resultieren, zu kompensieren.
In der NMR-Spektroskopie von Flissigkeiten wird durch die Brown‘sche Molekular-
bewegung die anisotrope Wechselwirkung (u.a. dipolare Kopplung und anisotrope
chemische Verschiebung) gemittelt, wahrend dies in Festkérpern aufgrund der fehlenden
Mobilitat der Kerne nicht moglich ist. Durch das angelegte externe Magnetfeld werden,
wie es durch den Zeeman-Effekt beschrieben wird, die energetischen Zustande, die fur
die jeweilige Magnetquantenzahl quantenmechanisch entartet vorliegen, aufgespalten.
Die Anregung und Relaxation dieser Ubergénge in der Larmor-Frequenz erfolgt
energetisch durch Radio- bzw. Mikrowellen (0,1 — 10 peV) und erzeugt eine Resonanz,
welche Uber den freien Induktionszerfall messtechnisch erfasst werden kann [12,160—
166].
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Durch Dekonvolution der Spektren (wie exemplarisch in den ,Supporting Informations
von Publikation 3 gezeigt) wurde der Anteil der vorliegenden Aluminium-Spezies (Al-VI
und Al-IV) im Verlauf der Hydratationszeit bestimmt. Die Hydratphasen enthalten 6-fach
koordiniertes (oktaedrisches) Aluminium, wahrend in den Klinkerphasen 4-fach
koordiniertes (tetraedrisches) Aluminium vorliegt [167-172]. Dies erlaubt den direkten

Ruckschluss auf den Hydratationsgrad des Zements.
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Abbildung 21: Schematischer Aufbau eines NMR Spektrometers (links) und eines MAS-
Proben-/Messkopfs (rechts) fur die Festkorper-NMR-Spektroskopie,
abgedruckt in veranderter Form mit Genehmigung aus [165,173].

2.4.2 lonenkonzentrationen in der Zementporenlosung (ICP-OES)

Die Hydratation von hydraulischen und latent-hydraulischen Bindemitteln wie Portland-
und Calciumaluminat-Zement verlauft Uber einen Aufldsungs- und Kristallisations-
prozess, wobei Letzterer sowohl heterogen als auch homogen zur Bildung von
Hydratphasen fuhrt. Klassische Verzdgerer und Beschleuniger wirken daher haufig durch
Erniedrigung oder Erhdhung der freien lonenkonzentration in der Zementporenlésung
[12,53,75,87].

Um die Konzentrationen der relevanten lonen, im vorliegenden Fall des Calciums und

des Aluminiums, zu bestimmen, wurde die Atomemissionsspektrometrie gewahlt. Hierzu
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wurde durch Zentrifugation und anschlieende Filtration von Zementleim eine Probe der
Zementporenlésung gewonnen, die anschlieBend mit einer HCl-sauren Lésung
(hierdurch wird u.a. die Carbonatisierung unterbunden) verdinnt wurde. Diese Losung
wird im Spektrometer, wie es schematisch in Abbildung 22 dargestellt ist, von einer
peristaltischen Pumpe angesaugt und nach Vermengung mit konzentrierter
Salpetersaure durch einen Zerstauber als Aerosol in die Plasmafackel eingebracht. In
dieser Plasmafackel aus Argon, welches durch ein Hochfrequenzfeld induktiv erhitzt wird,
wird das Probenaerosol durch die Wechselwirkung mit dem ionisierten Argon-Plasma bei
6.000 — 10.000 K atomisiert. Durch die im Plasma stattfindende lonisierung und
Rekombination der Atome kommt es zur Emittierung von elementspezifischer Strahlung,
die an einem optischen Gitter gebeugt und auf einen CCD-Sensor gelenkt wird. Anhand
einer Kalibrierung mit Losungen definierter Zusammensetzung koénnen die
Konzentrationen der einzelnen lonen in CPS berechnet werden, wodurch die

lonenbindefahigkeit von beispielsweise Alginat betrachtet werden kann [174-178].
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Abbildung 22: Schematischer Aufbau eines Atomemissionsspektrometers mit induktiv
gekoppeltem Plasma, abgedruckt in bearbeiteter Form mit Genehmigung
aus [176].

24.3 Bestimmung des Zeta-Potentials von Alginat

Um im Weiteren die Bindung der lonen in der Zementporenlosung durch das Alginat zu
untersuchen, wurde die Ladung bzw. das Zeta-Potential des Biopolymers in Losung
bestimmt. Dies ermdglicht es, die Wechselwirkung der verschiedenen lonen, allen voran
von Ca?* und [AI(OH)4]", mit der anionischen Polymerkette, die Carboxylat- und Hydroxyl-

gruppen aufweist, zu untersuchen.
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Hierzu wurden Losungen von Natriumalginat bei einem alkalischen pH-Wert hergestellt,
bei welchem das Biopolymer deprotoniert solvatisiert vorliegt. Da das Natrium-Kation nur
eine schwache Wechselwirkung mit dem Alginat eingeht, zeigt das Polymer ein stark
negatives Zeta-Potential. Im Folgenden wurden dieser Losung verschiedene
Konzentrationen an Ca?* und [Al(OH)4] zu dosiert und nach kurzer Homogenisierung das
resultierende Zeta-Potential gemessen. Dies erfolgt durch Einbringen der Loésung /
Suspension in eine gefaltete Kapillarzelle, an der im Messgerat durch Elektroden ein
elektrisches Feld angelegt wird. Die hieraus resultierende Elektrophorese (Wanderung
geladener Teilchen) der lonen bzw. des geladenen Polymers in der Losung wird in Form
der elektrophoretischen Mobilitat bestimmt. Dies erfolgt durch Ermittelung der
Phasenverschiebung der Lichtstreuung eines Laserstrahls durch die Probe und ist in
Abbildung 23 illustriert. Mithilfe der bekannten angelegten Spannung und der
bestimmten Bewegungsgeschwindigkeit des Polymers kann anschlieRend durch die
Henry-Gleichung, unter Verwendung der Smoluchowski-Naherung, das Zeta-Potential
berechnet werden [179-181].
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Abbildung 23: Schematischer Aufbau der elektrophoretischen Lichtstreuung, adaptiert
mit Genehmigung aus [181].

2.4.4 Untersuchungen zur Kristallisation von Hydratphasen

FUr die Charakterisierung der auf der Oberflache der beschleunigenden Biopolymere
durch die heterogene Nukleation gebildeten C-A-H-Phasen aus der Porenldsung wurden

diese u.a. durch Rasterelektronenmikroskopie bildgebend untersucht. Hierzu wurden
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Proben nach unterschiedlichen Kontaktzeiten mit Zementporenlésung hergestellt und

betrachtet.

Unterschiedliche Methoden der Probenpraparation sind hierzu im Rahmen dieser Arbeit
eingesetzt worden, wobei im Folgenden jene erlautert werden soll, die sich durch den
besten Bezug zum realen System auszeichnete. Auf eine selbstklebende Graphit-Folie,
die z.B. an einem REM-Probenhalter fixiert ist, wurde Alginat-Pulver aufgetragen. Dieser
Probenhalter wurde nach Entfernen Uberschissigen Pulvers in eine frisch extrahierte
Zementporenldsung kopfiuber eingetaucht und gelagert. Nach definierten Kontaktzeiten
zwischen der Porenlésung und dem Alginat, welches unmittelbar nach Kontakt ein
Hydrogel ausbildet, wird der Probenhalter enthommen und mit destillietem Wasser
gewaschen. Hieraufhin wird die Probe indirekt Uber eine Metallwanne mit flissigem
Stickstoff in Kontakt gebracht und eingefroren, woraufhin die Probe im Vakuum
lyophilisiert wird. Dieser Prozess ist in Abbildung 24 dargestellt und zeigt von links nach
rechts die Probenpraparation durch Kontakt Alginat-CPS, das Einfrieren mit flissigem N2

und die fertige Probe nach der Gefriertrocknung.

Abbildung 24: Probenpraparation eines C-A-H-Alginat-Hydrogels und anschliel3ende
Trocknung fur REM- und XRD-Untersuchungen.

Die trockene Probe wird nun fir die Untersuchung mittels Rasterelektronenmikroskopie
durch Besputterung mit Gold zur Verbesserung der elektrischen Leitfahigkeit vorbereitet.
Der Probenhalter wird anschliel3end in das in Abbildung 25 sowohl schematisch als auch
photographisch illustrierte Mikroskop eingeschleust und dort im Hochvakuum (106 mbar)
mit einem fein geblndelten Elektronenstrahl, welcher aus einer Feldemissionskathode
extrahiert wird, beschossen. Dieser Strahl wird durch elektromagnetische Linsen und
Blenden (engl. condenser lens & aperture) gebundelt und durch Magnetspulen (engl.
scan coils) auf je einen Punkt der Probenoberflache, die zur Bildgebung abgerastert wird,

fokussiert. Durch den auftreffenden (primaren) Elektronenstrahl, dessen Eindringtiefe
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abhangig von der Beschleunigungsspannung ist, werden u.a. aus bzw. an der Probe
Elektronen zuriickgestreut (engl. backscattered electrons, BSE) oder Sekundar-
elektronen (SE) ausgeschlagen. Diese Elektronen werden beispielsweise durch
Szintillatoren oder Halbleiterdetektoren erfasst und zur bildgebenden Ermittlung der
Topographie (mittels SE), aber auch des Materialkontrasts (mittels BSE) eingesetzt.
Ebenso kann durch eine energiedispersive Rontgenanalyse (kurz EDX) die
Elementzusammensetzung der Probensubstanz anhand ihrer charakteristischen
Rontgenstrahlung (freigesetzt durch elektronische Ubergadnge, nachdem kernnahe
Elektronen durch den Primarelektronenstrahl ausgeschlagen wurden) charakterisiert
werden [182-184].

Electron
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Abbildung 25: Schematischer Aufbau (links) eines Rasterelektronenmikroskops,
abgedruckt in veranderter Form mit Genehmigung aus [185], sowie das
eingesetzte Modell FEG XL 30 ESEM (rechts) der Firma FEI.
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3. Ergebnisse und Diskussion

Im Folgenden soll ein allgemeiner Uberblick tiber die Vorgehensweise (Meilensteine) der
in dieser Arbeit durchgefihrten Forschung gegeben werden, deren Ergebnisse in vier
Publikationen detailliert beschrieben sind (siehe Abbildung 26). Die nachfolgenden
Abbildungen 27 — 30 stellen den wesentlichen Inhalt und die angewendeten Methoden
zu den einzelnen Forschungsabschnitten dar. Eine ausflhrliche Zusammenfassung
sowie zusatzliche Informationen zu jeder Publikation sind in den folgenden Unterkapiteln

zu finden.

Ersatz von Lithiumcarbonat als Beschleuniger
fiir Calciumaluminatzemente

Publikation 1:
Beschleunigender
Effekt von Alginat

Publikation 2:
Strukturmerkmale
beschleunigender

Biopolymere

Publikation 3:
Wirkmechanismus
beschleunigender

Biopolymere

Publikation 4:
Beschleunigender
Effekt von Flllstoffen

Abbildung 26: Zeitliche Vorgehensweise bei der Erforschung des beschleunigenden
Effekts von Alginaten auf CAC.

In einem ersten Schritt wurde die Wirkung von Alginat untersucht (Abbildung 27), wobei
sowohl Untersuchungen in Zementpaste als auch im Zementmortel erfolgten. Im
Besonderen wurde hier die Effektivitat einzelner Alginat-Muster in den verschiedenen
Zementen quantifiziert und mit deren Phasenzusammensetzung korreliert. Ebenfalls
wurden die physikalisch-chemischen Eigenschaften verschiedener Alginat-Produkte
(Molmasse, M/G-Verhaltnis und Gegenion) in Bezug auf die Wirksamkeit als
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Beschleuniger betrachtet. Zudem wurden erste Ansatze zur mechanistischen Aufklarung

mit Fokus auf der Calciumbindefahigkeit des Alginats vorgenommen.

1. Effekt von Alginat in Zementpaste:
- Wirkung auf verschiedene Zemente
— Mineralogische Phasenzusammensetzung

- Wirkung verschiedener Alginate (M/G-Verhaltnis, Molmasse)
- Vergleich mit Lithiumcarbonat

2. Effekt von Alginat im Mértel:

- Festigkeiten in verschiedenen Zementen
- Kombination mit FlieRBmittel

3. Mechanistische Untersuchung:

- Calciumbindefahigkeit
- Kombination mit Verzégerern

Abbildung 27: Vorgehen bei der Erstuntersuchung zur beschleunigenden Wirkung von
Alginaten (Publikation 1).

Um den Ursprung dieses ungewohnlichen beschleunigenden Effekts von Alginat zu
ergrunden, wurde im nachsten Schritt der Fokus auf die Molekulstruktur des Polymers
gelegt (siehe Abbildung 28). Hierzu wurden sowohl Alginate unterschiedlichen
Ursprungs (extrahiert aus verschiedenen Algenarten) als auch im Labor synthetisierte
Derivate des Alginats untersucht. Zur Identifikation wichtiger struktureller Merkmale
wurde ebenfalls eine breite Auswahl verschiedener Biopolymere (naturlichen,

mikrobiellen und halbsynthetischen Ursprungs) auf ihre Wirkung in CAC getestet.

Im finalen Schritt, der Aufklarung des Wirkmechanismus von Alginat (siehe
Abbildung 29) wurde die Zementhydratation in Gegenwart des beschleunigenden
Polymers betrachtet und die Bildung der Hydratphasen sowohl qualitativ als auch
quantitativ analysiert. Die hierbei stattfindenden Prozesse in der Zementporenlésung
wurden durch Bestimmung der lonenkonzentrationen und durch Untersuchung der
Wechselwirkung der lonen mit Alginat naher ermittelt. Basierend auf diesen
Informationen konnte ein mechanistisches Modell aufgestellt werden, welches durch
elektronenmikroskopische Aufnahmen bestatigt wurde.
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1. Alginate extrahiert aus unterschiedlichen Algenarten:
Durvillea antarctica, Laminaria japonica, Fucus vesiculosus, Chorda filum, Ascophyllum nodosum

2. Chemische Derivatisierungen von Alginat:
Decarboxylierung, Sulfatierung und Veresterung

3. Einfluss der Polymerstruktur verschiedener
Biopolymere auf die CAC Hydratation:

Pektin, Carrageen, Agarose, Hydroxypropyl Guar,
Methylhydroxyethylcellulose, Konjak Gum, Gellan Gum,
Karaya Gum, Xanthan Gum

4. Mechanistische Untersuchung:
— Calciumbindefahigkeit

Abbildung 28: Vorgehensweise bei der Untersuchung der Strukturmerkmale in
beschleunigenden Biopolymeren (Publikation 2).

1. Wirkung von Alginat auf die Zementhydratation:
- Hydratationsgrad tber Zeit mittels 2’Al-MAS-NMR
- Bildung von Hydratphasen (in-situ & ex-situ XRD)

/ ‘f\t

2. Wechselwirkung von Alginat mit lonen in CPS:

- Statische und dynamische Porenlésung
- Einfluss auf das Inlésunggehen von CAC

3. C-A-H Kristallisation auf der Polymeroberfléche:

- Ausfallen von Alginat aus CPS
- Fixiertes Alginatpulver nach Kontakt mit CPS

4. Postulierung Wirkmechanismus:

- Modellvorstellung
- Zetapotential von Alginat
— Wechselwirkung mit [AI(OH),]-

Abbildung 29: Vorgehensweise bei der Ergrindung des Wirkmechanismus von Alginat
als Hydratationsbeschleuniger (Publikation 3).
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Da im Rahmen der ersten Publikation Diskrepanzen zwischen den Untersuchungen in
Zementpaste und Mortel festgestellt wurden, wurde dies anschliel3iend naher beleuchtet
(siehe Abbildung 30). Hierfur wurde im Weiteren die Wirkung unterschiedlicher Fullstoffe
(mit diverser chemischer Zusammensetzung und Partikelbeschaffenheit) auf die
Hydratation von CAC analysiert. Durch die Erkenntnisse zum Wirkmechanismus des
Alginats wurde durch analoge Experimente (Calciumbindefahigkeit, Mikroskopie der
Oberflache bei CPS Kontakt, usw.) das der beschleunigenden Wirkung von feinen

Fullstoffen zugrundeliegende Prinzip erkundet, welches dem des Alginats ahnelt.

1. Unterschied zwischen Kalorimetrie in Moértel und Paste:

- Einfluss von Sand auf die Hydratation von CAC und OPC
— Mortelkalorimetrie ermdglicht Vergleich mit Mértelfestigkeiten

2. Beschleunigender Effekt von Fullstoffen auf CAC:

- Zusatzliche Oberflache beginstigt heterogene Kristallisation
. — z.B. y-Al,O; mit hoher SSA in Kalorimetrie und Moértel

3. Mechanistische Untersuchung:

- Calciumbindefahigkeit
- C-A-H Kiristallisation auf der Oberflache

— Vergleichbar mit Effekt von Alginat

Abbildung 30: Vorgehensweise bei der Untersuchung zur beschleunigenden Wirkung
von Sand und feinen Fillstoffen (Publikation 4).
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3.1 Publikation 1:
Beschleunigender Effekt von Alginat in CAC

3.1.1 Zusammenfassung

Wie anfangs beschrieben, werden aktuell Lithiumsalze zur Beschleunigung des
Abbindens von Aluminatzement eingesetzt. Der ungewohnliche Effekt des Alginats,
einem Polysaccharid, ebenfalls vorzeitiges Erharten des Zements hervorzurufen, war
vollig Uberraschend und in der bisherigen Literatur nicht beschrieben. Er war im Rahmen
einer frlheren Promotionsarbeit am Lehrstuhl fiir Bauchemie zufallig beobachtet worden
[25].

In der hier vorliegenden Studie konnten folgende wichtige Erkenntnisse gewonnen

werden:

e Bei Hinzugabe von Alginat zu CAC in der Zementpaste ist ein stark beschleunigender
Effekt auf den Hydratationsbeginn zu verzeichnen, wobei die Zeit bis zum Erharten

z.T. halbiert werden konnte.

e Diese Beobachtung erfolgte in verschiedenen Zementen mit einem Al203-Gehalt
zwischen 40 und 80 Gew.%. Hierbei konnte eine individuelle Suszeptibilitat fir die
Wirkung des Alginats auf die verschiedenen Zemente festgestellt werden. Zemente
mit besonders reaktiven Klinkerphasen wie C12A7 und C4AF werden weniger stark

beschleunigt.

e Alginate beschleunigen generell nur CACs und nicht z.B. Portlandzement (OPC).
Dies ist auf die Bildung von C-A-H-Phasen zurtickzuflihren, welche jedoch bei der
Hydratation von Portlandzement, Calciumsulfoaluminatzement oder ternaren

Bindemittelsystemen nicht entstehen.

e Der Einsatz verschiedener Alginatproben unterschiedlicher Hersteller zeigte, dass
Alginate generell eine beschleunigende Wirkung aufweisen. Der Grad der

Beschleunigung kann jedoch variieren.

e Das M/G-Verhaltnis (bestimmt mittels IR-Spektroskopie) und das Gegenion im

Alginat haben keinen nennenswerten Einfluss auf den beschleunigenden Effekt.

e Entscheidend fur die Wirkung des Alginats ist dessen Molmasse, welche u.a. die
Viskositat des Polymers in Lésung beeinflusst. Beschleunigende Alginate besitzen
einen Mw von 10° - 108 Da, wohingegen flr Alginate mit einer Molmassen von 10* Da

ein verzogernder Effekt festgestellt wurde.
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Es ist moglich, Lithiumsalze bis zu einer gewissen Dosierung durch Kombination mit

Alginat zu ersetzen, um den Lithium-Verbrauch zu reduzieren.

Die Zugabe von Alginat zu einem Mortel fuhrte ebenso wie in Zementpaste zu einer
erhdhten Frihfestigkeit. So konnte beispielsweise im CAC ,Secar 712“durch Zugabe
von Alginat nach 16 Stunden bereits eine Druckfestigkeit von 33 N/mm? erreicht

werden, gegeniiber 16 N/mm? ohne Alginatzugabe.

Dieser positive Effekt ging aber mit einer schlechteren Verarbeitbarkeit (bedingt
durch das hohe Wasserbindevermodgen des Biopolymers) einher. Durch Zugabe von
PCE-basierten FlieBmitteln kann der Viskositatsanstieg durch das Alginat jedoch

beseitigt werden.

Spektrometrische (ICP-OES) Konzentrationsbestimmung von Calcium und
Aluminium der Zementporenldsung zeigte, dass Alginat Calcium bindet. Die Menge
an freiem Calcium war um bis zu 50 % reduziert. Dies ging mit einer Erhdhung der
Aluminium-Konzentration einher, indem weiterer Zementklinker in Losung geht, um

das Ldsungsgleichgewicht bzgl. Calcium wieder aufzufullen.

Da eine Verringerung der Ca?*-Konzentration in Zementen Ublicherweise zu einer
Verzogerung fuhrt, ist der beschleunigende Effekt von Alginat aulerordentlich

unerwartet und erstaunlich.

Die Kombination von Alginat mit einem Ca?*-komplexierendem Verzogerer (Citrat
bzw. Tartrat) ergab erneut eine starke Abnahme der Menge an Calcium sowie
zusatzlich an Aluminium in der Porenlésung, dennoch blieb die beschleunigende

Wirkung des Alginats erhalten.

Daraus wurde gefolgert, dass das Alginat die Kristallisation der C-A-H-Phasen auf
eine bestimmte, noch aufzuklarende Weise begulnstigt und die lonenkonzentrationen

in der Porenldsung dabei keine Rolle spielt.
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3.1.2 Veroffentlichung

The effect of alginates on the hydration of calcium aluminate

cement

Engbert A., Gruber S., Plank J.

Carbohydrate Polymers, 2020, 236, 116038.

https://doi.org/10.1016/j.carbpol.2020.116038
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The hydration of calcium aluminate cement (CAC) in the presence of sodium alginate which is known to slightly
retard Portland cement, was studied using heat flow calorimetry and mortar strength testing. Most surprisingly,
addition of alginate resulted in an earlier occurrence of the maximal heat release as well as an increased early
strength, thus confirming that in CAC alginate acts as accelerator. The thickening effect of alginate was effec-
tively compensated using a superplasticizer while retaining its accelerating property. An investigation of the
pore solution composition indicated that in the presence of alginate the concentration of calcium ions was

reduced. Such effect normally causes retardation of cement hydration and should delay the formation of C-A-H
phases. Apparently, the strong calcium ion complexing ability of alginate promotes the formation of C-A-H via
e.g. a templating effect. A combined application of alginates and lithium salts presents a viable option to reduce
the lithium consumption in CAC acceleration.

1. Introduction

Calcium aluminate cements (CACs) have unique properties that
include quick high early strength (faster strength development than
from Portland cement) and a high acid and abrasion resistance. This
makes CAC the cement of choice where those properties are required.
Alumina cements are produced at higher temperatures than Ordinary
Portland cement (OPC) because of their high content of Al,O; and are
sintered or molten at 1450°C and 1650 °C, respectively (Bensted,
2002). Commercial products normally have an Al,O; content of
35-85 wt.% depending on their field of application. The common hy-
draulic clinker phases of CACs include CA, CA,, Ci2A7, C4AF and C,S.
By mass, monocalcium aluminate is the most relevant phase present in
calcium alumina cement. Hydration of the aluminous clinker phases
proceeds via a dissolution and precipitation mechanism from solution.
In the pore solution, Ca?* and AI** are present at a molar ratio of
about 0.55 - 0.6 which leads to the crystallisation and precipitation of
metastable C-A-H phases (CAH;o, C4AH;3 or C4AH;9 and C,AHg/
C,AH;5) of which C,AH, is most important for the setting of CAC
(Lothenbach, Pelletier-Chaignat, & Winnefeld, 2012; Scrivener &
Capmas, 2003). Depending on the temperature, after months or years
all metastable hydrates transform into the stable hydrogarnet C3AHg
phase (katoite). At low temperatures (< 15 °C) and room temperature
(15-25 °C), the hydration of CAC either progresses through the forma-
tion of CAH; (I) at first, followed by its transformation to C,AHg (II), or

Abbreviations: C, Ca0O; A, Al,O3; S, SiO,; H, H,0; F, Fe,03; T, TiO; M, MgO

by direct formation of C,AHg (III) (Scrivener & Capmas, 2003).

CA + 10 H = CAHyo m
2 CAHy — C,AHg + AH; + 9 H )
2 CA + 11 H - C,AHg + Al 3)

In CAC, most commonly lithium salts are used to accelerate its hy-
dration. In particular, Li,CO3 is applied at dosages between 0.005 and
0.1 wt.-%, depending on the application and specific binder system.
Lithium produces a strong accelerating effect in pure aluminate cement
and in combinations with calcium sulphates (binary / ternary systems).
According to a model presented by Goetz-Neunhoeffer, Li* ions accel-
erate the hydration of the aluminate phases through six pathways: (1)
improved dissolution of CA through an increased permeability of the
aluminum hydroxo hydrate layer; (2) the thus increased Ca®*/AI**
ratio in solution thermodynamically promotes the formation of C,AHg;
(3) formation of [Li»Al4(OH),2](OH), - 3 H,0 layered double hydroxide
(LDH) compound as seeding material which decreases the activation
energy necessary for the crystallisation of CoAHg; (4) Li* ions are then
continuously exchanged and replaced by Al** ions which then (5) re-
duces the AI’* concentration in solution and (6) further foster the
dissolution of CA by the lower AI** content in solution (Gotz-
Neunhoeffer, 2005).

However, the availability of lithium salts in general and for con-
struction applications in particular is becoming increasingly
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problematic because of the high demand for lithium ion batteries. The
fast growing market for mobile phones and electric cars drastically af-
fected the price and the supply security for lithium compared in recent
years (Speirs & Contestabile, 2018). Considering the key role which
lithium is expected to play in future electromobility it appears to be
irresponsible to use up such a precious element in flooring compounds
and other CAC-based systems. Hence, a replacement for Li is highly
needed.

In the context of another study, we observed an unexpected beha-
viour of alginates when tracking the hydration of alumina cement via
heat flow calorimetry (de Reese, Sperl, Schmid, Sieber, & Plank, 2015).
Most surprisingly it was found that alginates act as accelerator for CAC
by prematurely triggering its hydration. This effect was not expected,
because so far polysaccharides were only known to retard cement hy-
dration.

Alginates are biopolymers composed of mannuronic (M) and gu-
luronic (G) acid that are glycosidically connected via a-1—4 and B-1—
4 linkages, forming linear copolymers with average molecular weights
between 10,000 and 600,000 Da. The carbohydrate monomer units (M
and G) can be linked in different tactical sequences such as MM, GM
and GG which leads to different steric arrangements (Fig. 1, top). The
ratio between those blocks and the molecular weight (~ viscosity) are
mostly responsible for the properties (gel strength/syneresis) of aqu-
eous solutions of the polymer. Furthermore, it is known that especially
GG blocks are essential for the strong ionotropic gelling properties of
alginate in the presence of divalent cations, like e.g. Ca®* (Imeson,
2011; Plank, 2003). Due to its characteristic appearance, this com-
plexation mode with Ca®* is generally referred to as the “egg-box”
model (Fig. 1, bottom), first introduced by Grant, Morris, Rees, Smith,
and Thom (1973).

Alginates are biopolymers of natural origin and are harvested via
extraction from brown algae Phaeophyceae. Depending on the species of
algae, their growth conditions and processing after harvest, their che-
mical composition and molecular weight can vary.

The aim of this research was to investigate and understand this
unusual property of alginate in CAC. In order to elucidate the effect of
alginates of diverse natural origin, a series of commercial sodium al-
ginate products exhibiting different properties were received from dif-
ferent companies and tested. Additionally, their accelerating effect on

COO0~ OH
~~0
OH 5// .
HO
Q OH
A\
OH CO0~
G G
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alumina cements of various Al,O3 contents was examined. This pro-
gram was developed because CACs can exhibit different mineralogical
compositions resulting mainly from the ratio of CaO/Al,03/Fe;03
present in the raw meal for CAC production. In order to compensate for
the loss of workability resulting from the thickening effect of the bio-
polymer a superplasticizer was used. Moreover, the accelerating me-
chanism of the alginate was investigated by applying pore solution
analysis.

2. Experimental
2.1. Cement samples

A variety of calcium aluminate cements (Ciment Fondu, Secar 41,
Secar 51, Secar 71, Secar 712, Secar 80 as well as Ternal SE, Ternal LC and
Ternal EP) produced by Imerys Aluminates were utilised. Their oxide
composition (Table S-1 in supporting information) was determined
using XRF (Axios, PANalytical, Kassel, Germany) while their miner-
alogical composition (Table 1) was investigated using XRD (D8 advance,
Bruker AXS, Karlsruhe, Germany). Average particle size was analysed
by laser granulometry (Cilas 1064, Cilas Instruments, Orleans, France).
Here, particle size was measured three times after complete dispersion
in isopropanol using ultrasonic, and the mean value was calculated. The
specific surface area was determined according to Blaine’s method.

2.2. Chemicals

In all experiments deionised water obtained from a Barnstead
Nanopore Diamond Water  purification system (Werner
Reinstwassersysteme, Leverkusen, Germany) was used. As reference ac-
celerator lithium carbonate (Chemetall) and as retarders trisodium ci-
trate (Merck) as well as potassium sodium tartrate (Rochelle salt,
Jungbunzlauer) were utilised. Li,CO3 (< 40 pm) was pre-blended at 1/
40 wt./wt. ratio with calcium carbonate (= 14 um, Merck) to ensure
accurate dosing.

2.2.1. Alginates
Over thirty alginate samples were provided by KIMICA, Eurogum,
FMC (through IMCD), Roeper, Cargill, Danisco and Polygal. Those varied

COO” -
OH o~
-0 HO

Fig. 1. Top: General chemical structure of the alginate molecule composed of guluronic (G) and mannuronic (M) acid as building blocks; Bottom: Complexation of
calcium ions by alginate molecules (“egg-box” model) resulting in gel formation (adapted from Stolarz (2003) and Pistone, Qoragllu, Smistad, and Hiorth, (2015)).
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Table 1

Carbohydrate Polymers 236 (2020) 116038

Typical contents (wt.%) of hydraulic clinker phases in alumina cement samples used in the study, according to quantitative X-ray diffraction analysis including
Rietveld refinement performed by TUM in conjuncture with reported literature values.

CAC sample (wt.%)

Phase Ternal EP Ciment Fondu Secar 41 Secar 51 Secar 71 Secar 80
Ternal SE Ternal LC Secar 712

CA 1-5' 47-57" 54-66" 64-74"254° 54-64"77 35-45"7

CAy n.d. n.d. nd. n.d. 36-44'7 22-30"7

CoAS n.d. 1-10’ 10-22" 1822145 < 17 n.d.

CLAF 10-20' 10-20" nd. nd nd. nd

C8 10-20" 1-10° 1-10* 15142 n.d. n.d.

Ci2A7 55— 65' 1-5'7 1-5 < 1'% <17 <17

other CaA, CT C3FT, CapAyaMaSs” CT, C4FT, Cz0A13MaSs CT, C5FT a-ALO;' (< 2) a-Al,0;'7 (35 - 45)

! Own analysis.

2 Data from Parr, Bin, Alt, and Wohrmeyer (2006).

3 Data from Puerta-Falla et al. (2015).

* Data from Bizzozero, Gosselin, and Scrivener (2014).

5 Data from Gosselin and Scrivener (2008).

® Data from Touzo, Gloter, and Scrivener (2001).

7

Data from Ostrander and Schmid (2015).

in purity (food grade or technical grade), particle size, viscosity grade
and M/G ratio. In the following work, the commercial alginate products
XEA 5036 (Eurogum), ALGIN (KIMICA), S 900 NS (Cargill), FD 170
(Danisco) and Protanal LF 200 FTS (FMC) were utilised (properties
shown in Table 3).

The ratio between mannuronic and guluronic acid was determined
via IR spectroscopy. From commercial samples of known composition a
calibration curve between the M/G ratio and the ratio of the IR ab-
sorptions at about 1025 cm ™! and 1085 cm ™! was established (Sellimi
et al., 2015) (see Table S-2 and Figure S-1 in supporting information).
The investigated samples had M/G ratios in the range between 0.4 and
1.6, according to our analysis.

2.2.2. PCE superplasticizer

A polycarboxylate (PCE) superplasticizer based on w-methoxy poly
(ethylene oxide) methacrylate and methacrylic acid was utilised to re-
duce the viscosity and water demand of the CAC pastes. It was self-
prepared via aqueous free radical copolymerisation at 80°C as de-
scribed in literature (Plank, Zouaoui, Andres, & Schaefer, 2014). In the
PCE copolymers, the molar ratio of the monomers was 6 : 1 (MAA :
Ester) and the side chain was composed of 114 ethylene oxide units.
Molecular properties of the PCE sample was collected by GPC analysis
which revealed a macromonomer conversion of 95 %, resulting in a
copolymer with a mass average molecular weight of 33,800 Da and a
PDI of 2.26.

2.3. Experimental methods

2.3.1. Isothermal heat-flow calorimetry

Calorimetry was performed following DIN EN 196-11 (2019). Four
gram of cement were filled into sealable 10 mL glass ampules and dry-
blended with previously placed alginate powder until a homogenous
mixture was achieved. This blend was mixed with deionised water at
room temperature and homogenised with a vortex mixer VWT 1419
(VWR, Ismaning, Germany) for two minutes. The ampoule was placed
in an isothermal conduction calorimeter TAM air model 3116-2 (Ther-
mometric, Jérfilla, Sweden) for monitoring of the heat flow. Measure-
ments were conducted at 20 °C until heat evolution was concluded and
repeated at least twice.

2.3.2. Mortar tests

Mortar testing was conducted according to DIN EN 196-1 (2016)
and strength values were determined at different times of hydration
using a ToniNORM instrument setup (Toni Technik, Berlin, Germany).
The mortar was composed of three parts of norm sand and one part of

cement which was pre-blended with the alginate powder. Using a To-
niMIX eccentric agitator (Toni Technik, Berlin, Germany) the mortar was
automatically prepared whereby the water containing the super-
plasticizer as well as one drop of defoamer (Dowfax DF 141, Dow
Chemical) was first placed in the mixer cup. The mortar prisms
(4 x 4 x 16 cm) were compacted using a ToniVib vibrating table (Toni
Technik, Berlin, Germany), stored at 20 °C / 90 % relative humidity and
demolded 10 min prior to measuring their compressive and tensile
strength, Mortar density was calculated from the size and weight of the
prisms. Mortar tests were performed from the same shipment of each
cement and the prisms were produced in one test series. This precaution
was taken because CAC is quite sensitive to ageing.

2.3.2.1. Mortar spread flow. The spread flow of the mortar was
determined according to DIN EN 1015-3 (2007). First, the mortar was
added in two steps into a Vicat cone (height 40 mm, top diameter
70 mm, bottom diameter 80 mm) and slightly compacted. Each layer
was compacted 10 times with a tamping rod. Thereafter, the cone was
removed vertically and the flow table was lifted up 40 mm and then
dropped 15 times, causing the mortar to spread out. The resulting
spread was measured twice, the second measurement being at a 90°
angle to the first and averaged to report the mean value.

2.3.2.2. Compressive and tensile strengths. Compressive and tensile
strengths were determined according to DIN EN 196-1. For
measurement of the tensile strength, three specimens of each sample
were used and the average was calculated. The compressive strength
was assessed using the broken specimens from the tensile strength
testing. The mean value for the compressive strength was calculated
from the measured results of the six pieces. Measurements were
performed on a ToniNORM powerbox model 2010 equipped with two
load frames model 1543 and model 1544.

2.4. Analytical methods

2.4.1. FT-IR spectroscopy

Infrared spectra of the polymers were measured with an attenuated
total reflectance Fourier transform spectrophotometer (ATR-FTIR)
(Vertex 70, Bruker Optics, Karlsruhe, Germany). It was acquired in
transmittance mode on a Diamond ATR crystal cell (MPV-Pro, Harrich
Scientific Products, Pleasantville, USA) by accumulation of 20 scans
with a resolution of 0.5cm ! and a spectral range of 2000-650 cm ™%
Evaluation of the spectra was performed using Bruker’s OPUS 6.5
software after background correction and normalization.
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2.4.2. Ion concentrations via ICP-OES

Inductively coupled plasma atomic emission (ICP-OES) spectro-
scopy was performed on a series 700 apparatus (Agilent Technologies,
Santa Clara, CA, USA). The cement paste was prepared by admixing e.g.
20 g Ciment Fondu blended with 0.1 wt.% alginate in a centrifuge tube
and subsequent homogenisation for two minutes utilizing a vortex
mixer VWT 1419 (VWR, Ismaning, Germany). The cement paste was
centrifuged (8500 rpm, 15 min) and the supernatant pore solution was
filtrated using a 0.2 pm PES membrane filter. The resulting solution was
diluted accordingly (1/30) and automatically measured five times to
capture the Ca®* and AI>* content in the pore solution. Calibration was
performed at concentrations of 1, 10 and 50 mg/L using an ICP multi-
element standard (standard IV, Merck) and data was collected at several
wavelengths. Results were averaged and deviation was calculated in-
cluding an additional methodical error of 1 % to account for errors
resulting from e.g. weighting and pipetting.

3. Results and discussion
3.1. Effect of alginate on CAC hydration

As is generally known, the addition of various polysaccharides to
CAC including Xanthan gum, Welan gum etc. normally results in a re-
tardation of cement hydration. In the course of this study, we surpris-
ingly found that only a few specific polysaccharides (e.g. Gellan Gum or
Karaya Gum) have no retarding effect or even produce a weak accel-
eration under specific circumstances. In contrast to those polymers, an
alginate sample was found to strongly accelerate alumina cement.
Moreover, other randomly selected sodium alginates showed similar
accelerating properties.

In the following, the accelerating effect of four randomly selected
alginate samples with different properties on the hydration of a com-
mercial CAC is presented (Fig. 2). Of those samples shown only #1
(XEA 5036) is used in the further study for mortar tests and in-
vestigations on the working mechanism. According to the results from
heat flow calorimetry, addition of 0.1 wt.% of sodium alginates can
reduce the time until maximum heat release is recorded by up to 50 %
(Table 2), suggesting that the dormant period is reduced significantly.

For Secar 51, as an example, the point of maximum heat release was
detected about 4 h earlier when alginate was added. This corresponds to
an acceleration of 45 % of hydration time for sodium alginate XEA 5036
(9.2 for the reference as compared to 4.9 h upon addition of 0.1 wt.%
alginate). To probe whether the effect of the alginate is dependent on
the w/b ratio, CAC pastes with w/b ratios of between 0.4 and 0.7 were
prepared. No difference between them relative to the general trend was
found.

Extensive testing employing CACs of different phase compositions
revealed that the accelerating effect occurred in all CAC pastes, but
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Table 2

Acceleration of cement hydration in percent measured for different CAC sam-
ples (w/b = 0.62) upon addition of alginate sample XEA 5036, calculated from
the time periods to reach peak heat release in heat flow calorimetry (see Table
S-3 in supporting information).

CAC +0.1 wt.% Alginate +0.2wt.% Alginate
Fondu = 20% =20%
Secar 41 = 20% = 25%
Secar 51 = 45% = 50 %
Secar 71 = 45% = 50 %
Secar 712 = 50 % = 60 %
Secar 80 =5% =15%
Ternal EP =15% = 30%
Ternal SE =20% =25%
Ternal LC = 45% = 50 %

significantly differed with phase composition and particle size of the
CAC sample (Table 1 and Table S-1 in supporting information). This can
be explained by the clinker phase composition of the cements. Ternal
EP (mainly C;»A7), Ciment Fondu and Ternal SE (both with an high
amount of C4AF and traces of C;,A7) have an inherent high reactivity
because of the calcium rich clinker composition and are thus less in-
fluenced by alginate. Especially Secar 80 shows a minor acceleration by
alginate, which can be attributed to an extremely high fineness which
already provides fast hydration (Blaine value of Secar 80 is 10,600 cm?/
g as compared to 3,000-4,000 cm?/g for the other cements).

Furthermore, the effect of this specific alginate sample XEA 5036 on
the hydration of other binders including Portland cement, calcium
sulfoaluminate (CSA) cement, anhydrite or a ternary binder system
(OPC / CAC / AH) was probed. There no acceleration was detected,
instead consistently no effect or a minor retardation occurred. This al-
lows to conclude that the alginate specifically promotes the hydration
of alumina cement only.

3.2. Influence of molecular properties of the alginates on acceleration

In the next step, the impact of the molecular properties of alginate
samples on their accelerating effect was studied. Three key molecular
parameters were considered: (1) the cation (e.g. Na*, K™ and NH; ")
balancing the anionic charge; (2) the M/G ratio which impacts viscosity
and strength gel; and (3) the degree of polymerisation which directly
correlates to viscosity and molecular weight, respectively.

(1) When comparing the accelerating effectiveness of for example a
sodium and an ammonium alginate, no specific effect of the cation was
found (see Figure S-2 in supporting information), thus indicating that
the cation plays no role here.

(2) The monomeric composition of alginates which is expressed by
the ratio of mannuronic to guluronic acid incorporated, was also found

acceleration

-
=]

+ 0.1 % alginate
#1 #2 #3 #4
- ~

w
=]

ot
>

heat flow [mW/gcement]
N
[(—]

- reference

=

T T T 1

6 8 10 12
time [h]

Fig. 2. Accelerating effect of four different alginate samples on CAC added at a dosage of 0.1 wt.%, as determined via heat-flow calorimetry (Secar 51, w/b = 0.5 ; #1

XEA 5036, #2 FD 170, #3 Manucol DH, #4 Protanal LF 200 FTS).
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Table 3
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Properties of four sodium alginate samples of different M/G-ratio (top) and properties of three sodium alginates of different viscosity grade (bottom), according to

suppliers’ specifications (viscosity, particle size) and own analysis (M/G ratio).

Alginate sample Viscosity of a

1 % solution (20 °C)

Particle size M/G ratio measured

Protanal LF 200 FIS 200-400 mPas

XEA 5036 300-600 mPas
FD 170 20-50 mPas
Satialgine S 900 NS 350-550 mPas

< 200pm 0.46 + 0.04
< 180pm 0.82 + 0.04
<100pm 1.08 + 0.05
<125um 1.46 + 0,05

Alginate sample Viscosity of a

1 % solution (20°C)

Viscosity of a
10 % solution (20 °C)

Particle size M/G ratio measured

ALGIN IL-2 20-50mPas = < 180 um 1.49 = 0.06
ALGIN ULV-1 < 1mPas 100-200 mPas < 180 pm 1.31 + 0.05
ALGIN ULV-L3 - 20-50 mPas < 180 pm 1.16 + 0.08

to be of no significant impact on the acceleration. To demonstrate, the
accelerating effect of four alginates exhibiting very different M/G ra-
tios, as shown in Table 3 (top), was assessed by heat-flow calorimetry
(results displayed in Fig. 2). There, no noticeable difference related to
the specific composition (M/G ratio) could be observed. The product
samples tested exhibited M/G ratios between 0.4 and 1.6.

(3) Opposite to this, the viscosity grade of the alginate samples was
found to be most critical for their accelerating effect. Using three
samples of different viscosity grade, but of similar particle size and M/G
ratio (Table 3, bottom), a comparison was performed. At decreasing
viscosity, the acceleration observed via heat-flow calorimetry (Fig. 3)
became less and even changed to retardation for ultra-low viscosity
grades. Whereas for all alginate samples of high or very-high viscosity
grade, no adverse effect could be observed.

Generally, the viscosity of an alginate solution is strongly influenced
by the molecular weight of the polymer. This relationship is used in the
Mark-Houwink equation to calculate the viscosity average molar mass
from the intrinsic viscosity of a solution.

The correlation between the molecular weight and the viscosity
grade of different sodium alginate samples was established based on
existing literature (see Figure S-3 and S-4 in supporting information).
There, for ultra-low viscosity grade alginate samples molecular weights
(M,,) in the order of 10* Da are reported. It has to be noted that because
of their natural origin, alginates exhibit a broad molecular weight dis-
tribution. The PDIs (determined by the ratio of M,,/M,) of commercial
products are reported to be as high as four (Fu et al., 2010). Accord-
ingly, even sodium alginates with a higher molecular weight of e.g.
200kDa (DP > 1000) can contain a noticeable fraction of low mole-
cular (DP = 250 at 50 kDa) alginate polymer. Moreover, low molecular
weight samples may contain fractions with M,, as low as 10® Da. Those
short-chain polysaccharides or even oligomeric components which

often originate from the isolation process of the alginate (alkaline ex-
traction and to some extent heat treatment for depolymerisation) seem
to cause the retarding effect commonly observed for polysaccharides.

According to this analysis, it is recommendable to use alginates with
a M,, of at least 10° Da or even higher molecular weight to achieve an
accelerating effect.

3.3. Comparison of acceleration from alginates and lithium salts

As mentioned in the introduction, lithium salts are generally used to
accelerate alumina cements. In order to check on the substitution po-
tential of lithium via addition of alginates, respective systems and
combinations were tested. The results of these experiments are dis-
played in Fig. 4.

First, it becomes clear that the alginate can achieve a comparable
acceleration than lithium carbonate, albeit at a significantly higher
dosage only. Furthermore, a combination of Li,CO5 and alginate pro-
duces an even stronger acceleration, thus demonstrating that both
products can be combined well. Accordingly alginate can be used to
save the precious lithium compound while keeping the same perfor-
mance with respect to setting and hardening behavior of this cement.
Similar results were obtained in other CAC samples.

3.4. Strength development of alginate treated CAC mortar

To probe further into the accelerating effect of the alginate, mortar
testing was conducted using three different CAC samples of distinctly
different composition and reactivity. The aim was to affirm the previous
results from heat flow calorimetry.

In Ciment Fondu (= 38 % Al;053), which exhibits a relatively fast
setting, addition of the alginate XEA 5036 at a dosage of 0.1 wt.%

viscosity grade it
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Fig. 3. Accelerating effect of three alginate samples of different viscosity on CAC added at a dosage of 0.1 wt.%, as determined via heat-flow calorimetry (Secar 51,

w/b = 0.5).



ERGEBNISSE UND DISKUSSION

43

A. Engbert, et al.

+ 40 ppm Li2CO3
+ 0.1 % alginate

+40 ppm Li2CO3

Carbohydrate Polymers 236 (2020) 116038

reference CAC |

72 T | e

g | : ~

g \

%"20 ‘ ‘

0l /[ ] |

e ! |

=

) . i —
0 2 4 6 8 10 12

Fig. 4. Accelerating properties of a lithium salt, alginate XEA 5036 and a combination of both on CAC (Secar 71), as determined via heat-flow calorimetry (w/

b = 0.62).

accelerates compressive strength development by = ' hour.
Demolding of the specimens (at a compressive strength > 1 N/mm?) in
the presence of alginates was possible earlier compared to the re-
ference.

For Ternal LC cement (= 52 % Al,03) similarly an increase in early
strength was observed upon addition of alginate. Here the strength
increase after 6 hours of curing was 75 % (9.7 N/mm? — 17.2N/mm?;
see Table S-3 in supporting information). Like in Ciment Fondu, addi-
tion of the biopolymer (dosage 0.1 wt.% XEA 5036) decreased the
workability of the mortar because of its viscosifying property, resulting
from a strong gelation in the presence of Ca®>* ions as was mentioned in
the introduction. This undesired effect necessitates additional treatment
with a PCE superplasticizer to achieve good workability. When Li,CO3
is used, no such extra treatment with a superplasticizer is required.

In the CA, rich Secar 712 (= 69 % Al,03), which shows a long
dormant period because of a surface modification of the clinker, the
improvement in early strength was more pronounced. For example,
after 16 hours of curing the compressive strength of the mortar was
increased by 110 % upon addition of 0.1 wt.% XEA 5036 alginate
(15.8 N/mm? — 33.4 N/mm? ; see Table 4). Moreover, after 12 hours of
ageing the mortar from neat Secar 712 still had not hardened, whereas
the sample containing alginate already had developed 11.5N/mm? of
compressive strength. This value is comparable to the strength of the
neat cement after 16 h of curing, thus indicating an acceleration of
about four hours.

3.5. Combination of alginate with PCE superplasticizers

Combination of alginate with PCE superplasticizer can effectively
compensate the observed loss of workability owed to the water-binding
and viscosifying properties of alginate. However, for PCEs has been
shown before that they can induce severe retardation on calcium

aluminate cements. Though this effect is much dependent on the spe-
cific molecular structure, particularly the side chain length and charge
density of the PCE. Moreover, PCEs possessing short side chains and
high anionic charge have proven to be almost ineffective in CAC be-
cause of chemical absorption (intercalation) into the structure of the C-
A-H phases (Plank, Keller, Andres, & Dai, 2006; Ng, Metwalli, Miiller-
Buschbaum, & Plank, 2013; Assis, Parr, & Hu, 2008).

Here, a PCE possessing long side chains and a low anionic charge
was selected for combination with alginate XEA 5036, to offset the
viscosifying effect of the biopolymer. As can be seen from Table 4 this
PCE effectively restores the fluidity of CAC pastes treated with alginate.
Moreover, the retarding effect of the PCE is well compensated by the
alginate. Similar results were obtained in other CAC samples.

Thus, this series of tests allows to conclude that CAC paste of high
fluidity can be obtained even when alginate is used as accelerator.

4. Mechanistic study

The unexpected accelerating behaviour of alginate which moreover
seems to be specific for CAC cements prompted an investigation into the
mechanism underlying this effect. As a first step, a study was conducted
by analysing the pore solution of the CAC in order to examine the in-
fluence of alginates on the ion concentrations shortly after preparing
the cement paste.

4.1. Interaction of alginate with ions present in CAC pore solution

As mentioned in the introduction, alginates can interact with a
variety of cations. Especially divalent cations such as Ca®* are strongly
complexed by the GG blocks of the alginate, leading to an ionotropic
gelation. Alginate also shows a strong complexation with Sr>* and
Ba®*, while on the other hand Mg?* produces a weak gelation because

Table 4
Mortar properties for Secar 712 (w/b = 0.5) after 16 h of hydration, with and without addition of alginate XEA 5036 and in combination with PCE superplasticizer
114PC6.
Secar 712 Reference + Alginate 0.1 % + PCE 0.02 % + PCE 0.02 %
16 h of curing + Alginate 0.1 %
compressive strength 158 + 1.5 334 £ 1.6 369 = 1.3 521+ 11
(N/mm?) — 110 % increase — 135 % increase — 70 % decrease
tensile strength 21 =03 44 + 04 44 + 0.4 0.8 = 0.2
(N/mm?) — 110 % increase — 110 % increase — 65 % decrease
mortar density 2240 = 10 2,230 = 5 2,290 = 10 2,300 = 5
(g/L)
spread flow 19.7 = 0.1 17.8 = 0.2 21.3 * 0.1 24.0 = 0.1

(em)
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only a diffuse bonding takes place between magnesium and the alginate
(Topuz, Henke, Richtering, & Groll, 2012).

According to Mignon et al. (2016), when sodium alginates are dis-
solved in ordinary portland cement paste, about 85 % of the sodium
will be exchanged against calcium, leading to the formation of a viscous
hydrogel. In our study, likewise an uptake of Ca®* from pore solution of
CAC (Ciment Fondu) upon addition of 0.1 wt.% alginate XEA 5036 was
detected, whereby the concentration of Ca®" in the CAC pore solution
is decreased by 15 % compared to the neat cement paste (Fig. 5, top). At
higher alginate dosages the Ca®* binding capacity becomes even more
pronounced and increases to 50 % of the free calcium which is removed
from the solution. Such a strong reduction and complexation of the
Ca®* ion concentration normally comes with a strong retardation, such
as is well-known from trisodium citrate or Rochelle salt. Hence it is
most surprising that alginate, inspite of its pronounced calcium com-
plexation ability as is demonstrated here, acts as an accelerator, and not
as a retarder.

Theoretically, complexation of Fe>* or AI** ions by the carboxylate
groups present in the alginate is also possible, but because of the al-
kaline pH (= 12) in CAC pore solution those ions will form either [Al
(OH)4] or insoluble hydroxides (e.g. Fe(OH)3). As such, an interaction
with the negatively charged carboxylate groups is unlikely.
Interestingly, the Ca®* chelating effect of the alginate fosters an in-
crease in the concentration of AI** in the pore solution. The increased
solubility of AI>* can be explained by the decreased Ca®* concentra-
tion, which promotes the dissolution of the aluminate from the clinker
and might this way promote favourable conditions for the earlier for-
mation of CAH phases.

This analysis signifies that if the accelerating effect of the alginate
would increase with higher dosage, then its strong calcium complexing
ability which favours the dissolution of the aluminate phases would be
the key property responsible for its accelerating effect. However, the
accelerating effect reaches a plateau at about 0.1 wt.% dosage and in-
creases only marginally at higher dosages. Hence, an influence of the
alginate on the solubility and dissolution of the clinker as it is proposed
for lithium compounds can be excluded and does not present the

mechanism behind its unusual accelerating effect. Furthermore, lithium
carbonate, the classical CAC accelerator, was found to increase the
concentration of both calcium and aluminium ions in the pore solution
of CAC paste simultaneously by 5-10 % (Li,CO3; dosage of
25-100 ppm), thus signifying that lithium compounds work according
to a completely different mechanism of acceleration, compared to al-
ginate.

To further study the ion binding capability of alginate, the time
dependent evolution of the Ca®* concentration in cement paste with
and without 0.2 wt.% of alginate was assessed (Fig. 5, bottom). Here, a
gradual decrease of Ca”>* concentration with time was observed for
both systems, but the decline was much more pronounced when algi-
nate was present. In the presence of the biopolymer, the amount of free
calcium in solution decreases considerably faster than in the neat ce-
ment. This implies an earlier formation of C-A-H phases which is con-
sistent with the calorimetric tests (Fig. 2) and the results on strength
development (Table 4). On the other hand, in the presence of alginate
the concentration of aluminium ions is substantially higher than in the
neat cement, thus confirming its increased solubility in the presence of
alginate.

4.2. Interaction of alginate with common retarders

This reduction in Ca®* ion concentration in pore solution as de-
scribed above is most surprising for an accelerator, as this behaviour is
characteristic for retardation. Therefore, the question arose how algi-
nate would behave in combination with known retarders. Here, it
would be expected to find an increased retardation as the amount of
free calcium would be reduced severely by the combined calcium
complexing ability. To investigate, combinations of alginate with Nas-
citrate and KNa-tartrate were tested. The calorimetric results are dis-
played in Fig. 6 (top).

At first it becomes obvious that in CAC citrate and tartrate develop
their well-known retarding effect. However, when combined with them,
alginate still accelerates and is able to not only compensate their re-
tarding effect, but even produce a significant acceleration, inspite of the
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Fig. 6. Comparison of heat release and development of Ca®* and AI*>* ion concentrations in CAC pore solution (Secar 51, w/b =

reference CA(’

0.5, in the presence of the citrate

and tartrate retarders, alginate XEA 5036 and combinations thereof), as determined by ICP-OES.

free calcium concentration in the pore solution being even substantially
lower (= 40 % of the amount present in the neat cement paste) than in
the presence of the alginate only (Fig. 6, bottom). Furthermore, the
amount of aluminium ions in the pore solution was also reduced upon
presence of the retarders in the CAC paste. Therefore should be ex-
pected that for the observed free ion concentrations of Ca®" and AI*",
the crystallisation of the CAH phases from the pore solution to be less
favourable and result in a retardation.

Based upon these findings the question arises whether the decreased
Ca®* and AI>* concentrations in fact accelerate the formation of C-A-H
phases.

5. Conclusion

Our study demonstrates that alginates present a novel accelerator
for aluminate cements, as is evidenced by heat-flow calorimetry and
strength tests of mortar samples. Addition of this biopolymer seems to
shorten the dormant period and therefore shifts the beginning of the
hydration reaction to earlier times and results in noticeably higher early
strengths. In comparison to lithium salts such as Li,CO3, alginate re-
quires higher dosages and the addition of a superplasticizer to coun-
teract its viscosifying effect. Moreover, a combination of alginate with
lithium salts presents a viable option to reduce the consumption of
precious lithium compounds in construction.

A first mechanistic study revealed that alginates reduce the con-
centration of free calcium ions present in the pore solution up to 50 %.
This effect is owed to the well-known high calcium complexing ability
of alginates as described by the “egg box” model. This result is most
remarkable, because a chelation of Ca®”* is characteristic for common
cement retarders. On the other hand, lithium compounds were found to

increase the calcium as well as the aluminium ion concentrations which
is caused by increased dissolution of the clinker. The experiments on
alginates however clearly suggest, that the accelerating mechanism of
lithium compounds does not apply to alginates. Consequently, a com-
pletely different mechanism is at work when alginates are added to
CAC.

In future studies, further investigations on the accelerating me-
chanism involving XRD and solid state Al MAS NMR spectroscopy are
planned in order to observe the formation of the hydrate phases under
these unusual conditions.
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2.1 Cement samples

Table S-1: Oxide composition (only contents > 0.3 wt.-% are shown) and physical properties of the alumina

cement samples.

] Ciment Fondu Secar 51 Secar 71 Secar 712
Oxide / property ]
contents in wt.%
Al203 38.7 51.6 69.4 68.8
CaO 375 36.8 29.3 29.0
Fe.Os 15.2 2.1 - -
SiO; 4.4 5.2 0.5 0.3
TiO> 2.8 2.2 - -
MgO 0.5 0.5 - 0.3
Blaine [cm?/g] 2,810 3,880 3,570 3,370
dso [um] 18.1+£0.3 10.1£05 12.8+0.2 13.4+0.2
Reactivity w/water fast medium medium slow
Oxide / property Ternal EP Ternal SE Secar_41 Ternal LC Secar 80
contents in wt.%
Al;Os 36.6 39.9 44,5 51.2 80.7
CaO 47.7 36.7 37.6 37.9 16.6
Fe.03 7.0 15.2 7.2 1.7 -
SiO; 4.6 4.5 5.6 5.3 0.3
TiO2 1.9 1.8 2.2 2.5 -
MgO 0.3 0.5 0.3 0.4 0.3
Blaine [cm?/g] 3,140 3,650 3,580 3,330 10,600
dso [um] 17.1+£0.2 11.2+£0.2 156+0.2 159+0.3 74+05
Reactivity w/water fast fast fast medium medium
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2.2.1 Alginates

The linear correlation between the M/G-ratio and the relative intensity of the IR band with an R factor of

> 0.9 is shown in Figure S-1. The high variation in the M/G ratio of the individual alginate samples is a

result of the literature values 554 reported (Table S-2).

y =1.6126x + 1.9676

R?=0.95

IR intensity ratio
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Figure S-1: Correlation between the M/G-ratio and the relative intensity of the IR bands for various

alginates which are shown in the following table (blue = KIMICA, red = FMC, green = other).

Table S-2: Properties of different sodium alginates, according to suppliers’ specifications,
literature 52514 and analysis by TUM
Viscosity of a Particle | M/G ratio | M/G ratio
1 % solution (20 °C) size (literature) | measured
KIMICA ALGIN high-G various <180 um §10_§32] 0.5-0.6
FMC Protanal LF 200 FTS | 200-400 mPas | <200pm | @o%s | 0.46+0.04
FMC Scogin MV 350-500mPa:s | <710pm | gy | 0.91+0.05
KIMICA ALGIN various <180pum | ooy | 11-15
Sigma Aldrich W201502 5 - 40 mPa-s i ooy | 1.20+0.04
Cargill Satialgine S 60 NS 20-50mPass | <125um | i3’ | 1.30£0.02
FMC Manucol DH 40-90mPass | <250 M | sy | 163201
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3.1 Effect of alginate on CAC hydration
Table S-3: Time periods to reach the peak of heat release in heat flow calorimetry for different CAC

samples upon addition of alginate sample XEA 5036 (w/b = 0.62).

CAC neat + 0.1 wt.% Alginate + 0.2 wt.% Alginate

Fondu 41+03 3.0+0.2 29+0.1
Secar 41 6.5+0.2 51+03 49+0.2
Secar 51 9.1+0.3 49+0.2 46+0.2
Secar 71 8.0+0.2 43+0.1 42+0.1
Secar 712 18.8+0.3 9.6+0.2 79+0.2
Secar 80 57+0.2 53%0.1 48+0.1
Ternal EP 46+0.1 3.8+0.2 3.3+04
Ternal SE 47+03 3.7+0.2 35+0.1
Ternal LC 9.1+0.3 47+0.2 45+0.2

3.2 Influence of molecular properties of the alginate on acceleration

73]
=

alginate |

= sodium = ambnium reference
~_ X<
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Figure S-2: Comparison of the accelerating effect of ammonium alginate (KIMICA ALGIN NH-3) and
sodium alginate (Eurogum XEA 5036) on CAC, as determined via heat-flow calorimetry (Secar 71,

w/b = 0.6, alginate dosage 0.1 wt.%).
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The correlation between the viscosity of an alginate and its molecular weight is depicted in Figures S-3 for
a wide range of viscosities. The low and ultra-low viscosity range are depicted separately in Figure S-4 for

better distinction.
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Figure S-3: Correlation between the molecular weight and the viscosity (1 % solution, 20 °C) for various
alginates from KIMICA according to literature [S15, S16] (blue = ALGIN from [S15], light-blue = ALGIN

high-G from [S15] and black = ALGIN from [S16]).

300,000 /,

200,000 -

100,000 _—

0

molecular weight [Da]

0 5 10 15

viscosity [mPa-s]
Figure S-4: Correlation between the molecular weight and the viscosity (1 % solution, 20 °C) at low
viscosity grade for various alginates from KIMICA according to literature [S15, S16] (blue = ALGIN from

[S15] and black = ALGIN from [S16]).
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3.4  Strength development of alginate treated CAC mortar
Table S-4: Mortar properties for Ternal LC (w/b = 0.5) after 6 h of hydration with and without addition of

0.1 wt.% alginate sample XEA 5036.

Ternal LC )
. Reference + Alginate 0.1 %
6 h of curing
compressive strength 9.7+10 17.2+0.8
(N/mm?) — 75 % increase
tensile strength 1.4+£01 25+0.2
(N/mm?) — 80 % increase
mortar density (g/L) 2,320+ 5 2,300+ 5
spread flow (cm) 24.1+0.2 18.8+0.1

Literature

[S1] Sakai, S., Ono, T., ljima, H., Kawakami, K., Permeability of alginate/sol-gel synthesized
aminopropyl-silicate/alginate membrane templated by calcium-alginate gel, Journal of membrane
science, 205(1-2), 2002, p. 183-189.

[S2] Kakita, H., Kamishima, H., Some properties of alginate gels derived from algal sodium alginate, In
Nineteenth International Seaweed Symposium, p. 93-99, 2008, Springer, Dordrecht.

[S3] Karakasyan, C., Mathos, J., Lack, S., Davy, J., Marquis, M., Renard, D., Microfluidics-assisted
generation of stimuli-responsive hydrogels based on alginates incorporated with thermo-responsive
and amphiphilic polymers as novel biomaterials, Colloids and Surfaces B: Biointerfaces, 135, 2015,
p. 619-629.

[S4] Rynka, S., personal correspondence, 2017.

[S5] Mottet, L., Le Cornec, D., Noél, J. M., Kanoufi, F., Delord, B., Poulin, P., Bibette, J., Bremond, N.,
A conductive hydrogel based on alginate and carbon nanotubes for probing microbial
electroactivity, Soft matter, 14(8), 2018, p. 1434-1441.

[S6] Schweizer, D., Schonhammer, K., Jahn, M., Gépferich, A., Protein—polyanion interactions for the

controlled release of monoclonal antibodies, Biomacromolecules, 14(1), 2012, p. 75-83.

[S7] Gao, C., Pollet, E., Avérous, L., Properties of glycerol-plasticized alginate films obtained by thermo-
mechanical mixing, Food hydrocolloids, 63, 2017, p. 414-420.

[S8] Garcia-Astrain, C., Avérous, L., Synthesis and evaluation of functional alginate hydrogels based on

click chemistry for drug delivery applications, Carbohydrate polymers, 190, 2018, p. 271-280.
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3.1.3 Addendum

Zusatzlich zu den in der Publikation dargestellten Ergebnissen wurden noch weiter-

fuhrende Untersuchungen durchgefiihrt, welche im Folgenden erlautert werden:

Im Rahmen der Publikation wurde die Wirksamkeit von Alginat bei w/z-Verhaltnissen von
0,4 bis 0,7 getestet. In weiteren Versuchen, die nicht in der Publikation beschrieben sind,
wurde durch Zugabe von PCE-FlieBmitteln der w/z-Wert auf 0,3 gesenkt. Weil
Aluminatzemente unter diesen Bedingungen zur Sedimentation neigen, musste dem
Referenzsystem zusatzlich ein Stabilisierer (Celluloseether) zugesetzt werden. Bei
Verwendung von Alginat konnte auf den Einsatz des Celluloseethers verzichtet werden,
da das Alginat bereits dessen stabilisierende Funktion Ubernimmt. Bei diesen
Experimenten mittels Warmeflusskalorimetrie, dargestellt in den Abbildungen A1 und
A2 (in Abschnitt 7.1 des Anhangs), wurde festgestellt, dass Alginat auch bei niedrigem
w/z-Wert und hoher Flielmitteldosierung einen beschleunigenden Effekt auf den CAC

ausubt.

Naher untersucht wurde weiterhin der Einfluss der mineralogischen Zusammensetzung
des CAC auf die Wirksamkeit von Alginat. Hierzu ist der beschleunigende Effekt auf
einzelne Klinkerphasen, die sowohl selbst synthetisiert als auch bereits am Lehrstuhl
vorhanden waren, betrachtet worden. Alginat wirkte gleichwohl auf C12A7, CA und CA2
als Beschleuniger, wobei dessen Effektivitat von der jeweiligen Klinkerphase, deren
Reinheit und Herstellungsmethode beeinflusst wurde. Details hierzu kbnnen dem Anhang
(Abschnitt 7.2) entnommen werden. Generell zeigte das Alginat die starkste Wirkung
auf CA.

Ebenfalls wurden Mortelfestigkeiten in ,Secar 71 erganzend zu den Experimenten im
Kalorimeter durchgeflhrt, um den Einfluss der Molmasse des Alginats auf dessen
Wirksamkeit auch im Mértel zu bestimmen. Die gemessenen Druckfestigkeiten nach 4
Stunden waren 4.4 N/mm? mit einem Alginat von besonders niedriger Viskositat und 12,5
N/mm? fiir ein Alginat mit mittlerer Viskositat im Vergleich zum reinen CAC mit 4,7 N/mm?.
Sie bestatigten die an CAC-Pasten im Kalorimeter beobachtete Abhangigkeit der
beschleunigenden Wirkung von der Viskositat bzw. Molmasse des Alginats. Eine
mogliche Erklarung fir den Verlust der Beschleunigung bei niedrigem Mw liefert Kohn
(1975) [186], welcher die Aktivitatskoeffizienten der oligomeren Urons&duren mit Ca?*-
lonen bestimmt hat. Hierbei wurde fur Mannuronat, Guluronat und Galakturonat
experimentell festgestellt, dass erst ab einem Polymerisationsgrad von 13 - 30 eine starke
Wechselwirkung mit Calcium auftritt. Dies fuhrt zu einer sinkenden Loslichkeit des
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Alginat-Calcium-Komplexes und dessen Gelierung. Daher konnte der Verlust der
Wirkung niedermolekularer Alginate mit der Ld&slichkeit der Oligomer-Komplexe
begrindet sein. Geloste Calcium-Alginat-Komplexe stehen fur den Wirkmechanismus,
wie er in Publikation 3 vorgeschlagen wurde, nicht zur Verfigung. Des Weiteren
postulieren Fang et al. (2007) [115] eine unterschiedliche molekulare Anordnung von
Ca?*-Alginat-Komplexen in Abhangigkeit von der Molmasse des Alginats. Der von diesen
Autoren vorgeschlagene Mechanismus fur ein niedermolekulares Alginat mit einer
Molmasse von 35 kDa bzw. ein hochmolekulares Alginat mit 404 kDa ist in Abbildung 31

illustriert.

(a) Short Chain Alginat (b) Long Chain Alginate
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Abbildung 31: Komplexierung eines Calcium-Alginat-Hydrogels fur ein Alginat mit hoher
bzw. niedriger Molmasse, abgedruckt in bearbeiteter Form mit
Genehmigung aus [115].
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3.2 Publikation 2:

Strukturmerkmale beschleunigender Biopolymere

3.2.1 Zusammenfassung

Nach den in der vorherigen Publikation dargelegten Ergebnissen sind die Eigenschaften

des Alginats, insbesondere die Calciumbindefahigkeit und das Molgewicht, fir dessen

Wirkung ausschlagend.

In der nachfolgenden Studie konnten folgende weitere Erkenntnisse gewonnen werden:

.Sortenreine“ Alginate, extrahiert aus einer spezifischen Spezies, Genus und
Ordnung der Braunalge, wurden erworben und auf ihre Effektivitat als Beschleuniger
getestet. Dabei wurde kein nennenswerter Unterschied festgestellt. Demnach zeigen
Alginate unabhangig von ihrer Herkunft (diese beeinflusst das M/G-Verhaltnis und

die Monomer-Blockstruktur) eine beschleunigende Wirkung.

Propylenglykolalginat, ein kommerziell verfugbares propoxyliertes Alginat-Derivat,
sowie weitere selbst synthetisierte veresterte Alginate zeigten infolge einer
Blockierung der Carboxylatgruppen sowie einer Abschirmung durch Seitenketten

einen reduzierten beschleunigenden Effekt.

Reduktion der Carboxylatgruppe im Alginat zu einer Hydroxylgruppe (= geringere
anionische Ladung) oder Sulfatierung des Alginats (= Erh6hung der anionischen

Ladung) fuhrten in beiden Fallen zu einer Abnahme der beschleunigenden Wirkung.

Weitere hochmolekulare Biopolymere (naturlicher, mikrobieller und semi-
synthetischer Herkunft) mit &ahnlichen Strukturmerkmalen zeigten ebenfalls
beschleunigende Wirkung auf die CAC-Hydratation. Carrageen (k und 1) und Pektin
wurden als weitere Polymere, die einen mit Alginat vergleichbar starken

beschleunigenden Effekt auf das Abbinden von CAC zeigen, identifiziert.

Der Vergleich von Alginat, Pektin und Carrageen ergab, dass die anionische Ladung
sowie ein weiteres gemeinsames Strukturmerkmal, welches hohes Komplex-
bindungsvermdgen fur Kationen aufweist, entscheidend fur die beschleunigende

Wirkung ist.

Eine weitere Gemeinsamkeit aller beschleunigenden Biopolymere ist die Fahigkeit,
Calcium-lonen aus der Zementporenldsung stark zu binden, wie mittels ICP-OES

festgestellt werden konnte.



58 ERGEBNISSE UND DISKUSSION

e Allerdings besitzen auch niedermolekulare Alginate, welche die CAC-Hydratation
verzogern, eine starke Calciumbindefahigkeit. Demnach wird fur die Beschleunigung

ein komplexes Wechselspiel aus unterschiedlichen Strukturmerkmalen bendtigt.
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3.2.2 Veroffentlichung

Identification of Specific Structural Motifs in Biopolymers

That Effectively Accelerate Calcium Alumina Cement

Engbert A., Plank J.

Industrial & Engineering Chemistry Research, 2020, 59(26), 11930-119309.

https://doi.org/10.1021/acs.iecr.0c01620
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ABSTRACT: Following a previous study where we presented on
the surprising accelerating effect of alginates on calcium aluminate
cement (CAC), we now systematically screened specific groups of
biopolymers, hoping to identify other polysaccharides that also can
accelerate CAC. Testing of pure, noncompounded alginates from
different species/genera of algae revealed comparable strong
acceleration, while chemical modification via esterification,
decarboxylation, or sulfatation reduced the accelerating effect,
thus highlighting the importance of high anionic charge and the

30

heat flow [MW/gcement]

time [h]

oH

080,
presence of carboxylate groups as key structural features. N 1?,‘;,‘”?_@5 o] L e © 9 ey
Jow T8 o BCe | Fef B H
Furthermore, biopolymers possessing a “cavity” that effectively }io_Jo TN S oso; SO
q o ! . .
can chelate and capture Ca*, such as alginate, were found as 7 Alginate 1-Carrageenan Agarose

another key structural unit; hence, pectin and - as well as k-

carrageenan were identified as biopolymers that possess a similar accelerating effect to alginate. Among other natural, synthetic, or
semisynthetic biopolymers, karaya, gellan, and xanthan gum as well as agarose produced a slight accelerating effect, whereas konjac
gum, hydroxypropyl guar, and methyl hydroxyethyl cellulose ether either perform neutral or retard CAC hydration. A preliminary
mechanistic study revealed that effective accelerators reduce the concentration of free Ca’* present in the cement pore solution and
that a combination of high anionic charge, presence of a Ca™ capturing cavity, and a high M,, is required for a biopolymer to act as
an accelerator in CAC. Our concept of using biopolymers such as alginate allows us to replace at least partially lithium salts (e.g,,
Li,CO;), which are currently applied to accelerate CAC but are much needed for the production of Li-ion batteries that are
necessary for widespread electromobility.

1. INTRODUCTION

In a previous study, we reported on the surprising accelerating
effect of randomly selected alginates on the hydration of
calcium alumina cement (CAC).' Alumina cements mainly
consist of monocalcium aluminate, which reacts with water via
a dissolution and precipitation process to form calcium
aluminate hydrate (C—A—H) phases, such as [Ca,Al-
(OH)4]'[AI{OH)-«H,0]” and CaAl,(OH)4(H,0),xH,0.
Interestingly, the accelerating effect of alginates was observed
for only CAC and did not occur in other binders such as
ordinary Portland cement (OPC) or calcium sulfoaluminate
cement (CSA). Furthermore, a preliminary study on the
mechanism of acceleration induced by alginate surprisingly
revealed that the biopolymer reduces the free calcium
concentration present in the pore solution. Such behavior is
characteristic of hydration retarders” and to our knowledge so
far has never been reported for accelerators. Especially, for a
polysaccharide, such an effect is unusual because, for example,
monosaccharides including gluconate or galactose present
strong hydration retarders. In view of this unusual accelerating
behavior, the question arose whether other biopolymers
possessing structural motifs similar to those of alginates, such
as carrageenans and pectins, can also accelerate CAC.

© 2020 American Chemical Society

. 4 ACS Publications

Alginates are copolymers composed of guluronic (G) and
mannuronic (M) acids that are glycosidically connected at the
a-1 = 4 and fi-1 — 4 positions to form a linear polymer with
an average molecular weight between 10 000 and 600 000 Da.’
The carbohydrate monomer units G and M can be linked in
different tactical sequences like GG, GM, and MM, thus
producing different steric arrangements. Apart from the
molecular weight (which defines the chain length and viscosity
of the polymer), the ratio between these blocks is mostly
responsible for the properties of the polymer. In the presence
of divalent cations such as Ca®', the GG blocks facilitate the
formation of a highly viscous gel, commonly described by the
“egg-box” model.* There, a “cavity” containing several oxygen
atoms chelates these cations, which are also coordinated to the
carboxylate group (see Figure 1).
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Figure 1. Illustration of the cavity that presents a common
characteristic structural feature in alginates and carrageenans, and
the coordination to cations (e.g, Ca®").

Commercial pectin is mainly composed of linearly
homopolymerized galacturonic acid with some residues of
rhamno galacturonan, which forms side chains made up of
neutral sugars like galactose and arabinose. Pectins possess a
cavity that is very similar to that present in alginates and are
distinguished by their degree of esterification (DE). High
methoxylation (DE = 55—75%) or low methoxylation (DE =
20—45%) of the carboxylate groups strongly influences the
gelling properties of pectins. Of interest is low methoxy pectin
(LM pectin) that in the presence of Ca* ions forms a gel
according to a similar mechanism as described by the egg-box
meodel for alginates. It is worth noting that relative to their
structures, polygalacturonic acid (pectin) and polyguluronic
acid (alginate) structurally are almost mirror images of each
other.>*

Carrageenans are composed of galactose and 3,6-anhydro
galactose, which are linked at the a-1 — 4 and -1 — 3
positions to form a copolymer. Typical molecular weights
range between 200 000 and 800 000 Da. Kappa (k)- and iota
(1)-carrageenan differ by the degree of sulfatation, while the
lambda (1) modification exhibits a structural modification and
thus shows different behavior in solution as well as relative to
its interaction with ions. k- and r-carrageenan also possess a
cavity and can form a gel in the presence of specific cations

(e.g., Ca®) by bridging with the sulfate groups, as illustrated in
Figure 233

Alginates, pectins, and carrageenans are biopolymers of
natural origin, which are produced by extraction from brown
algae (Phaeophyceae), citrus/malus fruits, and red algae
(Rhodophyceae), respectively.®

In the present study, the potential accelerating effect on
CAC of commercial pristine and chemically modified alginate
samples as wells as other biopolymers exhibiting similar
structural motifs to alginate was assessed and their behavior
was compared with that of a reference alginate with the aim to
identify the structural motifs that are responsible for the
accelerating effect. First, alginates from different algae species
were probed to clarify whether the accelerating effect presents
a general feature of alginates or is specific to an individual
genus. Additionally, chemically derivatized alginates (esterified,
decarboxylated, or sulfated ones) were procured or self-
synthesized to investigate the role of the carboxylate
functionality present in alginates. Moreover, biopolymers
possessing a similar cavity to that present in alginates (namely,
pectin and carrageenans) were tested for their accelerating
potential. Also, natural (karaya and konjac gum), microbial
(xanthan and gellan gum), and semisynthetic biopolymers
(cellulose and guar ether) were screened. From these
investigations, it was hoped to identify the key structural
motif that enables a biopolymer to successfully accelerate
CAC. Finally, to understand the mechanism underlying the
accelerating effect, the concentration of free Ca® ions present
in the pore solution of CAC admixed with these biopolymers
was determined via Inductively coupled plasma atomic
emission spectroscopy (ICP-OES) measurements.

$
ﬁ%

carrageenan

+
—_—
=

carrageenan gel

alginate gel

R=H or SO;
K 1

Figure 2. Mechanism of Ca**-induced complexation of alginate (top, adopted from ref 1 Copyright 2020 Engbert, Gruber, Plank, published by
Elsevier Ltd.) and carrageenan (bottom, adapted from ref 3 Copyright 2009 John Wiley and Sons).
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2. EXPERIMENTAL SECTION

2.1. Cement Samples. Different calcium aluminate
cements (Ciment Fondu, Secar 41, Secar 51 and Secar 71,
produced by Imerys Aluminates, France) were utilized. Their
mineralogical composition (see Table 1) was determined via

Table 1. Typical Phase Composition (wt %) of the CAC
Samples Used in the Study”

CAC sample (wt %)

Phase Ciment Fondu Secar 41 Secar 51 Secar 71

CA 47-57 54—66 6474 S4—64

CA, nd. n.d. n.d. 36—44

C,AS 1-10 10-22 18-22 <1

C,AF  10-20 nd. n.d. nd.

C,S 1-10 1-10 1-5 nd.

CpA, 15 1-5 <1 <1

other C,FT, CT,C,4FT, CT, a-AlL O,
CaoA13M;S; CaoAi3M;55 C;FT (<2)

“Adapted from ref 1 Copyright 2020 Engbert, Gruber, Plank,
Published by Elsevier Ltd.

X-ray diffraction (XRD) (D8 Advance instrument, Bruker
AXS, Karlsruhe, Germany) using Rietveld refinement, while
their oxide composition (see 1) was analyzed using XRF
(Axios, PANalytical, Kassel, Germany).

2.2. Materials. Deionized water obtained from a Barnstead
Nanopore Diamond Water purification system (Werner
Reinstwassersysteme, Leverkusen, Germany) was used in all
experiments. Methoxy polyethylene glycol (M-PEG)/PEG
macromonomers for grafting were provided by Clariant
(Burgkirchen, Germany). p-Toluenesulfonic acid, 1-ethyl-3-
(3-dimethylamino-propyl) carbodiimide, NaNO,, and
NaHSO, were bought from Merck (Darmstadt, Germany),
and sodium borohydride was supplied by Acros Organics
(New Jersey).

2.2.1. Biopolymers. The commercial biopolymer products
Eurogel XEA 5036 (sodium alginate, Eurogum, Herlev,
Denmark), Gelcarin GP 379 NF (i-carrageenan, FMC
BioPolymer, Philadelphia), CU 701 (LM pectin, Herbstreith
& Fox, Neuenbiirg, Germany), and K3B426 (propylene glycol
alginate, FMC BioPolymer, Philadelphia) are key materials
utilized in this study. Their properties are presented in Table 2.

Table 2. Properties of Key Biopolymer Samples Used in the
Study

sample biopolymer properties
XEA 5036 sodium alginate M/G ratio & 0.8’
GP 379 1-carrageenan M, = 271 kDa’
CU 701 LM pectin GalA content = 91%, DE = 31%,
M, = 320 kDa, M, ~ 63 kDa"
K3B426 propylene glycol DE = 55%, M/G ratio &~ 1.6°

alginate

Furthermore, several “pure” alginates (samples ALG100—
ALG104) extracted from specific algae species and focuidan
(FUC400, a sulfated polymer extracted from brown algae)
were purchased from Elicityl (Crolles, France). Additionally,
several k-carrageenans (Cerogel SRC K4100, Roeper; Gelcarin
PH812/GP911, FMC), xanthan gum (CX900, Cargill), gellan
gum (type 700 low acyl, Roeper), agarose (Biozyme LE,
Biozym Scientific), hydroxypropyl guar gum (Galactasol 474,

Ashland), karaya gum (Ceroka Nr.1, Roeper), konjac gum
(Cerokon CKHY 1240, Roeper), methyl hydroxyethyl
cellulose ether (MHB 10000 P2, SE Tylose), and 4-
carrageenan (Viscarin GP 209 NF, FMC) were also
investigated. Their individual chemical structures are presented
later in the sections describing their performance.

2.2.2. Chemical Modification of Alginate. To elucidate the
specific structural motifs that are responsible for the
accelerating effect of alginate, several modifications were also
undertaken in our lab. Those included (1) esterification of the
carboxylate groups with methoxy polyethylene glycol (M-
PEG) or polyethylene glycol (PEG) of variable chain lengths
(M,,), (2) reduction of the carboxylate group to an alcohol,
and (3) sulfatation of the hydroxyl groups. A schematic
presentation of the individual reaction patterns is provided
later in Scheme 1 (see Section 3.1.2).

Esterification was performed in accordance with the
procedure utilized in the preparation of M-PEG polycarbox-
ylate comb polymers.'’ Here, alginate, water, and M-PEG or
PEG were heated up to 95 °C until all components form a
homogeneous solution. After the addition of p-toluenesulfonic
acid as a grafting catalyst, water was removed through vacuum
distillation (0.01 mbar, 120 °C) and the temperature was set to
175 °C to start the grafting. After about 4 h, the esterification
was complete, and the product was cooled to ambient and then
purified via dialysis.

Reduction of the carboxylate groups was carried out as
described by Taylor and Conrad.'' First, the alginate was
coupled with EDC-HCI (1-ethyl-3-(3-dimethylamino-propyl)
carbodiimide) at an acidic pH (=4.75 using HC], 2 h, room
temperature) to obtain the amide. Afterward, the reduction
was carried out at room temperature by dropwise addition of
the sodium borohydride solution. The pH was continuously
adjusted to 7 using dilute hydrochloric acid. The product was
purified via dialysis.

Sulfatation was achieved using the following procedure:"
NaHSQ; is dissolved in water and heated up to 90 °C. Next,
an aqueous solution of NaNOQO, is added dropwise to the
NaHSO; solution. After stirring for 1.5 h, the mixture is cooled
to 40 °C and then alginate is added. The mixture is agitated for
4 h, and the resulting sulfated alginate was purified via dialysis.

2.3. Experimental Methods. 2.3.1. Isothermal Heat
Flow Calorimetry. Paste calorimetry was performed according
to DIN EN 196—11."" Four grams of cement was filled in
sealable 10 mL glass ampoules and dry-blended with a
previously placed polymer powder. This blend was then
mixed with deionized water and homogenized for 2 min using
a vortex mixer VWT 1419 (VWR, Ismaning, Germany). The
ampoules were placed in an isothermal heat flow conduction
calorimeter, TAM air model 3116-2 (Thermometric, Jarfilla,
Sweden), for monitoring the heat flow. Measurements were
repeated at least twice and conducted at 20 °C until heat
evolution ceased.

All calorimetric tests were performed using the same
shipment of each cement because CAC is very sensitive to
aging (uptake of moisture and CO,). It was observed that
results can vary depending on the age and storage conditions
of different batches from the same cement.

2.3.2. lon Concentrations via ICP-OES. Inductively coupled
plasma atomic emission (ICP-OES) spectroscopy was
conducted on a series 700 model (Agilent Technologies,
Santa Clara, CA). The cement paste was prepared by admixing
20 g of Ciment Fondu dry-blended with 0.1 wt % polymer in a

https://dx.doi.org/10.1021/acs.iecr.0c01620
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Scheme 1. Structures and Synthesis Routes for the Preparation of Chemically Modified Alginate Samples Used in the Tests
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centrifuge tube and subsequent homogenization for 2 min
utilizing a vortex mixer (VWR, Ismaning, Germany). The paste
was centrifuged (8500 rpm, 15 min), and the supernatant pore
solution filtrated using a membrane filter (0.2 ym PES). The
resulting solution was diluted (1/30 v/v) and measured five
times to capture the Ca** content. Calibration was carried out
at different Ca®* concentrations (1, 10, and 50 mg/L) utilizing
an ICP multielement standard (standard IV, Merck), and data
were recorded at several wavelengths. Results were averaged,
and the deviation was calculated including an additional
methodical error of 1% to account for deviations resulting

from, e.g, pipetting and weighting,

3. RESULTS AND DISCUSSION

3.1. Investigation of the Structural Motifs Respon-
sible for Acceleration. 3.1.7. Alginates. In our previous
investigations, commercial bulk products of alginates exhibiting
different molecular weights and ratios between mannuronic
and guluronic acid were utilized.! However, commercial
products often present a blend of different algae harvests
and/or algae species/genera, which are then compounded to
obtain batches of consistent property. Still, the accelerating
effect of alginate was found for a broad variety of randomly
selected product samples from different suppliers. To clarify
whether the effect is independent of the algae source, here,
pure alginates extracted from specific species and genus of
algae were procured. They were taken from Durvillea
antarctica, Laminaria japonica, Fucus vesiculosus, Chorda filum,
and Ascophyllum nodosum (properties of all samples are
displayed in Table S1 in the Supporting Information). These
samples were chosen because of the different conditions in
their biosynthesis and growth, which made us expect notable
differences in their molecular weight, M/G ratio, and especially
the monomer sequence (block structure). Thus, if these

samples would show severe differences in acceleration, then
not every alginate would be suitable for CAC. However, a
comparison of their effect via heat flow calorimetry revealed no
significant difference regarding their accelerating property. All
of these pure alginates perform similar to the commercial
(blended) products and reduce the hydration time of, e.g,
Secar 71 by 2.9—3.6 h as compared to that of the neat cement
(see Figure 3). The results allow us to conclude that alginates
generally display an accelerating effect on alumina cement,
independent of the algae species/genus.

— 30

F 1.2 3 4 5 reference

i 1 Laminaria japonica ,,_-_/
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Figure 3. Effect of pure alginate samples on CAC hydration, as
determined via heat flow calorimetry (Secar 71, w/b = 0.5, alginate
dosage 0.1 wt %).

3.1.2. Chemically Derivatized Alginates. Natural, non-
modified alginates strongly accelerate CAC hydration, as has
been demonstrated before. To pin down specific structural
features that are responsible for the accelerating effect,
chemically derivatized alginates were also probed. For this
purpose, a commercially available esterified derivate, namely,
hydroxypropyl alginate (also denominated as propylene glycol
alginate or, in short, PGA), self-prepared M-PEG/PEG esters
of alginate exhibiting various side chains, a decarboxylated
alginate, and a sulfated alginate were probed. The chemical
structures of these derivatives are shown in Scheme 1.

https://dx.doi.org/10.1021/acs.iecr.0c01620
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Table 3. Comparison of Specific Molecular Characteristics of Different Biopolymers Featuring a Cavity

biopolymer alginate pectin
product name XEA 5036
cavity yes yes
charge per monosaccharide 1 0.7
anionic functionality carboxylate

CU 701

carboxylate

carrageenan agarose fucoidan

GP 379 (1) Biozyme LE FUC400
yes yes no
0.5-1 (k — 1) ~1
sulfate none sulfate

Heat flow calorimetry revealed that the commercial alginate
ester (PGA) accelerates CAC hydration slightly less compared
to the nonmodified alginate (see Table S2 in the Supporting
Information). We attribute this behavior to the blocking of the
carboxylate groups via esterification (DE > 50%), which seems
to be important for the accelerating property of the polymer.
Removal of a major portion of the anionic charge notably
weakens the accelerating potency. Nevertheless, PGA still
strongly accelerates CAC hydration, which we attribute to the
hydrolysis of the ester under the alkaline conditions of the
cement pore solution (pH = 12) that leads to carboxylate
groups. This assumption is supported by literature that reports
that PGA ester is subject to saponification already at pH values
as low as 10."

Based on the observation that derivatization of the
carboxylate group reduces the acceleration effectiveness, M-
PEG and PEG esters of alginate with varying degree of
esterification (DE) and side-chain length were self-synthesized
and studied. Here, either through increasing the DE or in the
presence of longer side chains the acceleration was reduced
further until no acceleration was detected anymore (see Table
S3 in supporting information). Therefore, a high amount of
free carboxylate groups as well as the accessibility of the cavity
for Ca* ions (shielding of the backbone through the side
chains) was identified as important for the accelerating
property.

As shown above, the anionic charge of the biopolymer
presented by the carboxylate groups seems to be vital for the
effect. Therefore, as a next step, the anionic carboxylate group
was removed via NaBH, reduction to affirm its necessity for
acceleration. Using an amide intermediate, the carboxylate
groups were converted to hydroxyl groups and thus into
neutral functionalities.'"' The resulting polymer that only
retained a minor amount of carboxylate groups no longer
accelerated the hydration of CAC (see Table S4 in the
Supporting Information). Instead, even a retarding effect was
observed for the decarboxylated alginate, thus again pointing
toward the anionic charge being crucial for the working
mechanism of alginates.

In the next step, another chemical modification of the
alginate was performed by further increasing its anionic charge
through sulfatation. Here, the hydroxyl groups were converted
to sulfate groups and the resulting carboxylated/sulfated
alginate possessing extra-high anionicity was tested for its
accelerating property. Interestingly, calorimetry revealed a
reduced accelerating effect of the sulfated alginate as compared
to the neat alginate (see Table S4 in the Supporting
Information). Apparently, even higher anionic charge does
not further increase its effectiveness, indicating that a certain
degree of anionic charge is sufficient to achieve the accelerating
effect of alginate.

3.1.3. Other Biopolymers Possessing a Cavity. To find out
which structural units are responsible for this effect, we then
focussed on biopolymers that possess a cavity including several
oxygen atoms for potential coordination to cations, as

occurring in alginates (see Figure 1). These comparative
biopolymers included pectin, carrageenan, and agarose. The
properties of these biopolymer samples are listed in Table 3,
and their chemical structures are shown in Figure 4. In the
following, the impact of these biopolymers on the hydration of
a CAC containing 70% AlL,O; was studied via heat flow
calorimetry.
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o o/ O o507
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Figure 4. Repeating structural units present in alginate, pectin,
carrageenan, agarose, and fucoidan.

According to Figure 5, all of these biopolymer samples
except fucoidan accelerate CAC hydration. However, clear

Pectin 1-Carrageenan Agarose |reference
Alginate \ /yidan

30

20

heat flow [mMW/gcement]

time [h]

Figure 5. Effect of different polysaccharide samples admixed at a
dosage of 0.1 wt % on CAC hydration in comparison to neat cement
(dashed line), as determined via heat flow calorimetry (CAC, Secar
71; w/b = 0.5).

differences can be observed between them. Especially,
carrageenan and pectin stand out because of their compara-
tively stronger accelerating effect, which is quite close to that of
the alginate. Similar pronounced accelerating effects were
obtained in other CAC samples (results displayed in Table S2
in the Supporting Information), thereby confirming their
generally strong accelerating effect on CACs.

The effectiveness of pectin in comparison to alginate was
lightly less. The reason for this difference can be attributed to a

https://dx.doi.org/10.1021/acs.iecr.0c01620
Ind. Eng. Chem. Res. 2020, 59, 11930-11939
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Table 4. Comparison of Specific Molecular Features in Different Biopolymers

biopolymer karaya gum konjac gum
product name Ceroka Nr.1 Cerokon CKHY 1240
cavity no no
charge per monosaccharide ~0.4 neutral
anionic functionality carboxylate none

gellan gum xanthan gum guar ether cellulose ether
Ceroga type 700 CX900T Galactasol 474 MHB 10000 P2

no no no no

0.25 0.2-0.25 neutral neutral

carboxylate carboxylate none none

different interaction with Ca®". Even though pectin and
alginate are structurally quite similar (see Figure 4), their
interaction with calcium and the accompanying ionotropic
gelation differ. Various investigations on the interaction
between Ca’ and pectate indicated a weaker interaction
compared to alginate which results in a different gelation
mechanism.”"*~"" For pectin, the junction zone (site of
interaction polymer-cation) of the polymer cannot be
described by the egg-box model, even though it appears to
be similar.

Unexpected was the accelerating property of - and k-
carrageenan because of their significant structural difference to
alginate (see Figure 4) expressed by their sulfate groups
instead of the carboxylate groups found in alginate and pectin.
Nevertheless, alginates as well as k- and i-carrageenan exhibit
one common structural element, namely, the cavity (see Figure
1), which allows complexation of cations. Studies on the
interaction of carrageenan with cations such as Ca*" indicate
only weak gelation. Carrageenans are assembled in a helix,
which aggregates through interaction with ions.'*™*° In
carrageenans, the cations only bridge and gel the helices (see
Figure 2), but they are not essential to form the helix.
Therefore, carrageenan exhibit a very different gelling
mechanism with Ca** as compared to pectin and alginate.
Because carrageenans show a weaker accelerating effect than
alginate, we contemplate that the sulfate group presents the
major factor for the loss of potency, as sulfate groups complex
calcium ions not as effectively as carboxylate groups. It should
be noted here that A-carrageenan, which exhibits only a partial
cavity including sulfate groups, does not accelerate CAC
hydration comparably.

Similar to the alginates, the molecular weight of
carrageenans also seems to be relevant for their accelerating
properties. This was confirmed when comparing the
accelerating properties of several k-carrageenan samples from
different suppliers. For instance, one k-carrageenan accelerated
CAC hydration, while another retarded the hydration. The
analysis revealed a M,, on the order of 10* Da for the retarding
carrageenan, while the accelerating sample exhibited a
molecular weight on the order of 10°~10° Da. These values
are consistent with our previous findings for alginates and
confirm the requirement for a high molecular weight of the
polymer to achieve the accelerating effect in CAC.'

Agarose is structurally very similar to carrageenan and
likewise possesses a cavity (Figure 4). In contrast to
carrageenan, however, agarose is a neutral polysaccharide
composed of galactose and anhydro galactopyranose and does
not contain a sulfate group. Calorimetry revealed a weak
accelerating effect, resulting in a minor shift of the heat release
to earlier times only (Figure 5). Obviously, the accelerating
effect not only derives from the cavity but also requires a
certain anionicity of the biopolymer. As such, a combination of
high anionic charge, the presence of a cavity, and a high
molecular weight may provide optimal acceleration.

11935

To check on the relevance of the cavity, we tested fucoidan,
which is a biopolymer similar to carrageenans and alginate
(Figure 4). Fucoidan also possesses a higher M,, and contains
anionic sulfate groups but lacks the cavity, which is
characteristic for all accelerating biopolymers identified so
far. Fucoidan belongs to the group of sulfated fucose-based
polysaccharides and has no definite composition. In fucoidan,
also carbohydrates like, e.g., xylose, glucose, or uronic acid can
be incorporated.”’ Interestingly, calorimetry revealed a
retarding effect of fucoidan on CAC hydration (Figure S),
thus implying that anionic charge and high molecular weight
alone do not guarantee an accelerating behavior.

To summarize, compared to the strong effect of alginate,
pectin, and k-/t-carrageenan, agarose provides a weaker
accelerating effect. Still, all five biopolymer samples, which
possess a cavity, promote CAC hydration. Thus, it is
demonstrated that the cavity presents a crucial structural
element for biopolymers to accelerate CAC hydration.

3.1.4. Further Polysaccharides (Natural, Microbial, and
Semisynthetic). To gain a broader perspective, additional
samples of natural (karaya and konjac gum), microbial
(xanthan and gellan gum), and semisynthetic (HP guar and
cellulose ethers) biopolymers were tested in comparison to
alginate. All of these polymers do not possess a cavity and are
either anionic or nonionic. Their characteristic properties are
presented in Table 4. These biopolymers are commonly
utilized as thickening agents in food preparations. Their effect
on CAC hydration was studied using heat flow calorimetry
(Figure 6) and discussed for each polymer in the following.

Xanthan Gellan Guar ether |reference
Alginat Karaya

Konjac

e Cellulose ether

heat Mlow [mW/gcement]

time [h]

Figure 6. Effect of different polysaccharide samples on CAC
hydration admixed at a dosage of 0.1 wt % compared to neat cement
(dashed line), as determined via heat flow calorimetry (CAC, Secar
71; w/b = 0.5).

3.1.4.1. Natural Biopolymers (Karaya and Konjac Gum).
Karaya gum, also known as sterculia gum, is a complex,
branched polymer of high molecular weight and composed of
galactose, rhamnose, and—most importantly—glucuronic and
galacturonic acid. It is negatively charged, even though not as
high as alginate or pectin. On the other hand, konjac gum is a
linear glucomannan of high M,, and exhibits partial acetylation.
It consists of mannopyranose and glucopyranose units and
holds no ionic charge. The molecular structures of karaya and
konjac gum are displayed in Figure 7%

https://dx.doi.org/10.1021/acs.iecr.0c01620
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According to heat flow calorimetry, konjac gum shows a very
minor retarding effect, while karaya gum shows a medium-
strong accelerating effect (Figure 6), which however is much
less compared to that of alginate (only about one-third of
alginate). The retarding effect of konjac gum was expected,
while it was quite unexpected for karaya gum to accelerate. The
latter shows a comparatively high anionic charge compared to
the other polymers (see Table 4) and features galacturonic
acid units, which are also incorporated in pectin. This high
amount of uronic acids in karaya gum has been reported to
facilitate a significant calcium-binding capacity.”® Compared to
alginate, however, the Ca** binding ability of karaya gum still is
less pronounced. This explains why this polysaccharide shows
a weaker accelerating effect, and it highlights the importance of
the anionic charge for the accelerating effect.

3.1.4.2. Microbial Biopolymers (Xanthan and Gellan
Gum). Furthermore, the microbial biopolymers gellan gum
and xanthan gum that are produced via fermentation using
bacteria were investigated regarding their effect on CAC
hydration.

Xanthan gum is a comb polymer with a backbone consisting
of glucose units, similar to those in cellulose. The side chains
include trisaccharides composed of a mannose (partially
acetylated), a glucuronic ac1c[ and a terminal mannose unit
that is partially pyruvated.” On the other hand, gellan gum
presents a linear terpolymer made up of glucose, rhamnose,
and glucuronic acid units. It can be acylated with acetate or
glycerate on the glucose unit. The molecular structures of these
gums are displayed in Figure 8.
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Both biopolymers, xanthan gum and gellan gum, produced
an accelerating effect which is almost comparable to that of
karaya gum (Figure 6). Thus, surprisingly, even though
structurally very dissimilar, those anionic and high molecular
weight polysaccharides produce an accelerating effect, although
weak. This allows us to conclude that a high anionic charge is
very important for the accelerating effect.

3.1.4.3. Semisynthetic Biopolymers (Cellulose and Guar
Ethers). To further investigate the influence of the anionic
charge we selected two nonionic biopolymers without cavity
for investigation. If the charge was indeed crucial for the effect,
then no acceleration, but instead retardation should be
recorded.

Here, methyl hydroxyethyl cellulose (commonly denomi-
nated as MHEC) and a hydroxypropyl guar gum (HPG)
composed of galactose and mannose units were utilized. The
molecular structures of these biopolymer derivatives are
displayed in Figure 9.

As expected, both polymers did not accelerate the CAC
hydration (Figure 6). While guar gum produced no noticeable
effect, the cellulose ether resulted in slight retardation. For
cellulose ethers, such behavior has been reported before from
studies on CAC and Portland cement.”**

3.1.5. Dosage Dependence of the Accelerating Effect. As
it is well established in OPC systems that the retarding effect of
polymers is highly dosage-dependent, the accelerating effect of
karaya gum on CAC hydration was probed at different addition
rates of 0—0.4 wt %. The results of this test series conducted

https://dx.doi.org/10.1021/acs.iecr.0c01620
Ind. Eng. Chem. Res. 2020, 59, 11930-11939
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Figure 9. Molecular structures of the semisynthetic ethers MHEC and
HPG.

with a CAC sample Secar 41 (45% AL O;) are displayed in
Figure 10.
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Figure 10. Dosage-dependent effect of karaya gum on CAC hydration
compared to neat cement, as determined via heat flow calorimetry
(CAC, Secar 41; w/b = 0.6).

There, it becomes evident that karaya gum promotes CAC
hydration only at the lowest dosage of 0.1 wt %. At increased
additions, its effect reverses to retardation, and this trend
increases with increasing dosage. Hence, biopolymers exhibit-
ing a minor accelerating effect at low dosage may not present
accelerators at higher addition rates. Such dosage-dependent
reversal of the accelerating effect has not been observed for
pectin and alginate."

3.2. Mechanistic Investigation. For alginates, we have
already reported that they reduce the free calcium concen-
tration existing in the pore solution of CAC." This observation
was quite surprising for an accelerator because a reduced Ca®*
concentration normally results in retardation of cement
hydration, as the system is starved from Ca®" needed to
form the hydrate phases. To confirm that the decrease of the
Ca™ concentration was not specific only for alginates but
presents a general mechanistic feature of biopolymers that
accelerates CAC hydration, the pore solution composition of

CAC in the presence of i-carrageenan and pectin was
determined.

Also here, a reduction of the free calcium concentration was
observed upon the addition of these biopolymers to CAC
(Figure 11), thus corroborating that calcium complexation
presents a vital step in the accelerating mechanism of the
biopolymers. Interestingly, the calcium-binding capacity at a
given dosage correlates well with the accelerating effectiveness.
Carrageenan exhibits the lowest calcium-binding capacity
(reduction in Ca** concentration vs reference, ACa®* = 5%
at 0.1 wt % dosage) and accelerating effectiveness, while pectin
(ACa™ 10% at 0.1 wt % dosage) provides a stronger
acceleration. This compares with a 15% decrease of the free
Ca®* concentration for alginate at 0.1 wt % dosage.’
Unsurprisingly, alginate presents the strongest accelerator
amongst the three biopolymers (Figure 5). Even higher
reductions in the concentration of free Ca® ions were
observed at increased dosages of carrageenan and pectin
(Figure 11), thus confirming their stronger accelerating effect
at higher addition rates.

To summarize, the calcium-complexing ability of biopol-
ymers seems to be crucial for their accelerating effectiveness;
however, it does not represent the one and only structural
characteristic for a biopolymer to act as an accelerator. For
example, carboxymethyl cellulose also reduces the amount of
free Ca* but clearly retards CAC hydration. Similarly,
alginates or carrageenans of low M,, do not accelerate CAC,
although they show the same high calcium-binding capacity as
their high M,, counterparts. This points to the fact that the
accelerating effect of biopolymers on CAC is the result of a
complex interplay of different structural features and proper-
ties. Further studies are required to gain more insight into this
unusual behavior.

~
~

4. CONCLUSIONS

Following our previous study on the unusual accelerating
behavior of alginate, the screening of various additional
biopolymers resulted in the identification of two more species
that also exhibit strong accelerating properties, namely, pectin
and carrageenan. Both polymers share a similar structural
feature with alginate represented by a cavity and high anionic
charge (even though carrageenan carries a sulfate group
compared to the carboxylate of the alginate). All three
polymers exhibit a strong binding capacity for dissolved Ca**
ions present in the cement pore solution.

An investigation on the structural motif responsible for the
acceleration revealed that high anionic charge, presence of a
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Figure 11. Concentration of free Ca®t present in the pore solution of CAC (Ciment Fondu, w/b = 0.5), neat and admixed with increasing dosages
of i-carrageenan (GP 379) and pectin (CU 701), as compared to alginate (XEA $036), measured via ICP-OES.
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cavity capable to capture free Ca** ions, and a high molecular
weight present the key molecular features to provide a strong
accelerating effect. Only a combination of all of these features
guarantees such promotion of CAC hydration, while the
absence of any of these properties typically results in
retardation.

Still, the overall underlying mechanism of CAC acceleration
by specific biopolymers remained unclear and therefore will be
the subject of another separate study utilizing XRD, *’Al MAS
NMR spectroscopy, and scanning electron microscopy (SEM)
imaging. However, the results presented here and in our
previous work clearly suggest that the accelerating mechanism
of the biopolymers here is totally different from the working
principle of the known accelerators for CAC, for example,
lithium salts, especially Li,CO;, which currently presents the
most widely used accelerator for CAC. They operate via a
complex cation-specific effect involving multiple steps.”®™*’

In view of the strongly increasing demand for Li in lithium-
ion batteries, which present the key to enabling electromobility
and the limited availability of this relatively rare element, the
biopolymers highlighted in this paper (alginate, pectin, and
carrageenan) present a viable substitute for lithium. Fur-
thermore, lithium salts are well known to be pharmaceuticals
and applied in refractory systems where unfortunately they
decrease the melting point of refractories. Compared to
Portland cement for which a broad portfolio of accelerators
including Ca and Al salts as well as nucleation-promoting
(seeding) materials can be utilized, CAC currently solely
depends on Li salts, thus emphasizing the need for alternatives.
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Table S1: Properties of the alginate samples extracted from specific algae, data provided by the supplier.

Alginate, extracted from My M/G
Durvillea antarctica 180,000 -
Laminaria japonica - 1.40

Fucus vesiculosus 100,000 2.00
Chorda filum 75,000 1.84
Ascophyllum nodosum 300,000 -

Table S2: Accelerating effect of various biopolymers on three different alumina cements (w/b = 0.62), as
determined via heat flow calorimetry (alginate samples XEA 5036, PGA K3B426; i-carrageenan sample

GP 379; and pectin sample CU 701).

CAC 0.1 % alginate 0.1% PGA 0.1 % wcarrageenan 0.1 % pectin
Secar 41 ~20 % ~15% ~15% ~15%
Secar 51 ~ 45 % ~ 35 % ~ 35 % ~ 40 %
Secar 71 ~ 45 % ~ 35 % ~ 35 % ~ 40 %

Table S3: Effect of different esterification grades (based on educt ratio) of MPEG alginate esters on CAC

hydration, as determined via calorimetry (Secar 51, w/b = 0.62, polymer dosage 0.2 wt.%).

MPEG 1000 esterification grade

sample neat CAC alginate 40 % 60 % 80 % 100 %

time upon maximum

heat flow 8.6 4.6 5.7 6.1 6.6 8.3

Table S4: Effect of decarboxylated and sulphated alginate on CAC hydration, as determined via

calorimetry (Secar 51, w/b = 0.62).

| alginate decarboxylated sulfated
sample neat CAC 0.2% alginate 0.1% alginate 0.2%
time upon maximum 86 46 105 70

heat flow
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3.2.3 Addendum

Zusatzlich zu den in der Publikation dargestellten Ergebnissen wurden noch weiter-

fuhrende Untersuchungen durchgefiihrt, welche im Folgenden erlautert werden:

Im Rahmen der Publikation wurden Pektin und Carrageen als weitere Biopolymere mit
einem beschleunigenden Effekt mittels Warmeflusskalorimetrie identifiziert. Die Wirkung
dieser beiden Polymere im Vergleich zu Alginat und der Referenz wurden, wie in
Tabelle 3 zu erkennen ist, zusatzlich in einem CAC Modrtel verifiziert, was in der

Publikation nicht beschrieben ist.

Tabelle 3: Eigenschaften und Festigkeiten eines ,Secar 71“Mbrtels (w/b = 0,5; 0,2 M.%
PCE Fliel3mittel 114PC6) nach 4 Std. Hydratation in Gegenwart verschiedener
Biopolymere (Alginat XEA 5036, 1-Carrageen GP 379 und Pektin CU 707).

Secar 71 . Referenz + 0,.1 % +0,2% + 0,2_%
nach 4h Hydratation Alginat I-Carrageen Pektin
Druckfestigkeit (N/mm?) 2,6 12,7 9,8 9,9
Biegezugfestigkeit (N/mm?) 0,7 25 21 21
Moérteldichte (kg/m?3) 2210 2200 2200 2200
Ausbreitmald (cm) 18,2 14,6 14,7 17,4

Dabei zeigte sich, dass alle Polymere die Festigkeit erheblich steigern, wobei der Effekt
beim Alginat am starksten und bei Carrageen sowie Pektin geringer, aber vergleichbar
ist. Interessanterweise verdickt Pektin den Mortel nur geringfigig, was flr die praktische
Anwendung sehr vorteilhaft ist, wohingegen Alginat und Carrageen die Verarbeitbarkeit

stark reduzieren.

Aulerdem wurde die Wirkung aller Biopolymere in einer zweiten Charge von ,Secar 71
Zement erneut bestimmt (siehe Tabelle 4). Dabei war zu erkennen, dass der Effekt
einzelner Polymere (v.a. Guar und Xanthan gum) je nach Zement-Charge unterschiedlich
ausfallt. Dies betrifft jedoch nicht die Polymere Alginat, Pektin und 1-Carrageen mit einer

stark beschleunigenden Wirkung.
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Tabelle 4: Vergleich der Wirkung diverser Biopolymere auf die Hydratation zweier
unterschiedlicher Chargen von ,Secar 71“ (Charge 1 produziert 2018, Charge
2 produziert 2019), ermittelt durch Warmeflusskalorimetrie.

Polymer Alginat Pektin I-Carrageen Agarose Fucoidan
Produktname XEA 5036 CU 701 GP 379 Biozyme LE  FUC400

Charge 1 ++ ++ ++ + -

Charge 2 ++ ++ ++ + -

Guar Gum Gellan Gum Xanthan Gum Karaya Gum Konjac Gum Celluloseether

Galactasol Ceroka Cerokon
474 type 700 CX900T NF 1 CKHY 1240 MH 300 P2
- + + + - -
+ + - + - -

++ stark beschleunigend, + schwach beschleunigend, - kein Effekt / schwach verzégernd,
-- stark verzogernd
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3.3 Publikation 3:

Wirkmechanismus beschleunigender Biopolymere

3.3.1 Zusammenfassung

Abschlieltend wurde der Wirkmechanismus beschleunigender Biopolymere am Beispiel

des Alginats naher untersucht. Dabei konnten folgende wichtige Erkenntnisse gesammelt

werden, um den Wirkmechanismus zu postulieren:

Der Einfluss des Polymers auf die Zementhydratation wurde mittels 2”Al-Festkorper-
NMR-Spektroskopie untersucht, um den Reaktionsfortschritt des CAC zu
quantifizieren. Es zeigte sich, dass die dormante Phase der Abbindereaktion durch
Zugabe des Alginats deutlich verkurzt wird, wodurch die Bildung der Hydratphasen

in der Akzelerationsphase fruher einsetzte.

Zusatzliche in-situ und ex-situ XRD-Untersuchungen bestatigten in Gegenwart von
Alginat ebenfalls eine vorzeitige Bildung der Hydratphasen. Bei der Identifikation der
Hydratationsprodukte konnte kein Auftreten zusatzlicher Reaktionsprodukte wie

Polymer-LDH-Interkalationsverbindungen beobachtet werden.

Beim Betrachten der Wechselwirkung des Alginats mit den lonen in der
Zementporenldsung zeigte sich, dass Alginat die freie Calcium- und Aluminium-

Konzentration deutlich reduziert.

Da in der Porenlésung aufgrund des hohen alkalischen pH-Werts das Aluminium als
[AI(OH)4]-Anion vorliegt, sollte es eigentlich zwischen Alginat und dem ebenfalls
anionischen Aluminat-lon zu keiner direkten Wechselwirkung kommen. Dass
dennoch eine Wechselwirkung stattfindet, wurde durch Bestimmung des Zeta-
Potentials (Oberflachenladung) des Alginat-Molekils aufgeklart. Demnach nimmt
Alginat Ca?*-lonen an den negativ geladenen Carboxylatgruppen auf, wodurch seine
negative Ladung reduziert wird. Mit den an der Polymeroberflache komplex
gebundenen Ca?*-lonen interagieren im Folgenden die [AI(OH)4]-Anionen und

werden dann entlang der Molekllkette fixiert.

Diese kombinierte Bindung von Calcium (als Ca?*) und Aluminium (als [AI(OH)4]) aus
der CPS erklart das unterschiedliche Verhalten von Alginat gelést in CPS im
Vergleich zu den einzelnen lonen. In Folge dessen fuhrt die Zugabe von Alginat zu
CPS innerhalb weniger Stunden zu einer merklichen Tribung der Losung. Aus dieser

flockt das Alginat anschlieRend aus.



76

ERGEBNISSE UND DISKUSSION

Mittels Rasterelektronenmikroskopie wurde festgestellt, dass die Ausflockung des
Biopolymers durch Kristallisation von C-A-H-Phasen auf der Polymeroberflache

hervorgerufen wird.

Die Bildung von CAC-Hydratphasen auf der Alginatoberflache wurde auch bei
weiteren REM-Untersuchungen beobachtet, in denen eine Alginat-Probe flr eine
definierte Zeit mit CPS in Kontakt gebracht wurde (siehe Abbildung 24 in Kapitel
24.4).

Basierend auf diesen Erkenntnissen wurde als Wirkmechanismus des Alginats die

Schaffung einer heterogenen Kristallisationsoberflache erkannt, auf der weitere

Nukleation und Kristallwachstum von C-A-H-Phasen stattfindet.
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3.3.2 Veroffentlichung

Templating effect of alginate and related biopolymers as
hydration accelerator for calcium alumina cement - A

mechanistic study

Engbert A., Plank J.

Materials & Design, 2020, 195, 109054.

https://doi.org/10.1016/j.matdes.2020.109054
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Proposed mechanism behind the accel-
erating effect of alginate on CAC hydra-
tion was assembled through in-depth
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tion period of the hydration reaction
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In earlier publications it has been demonstrated that alginate and similarly structured biopolymers unexpectedly
accelerate the hydration of calcium alumina cement. Here, this effect is investigated by applying *’Al MAS NMR
spectroscopy and XRD technique to track the hydration reaction and identify the hydration products. In the pres-
ence of these biopolymers an earlier consumption of clinker phases was observed indicating a shortened induc-
tion period. The subsequent formation of hydration products occurs earlier, resulting in the formation of C-A-H
phases (CAH,o and C;AHg). No further reaction products like intercalation compounds were detected. An in-
depth mechanistic study revealed that alginate does not adsorb on cement, but captures Ca’* ions from the
pore solution, thus resulting in a positively charged biopolymer chain which then attracts [AI(OH)4]~ ions to
its surface. Through this binding of calcium and aluminate ions and alignment to the alginate molecule, a precur-
sor for calcium aluminate hydrates is formed which acts as a nucleation seed and triggers continued growth into
large C-A-H crystals, similar as in related biotemplating processes which are known for calcite or brushite

formation.
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1. Introduction

Previous studies [1,2] have reported the surprising accelerating ef-
fect of alginate or pectin on the hydration of calcium alumina cement
(CAC). This effect solely occurs in CAC and was not observed for
silicate- or sulfoaluminate-based binders (OPC, CSA). Alumina cements

0264-1275/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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are mainly composed of monocalcium aluminate which hydrates ac- “ooc OH “ooc M

cording to a dissolution and precipitation mechanism. There, C-A-H o o 93 HO 0
phases such as e.g. CAH;o (CaAl,(OH)g(H20),-xH,0) and C,AHg (')OH Glo HO 0. -0
([Ca,Al(OH)g] T[AI(OH)4-xH,0] ) are formed via homogeneous and G 0. OH M Stic OH

heterogeneous nucleation. Hydration of the clinker at room tempera-
ture precedes as described by the following reaction equation, where
the formation of CAH,o (predominately below 15 °C) and C,AHg
(starting at about 15 °C) as well as the conversion to the latter is shown:

CA -+ 10 H - CAHyo
2 CAH;o— C;AHg + AH; +9H
2CA+11H- GAHg + AH3

Lithium salts (e.g. Li,CO3) are commonly applied to accelerate the
reaction of CAC with water in order to achieve rapid strength develop-
ment after casting, e.g. in self-levelling underlayments (SLU) and floor-
ing compounds. The mechanism behind this specific effect of the Li™
cation still is under discussion. It was first addressed by Rodger and Dou-
ble [3] in 1984 and additional work was published by Matusinovic [4,5],
Damidot [6] and more recently by Goetz-Neunhoeffer [7]. The latter pre-
sented that Li™ ions accelerate the hydration of the aluminate phases
(CA, Cy,A; etc.) through six interconnected pathways: (1) increased dis-
solution of the clinker via an improved permeability of the blocking al-
uminium hydroxo hydrate layer; (2) formation of [LiAl,(OH)g]3 [(OH),
- x H,0]?" layered double hydroxide (LDH) as seeding material which
decreases the Gibbs free activation energy AG which needs to be over-
come to form C,AHg clusters of a size larger than the critical nucleus;
(3) this increases the Ca?* / AP ratio in solution which thermodynam-
ically promotes the formation of C;AHg; (4) Li* ions are continuously
recycled for binding of A>* ions which (5) reduces the AI>* concentra-
tion in solution and (6) further triggers continued the dissolution of
clinker as a result of the decreased AI** content in solution. In a recent
publication by Manninger et al. [8], however, the mechanism in step
(4) which is crucial for the accelerating effect was questioned. The au-
thors observed that in a CAC/calcite mixture, a decrease of the Li* con-
centration present in the cement pore solution was observed without
replenishment.

In the case of alginate or pectin, a mechanism similar to that of Li
salts would be quite unlikely. A first investigation into the mechanism
revealed a strong calcium binding capability of the biopolymer,
resulting in a reduction of the free calcium ion concentration in the
pore solution [1]. Here, a link between the calcium binding capacity
and the accelerating effectiveness was observed, whereat alginate
came out on top [2]. Such a calcium binding effect normally is observed
for retarding admixtures [9] and not for accelerators. To the best of our
knowledge, no such calcium binding effect has been reported for accel-
erators so far. Obviously, a completely different mechanism as com-
pared to that of Li* comes into play when biopolymers such as
alginate or pectin are admixed to alumina cement. (Bio)polymers on
the other hand were generally found to retard the hydration of CAC
with the exemption of anionic polymers of high molecular weight,
which possess a favourable structure to effectively complex calcium
ions [1,2].

Alginate and pectin (see Fig. 1) are natural biopolymers produced
by extraction from brown algae (Phaeophyceae) and Citrus / Malus
fruits, respectively. Their structural characteristics are as follows: Algi-
nates are copolymers comprised of guluronic (G) and mannuronic
(M) acid, with an average molecular weight between 10,000 and
600,000 Da. The monosaccharide units (M and G) are linked in differ-
ent sequences such as GM, GG and MM, this way producing different
steric arrangements as illustrated in Fig. 1. Especially the GG blocks
are vital for the ionotropic gelling effect observed in the presence of
divalent cations like Ca?", as described by the ‘egg box’ model
(Fig. 2) [10-12]. Commercial pectin is comprised of a linear

OH “ooc

Alginate

‘ HO HO o
<& o} % R = COO”or COOCH;
R OHO R g
ectin
OHg R OH
o o 5 o.._
HO

Fig. 1. Comparison of the molecular structures of alginate and pectin.

Fig. 2. Schematic representation of the Ca?" induced complexation and gelation of
alginate (adapted from [1]).

homopolymer of galacturonic acid (see Fig. 1) containing minor resi-
dues of rhamno galacturonan in the form of side chains composed of
neutral sugars like arabinose and galactose. Pectins are distinguished
by their degree of esterification (DE, ratio of methoxylate to carboxyl-
ate groups) and classified as high methoxylated (DE = 55-75%) or
low methoxylated (DE = 20-45%) variant. The DE is crucial for its gel-
ling properties. Only low methoxy pectin (LM pectin) gels in the pres-
ence of Ca®" ions in a similar way as described by the “egg-box”
model [10].

In the work presented here, mainly alginate was used in the inves-
tigations, because of its superior effectiveness. First, the impact of the
polymer on the hydration of CAC was studied via ex-situ 2’Al MAS
NMR spectroscopy and tracked the degree of hydration over time (0
—12h). Moreover, the formation of hydration products was monitored
using ex-situ and in-situ XRD technique. Finally, the interaction of al-
ginate with ions present in the pore solution (Ca?" and [Al(OH4] ™)
was elucidated and based on those findings, a model for the working
mechanism of accelerating biopolymers such as alginate was
developed.

2. Experimental
2.1. Cement samples

Various calcium alumina cements containing different Al;05 con-
tents (Ciment Fondu, Secar 51 and Secar 71, supplied by Imerys Alumi-
nates, France) were utilized in this study. Their mineralogical
composition (Table 1) was analysed via XRD (D8 advance instrument,
Bruker AXS, Karlsruhe, Germany) including Rietveld refinement (soft-
ware Topas 4.0, Bruker AXS) and their oxide contents (values see [1])
were captured by XRF analysis (Axios, PANalytical, Kassel, Germany).
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Table 1
Phase contents of the calcium alumina cement samples used in the study [1].

Phase CAC sample (wt%)
Ciment Fondu Secar 51 Secar 71
CA 47-57 64-74 54-64
CA, n.d. n.d. 36-44
Ci2A7 1-5 <1 <7
C4AF 10-20 n.d. n.d.
C,AS 1-10 18-22 <1
S 1-10 1=5 nd.
Other GFT, Co0A13M3S3 CT, G5FT a-AlL05 (< 2)

2.2. Materials

Deionised water was obtained from a Barnstead Nanopore Diamond
Water purification system (Werner Reinstwassersysteme, Leverkusen,
Germany) and was used in all experiments. Calcium hydroxide
(EMSURE, > 99.7%) was procured from Merck KGaA (Darmstadt,
Germany ), while a sodium aluminate solution was prepared by reacting
aluminium powder (1.35 g) in a sodium hydroxide (150 mL 1 M NaOH)
solution followed by filtration.

2.2.1. Biopolymers

Two commercial biopolymer products, alginate sample XEA 5036
(Eurogum) and pectin sample CU 701 (Herbstreith & Fox), were utilized.
Their characteristic properties are displayed in Table 2.

2.3. Experimental methods

2.3.1. Isothermal heat-flow calorimetry

Paste calorimetry was performed following DIN EN 196-11 [14]
using sealable 10 mL glass ampoules. For testing, biopolymer powder
was placed in the ampoule and dry-blended with four grams of cement.
Deionised water was added to this blend and the paste was
homogenised for two minutes via a vortex blender (VWR, Ismaning,
Germany). The heat flow was monitored by placing the ampoules into
an isothermal conduction calorimeter TAM air model 3116-2
(Thermometric, Jarfdlla, Sweden) at 20 °C until heat evolution ceased.

2.3.2. Electrical conductivity

Following established methods [15,16], electrical conductivity of ce-
ment pastes was determined by using a self-built setup containing a
Qcond 2200 conductivity meter (VWR International GmbH, Germany).
Here, the dissolution of the cement clinker phases as well as their inter-
action with admixtures can be observed via electrical conductivity
which is linked to the amount of dissolved ions and species in the
pore solution.

For this purpose, into a 5 L plastic beaker the cement (700 g of Secar
71), neat or dry-blended with e.g. 0.2 wt% alginate, was placed. Sub-
merged into the cement powder were a stirrer (Eurostar KPG stirrer,
IKA-Werke, Germany) with propeller shaped blades (4-leaf) and the
conductivity probe. Then the stirrer was started, and water (490 g,
w/c = 0.7) was added in one step. Conductivity values were recorded
at ten-second intervals as soon as a homogeneous cement paste was ob-
tained. Measurements were performed at 20 °C and recorded until the

Table 2
Properties of the alginate and pectin samples used in the study.
Biopolymer  Product Properties
name
Sodium XEA M/G-ratio ~ 0.8 [1]
alginate 5036
LM-pectin CU701 M, =~ 320 kDa, M,, = 63 kDa, GalA content =~ 91%,

DE = 31%[13]

rate of conductivity increase dropped. Thereafter, values were taken at
larger intervals, depending on the development of conductivity.

2.3.3. SEM imaging

SEM images were taken on a XL-30 FEG microscope (FEI, Eindhoven,
Netherlands) using a secondary electron and backscattered electron de-
tector. Magnifications ranged between 100x and 40,000x, and the ac-
celerating voltage was between 4.0 kV and 30.0 kV. Samples were
fixated on the sample holder stub with Leit Adhesive Carbon Tabs
(PLANO, Wetzlar, Germany). After drying, the sample was sputtered
with gold for improved conductivity. Alginate hydrogels were either
dried through solvent exchange or freeze dried after gentle freezing
with liquid N,.

2.34. Zeta potential of cement pastes

The zeta potential of CAC paste was determined on a model DT-
300 Electroacoustic Spectrometer (Dispersion Technology Inc., Bed-
ford Hills, New York). First, the ionic background of the cement
pore solution was determined and subtracted from the zeta poten-
tial value obtained during titration of the biopolymer samples to
the cement paste. To capture the dosage dependent zeta potential
of CAC pastes, an aqueous alginate solution (0.25 wt%, pH = 7)
was added stepwise (0.5 mL increments) to the cement slurry.
The zeta potential of the cement paste was then recorded as a func-
tion of the biopolymer dosage.

2.3.5. Electrical charge of alginate

The electrical charge of alginate was determined in aqueous solution
at 25 °Cvia laser Doppler micro-electrophoresis using a Zetasizer model
Nano ZS (Malvern Instruments, UK). For this purpose, an alkaline alginate
solution (0.15 wt% polymer; pH = 12, adjusted with NaOH) was inves-
tigated and the changes in the electrical charge of the polymer were
monitored in dependence of the ionic composition of the polymer solu-
tion. Ascending concentrations of (1) calcium hydroxide or (2) the com-
bination of an increasing concentration of sodium aluminate with a
fixed amount of Ca(OH), were added to the alginate solution and the
zeta potential was determined for each system. For this purpose, in a
centrifuge tube 10 mL samples were prepared by first placing 1 mL algi-
nate solution (1.5 g/L). Then water was added, followed by the alumi-
nate solution (0.9 g/L) and the calcium hydroxide solution (1.7 g/L).
The sample was homogenised for approximately two minutes via shak-
ing and placing in an ultrasonic bath (3 x 10s). Measurements were
taken automatically after two minutes of thermal equilibration using a
Folded Capillary Zeta Cell.

24. Analytical methods

24.1. Ion concentrations via ICP-OES

Inductively coupled plasma atomic emission (ICP-OES) spectrome-
try was conducted on a series 700 instrument (Agilent Technologies,
Santa Clara, CA, USA). The cement paste was prepared in a centrifuge
tube by mixing e.g. 20 g Ciment Fondu dry-blended with 0.2 wt% bio-
polymer and subsequently homogenised for two minutes using a vortex
mixer (VWR, Ismaning, Germany) after 10 mL of water had been added.
The resulting paste was centrifuged (15 min at 8500 rpm) and the su-
pernatant pore solution was filtrated via a membrane filter (0.2 pm
PES). The solution was diluted at 1:30 (v/v) and the concentrations of
Ca’* and APP* in the pore solution were determined five times. Mea-
surements were collected at several wavelengths and the resulting
values were averaged. Deviation was calculated including an additional
methodical error of 1% to account for inaccuracies resulting from e.g.
pipetting and weighting.

24.2. X-ray diffraction
In-situ XRD was performed by placing the cement paste onto the
sample holder and covering the paste with a Kapton® polyimide foil
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(VHG Labs, Manchester, UK). Diffraction patterns were captured over
12 h every 30 min on a D8 advance instrument (Bruker AXS, Karlsruhe,
Germany) equipped with a VANTEC-1 detector (5-40° 26, 40 kV,
30 mA, 0.025° step, t = 0.6 s, fixed 0.5° divergence slit, Bragg-Brentano
geometry and Cu Ka source). Because of the heat generated by the
x-ray tube, the temperature in the chamber of the XRD rose to =~
27.5 °C during the in-situ measurements. Powder diffraction patterns
were measured on the same D8 advance instrument (3-50° 26, 35 kV,
40 mA, 0.017° step, t = 0.8 s, variable divergence slit V6). Evaluation
and processing of the diffraction patterns was performed using Bruker's
EVA V2 software.

A. Engbert, ]. Plank / Materials and Design 195 (2020) 109054

2.4.3.%7Al MAS NMR spectroscopy

Solid-state NMR experiments were performed on an Advance 300 in-
strument (Bruker BioSpin, Karlsruhe, Germany) possessing a magnetic
field strength of 7.0455 T and a ?’Al resonance frequency of 78.1 MHz.
Chemical shifts were recorded relative to the external standard Al
(NO)3-9 H,0.

Samples were prepared ex-situ by mixing cement, biopolymer and
water in a centrifuge tube or a sealable glass ampule and subsequent
storage at 20 °C for different periods of reaction time. Non-hardened
samples were quenched with acetone and freeze-dried. Hardened sam-
ples were ground in a mortar and measured immediately. Samples were
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Fig. 3. Ex-situ ’Al MAS NMR spectroscopic measurements (left) monitoring the time-dependent hydration of different CAC samples (w/b = 0.5) in the absence and presence of alginate
(sample XEA 5036; bold line = clinker and dashed line = hydrate) and cumulative heat evolution of the corresponding samples (right).
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Fig. 4. In-situ XRD measurements monitoring the hydration of a CAC sample (Secar 51, w/b = 045, T &~ 27.5 °C) over 12 h in the absence and presence of alginate sample XEA 5036.

filled into 4 mm zirconia rotors and rotated at 15 kHz. Single-pulse tech-
nique was used with a pulse width of 3 milliseconds. Repetition time
was 2 s and the number of scans was 1000. Deconvolution and integra-
tion of the signals was performed after phase and background correc-
tion using MNova 12 software (Mestrelab Research, Spain).

3. Results and discussion

Following the discovery of the accelerating effect of alginate and few
other similarly structured polysaccharides [1,2], the working mecha-
nism behind this unusual property still remained unclear. In order to in-
vestigate into this complex subject, at first the course of cement
hydration was studied by tracking the time-dependent degree of the
hydration and by analysing the hydration products formed. 2’Al MAS
NMR spectroscopy was used to quantify the degree of hydration as a
function of reaction time and ex-situ as well as in-situ XRD techniques
were applied to identify the phases formed.

3.1. Tracking CAC hydration via >’Al MAS NMR spectroscopy

The progress of hydration of an alumina cement can be quantified
via ?7Al solid state NMR spectroscopy, as was reported by various au-
thors before [e.g. 17]. The signals obtained from the clinker phases
which contain tetrahedrally coordinated aluminium (Al-IV) and from
the hydration products which contain octahedrally coordinated alumin-
ium (Al-VI) can be integrated and express the degree of hydration of the
cement. Here, the time dependent course of the hydration was studied
ex-situ in cement pastes, neat as well as admixed with alginate (see

exemplary NMR spectra for Secar 51 in Fig. S1 in supporting informa-
tion). As cements, three mineralogically different CAC samples
possessing Al,03 contents between 45 and 70 wt% were utilized. Ac-
cording to the results exhibited in Fig. 3, two significant observations
were made for all cements tested:

First, in the presence of alginate the induction period of CAC (repre-
sented by the portion of clinker which remained unreacted in the first
hours after contact with water) is shortened as compared to the neat ce-
ment (black vs. red curve in Fig. 3, left). This effect is more pronounced
in less reactive alumina cements with an increased Al,03 content. Sec-
ond, the observation of earlier hydration corresponds well with results
obtained from heat flow calorimetry, as is shown in Fig. 3 (right).
These observations are in accordance with literature reports for CAC hy-
dration and comparable to the effect of lithium [17,18].

For example, in the paste holding Ciment Fondu within the first 8 h
of hydration nearly all Al-IV reacts to Al-VI, whereas for the Secar 51 and
Secar 71 pastes a consumption of only about 60% Al-1V is recorded over
the first 12 h. This difference in hydration kinetics is caused by the dif-
ferent phase compositions of the cement samples. As such, Ciment
Fondu which mainly contains CA and C4AF (see Table 1) hydrates
much faster than Secar 51 (main phases: CA and C;AS) and Secar 71
(main phases: CA and CA;) which hydrate slower because of their sig-
nificant contents of gehlenite and grossite, respectively. At room tem-
perature, gehlenite reacts only slowly over several weeks to form
stratlingite [19], while it has been reported that grossite hydration be-
gins only after the CA hydration decelerates [20]. Thus, the progress of
hydration in the first 12 h for Secar 51 and Secar 71 is mainly dominated
by the amount of CA contained in the clinker, and CACs holding higher
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Fig. 5. X-Ray diffractogram (left) of ground CAC cement sample (Secar 51, w/b = 0.5) after five hours of hydration in the presence of 0.1 wt% alginate XEA 5036; and heat flow diagram

(right) illustrating the time-dependent progress of hydration.
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amounts of this phase respond stronger to the alginate's accelerating
effect.

3.2, Formation of hydrate phases tracked via XRD

Following the NMR investigation, hydration of the cement samples
was also studied using X-ray diffraction in order to identify the specific
hydrate phases (e.g. CAH;o, C;AHg, C4AH;3, (GAHg) formed during the
reaction with water.

First, in-situ XRD measurements were performed to monitor the
time-dependent phase development of a Secar 51 sample in the
absence and presence of alginate. There, it became obvious that in
the presence of alginate, C;AHg which presents the main hydration

product of a CAC under those conditions, crystallizes earlier (shorter
induction period) and thus in larger quantity (Fig. 4). The fact that
only C;AHg and no CAH;, was detected is explained in earlier liter-
ature [9]. According to these studies, when a transparent polymer
foil (e.g. Mylar or Kapton) is used for in-situ measurements, as is
the case here, then the water is retained in the sample which fa-
vours the formation of C,AHg. Furthermore, the formation of
C;AHg is also promoted by the increased temperature in the diffrac-
tometer under in-situ conditions. Because temperature influences
the formation of hydrate phases thermodynamically, further ex-
situ measurements of CAC hydrated at a definite temperature were
conducted. Thus, for example at 10 °C only formation of CAHq
was detected.

1400 —
Il =
; 1000 T ------------- 3
=1 I | E
2 800 ¢ 1200 2
g =
E 1+ 1000 £
£ 600 E
E g
3 =
S 400 + lgo &
8 v E
£ ]
E T + 600 E
5 =
0 400 <
Calcium Aluminium Calcium Aluminium Calcium Aluminium
CAC . .
(reference) CAC + alginate CPS + alginate

Fig. 7. Ca’* and A’ ion concentrations in the pore solution (CPS) of Ciment Fondu (w/b = 0.5) after addition of 0.2 wi% alginate to the CAC paste or the CPS.
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Fig. 8. Electrical conductivity of a CAC paste, neat and admixed with alginate (Secar 71, w/b = 0.7; 0.2 wt% alginate sample XEA 5036).

Furthermore, the early phase development after 5 h of hydration
(T = 20 °C) was studied using powder XRD of a ground solidified sam-
ple (Fig. 5, left). Here, for the sample admixed with alginate, at the peak
of the acceleration period the appearance of both C;AHg as well as
CAH;( was observed. Moreover, in accordance with the results from
heat flow calorimetry (see Fig. 5, right) it was also noticed that after
five hours of hydration the cement paste without alginate still was lig-
uid while the paste containing the biopolymer already had stiffened
and begun to harden. Apparently, alginate induces an earlier formation
of C-A-H phases which results in an earlier strength development [1].

It is well established that hydrating alumina cement can chemically
intercalate anionic polymers into the interlayer space of hydrates,
thereby forming layered organo-mineral phases of the hydrocalumite
type, abbreviated as Ca-Al-polymer-LDH [21]. These intercalation com-
pounds are isostructural with the main hydration products of CAC (e.g.
C,AHg) and therefore could act as a seeding and nucleation enhancing

material and thus play a major role in the accelerating effect of the bio-
polymers. For this reason, their potential formation in the systems stud-
ied here was investigated.

The diffractograms presented above (Figs. 4 and 5) do not show any
reflection at low 26 angles (e.g. 2-5°) which are characteristic for such
intercalation compounds [22]. However, considering the low addition
rate of alginate in this experiment (0.1 wt%), the formation of such a
by-product cannot be ruled out completely, because signal intensity
for these organo-mineral phases might be too low. Thus, in order to clar-
ify the potential formation of such Ca-Al-biopolymer LDHs, additional
tests at significantly higher dosages of up to 1 wt% were performed by
admixing either alginate or pectin to Secar 71. Even at such high addi-
tions, no occurrence of reflections characteristic for these intercalates
was observed at 26 angles <5°. As an example, the XRD diffractograms
of the pastes holding 1 wt% of alginate or pectin are displayed in Fig. 6
(an overlap of the diffraction patterns is shown in Fig. S2 in the

Fig. 9. Time-dependent behavior of alginate in CPS (top) and SEM images of the precipitated particles (bottom); magnifications (from left to right): 200x, 1000x, 4000x.
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supplementary information). There, more intense peaks representing
the hydrates C;AHg and CAH;, were recorded when the biopolymers
were present, thus confirming the accelerating effect of the
polysaccharides.

Based upon these findings it can be concluded that different to the
previously mentioned mechanism for Li-Al-LDH compounds [4-8],
here the formation of biopolymer-containing Ca-Al-LDH intercalation
compounds does not occur and hence plays no role in the accelerating
effect of these polysaccharides. The absence of Ca-Al-biopolymer-LDHs
can be explained with the strong interaction of these biopolymers
with calcium ions in solution whereby after contact with Ca®* the algi-
nate molecule becomes much less anionic which significantly decreases
its quality as guest molecule for intercalation into the LDH host
structure.

To further study the interaction of the biopolymers with CAC the
zeta potential of cement pastes which were stepwise admixed with al-
ginates (sample XEA 5036 and a low M,, alginate, KIMICA ULV-L3 -
properties see [1]) or pectin (sample CU 701) was measured. There,

no change in the surface charge of the cement particles was detected,
thus ruling out adsorption of the biopolymers on CAC. Thus, it can be as-
sumed that the accelerating effect of the biopolymers only involves pro-
cesses which occur in the pore solution and not on the surface of cement
or its hydrates.

3.3. Interaction with ions in the pore solution

In the following, the interaction of alginate with Ca®** and
[Al(OH),4] ~ ions present in the cement pore solution (pH ~ 12) was in-

vestigated. At first, the ion concentrations in the pore solution of Ciment
Fondu were determined. For this purpose, the cement was mixed for
2 min with water (w/c = 0.5), then centrifuged, filtered off and the
resulting cement pore solution (CPS) was analysed for its content of
Ca* and AP, respectively using ICP-OES. As displayed in Fig. 7 (left),
the initial concentration of Ca®>* was 1069 mg/L while A" was present
at 1284 mg/L in the CPS.

2 hours

Fig. 10. Surfaces of freeze-dried alginate hydrogel submerged in CPS after various times of imbibition, as observed via SEM (magnification increasing from left to right).
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To probe the impact of alginate on the ion concentrations, in the next
step the same cement slurry was prepared, however 0.2 wt% of alginate
were dry-blended into the cement. As can be seen from Fig. 7 (middle),
in this case the concentration of Ca®" is reduced from 1069 mg/L (in the
neat paste) to 801 mg/L when the alginate is present. Contrary to this
trend, the concentration of AI** increases from 1284 mg/L (for the
neat paste) to 1386 mg/L in the presence of alginate. The same increase
for AI** has been observed for Secar 51 and Secar 71 cement, respec-
tively when alginate was admixed to them. There as well a reduction
in the Ca®* concentration and an increase in the AI>** concentration
was monitored.

The results can be interpreted as follows: alginate captures signifi-
cant amounts of Ca®* in its molecular cavity, as is well established and
described by the ‘egg-box’ model [12]. As a consequence of the reduced
Ca®* concentration and stimulated by the solution equilibrium, more of
the CA phase dissolves to replenish the Ca?* which was taken up by the
biopolymer. Consequently, the concentration of AI>* rises above its ini-
tial value. The elevated aluminate concentrations could promote the
formation of aluminate hydrates such as e.g. CAH;o. This mechanism
of replenishment for Ca>* could well explain why a polymer which cap-
tures Ca?* can accelerate and not retard the hydration of CAC.

In order to confirm this model, a pore solution of neat Ciment Fondu
was extracted and the CPS was treated with 0.2 wt% alginate (related to
the mass of the cement), mixed for 2 min and after centrifugation and
filtration was analysed for the ion contents. As is shown in Fig. 7
(right), there both the Ca®* as well as the AI>* concentrations drop sig-
nificantly. Also, for Ca®* the reduction is much more pronounced (from
1069 mg/L to 299 mg/L) than for A** (1284 mg/L to 698 mg/L). This

experiment confirms the preferred Ca?* binding capacity of alginate,
but also hints to an interaction of the biopolymer with the aluminate
ion.

The latter was investigated further by mixing the same amount of al-
ginate with a sodium aluminate solution of defined concentration
(900 mg/L) and monitoring the AI>* content, as it has been reported
that in CPS sugars can form complexes with metal hydroxides
[23-26]. Here, however, only a very minor decrease of ~ 30 mg/L
which is close to the margin of error was observed, thus indicating
that a more complex mechanism is at work here.

These findings on the dissolution and complexing processes were
further supported by conductivity measurements. Here, CAC pastes
with and without alginate were continuously stirred and the electrical
conductivity of the pore solution which directly correlates to the dis-
solved ions in the CPS was tracked. For this purpose, a CAC sample
with 70% Al,O5 (Secar 71) was used because of its slower dissolution
rate which allows for a better investigation of the early minutes of inter-
action with water and potentially alginate.

As displayed in Fig. 8, over the first three minutes alginate decreases
the electrical conductivity, presumably as a result of the uptake of cat-
ions, especially Ca®*, and the concomitant reduction in the charge of
the biopolymer. However, thereafter this trend is reversed, and the con-
ductivity of the paste admixed with alginate becomes higher than that
of the neat paste, owed to increased clinker dissolution and the resulting
higher aluminate concentration.

To conclude, the conductivity measurements support the previous
finding from the pore solution analysis that alginate essentially triggers
an increased dissolution of the clinker phases and especially increases

without alginate — C-A-H crystallisation from solution

time
—_

in the presence of alginate — C-A-H crystallisation on surface of the biopolymer

time
—_—

Scheme 1. Models for the C-A-H crystallization from neat CPS (top) and in the presence of alginate (bottom), where a templating effect involving the alignment of Ca®>* ions along the

biopolymer chain takes place.
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alginate molecule

*‘* C-A-H nuclei

YA

Scheme 2. Schematic illustration of the proposed interaction mechanism between alginate and Ca?* as well as [AI(OH)4] ~ ions in cement pore solution, leading to the formation of C-A-H
phases.

the aluminate content in the resulting pore solution which might pro- more reactive a cement, the less effective is alginate [1].
mote the precipitation of calcium aluminate hydrates, as observed in « 277l solid state NMR spectroscopy and XRD confirm earlier formation
the XRD analysis before (see Figs. 4 and 5). of C-A-H phases and corresponding consumption of clinker phases in
the presence of alginate (Figs. 3 and 4).
4. Proposed working mechanism for alginate « Alginate does not intercalate or adsorb onto the surface of CAC or its
hydrates. Hence, its accelerating effect derives from processes occur-
The investigations conducted so far can be summarized as follows: ring in the pore solution.

» Alginate reduces the concentration of free Ca* in the pore solution

* The accelerating effect is specific for alumina cements and differs with ) S : :
s P through complexation via its ‘cavity’. Furthermore, it also reduces

their reactivity which is dependent on their CA and C,,A; content. The
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the amount of aluminate in solution (Fig. 7). Because aluminate ions
cannot be chelated in the cavity like Ca®*, it can be hypothesized
that [AI(OH),] ™ ions coordinate with positively charged parts of the
alginate resulting from Ca®" uptake.

« Even in the presence of retarders such as e.g. citrate and tartrate, algi-
nates still accelerate, in spite of significantly reduced concentrations of
dissolved calcium and aluminate [1].

In consideration of this, still the question remains whether Ca®*
which has been captured by the alginate is irreversibly bound there or
might be released to be incorporated into hydrate phases. Various liter-
ature reports (e.g. [27]) present that Ca®* is in fact removed from the
biopolymer when stronger chelators such as EDTA, sodium citrate or
tartrate are added. Therefore, it can be assumed that at first calcium is
extracted from the pore solution, but later is released to contribute to
the formation of C-A-H phases. As such, by attracting and locally
enriching Ca?" ions along the molecule chain, alginate presents a het-
erogeneous crystallization surface, thus creating a reservoir and a tem-
plate from which an initial cluster can nucleate and grow into a
crystallite.

In order to verify the proposed mechanism, it was further studied
whether C-A-H indeed crystallizes on the surface of the biopolymer
chain. To investigate, at first a small amount of sodium alginate solution
(2 wt%) was mixed with CPS (extracted from Ciment Fondu). Here, im-
mediately upon addition formation of a slightly opaque hydrogel is ob-
served, thus confirming abundant Ca?>* complexation. Furthermore,
within a few hours the gel becomes increasingly cloudy and finally dis-
tinct particles precipitate from the solution (Fig. 9, top). This effect does
not occur in Ca-alginate hydrogels, but only in CPS-alginate hydrogels,
thus indicating that the combination of ions in CPS interact differently
with alginate than individual Ca®* or [Al(OH)4] . Using SEM imaging
the particles were identified as alginate polymer encrusted with platy
C-A-H crystals (Fig. 9, bottom). Similar observations were also made
for mixtures of pectin with CPS.

To further confirm this co-precipitation mechanism of alginate
encrusted with C-A-H phases, alginate powder fixed to a sample holder
or parts of a calcium alginate hydrogel were submerged in CPS and
stored over up to four hours. For the alginate powder placed on the
SEM sample holder, after 3 h the first C-A-H clusters were observed
on the polymer surface, and after 4 h had covered most of the surface,
as is displayed in Fig. 10.

Such templating effect of alginate, pectin and similarly structured
biopolymers in biomineralization of e.g. CaCO5 or brushite has been ob-
served before by several authors [28-32]. For example, Ni-Al-LDH

which is isostructural to several of the C-A-H phases can be prepared
hydrothermally via a “facile biopolymer-assisted” crystallization pro-
cess using alginate [33]. The proposed mechanism underlying this syn-
thesis (Ni-Al-LDH nucleates and crystallizes along the alginate
molecule) follows a similar pattern as the working mechanism which
was proposed above for the accelerating effect of alginate on CAC hydra-
tion: In the following scheme, the templating effect which triggers C-A-
H nucleation via initial interaction of alginate with Ca?* ions is illus-
trated (Scheme 1). Thus, the proposed mechanism for the behavior of
alginate in cement pore solution is supported by processes already
known from comparable bio-based systems.

Still, this model does not yet explain the role of aluminate ions which
when alginate is present in CPS also significantly decreases in concentra-
tion (see Fig. 7). We assume its behavior as follows: the interaction of
Ca®* with alginate results in a biopolymer chain exhibiting positive
charges along its backbone (Scheme 2). To these sites, negatively
charged [Al(OH)4]~ is attracted. Other authors have reported that
while in aqueous solution alginate exhibits a negative electrical charge
/ zeta potential. In the presence of cations like Ca?* or of cationic poly-
mers (e.g. chitosan), the charge decreases and approaches zero [34,35].
Furthermore, it was found that in case of a layer-by-layer deposition of
anionic alginate and cationic chitosan onto a planar surface, a charge re-
versal occurs with each additional layer (Algi~ — Chit™ — Algi~...) [36].

In order to verify that a similar layer-by-layer deposition mechanism
is at work here, the zeta potential of alginate in the presence of increas-
ing dosages of calcium ions was determined. Here, the initially highly
negative electrical charge of alginate was found to decrease from
—32mV to —12 mV (Fig. 11), similar as has been reported by [34,35],
thus confirming the chelation of Ca?* cations by the polysaccharide
chain. Next, an increasing dosage of aluminate ions was fed into the al-
ginate solution in combination with a fixed amount (0.5 g/L) of Ca(OH)
2. Interestingly, in the presence of [Al(OH)4]~ the trend for the charge
reversed, and with increasing Na[Al(OH)4] concentration the zeta po-
tential became more negative (from —12 mV to —32 mV, see Fig. 11).
This observation confirms our concept that at first Ca?>* and in a second
step [AI(OH)4]~ is attracted to the alginate molecule and coordinate to
the biopolymer chain whereby at the high pH Ca-Al-OH clusters form
which through continued uptake of Ca®>* and [Al(OH)4]~ ions from
the pore solution grow into critical clusters and ultimately form the
characteristic large, platy crystals of C-A-H phases (Scheme 2).

This mechanistic model combines all previous findings and can well
explain why the accelerating effect (1) is absolutely specific for biopoly-
mers possessing high Ca? " capturing capability and (2) why this mech-
anism cannot work in OPC which does form C-A-H phases during its
hydration.

Ca(OH), dosage [g/L] i
0 0.1 0.2 0.3 0.4 0.5 NalAl(OH,)| dosage [g/L]
0 0.1 0.2
-10 +
A
-15 | s ‘+
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Fig. 11. Zeta potential of aqueous alginate solution (0.15 wt%, pH >12) as a function of increasing Ca®* concentration (left) and Na[Al(OH),] addition (right).
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5. Conclusion

This study investigated the mechanism underlying the unexpected
accelerating effect of alginates and similarly structured biopolymers
on alumina cements by first using 2’Al MAS NMR spectroscopy to deter-
mine the degree of hydration and, second, XRD analysis to monitor hy-
drate phase development. From these experiments a shortening of the
induction period during CAC hydration was evidenced via an earlier
commencement of clinker dissolution. Obviously, in the presence of al-
ginate the formation of hydrate phases starts earlier. Such promotion of
C-A-H formation leads to an earlier strength development [1].

In order to elucidate the working mechanism which is responsible
for this accelerating effect, the interaction between alginate and the
ions present in the CAC pore solution was studied. Here, not only a
strong complexation of calcium ions through the carboxylate groups
in the ‘cavity’ of the biopolymer, but also an interaction with aluminate
ions was found. These results suggested that a bi-layer is formed along
the biopolymer chain whereby initially Ca?* ions are captured by the al-
ginate and subsequently aluminate anions are then aligned along the
molecule chain, thus templating the essential constitutional part in cal-
cium aluminate hydrates, the Ca-Al-OH building block, and triggering
their nucleation and subsequent growth.

Based upon these finding a model is proposed for the mode of action
of alginate as an accelerator in CAC. According to this, in CPS the alginate
molecule provides a heterogeneous crystallization surface by generat-
ing favourable conditions for the very first nucleation and growth of
C-A-H phases. This biotemplated process was substantiated by SEM im-
ages confirming the earlier nucleation and growth of C-A-H crystals on
the surface of the biopolymer.

Currently, lithium salts such as Li,CO5 present the only viable accel-
erator for CAC. Due to the increased demand for lithium ion batteries in
electromobility and the relatively limited availability of this element,
the substitution of lithium salts in CAC applications appears to be highly
urgent and almost compulsory. Biopolymers such as alginate or pectin
which present green and renewable materials seem to offer an attrac-
tive alternative to replace the precious lithium compounds in calcium
aluminate cements.
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Figure S1: Al MAS NMR spectroscopic measurements of CAC sample Secar 51 (w/b = 0.5) in the

absence and presence of alginate (sample XEA 5036) after different hydration periods.
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Figure S2: Overlap of the XRD diffractograms of ground cement samples (Secar 71, w/b = 1, 20 °C)
after 24 hours of hydration in the absence or presence of 1 wt.% alginate (sample XEA 5036) or pectin
(sample CU 701).
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3.3.3 Addendum

Zusatzlich zu den in der Publikation dargestellten Ergebnissen wurden noch weiter-

fuhrende Untersuchungen durchgefiihrt, welche im Folgenden erlautert werden:

Im Rahmen der Publikation wurde die Bildung von Hydratationsprodukten mittels ex-situ
XRD bei 20 °C betrachtet. Da ein haufiger Anwendungsbereich von Aluminatzementen
unter anderem die Zementierung bei niedrigen Temperaturen ist, wurde dartberhinaus
das Abbindeverhalten und die hierbei entstehenden Hydratphasen bei unterschiedlichen
Temperaturen untersucht. Bei niedrigen Temperaturen von 5 und 10 °C wurde lediglich
die Bildung von CAH1o festgestellt, wobei Alginat weiterhin einen beschleunigenden
Effekt auf die Hydratation zeigte. Dieser fiel aber im Vergleich zu 20 °C geringer aus,
aufgrund der bekannt schnelleren Hydratation von CAC bei niedrigen Temperaturen.
Auch bei erhdhten Temperaturen (> 20 °C) wurde eine geringere Beschleunigung
festgestellt. Generell zeigen Aluminatzemente im Temperaturbereich von 25 — 35 °C
aufgrund der thermodynamisch ungulnstigen Kristallisationsbedingungen eine deutlich
verlangerte dormante Phase. Wahrend Lithiumcarbonat dort weiterhin einen stark
beschleunigenden Effekt zeigt, folgt Alginat dem Trend verlangerter Abbindezeiten mit
steigender Temperatur. Bei 40 °C zeigte die Analyse der gebildeten Hydratphasen AHs,
C2AHs und C3AHs, sowie bei 70 °C AHs und CsAHe. Details hierzu sind dem Anhang in

Abschnitt 7.3 zu entnehmen.

Nachdem mittels REM-Untersuchungen eine heterogene Bildung von C-A-H-Phasen auf
der Polymer-Oberflache festgestellt wurde, erfolgte im Weiteren der Versuch, derartige
auf dem Alginat gebildeten Kristalle mittels Rontgendiffraktometrie zu erfassen und zu
charakterisieren. Hierfir wurde ein Probentrager analog zur Herstellmethode fur die
Elektronenmikroskopie (siehe Abbildung 24 in Kapitel 2.4.4) mit Alginatpulver in CPS
gelagert und die gefriergetrocknete Probe vermessen. Das erhaltene Diffraktogramm
(siehe Anhang Abschnitt 7.4) zeigte Reflexe, welche den Ca-Al-LDH Phasen C2AHs,
CsAH19 sowie den Dehydratationsprodukten C2AHs bzw. C2AH4 zugeordnet werden
konnten [61,66].

Weitere REM Aufnahmen der in der Publikation gezeigten C-A-H-Alginat-Proben (siehe
Abbildungen A15 und A16) sowie Aufnahmen vorheriger Untersuchungen mit
alternativen Probenpraparationsmethoden (siehe Abbildung A18 - A20) sind in
Abschnitt 7.5 des Anhangs beigefugt. Im Rahmen letztgenannter Experimente wurden
ebenfalls C-A-H-Carrageen- und C-A-H-Pektin-Proben mikroskopiert (sieche Abbildung
A21).
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3.4 Publikation 4:
Beschleunigender Effekt von Fillstoffen auf CAC

3.41 Zusammenfassung

Bei genauerer Betrachtung der in Publikation 1 gefundenen Ergebnisse zur
Beschleunigung von CAC durch Alginat ist zu erkennen, dass sich die Wirksamkeit des
Alginats in der Zementpaste (Kalorimetrie) und in den Mortelfestigkeiten deutlich

unterscheidet.

Dieses Phanomen wurde in der hier vorliegenden Studie betrachtet, wobei folgende

wichtige Erkenntnisse gewonnen wurden:

e Die Abbindereaktion wurde anhand ihrer Warmefreisetzung in Zementpaste sowie in
einer Mortelmischung (Zement + Normsand) mittels isothermer Kalorimetrie
untersucht. Dabei wurde festgestellt, dass der ,nerte“ Fullstoff Sand einen
nennenswerten Einfluss auf die Hydratation von CAC hat, wobei diese fruher

einsetzt.

¢ Kalorimetrische Messungen an Morteln zeigten eine deutlich bessere Korrelation mit
den Ergebnissen der Druckfestigkeitstests als die kalorimetrischen Messungen in
Zementpaste. Demnach ermdglichen kalorimetrische Messungen mit Morteln eine

bessere Abschatzung der tatsachlichen Festigkeitsentwicklung.

e Durch die vom Sand eingebrachte zusatzliche heterogene Kristallisationsoberflache
tritt ein vorzeitiges Abbinden des Mortels im Vergleich zur Zementpaste ein. Dieser
beschleunigende Einfluss des Flllstoffs Uberdeckt den Effekt von Alginat als

Beschleuniger und Iasst seine Wirksamkeit geringer erscheinen.

e Da dieser Effekt bereits bei Normsand (0 — 2 mm) zu beobachten war, wurden weitere
Flllstoffe mit zunehmender Feinheit und BET-Oberflache getestet. Hier zeigte sich
ein  mit abnehmender Partikelgrole bzw. zunehmender SSA verstarkt
beschleunigender Einfluss auf die Hydratation von CAC.

e Dies ermoglichte im Martel eine beachtliche Steigerung der Frihfestigkeit Uber einen
anteiligen Ersatz des Normsandes durch feine Fullstoffe. So konnte in einem Mortel
mit dem CAC ,Secar 51 eine Festigkeit von 29 N/mm? (gegeniiber 2 N/mm? bei der
Referenz) erreicht werden, indem 50 g der 1,35 kg des Sandes durch y-Al203
(dso 30 um, BET 75 m?/g) ersetzt wurden.
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Eine mechanistische Betrachtung der beschleunigenden Wirkung der Fullstoffe
a- und y-Al203 durch Analyse der Zementporenldsung zeigte analog zum Alginat eine
ausgepragte Calciumbindefahigkeit, was ein vergleichbares Wirkprinzip zu den

beschleunigenden Biopolymeren impliziert.

Die Untersuchung der Flullstoffoberflache durch Rasterelektronenmikroskopie nach
Kontakt mit CPS wies einen kristallinen Uberwuchs der y-Al203 Partikel mit
Hydratationsprodukten auf und bestatigte die Wirkung als heterogene

Kristallisationsoberflache, ahnlich wie bei Alginat.
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1 |

INTRODUCTION

| Johann Plank

Abstract

In earlier work, we have observed discrepancies relating to the early hydration of cal-
cium aluminate cement (CAC) when comparing data from heat flow calorimetry of
CAC paste with results from mortar strength tests using the crushing method. Here,
we investigated on this phenomenon and found that the sand which is used as a filler
exerts a major influence on CAC hydration resulting in acceleration. Furthermore,
in particular fine filler materials such as, for example, microsilica, fine limestone
powder, and especially a- and y-Al,O; also produced a strong hydration accelerating
effect which is dependent on their specific surface area. The mechanism underly-
ing the acceleration is that under alkaline conditions their negative surface charge
attracts calcium ions as was confirmed via inductively coupled plasma atomic emis-
sion measurements. Such a layer generates favourable conditions for the nucleation
of CAC hydration products (C-A-H phases). The resulting crystalline hydrates which
form on the surface of the filler particles submerged in CAC cement pore solution
were visualized via SEM imaging. This way, specifically selected fillers can sig-
nificantly accelerate CAC hydration and save precious lithium salts which are com-
monly used to boost the early strength of CAC.

KEYWORDS

acceleration, calcium aluminate cement, filler materials, hydration, mortar calorimetry

It is generally known that heat flow calorimetry only
presents insight into exothermic hydration reactions which

The set behavior of cements such as ordinary Portland cement
(OPC) or calcium aluminate cement (CAC) in the presence
of various admixtures like superplasticizers,'™ latex poly-
mers,*’ retarders,®’ or accelerators including nano (028 2 g
or biopolymers, for example, alginate'o"2 has been investi-
gated extensively. Most often, heat flow calorimetry in ce-
ment paste and mortar strength tests are applied to study the
impact of admixtures on the hydration reaction of the binder.

are not necessarily linked to the strength development of the
binder. One such example is the so-called “sulfate depletion
peak.””’” This reaction which includes the conversion of
ettringite to monosulfoaluminate does not much contribute to
the specimen's strength which mostly originates from C-S-H
formation. Another observation is that calorimetric results
from cement pastes often do not match with data on actual
strength development of mortar or concrete obtained from

Abbreviations: A, A1203; C, CaO; F, Fe203; H, H20; M, MgO; S, SiO2; T, TiO2.
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Physical properties of different filler materials (particle size, Brunauer-Emmett-Teller-Analysis (BET) value, alkali content and Blaine value according to supplier's information)

TABLE 1

ournal
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QUARZ-
SAND

NABALOX NABALOX NABALOX SILMIKRON AEROXIDE PRECARB MILLISIL

ACTILOX

APYRAL

100 W12 F 36
Si0,
99.3

P25

805/10-1

NO 221-30 NO 783 NO 784
Si0,

200SM 200SM

Product name

Si0,
99

CaCO,
99

>99.5

TiO,

a-ALO,
>99.8

a-ALO,
>99.7

¥-AL O3
>99

AlO(OH)
98.5

AI(OH),
99.3

Filler material

ENGBERT axp PLANK

Purity (wt%)

0.3

0.4
0.2
0.5

<0.1
0.4
0.8

<0.3

>0.04

Alkali content (wt%)

dyy (pm)
dsq (pm)
dyy (um)

0.2*
2.7

9.2%

0.4
0.8

0.2

0.3

160

16

1.0

0.3

0.4
0.8

1.0

20

2.0

2.0

12

50

75

0.6

0.9

50

17

15

BET (m*/g)

3800

23 500°

3700"

39 500"

Blaine (cmzlg)

Values were determined by ourselves using a Blaine instrument or a laser granulometer model /064 (CILAS Instruments).”

crushing tests. This discrepancy has been addressed for ex-
ample by Cottin and George when investigating the setting
time of a CAC paste as compared to a CAC concrete.'® The
authors report a difference for the initial setting time of up
to 5 hours between both systems, depending on the reaction
temperature.

In previous works, we have investigated the accelerat-
ing effect of alginate and similarly structured biopolymers
on CAC."'" As working mechanism for these unusual ac-
celerators, we proposed a heterogencous surface crystalli-
zation process facilitated by alternating layers of Ca™* und
[AL{OH),]” ions deposited along the molecular chain of the
biopolymr:rs.'2 Furthermore, in this study a discrepancy be-
tween heat flow calorimetry using paste and strength data
collected from mortar was observed. For example, calorim-
etry suggested that in the presence of alginate the maximum
heat release occurs 20%-50% earlier as in the neat cement
paste. In the case of one cement sample (Ternal LC), this
presented a reduction of the induction period of = 4.5 hours
(max. heat release of neat cement at 9.1 hours vs 4.7 hours in
the presence of a]ginate).'o However, mortar strength testing
using this cement revealed that after 6 hours of curing the
neat mortar already had developed ~ 10 N/mm?” of compres-
sive strength.m Whereas, according to the calorimetry per-
formed in paste, the neat mortar should not yet have hardened
at 6 hours after preparation.

In the work presented here, we investigated upon this
discrepancy between results obtained from paste and mor-
tar, and probed into the cause behind this effect. At first, the
heat release in calorimetry was determined in cement paste
as well as in mortar, especially taking into account the im-
pact of admixtures like, for example, alginate. Thereafter,
the relationship between calorimetric data obtained from
mortar calorimetry and actual mortar strength development
was qualitatively correlated. Furthermore, in the next step,
the impact of sand and filler materials in general on the
setting behaviour and strength development of CAC was
investigated via calorimetry and compressive strength test-
ing of mortar specimens. Finally, a mechanistic study was
conducted to further elucidate the role of sand and fillers
in CAC hydration by analyzing the cement pore solution
composition via ICP-OES and characterization of the filler
particle surface after imbibition in cement pore solution via
Scanning electron microscopy (SEM) imaging.

2 | EXPERIMENTAL PROCEDURE
2.1 | Cement samples
Different CACs (Secar 51, Secar 71, and Secar 712, pro-

duced by Imerys Aluminates) and an ordinary Portland ce-
ment (CEM 1 52.5 N, HeidelbergCement, Milke plant) were
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utilised in this study. Information regarding their mineral-
ogical phase composition, particle size, and Blaine value has

been provided pI‘CViOus]y.IU’m

2.2 | Materials

Different filler materials (CaCO;, SiO,, TiO,, Al,O;,
AlO(OH) and AI(OH);) were supplied by Nabaltec,
Quarzwerke, Schaefer Kalk, and Evenik. Their chemical
composition, alkalifearth alkali content (Na,O, K,0, CaO,
and MgO), particle size and specific surface area (SSA) are
display in Table 1.

In all experiments, deionised water obtained from a
Barnstead Nanopore Diamond purification system (Werner
Reinstwassersysteme) was used. Mortars were prepared using
European Committee for Standardization (Comité Européen
de Normalisation) standard sand (Normensand GmbH).

Alginate sample XEA 5036 (Eurogum; for propertics
refer to'%) was used as accelerator for CAC while anhy-
drous citric acid (=99.5 wt%, Bernd Kraft GmbH) was
added as retarder for OPC. As superplasticizer, an MPEG-
type Polycarboxylate ester (PCE) exhibiting high anionic
character and possessing a long side chain was utilized. Its

properties are described in.'’

2.3 | Experimental methods

2.3.1 | Isothermal heat-flow calorimetry
Paste calorimetry was performed in accordance with DIN EN
196-11"7 using sealable 10 mL glass ampules. Four grams of
cement were filled into the ampoule and dry-blended with
previously placed alginate powder, solid citric acid, or filler
material.

Mortar calorimetry was conducted utilizing sealable
20 mL glass ampules. First, alginate or citric acid were placed
into the ampoule, followed by precisely four grams of cement
and the norm sand/filler material (s + f = 12 g).

Deionised water was added to the mixture, the am-
poule was sealed and homogenized for 2 minutes using a
vortex mixer (VWR) before placement into an isothermal
heat flow conduction calorimeter TAM air model 3116-2
(Thermometric). Measurements were conducted at 20°C
until heat evolution ceased.

2.3.2 | Mortar tests

Mortar testing was conducted according to DIN EN 196-
1'8 (strength testing) and DIN EN 1015-3"? (workabil-
ity). Strength values were determined using a ToniNORM

Journal L

instrument setup (Toni Technik) consisting of a power-
box model 2010 equipped with two load frames (model
1543 and model 1544). Using a ToniMIX eccentric agita-
tor (Toni Technik), the mortar was automatically prepared
whereby the water containing the superplasticizer as well
as one drop of defoamer (Dowfax DF 141; Dow Chemical)
were first placed in the mixer cup. The mortar prisms
(4 x4 x 16 cm) were compacted using a ToniVib vibrating
table (Toni Technik) and stored at 20°C until demoulding.
Mortar density was calculated from the size and weight of
the prisms.

Mortar tests were performed using the same shipment of
cach cement and the prisms were produced in one test series.
This precaution was taken because CAC is quite sensitive to

aging.

24 | Analytical methods
2.4.1 | Ion concentrations via inductively
coupled plasma atomic emission

Extraction of a cement pore solution for analysis was per-
formed via centrifugation (10 000 g, 15 minutes) of the ce-
ment paste which was prepared by admixing, for example,
20 g of Secar 51 dry-blended with 20 wt% filler in a cen-
trifuge tube and subsequent homogenisation for 2 minutes
utilizing a vortex mixer. The supernatant pore solution was
filtrated using a 0.2 um Polyethersulfone membrane filter,
diluted 1:30 using an acidified (hydrochloric acid) solu-
tion and analyzed via inductively coupled plasma atomic
emission spectroscopy on a series 700 apparatus (Agilent
Technologies). Resulting data were averaged and reported
including an additional methodical error of 1% to account for
deviations in sample preparation.

2.4.2 | SEM imaging

Sample material was fixated to the sample holder stub with
Leit Adhesive Carbon Tabs (PLANO) and was sputtered with
gold for improved conductivity after freeze-drying. SEM
imaging was performed on a XL-30 FEG microscope (FEI)
equipped with secondary and backscattered electron detec-
tors at 15 or 25 kV accelerating voltage at a working distance
of 10 mm.

2.4.3 | X-ray diffraction

Powder diffraction patterns were captured on a D8 advance
instrument (Bruker AXS) equipped with a VANTEC-1 de-
tector (3° - 45° 20, 30 kV, 35 mA, 0.008° step, variable
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divergence slit V6, Bragg-Brentano geometry and Cu Ka
source). Evaluation and processing of the diffraction patterns
was performed using Bruker's EVA V2 software.

3 | RESULTS AND DISCUSSION
3.1 | Hydration of cement paste and mortar
investigated via calorimetry

As described in the introduction, in our previous investiga-
tion'? the results on the accelerating effect of alginate in CAC
obtained from calorimetry using cement paste did not match
with those from mortar strength testing. Therefore, either cal-
orimetry in general or calorimetry performed using cement
paste seems (o be inappropriate to produce data which are
representative of the setting behavior of mortar. To inves-
tigate on this subject, heat flow calorimetry was conducted
by employing a CAC mortar consisting of three quarters of
sand (12 g) and one quarter of cement (4 g). This approach
of using a mortar containing sand for calorimetric measure-
ments is not described in the standard DIN EN 169-11 which
focuses on paste only."

The results from this experiment are displayed in Figure 1.
There, the heat flow curves from paste (top) and mortar (bot-
tom) based on a neat CAC sample (Secar 71), admixed with
or without 0.1 wt% of alginate are presented.

As is evident from the graphs, the setting behaviour (as
expressed by the heat released during hydration) of a CAC
paste or mortar diverge significantly. The system accelerated

by alginate yields comparable results while the neat paste
and mortar exhibit a difference of nearly 3 hours for the time
until maximum heat release occurs. Obviously, the addition
of norm sand shifts the beginning of the acceleration period
to a much earlier time, resulting in faster hardening of the
mortar. This effect of sand needs to be taken into account and
thus well explains the discrepancy observed in our previous
investigations.

To check whether such an effect is specific only for alu-
minate cement, also an OPC was investigated via calorimetry
(see Figure 2). Again, results achieved in paste as well as in
mortar were compared, and the system without or admixed
with 0.1 wt% of citric acid retarder were looked at. Also here,
as was noticed in the case for CAC before, an accelerating
effect of the norm sand regarding the time of maximum heat
release was observed which however was less pronounced
than in CAC, but still significant enough.

To validate mortar calorimetry as a method which better
represents the actual hydration behaviour and strength de-
velopment of CAC mortar, additional tests were performed
employing two different CAC samples and comparing the
results from mortar heat flow calorimetry with those from
mortar strength testing. As CAC samples, one exhibiting a
long induction period (Secar 712) and one possessing a short
induction period (Ternal LC) were probed. Moreover the
mortars were admixed with biopolymer accelerator (alginate
or carrageenan). In the case of Secar 712, a PCE superplasti-
cizer was admixed to improve workability of the mortar.

As is evident from Figure 3, mortar calorimetry produces
results which qualitative match the strength development of the

reference paste

FIGURE 1
evolution from cement paste (top,

w/c = 0.5) or mortar (bottom, w/c = 0.55) of
a calcium aluminate cement sample (Secar
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FIGURE 2 Comparison of heat
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FIGURE 3 Comparison of compressive strength development of mortar (w/c = 0.5) and mortar heat flow monitored via calorimetry
(w/c = 0.55) of calcium aluminate cement sample Secar 712 (left) and Ternal LC (right), neat and admixed with biopolymers (alginate or

carrageenan) and/or a PCE superplasticizer

mortar at a given time and can be utilized to make a rule of
thumb estimate. This is observed in the presence of the acceler-
ating biopolymers as well of the retarding PCE superplasticizer,
and also for a combination of these admixtures. Therefore,
we conclude that mortar calorimetry presents a more reliable
method to monitor actual hardening and strength development
of CAC mortar then calorimetry in cement paste. In addition,
we observed here that the accelerating effect of alginate which
is based on providing a heterogeneous crystallization surface
for C-A-H phases by attracting Ca®" and [AI(OH),]™ ions and
enriching them along the biopolymer's chain,'? is still visible
albeit less pronounced as compared to the effect recorded in
CAC paste. 1 This hints to a specific impact which presumably
is owed to the sand particles.

In order to further investigate the impact of norm sand
on the hydration behaviour of CAC as well as the associated

reduced effectiveness of alginate as accelerator, the general
influence of filler materials on CAC hydration was probed in-
depth whereby the cement was partially replaced by different
kinds of fillers.

3.2 | Accelerating effect of fine fillers

A similar accelerating effect as observed before for the norm
sand was recorded on addition of quartz sand (Millisil W12
or Frechen F36) to a CAC paste. Addition of 20 or 40 wt%
of such fine sands (these portions only present a fraction of
what is present in a norm mortar which contains as much
as 75 wt% sand and 25 wt% cement) already resulted in an
earlier maximum for the heat release. Moreover the addition
of submicron filler particles (primary crystal and/or particle
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size in the nanometer range) to the CAC paste strongly pro-
moted the hydration to much earlier times (see Figure 4;
Table 2). The effect clearly increases with increasing SSA of
various filler materials which are tabulated in Table 2 along
with the particle size and chemical composition of the prod-
uct samples. The effectiveness of selected accelerating filler
samples is presented in Figure 4. There, AI(OH); exhibiting
a dsy value of 0.4 um was identified as the most effective
accelerator.

In a next step, the dosage dependence of the accelerating
effect of all fillers listed in Table 1 was probed. There, sub-
stitution rates for CAC by filler of 0 - 75 wt% were studied.
The results are tabulated in Table 2. It was found that (a) the
accelerating effect of a filler clearly depends on its particle
size/SSA (ie the smaller the particle or the higher the SSA,
the stronger is the effect); and (b) higher addition rates of
the fine fillers instigate a more pronounced acceleration (see
Table 2).

The results from Table 2 suggest that the chemical com-
position of the filler material is less important than particle
size and SSA. Only in the case of Al(OH); another factor
comes into play which is represented by the solubility of the
submicron powder. An increased [Al(OH),]~ content in the
pore solution presumably promotes nucleation and crystal
growth of C-A-H phases and this way accelerates CAC hy-
dration. Furthermore, the nanoscale AI(OH); might also act
as nucleation seed for hydration products.

To further confirm the accelerating effect of fine fillers,
mortar calorimetry using y-Al,O5 and AI(OH); as accelera-
tor (see Figure S1, top) and mortar strength testing was per-
formed on specimens holding y-Al,O5 (sample NO 221-30,
dsp 30 um, 75 m?/g, primary crystal size 10 - 50 nm) which
was found to present the best filler regarding dosage effec-
tiveness (see Table 2). By using this filler, substitution of a
small amount only of the norm sand with this filler resulted in
a nine-fold increase of the early strength of Secar 71 mortar

['SrecarVSVIV]

10 % y-ALO3
20 % AI(OH); 20 % a-ALO3
—120 % CaCO4]

heat flow [mW/gcemen]
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®
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FIGURE 4 Accelerating effect of submicron filler particles on
calcium aluminate cement (CAC) paste hydration, as determined via
heat flow calorimetry of a mixture of cement (Secar 51, w/c = 0.6,
3.2 or 3.6 g CAC) substituted with 10 or 20 wt% (0.4 or 0.8 g) filler
and compared to the neat CAC (4 g). AI(OH); = APYRAL 200SM,
y-Al,03 = NO 221-30, a-Al,O3 = NO 783, and CaCO; = PRECARB
100

cured for 4 hours, and a 15-fold increase for Secar 51 mortar
cured for 5 hours (see Tables S1 and S2).

The acceleration caused by fillers can well explain another
observation which we previously had made when testing the
alginate in CAC sample Secar 80.'° There, surprisingly we
noticed only a minor accelerating effect of the biopolymer
in this CAC. It is important to know that Secar 80 presents
a formulated CAC which holds about 40 wt% o-Al,O5 and
possesses a Blaine value of ~ 10 600 cm*/g. Thus, to obtain
a similar mixture as in Secar 80, we blended Secar 71 with
fine a-Al,05 (sample NO 783). Note that Secar 80 exhibits a
similar clinker composition relative to the ratio of CA/CA, as
is present in Secar 71,4t only differs in that it is formulated
with aluminium oxide. Already at a 20 wt% replacement of
the cement with this fine filler, a major reduction in the time
until maximum heat release occurred was found (Figure 5).
Moreover, upon addition of alginate as an accelerator to this
mixture, only minor effectiveness of the biopolymer was re-
corded. Therefore, we contemplate that the accelerating ef-
fect of fine filler materials is almost comparable to that of the
accelerating biopolymer admixture. This explains why algi-
nate is relatively less effective in such CAC formulated with
a fine filler. Furthermore, it suggests that incorporation of
expensive accelerating admixtures (e.g. lithium salts) can be
reduced by pre-formulating the CAC with simple inorganic
fillers such as silica or limestone powder (see Figure S1).

4 | MECHANISTIC STUDY

In a series of previous studies employing fine Al,O5 and SiO,
Gessner et al**% already noticed that the addition of a fine
filler material *“...changes the nucleation mechanism...” and
in CAC hydration produces “...a preferential nucleation of
the hydration products.."’22 They also identified the influ-
ence of the SSA, the Na,O content as well as the concentra-
tion of acid sites on aluminium oxide as relevant parameters
with respect to the acceleration. Similar observations were
made by other researchers.”*” In particular, Puerta-Falla
et al showed “...that the number of product nuclei, formed at
the end of the induction period, is linearly proportional to the
additional surface area provided by the fillers. This suggests
that CAC hydrated is enhanced by the provision of additional
solid surface area for the heterogeneous nucleation of prod-
ucts. ...”?

Our results fully confirm these previous findings and di-
rected us to further investigate the working mechanism of
these fine fillers, specifically taking into account the model
proposed for the accelerating effect of alginate.'2 According
to this, the negative charge along the alginate polymer chain
attracts Ca>" ions which are then bound and chelated by
the biopolymer in a molecular cavity holding carboxylate
groups. This way, the electric charge of the alginate reverses
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TABLE 2 Time period until the maximum of heat release is achieved in a paste (w/c = 0.6, 4 g CAC fixed) prepared from CAC cement

(Secar 51) dry-blended with different filler materials

dsy

Material Product name (pum) BET (mzlg)
Si0, CEN standard sand 700 —
Si0, QUARZSAND F 36 160 —
Si0, MILLISIL W 12 16 0.9
a-Al,O5 NABALOX NO 784 0.8
CaCO;, PRECARB 100 1
Si0, SILMIKRON 805 0.5 20
a-Al,O5 NABALOX NO 783 0.8 12
Al(OH),4 APYRAL 200SM 0.4 15
AlO(OH) ACTILOX 200SM 0.3 17
¥-AlO, NABALOX NO 221-30 30 75
TiO, AEROXID P25 2.7 50
- +2';] 10/: /“"'Alzo’ 20 % a-ALO; Secar 71

&

=

E

z

g

1

4,

time |h|
FIGURE 5 Heat release from neat calcium aluminate cement

(CACQC) (Secar 71, 4 g, w/c = 0.62) compared to a paste (w/(c + ) =
0.62) prepared from CAC (3.2 g) and fine «-Al,O5 (sample NO 783,
0.8 g), admixed with alginate (sample XEA 5036)

from negative to positive and now is capable of attracting
[AI(OH),]” anions. Through this biotemplating effect in-
volving alternating layers of calcium and aluminate ions, the
alginate becomes a heterogeneous crystallization surface for
C-A-H nuclei. This was further proven by SEM imaging of
alginate which was imbibed into CAC pore solution. There,
a much enhanced growth of C-A-H clusters on the surface of
the biopolymer became visible.'

900 +

Time until max. heat release at substitution rate (wt%) of
cement by filler

5% 10% 20% 40% 75%
— — — — 50h
— — 72h 6.6h 49h
_ _ 6.9h 6.0h —
— 6.3h 48h 32h —
— 59h 45h 26h —
— 5.1h 42h — —
— 49h 38h — —
56h 44h 23h — —
53h 42h 3.0h — —
4.5h 3.6h 34h — _
3.9h 3.0h — — —

Relative to the fillers studied here, it is generally known
that in alkaline medium Al,05, SiO,, TiO, and CaCO; ex-
hibit negative zeta potentials (surface charges).””** Moreover
in the presence of Ca”* ions these cations can adsorb onto the
surfaces of these fillers which—as is the case for alginates—
leads to a reversal of the surface charge from negative to pos-
itive.”” For Al,Os, this interaction with calcium causes an
ion binding that has been reported to be proportional to the
BET surface area.™

To elucidate the interactions occurring in the presence of
our fillers, we investigated the ionic composition of the pore
solution of pastes from CAC sample Secar 51 dry-blended
with two different fillers, namely a-Al,O5 (BET surface area
12 m%/g) and y-Al,O; (BET surface area 75 m%g). The re-
sults are presented in Figure 6.

According to the results, a binding of calcium by the
Al,0O; is clearly observed. For example, in the case of the
y-Al,Oj filler possessing a high SSA (75 mz."g) the concen-
tration of initial free calcium decreases by ~ 30% (from 842
to 612 mg/L). This decrease in the Ca’" concentration further
fosters dissolution of the CA phase as a consequence of the
solution equilibrium, resulting in higher AI’* concentrations

850 +
800 +
750 +
700 +
650 +
600 +
550 +
500 +

FIGURE 6 Ca™ and AI'* ion
concentrations present in the pore solution
of a calcium aluminate cement paste
prepared from Secar 51 (20 g, w/c = 0.7),
neat and dry-blended with additional 20
wt.% (4 g) of a-Al,O4 (NO 783) or y-Al,O;
(NO 221-30)
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FIGURE 7 Surfaces of y-Al,0; submerged in calcium aluminate
cement pore solution after 1 or 4 h of imbibition, as observed via SEM
(left: magnification 500x; SE detector; right: magnifications 4000x
[top], 2000 [bottom]; Secondary electron (SE) [top], Backscattered
electron (BSE) [bottom] detectors)

in the pore solution. A similar behaviour was observed for the
working mechanism of alginate accelerator. Hence, it can be
postulated that on the surface of the filler particles an electro-
chemical double layer composed of Ca”" at first and a second
layer of aluminate ions is formed, similar to the mechanism
found for alginate. There, formation of C-A-H nuclei along
the alginate molecular chains could be visualized via SEM
imaging.

To investigate whether a similar layer of hydrate phases
forms on the surface of the filler particles, y-Al,O; powder
was fixed to a SEM sample holder, submerged in CPS and
then analysed via SEM imaging. There, after 4 hours of con-
tact time, massive overgrowth of the surface with crystalline
cement hydration products exhibiting the characteristic mor-
phology of C-A-H was observed, as is displayed in Figure 7.
A more detailed image of these early C-A-H phases recorded
at higher magnification is presented in Figure S2.

Furthermore, XRD analysis of the hydration products was
performed on CAC paste samples hardened over 20 hours at 20
°C. There, in the presence of fillers (e.g. a-Al,O5 sample NO
783) formation of a C-A-H phase (CAH,,) as early hydration
product was observed (sample diffractograms for Al,O; and
CaCOx fillers shown in Figure S3). No other hydration products
were observed which would indicate a different path of hydra-
tion taking place. These findings are consistent with previous
reports on the application of accelerating filler materials on
CAC hydration conducted via XRD and SEM analysis.zm"" 32

5 | CONCLUSION

Heat flow calorimetry using cement paste can produce re-
sults which are not consistent with actual mortar strength

development data from mortars. This effect is particularly
pronounced for CACs. Their strength development is signifi-
cantly impacted when heterogeneous crystallization surfaces
are present. Utilizing heat flow calorimetry of a mortar in-
stead of cement paste can mitigate this problem and produce
a correlation between the time at which peak heat release oc-
curs and mortar strength, the reason being that sand provides
a heterogeneous crystallization surface.

Probing of different filler materials including Si0,, CaCO;,
o-/y-Al,O5, AIO(OH), Al(OH),, and TiO, on CAC hydration
affirmed the role of the specific surface area of the fillers, with
high surface area prompting earlier hydration. For example, a
y-Al, 0, sample exhibiting a high BET surface (75 m*/g) was
found to significantly accelerate CAC hydration.

A mechanistic study involving pore solution analysis and
SEM imaging revealed that the accelerating effect of the fill-
ers is based on a similar mechanism as was proven before
for alginate. In CAC pore solution, the initially negatively
charged filler particles first adsorb Ca’" ions which induces a
charge reversal. Onto these layers of cations, another layer of
[AI(OH),]™ anions is deposited. This electrochemical double
layer presents the template for continued crystal growth of
C-A-H phases which provide the strength to CAC.

Our study suggests that the dosages of accelerating ad-
mixtures such as lithium salts or alginates can be reduced
substantially by formulating the CAC binder with suitable
inorganic nano fillers (see Figure S1) while still achieving
exceptionally high early strength values. However, these fine
materials also actively promote the formation of C-A-H, the
term “filler” might describe their function only partially as it
usually refers to inert materials.
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Table S1: Mortar properties after 4 h of hydration for Secar 71 (450 g cement, w/c = 0.5, 0.02 wt.% MPEG
PCE 114PC6), neat and at partial replacement of the norm sand with y-Al,Os filler (sample NO 221-30);
45 g filler (10 wt.% relative to CAC) and 1305 g norm sand.

propertiessz;‘izﬁ Zlh of curing Reference with 10 % 7-Al20s
compressive strength (N/mm?) 2604 242+ 0.5
— ninefold increase
tensile strength (N/mm?) 0.7+0.1 40+0.2
— sixfold increase
mortar density (g/L) 2,210 2,210
spread flow (cm) 18.2+0.3 13.7+0.2

Table S2: Mortar properties after 5 h of hydration for Secar 51 (500 g cement, w/c = 0.45, 0.02 wt.%
MPEG PCE 114PC6), neat and at partial replacement of the norm sand with y-Al.Os filler (sample NO 221-
30); 50 g filler (10 wt.% relative to CAC) and 1300 g norm sand.

Secar 51 . o
properties after 5 h of curing Reference with 10 % y-Al20s
compressive strength (N/mm?) 19105 28.8+1.2
—s fifteenfold increase
tensile strength (N/mm?) 04+0.1 39+04
— tenfold increase
mortar density (g/L) 2,340 2,310
spread flow (cm) 27.4+0.5 25.3x05
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Figure S1: Accelerating effect of submicron fillers (top) compared to Li.CO; (bottom) on CAC mortar
hydration, as determined via heat flow calorimetry. Mortar composed of 4 g CAC (sample Secar 51, w/c =
0.55) and 12 g sand/filler mixture (neat: 12 g sand; y-Al>Os: 11.6 g sand + 0.4 g filler NO 221-30; Al(OH)s:
11.2 g sand + 0.8 g filler APYRAL 200SM).

Figure S3: Close-up image of the surface of y-Al,Os after 4 hours of imbibition in CAC pore solution, as
observed via SEM (magnification 4000x, 15 kV accelerating voltage, spot 4, BSE detector).
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Figure S4: XRD analysis of ground cement samples (Secar 51, w/s = 0.6, 20 °C) after 20 hours of hydration

in the presence of 40 wt.% filler (top: limestone powder PRECARB 100, bottom: a-Al,O3; NO 783).

Abbreviations as follows: HC = Hemicarbonate, L = Limestone, G = Gehlenite, a-A = a-Al,Osz and CA =
monocalcium aluminate.
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3.4.3 Addendum

Zusatzlich zu den in der Publikation dargestellten Ergebnissen wurde ferner die
Wirksamkeit des y-Al20s-Fullstoffs in Gegenwart von Fliemitteln bei niedrigem w/z-Wert
(w/z = 0,3) getestet. Aufgrund des bereits in Abschnitt 3.1.3 erwahnten Sedimentations-
verhaltens musste ein Stabilisierer sowohl in der Referenz als auch dem mit y-Al2O3
beschleunigten System zugegeben werden. Bei diesen Experimenten wurde mittels
Warmeflusskalorimetrie (siehe Abbildungen A1 und A2 in Abschnitt 7.1 des Anhangs)
festgestellt, dass Flllstoffe ebenfalls bei niedrigem w/z-Wert und hoher

FlieRmitteldosierung einen beschleunigenden Effekt auf den CAC ausuben.
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4. Zusammenfassung und Ausblick

In dieser Arbeit wurden alternative Beschleuniger fur Calciumaluminatzemente erforscht,
wobei ein besonderes Augenmerk auf dem Einsatz nachhaltiger Substanzen lag.
Kommerziell werden derzeit Lithiumsalze, allen voran Li2COs, eingesetzt und somit dem
Wertstoffkreislauf durch ,Einzementieren“ entzogen. Weitere Beschleuniger waren
beispielsweise die korrosiven und alkalischen Verbindungen Ca(OH)2 bzw. NaOH sowie
das giftige NaF. Die Aufklarung der beschleunigenden Wirkung von Alginat, einem
Polysaccharid extrahiert aus Braunalgen, stellt eine ungewdhnliche, neue Substanz-
klasse fur den Einsatz als Beschleuniger fir CAC zur Verfigung. Dies ist insoweit
aulBergewohnlich, da traditionell hochmolekulare Polymere und im besonderen
Polysaccharide als Verdickungs- und Wasserretentionsmittel fur Zemente gelten und in

der Regel eine verzogernde Wirkung auf die Hydratation ausuben.

Der Einsatz von Alginat als Beschleuniger wurde in Aluminatzementen unterschiedlicher
mineralogischer Zusammensetzung sowohl in Zementpaste als auch im Mortel getestet.
Hierbei konnte die ungewohnliche Wirkung von Alginat bestatigt und mit der inharenten
Reaktivitat des CAC in Zusammenhang gebracht werden, d.h. Zemente mit einer kurzen
dormanten Phase werden nur geringfligig, Zemente mit einer langen dormanten Phase
hingegen stark beschleunigt. Dieser Effekt war bei allen Alginat-Produkten, sofern
geeignete Reinheit und Feinheit vorlag, vergleichbar ausgepragt und unabhangig von der
Herkunft des Alginats. Lediglich die Molmasse des Biopolymers ist entscheidend flr
dessen Wirkung, da sehr niedermolekulare Alginate keine beschleunigende Wirkung
hervorrufen. Uberraschend war die hohe Calciumbindeféhigkeit der Alginate, welche die
Konzentration freier Ca?*-lonen in der Zementporenlosung stark reduziert. Mit einem
solchen Effekt wird, wie anfangs beschrieben, traditionell eine verzégernde Wirkung

assoziiert.

Die Untersuchung des fur den beschleunigenden Effekt verantwortlichen Struktur-
merkmals zeigte, dass er auf einem komplexen Zusammenspiel verschiedener
Eigenschaften des Alginats beruht. Neben der bereits genannten Molmasse und der
Calciumbindefahigkeit wurde als weiteres Strukturmerkmal die Fahigkeit zur effizienten
Komplexierung von Kationen identifiziert. Dieses konnte in zwei weiteren Biopolymeren,
dem Pektin und dem Carrageen, gefunden werden, welche ebenfalls einen

beschleunigenden Effekt zeigen.

Der diesen beschleunigenden Polymeren zugrunde liegende Wirkmechanismus wurde

unter Zuhilfenahme diverser analytischer Techniken untersucht. Hierzu wurde der Effekt
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einer Alginatzugabe auf die Hydratationsreaktion des CAC mittels ex-situ und in-situ XRD
qualitativ und Gber 2’Al-MAS-NMR quantitativ bestimmt. Die Messungen offenbarten eine
deutlich verkurzte dormante Phase der Zementhydratation und ein fruheres Einsetzen
der Akzelerationsperiode, was zur vorzeitigen Bildung der Hydratphasen fuhrte. Da hier
lediglich die Kristallisation bekannter C-A-H-Phasen und keine Bildung von Fremdphasen
oder Interkalationsverbindungen zu beobachten war, muss Alginat die Kristallbildung
oder das Loslichkeitsverhalten des Zements selbst beeinflussen. Zur weiteren
Untersuchung des Wirkmechanismus wurde die Wechselwirkung von Alginat mit den
lonen in der Zementporenlosung genauer betrachtet. Dabei zeigte sich, dass das
Biopolymer freies Ca?* aus der Porenlosung bindet, was wiederum das Aufldsen weiteren
Klinkers begunstigt. Hierdurch wird die Aluminium-Konzentration in der CPS erhoht, was
die Hydratphasenbildung begunstigen konnte. Allerdings konnte in einem weiteren
Experiment, bei dem Alginat nachtraglich zu einer extrahierten Zementporenlosung
zugegeben wurde, gezeigt werden, dass das Alginat sowohl Calcium als auch Aluminium
bindet. Da bei einem pH-Wert von 12 in der CPS das Aluminium als Aluminat-Anion
vorliegt, erscheint eine Wechselwirkung der anionischen Carboxylat-Gruppe mit dem
[AI(OH)4]-lon als unwahrscheinlich. Dieses Phanomen konnte jedoch durch Bestimmung
des Zeta-Potentials des Polymers in Gegenwart von Ca?*- und [AlI(OH)4]-lonen geklart
werden. Demnach bindet Alginat erhebliche Menge an Ca?*, wodurch es zu einer
Neutralisierung der Ladung bzw. partieller Umladung des anionischen Biopolymers
kommt. Uber die Calcium-lonen an der Oberflaiche des Alginats kann nun das Aluminat
adsorbieren. Durch diese Anreicherung und Bindung der lonen entlang der Polymerkette
entstehen gunstige Bedingungen fur die Nukleation und das Wachstum von C-A-H-

Hydratphasen.

Im letzten Teil dieser Arbeit wurde basierend auf den Erkenntnissen um das Wirkprinzip
des Alginats die beschleunigende Wirkung von feinen Fullstoffen mit einer hohen
spezifischen Oberflache betrachtet. Diese zeigten mit zunehmender Feinheit und SSA
eine starkere Wirkung auf die Hydratation von CAC in Form von heterogener
Kristallisation, welche analog wie bei den Alginaten Uber Calciumbindung ablauft. Durch
diesen Effekt werden Messergebnisse zum Abbindeverhalten von Aluminatzement
mittels Warmeflusskalorimetrie beeinflusst. Ein Normmortel entwickelt durch den hohen
Sand-Anteil (75 %) aufgrund des Effekts der feinen Sandfraktionen eine nennenswert
hohere Fruhfestigkeit als eine Zementpaste.
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AbschlielRend ist festzuhalten, dass Alginat als Beschleuniger flr Calciumaluminat-
zemente geeignet ist und hier in einem gewissen Rahmen als Ersatz flr Lithiumsalze
eingesetzt bzw. mit diesem kombiniert werden kann. Dies ermoglicht in der Bauindustrie
einen reduzierten Einsatz von Lithium, welches fur die Herstellung von Akkumulatoren
bendtigt wird. Inzwischen wurde die positive Wirkung dieser neuen Beschleuniger auch

in anwendungsnahen kommerziellen Formulierungen verifiziert [187].

In der Zukunft sollten weitere (Bio)Polymere mit vergleichbarer Struktur untersucht
und/oder synthetische Polymere zielgerecht hergestellt werden mit dem Ziel, die

Wirksamkeit bezlglich des beschleunigenden Effekts weiter zu verbessern.

Ebenso bleiben fur die wichtigen ternaren Bindemittelsysteme (OPC/CAC/AH), die haufig
im Trockenmortelbereich eingesetzt werden, Lithiumsalze die wichtigsten Beschleuniger.
In diesen zeigen Alginate keine nennenswerte beschleunigende Wirkung, da ihr
Abbinden nicht auf C-A-H-Bildung, sondern Ettringit beruht. Einen moglichen alternativen
Beschleuniger fur ternare Bindemittelsysteme stellte die Firma IMCD kurzlich vor [188].
Bei diesem handelt es sich um Titanylsulfat (TiOSO4-x H20), welches eine mit Lithium
vergleichbare (molare) Wirksamkeit im terndren Bindemittelsystem aufweisen soll.
Veroffentlichungen in  Fachzeitschriften sowie Untersuchungen zu dessen
Wirkmechanismus sind bis dato nicht erfolgt. Eigene Versuche einen Beschleuniger flr
dieses System zu finden, beispielsweise auf Basis von Impfkristallen aus Nano-Ettringit,
waren ohne Erfolg. Diese Untersuchungen sind in dieser Arbeit nicht naher ausgefihrt,

sie sollten in Zukunft jedoch gezielt fortgefuhrt werden
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5. Summary and Outlook

Within this work alternative accelerators for calcium aluminate cement were investigated
and especially the application of sustainable compounds (“‘green” admixtures such as
biopolymers) was taken into account. Up to date, lithium salts such as Li2CO3s are used
commercially and hence lithium is removed from the circular economy via cementing into
building products. Alternatives to lithium compounds include accelerators e.g. the
corrosive and alkaline Ca(OH)2 or NaOH as well as the toxic NaF. The unravelling of the
accelerating properties of alginate, a polysaccharide extracted from brown algae,
presents an unusual albeit novel class of accelerators for CAC. Traditionally, high
molecular weight polymers and especially polysaccharides are commonly known to work
as thickeners and water retention agents in cement and to induce a retarding effect on

the hydration.

Effectiveness of alginate as accelerator was first tested in high-alumina cements of
different mineralogical composition and in cement paste as well as in mortar. Here, the
unusual effect of alginate was verified and revealed a correlation with the inherent
reactivity of CAC, i.e. cements with a short dormant period are only slightly accelerated
whereas the hydration of cements with a long dormant period is strongly promoted. The
effect is comparable for all alginate products of sufficient purity and fineness, independent
of their origin (algae species etc.). Only the molecular weight of the biopolymer is critical
for its effectiveness, since alginates of ultra-low molecular weight do not exhibit an
accelerating property. Surprisingly, a strong calcium binding property was observed for
alginates which reduced the amount of free Ca?* ions in the cement pore solution. Such

an effect is commonly associated with a retarding action.

Investigation of the structural motif responsible for the accelerating effect revealed a
complex interplay of different molecular properties which are required. Next to the already
mentioned molecular weight and calcium binding capacity, another structural motif was
identified which comprises the ability to effectively chelate cations. This building block
was also observed in two additional biopolymers, namely pectin and carrageenan which

likewise exhibit an accelerating effect.

The working mechanism underlying the accelerating effect has been investigated using
various analytical techniques. Hereunto, the effect of alginate addition on the hydration
reaction was quantified using 2’Al-MAS-NMR spectroscopy as well as qualitatively
investigated via ex-situ and in-situ XRD. There, a distinct shortening of the dormant period

and earlier onset of the acceleration period was observed which induces an earlier
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formation of hydrate phases. Since only crystallization of known C-A-H phases and no
formation of unconventional phases or intercalation compounds could be observed, it was
concluded that alginate must influence either the crystal formation or the solubility
behavior of the cement itself. Thus, further investigations were conducted on the
interaction of alginate with the ions present in the cement pore solution. As mentioned
before, the biopolymer binds copious amounts of free Ca?* from the pore solution, thereby
promoting the dissolution of further clinker. Hence, the aluminum concentration is
increased in the CPS which should favor the formation of hydrate phases. However, in
another experiment in which alginate was added to an extracted CPS it was shown that
the alginate binds both calcium and aluminum. Since at pH 12 the aluminum in CPS exists
as aluminate ion, an interaction of the anionic carboxylate groups with the [Al(OH)4]" ions
can be ruled out. This phenomenon was then explained by determining the zeta potential
(charge) of the polymer in the presence of calcium and aluminate ions, where through the
binding of Ca?* by the anionic biopolymer a charge neutralization or partial charge
reversal was observed. The aluminate ion can now sorb onto the calcium ions on the
surface of the alginate, and thus through enriching and binding of ions create a template

for the nucleation and growth of C-A-H phases.

In the last section of this work, we investigated the accelerating properties of fine filler
materials exhibiting a high SSA. It was observed that with increasing fineness and SSA,
these fillers produce an accelerating effect on the hydration of CAC due to heterogeneous
crystallization which occurs via binding of calcium analogue to alginates. Thus, when
using heat flow calorimetry the result is much influenced depending on whether a paste
or a mortar is investigated, because the sand (75 %) present in a standard mortar acts

as an accelerating filler and leads to considerably higher early strength.

Finally, it is concluded that alginate is suitable as an accelerator for calcium aluminate
cements and can be used to a certain extent as a substitute for lithium salts or combined
with them. This enables a reduced use in the construction industry of lithium, which is
required for the production of batteries for electrical automobiles. Meanwhile,
effectiveness of these new accelerators has been verified in actual commercial

formulations [187].

In the future, other (bio)polymers with a comparable structure should be investigated and
synthetic polymers should be manufactured with the aim of improving the effectiveness

of this accelerating effect.
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Still, lithium salts remain the most important accelerators for ternary binder systems
(OPC/CAC/AH) that are commonly used in the dry-mix mortar industry. Here, alginates
do not show any noteworthy accelerating effect, since these binders do not rely on C-A-H
phases, but rather ettringite. Recently, a potential alternate accelerator for ternary binder
systems was presented by IMCD company [188]. Their product is based on titanyl sulfate
(TiIOSO4 x H20) and should have a similar (molar) effectiveness in the ternary binder
system compared to lithium. To the best of our knowledge, no peer-review journal article
or study on its effectiveness and mechanism of action has been published. Own attempts
to find an accelerator for this system, for example based on seed crystals made from
nano-ettringite, were unsuccessful within this Ph.D. work. These investigations are not

presented in this dissertation, but definitely should be pursued in the future.
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7. Anhang
7.1 Wirkung von Alginat und Fullstoff bei niedrigem w/z-Wert

In den Abbildungen A1 und A2 ist das Abbindeprofil zweier Calciumaluminatzemente
(-,Ciment Fondu“ und ,Secar 71%) bei einem niedrigen w/z-Wert von 0,3 dargestellt.
Deutlich zu erkennen ist die spatere Warmefreisetzung der Referenz, welche aufgrund
des FlieBmittels und des Celluloseethers verzogert ist. Durch Zugabe eines
beschleunigenden Fullstoffs wie y-Al2O3 oder durch den Einsatz von Alginat anstelle des
Celluloseethers findet der Zeitpunkt der Warmefreisetzung im Kalorimeter aufgrund

deren beschleunigenden Eigenschaften erheblich friher statt.

fi

. 10 % y-Al203
\" +0,1 % HEMC

0,1 % Alginat
. Secar71
. +0,1 % HEMC

0 4 8 12 16 20 24 28 32 36 40 0 4 8 12 16 20 24 28 32 36 40
Zeit [Std.] Zeit [Std.]

Abbildung A1: Einfluss von Alginat (XEA 5036) sowie y-Al203 (NO 221-30) auf das
Abbindeverhalten von CAC (Secar 71, w/iz = 0,3) stabilisiert mit 0,1 %
MHB 300 P2 (HEMC) in Gegenwart von 0,075 % PCE (Melflux 2651) und
Triethylenglykol, bestimmt mittels Warmeflusskalorimetrie in Paste.
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Abbildung A2: Einfluss von Alginat (XEA 5036) sowie y-Al203 (NO 221-30) auf das
Abbindeverhalten von CAC (Ciment Fondu, w/z = 0,3) stabilisiert mit
0,1 % MHB 300 P2 (HEMC) in Gegenwart von 0,125 % PCE (Melflux
2651) und Triethylenglykol, bestimmt mittels Warmeflusskalorimetrie in
Paste.
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7.2 Untersuchungen mit reinen CAC-Klinkerphasen

Die mineralogische Zusammensetzung und das Verhalten von Calciumaluminatzement
wird malgeblich durch die Klinker-Phasen CA, CA2 und C12A7 bestimmt. Um die
beschleunigende Wirkung von Alginat auf verschiedene Zemente besser zu verstehen,

wurde die Wechselwirkung einzelner Klinkerphasen mit dem Biopolymer betrachtet.

Hierzu wurden diese Phasen entweder selbst synthetisiert (#1, Syn.) oder sie waren von
friheren Arbeiten bereits vorratig (#2, Vor.) oder wurden von einem externen Partner (#3,
Ext.) zur Verfigung gestellt. Mittels Warmeflusskalorimetrie in Paste wurde die
Hydratation der Klinkerphasen sowie der Einfluss der Alginat-Zugabe betrachtet, wobei
die beschleunigende Wirkung des Alginats deutlich zu erkennen war. Die Ergebnisse

dieser Untersuchungen sind in Tabelle A1 gelistet.

Tabelle A1: Zeitpunkt der maximalen Warmefreisetzung verschiedener Klinkerphasen in
An- und Abwesenheit von Alginat, bestimmt mittels isothermer Warmefluss-
kalorimetrie in Paste (n.b. = nicht bestimmbar).

Zeitpunkt maximaler Warmefreisetzung [Std.]
System
CA CA: C12A7
#1 (Syn.) 13,6 £ 0,1 n.b. 5805
#1 (Syn.) + 0,1 % Alginat 53+£0,2 n.b. 4,8+0,6
#1 (Syn.) + 0,2 % Alginat 5,0%0,1 n.b. 48 +0,2
#2 (Vor.) 20,1+0,4 12,2+ 0,1 76+0,3
#2 (Vor.) + 0,1 % Alginat 78+0,5 9,4+0,3 49+04
#2 (Vor.) + 0,2 % Alginat 49+0,1 7,701 4,4 +0,1
#3 (Ext.) 6,3 - -
#3 (Ext.) + 0,1 % Alginat 3,8 - -
#3 (Ext.) + 0,2 % Alginat 2,4 - -

Insbesondere CA wurde durch das Alginat beschleunigt, wobei der Zeitpunkt der
maximalen Warmefreisetzung 40 — 75 % fruher auftrat. Die inharent reaktive Phase
C12A7, die fur die Reaktivitat von Aluminatzementen mafdgeblich verantwortlich ist, wurde
hingegen nur um 20 — 40 % beschleunigt. Dies spiegelt die Erkenntnisse aus
Publikation 1 wieder, in welcher festgestellt wurde, dass Zemente mit einem hohen
Calcium-zu-Aluminium-Verhaltnis (z.B. ,,Ciment Fondu®) nur schwach durch das Alginat
beschleunigt werden. Die Untersuchung des Hydratationsverhaltens von CA2 kam
hingegen zu keinem eindeutigen Ergebnis. Fur CA2 aus Probe #2 (Vor.) konnte eine

beschleunigende Wirkung bezlglich des Auftretens der Warmefreisetzung festgestellt
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werden. Hingegen war bei CAz2 aus Probe #1 (Syn.) keine deutliche Warmefreisetzung
zu erkennen, da die Hydratation stetig ohne definierten Spitzenwert erfolgte. Hier konnte

in Gegenwart von Alginat keine Beschleunigung beobachtet werden.

Die unterschiedliche Reaktivitat derselben Klinkerphase kann u.a. auf verschiedene
Mabhlfeinheit zurtuckgefuhrt werden, da sie fur die Reaktivitat der Klinkerphasen
ausschlaggebend ist [189-191]. Die Partikelgrof3en der unterschiedlichen Klinkerphasen

sind zum Vergleich in Tabelle A2 flr die verschiedenen Produkte aufgefuhrt.

Tabelle A2: Vergleich der Partikelgréf3en der unterschiedlichen Klinkerphasen, bestimmt
mittels Lasergranulometrie.

. PartikelgrofRe [um]
Probe/Kornfraktion
CA CA: C12A7
d1o 1,2+ 0,1 0,9+0,1 1,4+ 0,1
#1 (Syn.) dso 21,7+0,3 11,0+ 0,1 21,2+0,2
doo 78,4+15 47,7 +0,9 80,7+15
d1o 24+0,1 1,1+ 0,1 52+0,1
#2 (Vor.) dso 29,8+0,2 16,4 £ 0,2 54,9+0,7
doo 106,7 £ 0,5 73,4+£0,1 278,1£6,5
d1o 1,5+0,1
#3 (Ext.) dso 14,7+ 0,2
doo 477+15

Die Synthese der Klinkerphasen fir die Proben #1 (Syn.) erfolgte in einem
Hochtemperaturofen LHT 08/16 der Firma Nabertherm. Hierzu wurden Calciumcarbonat
(dso 1,6 um, Criscal 1, Firma Provencale) und Aluminiumoxid (dso 0,8 um, Nabalox 784,
Firma Nabaltech) in Wasser unter Rihren suspendiert und anschlieRend vakuumfiltriert.
Der feuchte Filterrickstand wurde bei 100 °C getrocknet und nach kurzem Aufmahlen im
Achatmdrser in Platintiegel Uberflhrt. Fur die Synthese wurde innerhalb von 14 Stunden
auf 1550 °C erhitzt, wobei Restfeuchte und CO2 ausgetrieben wurden. Die Temperatur
von 1550 °C wurde Uber vier Stunden gehalten und die Tiegel bei mindestens 1350 °C
aus dem Ofen entnommen, um den Klinker abzuschrecken. Das gesinterte Material (CA
und CA2) bzw. Glas (C12A7) wurde manuell zerkleinert, in einer Planetenkugelmuhle
(Pulverisette 6, Firma Fritsch) bei einer Mahlgeschwindigkeit von 300 U/min aufgemahlen

und die Fraktion < 125 pm durch ein Analysesieb abgetrennt.
Die Reinheit der Klinkerphasen wurde mittels Roéntgenpulverdiffraktometrie qualitativ

analysiert, wobei mit Ausnahme von Probe CA2 #2 (Vor.), welche eine geringe Menge

Gibbsit enthielt, alle Proben phasenrein waren. Die zugehdrigen Diffraktogramme sind in
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Abbildung A3 (CA), Abbildung A4 (CA2) und Abbildung A5 (C12A7) dargestellt.
Zusatzlich wurden die Hydratationsprodukte nach der Reaktion mit Wasser fur die
Klinkerphasen der Proben #1 (Syn.) nach mehreren Tagen Hydratation bei 20 °C in An-
und Abwesenheit von Alginat mittels XRD bestimmt. Hierbei konnte fur C12A7 (CAH10 und
C2AH75) und CA (CAH10) kein Unterschied in der Bildung der C-A-H-Phasen festgestellt
werden, wohingegen CA2 in Gegenwart von Alginat bevorzugt C2AHs bzw. C2AH75
ausbildete (siehe Abbildungen A6 und A7).

|
#3 (Ext.) o j‘ 'w" k._JULJ\JL le MUJ Ao l\h
| | |
mlor) o Juh N
#1 (Syn.) Jw WLMJMLJMUWMM
Referenz . | . T 1T T
10 20 30 40

20[°]

Abbildung A3: XRDs der eingesetzten Proben von CA (Monocalciumaluminat) im
Vergleich zu einem Referenzdiffraktogramm (PDF 01-070-0134) [192].

* Gibbsit
!
’ | 'l\
#2 (Vor.) . ‘| ‘ \| ‘\ \ \l| ‘l o '
N ...M_A_n_J"-,_.M" l\tm_M_““,ll‘u" 'WM“ AN, lk . u-‘ . "I "‘I‘-,_j ‘l‘\, Aot n‘kﬁ,___“,b,l‘\h,"__,w’ \ W_
e JLM UM
S |
Referenz ‘ | : | - |
10 20 3‘0 40

20 [°]

Abbildung A4: XRDs der eingesetzten Proben von CA2 (Grossit) im Vergleich zu einem
Referenzdiffraktogramm (PDF 01-072-0767) [192].
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Abbildung A5: XRDs der eingesetzten Proben von C12A7 (Mayenit) im Vergleich zu
einem Referenzdiffraktogramm (PDF 00-009-0413) [192].

CAZ a a CA2
CA: + 0,2 % Alginat b CAH1o
¢ C.AHs
d C2AH75
b N = |e AHs

20 [°]

Abbildung A6: XRDs der Hydratationsprodukte von CA2 (#1, Syn) in Anwesenheit (rot)
und Abwesenheit (schwarz) von Alginat nach 10 Tagen Hydratation bei
20 °C.
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f——— 500 nm

™

Abbildung A7: Elektronenmikroskopische Aufnahme des Hydratationsprodukts von CA2
in Gegenwart von Alginat bei 20°C.
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7.3 Untersuchungen zum temperaturabhangigen Verhalten

Fir die genauere Aufklarung des hydratationsbeschleunigenden Effekts von Alginat auf
Calciumaluminatzemente, deren Hydratation sich durch eine ausgepragte Abhangigkeit
von der Reaktionstemperatur auszeichnet (siehe Abschnitt 2.1), wurde das Abbinde-
verhalten (siehe Abbildungen A8 — A12) sowie die Bildung der Hydratphasen (siehe
Abbildung A13) temperaturabhangig untersucht.

20
18 -+ Secar 51 (Referenz)
c— T —+— + 40 ppm Lithiumcarbonat
22 7 - +01%Alginat
E ; 14 - -+ +0,1 % Carrageen
€S 12 | -+ +0,1% Pektin
55 10
-2
%% 8 T /
2 E 6 ¢—— -
25 w_..j:-f-:_ir:’;;;_::::azz::
88 4fTeeEEs
2 L
4
0 } I ; : }

5 10 15 20 25 30 35 40
Temperatur [°C]

Abbildung A8: Zeitpunkt der maximalen Warmefreisetzung im Kalorimeter fur den
Aluminatzement ,Secar 57 in Abhangigkeit von der Reaktions-
temperatur und der Anwesenheit beschleunigender Zusatzmittel (Alginat
XEA 5036, Carrageen GP 379 und Pektin CU 701).

20 +
18 1 -+ Secar 71 (Referenz)
g; 16 | - +0,1 % Alginat
_g‘.ﬂ. 14 | -+~ +0,1 % Carrageen
x O
g5 12 ¢
g |
oo 10 +
(7]
£® g1
c'e
2E 6
‘:E ____..--j
ﬁg 4“---— 1)--====:"—":::---
2 ¥=====
1] }
5 10 15

Temperatur [°C]

Abbildung A9: Zeitpunkt der maximalen Warmefreisetzung im Kalorimeter fur den
Aluminatzement ,Secar 71 in Abhangigkeit von der Reaktions-
temperatur und der Anwesenheit beschleunigender Biopolymere (Alginat
XEA 5036 und Carrageen GP 379).
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Abbildung A10: Zeitpunkt der maximalen Warmefreisetzung im Kalorimeter fir den
Aluminatzement ,Ciment Fondu® in Abhangigkeit von der Reaktions-
temperatur und der Anwesenheit beschleunigender Biopolymere
(Alginat XEA 5036 und Carrageen GP 379).

Wie anhand der Abbildungen A8 — A10 festgestellt werden kann, zeigen die
Biopolymere ein ausgepragt temperaturabhangiges Beschleunigungsverhalten.
Insbesondere im Vergleich zu Li2COs (siehe Abbildung A8) wird der unterschiedliche

Wirkmechanismus, der den Biopolymeren zugrunde liegt, sehr deutlich.

Der Einfluss des Alginats flhrt insbesondere bei Temperaturen ab 30 °C in ,Secar 51
wie in Abbildung A11 und A12 zu sehen ist, zu einer Veranderung im aufgezeichneten
Profil der Warmefreisetzung. Dieses wird durch Zugabe von Alginat verbreitert sowie
abgeflacht, sodass die Reaktionswarme Uber einen langeren Zeitraum freigesetzt wird
(siehe Abbildung A11 und A12). Dies impliziert eine verzogerte bzw. verlangsamte
Sammelkristallisation der C-A-H-Phasen. In ,Secar 71“ und ,Ciment Fondu” konnte

dieses Phanomen nicht beobachtet werden.

/
// — Secar 71 (Referenz)
Z/ — + 0.1 % Alginat
1 | Il

8 12 16 20 2 4 6 8 10
Zeit [Std.] Zeit [Std.]

— Secar 51 (Referenz)
— +0.1 % Alginat

Kummulative
Wiérmefreisetzung [J/dzement]

Kumulative
Wirmefreisetzung [J/9zemend

o
B+
o

Abbildung A11: Kumulative Warmefreisetzung zweier Aluminatzemente (Secar 57 und
Secar 71) in Anwesenheit (rot) und Abwesenheit (schwarz) von Alginat
(XEA 5036) bei 40 °C im isothermen Warmeflusskalorimeter.
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Abbildung A12: Abbindeprofile zweier Aluminatzemente (Secar 51 und Secar 71) in
Anwesenheit (rot) und Abwesenheit (schwarz) von Alginat (XEA 5036)
bei verschiedenen Temperaturen (10, 25 und 40 °C) im isothermen
Warmeflusskalorimeter.

Die in Abhangigkeit von der Reaktionstemperatur gebildeten Hydratphasen wurden
mittels XRD fur den Aluminatzement ,Secar 71“bestimmt (siehe Abbildung A13). Dieser
zeigte bis 20 °C eine ausgepragte CAH10-Bildung, welche ab 20 °C durch die anfangliche
Bildung von C2AHs abgeldst wurde. C2AHs ist neben C3AHe bei 40 °C die dominante
Phase, wobei bei hoéheren Reaktionstemperaturen (70 °C) erwartungsgemal

ausschlieBlich Katoit gebildet wird.
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Abbildung A13: Rontgenpulverdiffraktogramme von ,Secar 71“ ohne Zusatzmittel
(schwarz) und mit Alginat ,XEA 5036 (rot) beschleunigt; hydratisiert bei
unterschiedlichen Temperaturen.
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7.4 XRD-Analyse der C-A-H-Alginat-Oberflache

Die ursprunglich fur die REM-Untersuchung entwickelte Probenpraparationsmethode
wurde analog eingesetzt, um eine groRere Materialprobe zu erhalten (siehe
Abbildung 24 in Kapitel 2.4.4) und diese mittels XRD charakterisiert. Hierbei zeigte die
mittels Gefriertrocknung erhaltene Alginat-Probe nach Kontakt mit der Zementporen-
lI6sung in der Rontgenbeugung Reflexe (siehe Abbildung A14), die flr ein getrocknetes
Ca-Alginat-Hydrogel bzw. den Probentrager (Referenz) nicht zu beobachten waren.
Diese konnen C-A-H-Phasen mit LDH-Struktur zugeordnet werden und kristallisieren, wie
mittels REM gezeigt wurde, an der Polymeroberflache. Die in diesem Diffraktogramm
gefundenen Phasen C2AHs und C2AH4, bei welchen es sich um dehydratisierte Formen
des C2AHs/C2AH75 handelt [61,66], waren in einer erneuten Messung derselben Probe
nach 4 Wochen Luftkontakt nicht mehr detektierbar.

A\

a Cs4AH19 und C2AH;g

b C:AHs

C CzAH4
getrocknetes
CPS-Alginat

|| Hydrogel
a a
a Il
1 b c en\,‘ b a I \ a
,,»——"-—W—uw"'w" l‘\v W-JW"-"WMWWM ! ""Mﬁw“h%"""\"ﬁ h"’\\‘ﬂ.-.wm.,\;..-‘-“Wwv_Mf,-r\f"‘w,.wM.u‘l“l‘-N.\w}‘qu I'm,n,, ,.,"‘v’l‘ \"w ANl N‘J\r"}N"'t‘uu‘.w\.-fﬁ",ﬁm

M h Referenz
T T T An T T JA\W\

10 20 30 40
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Abbildung A14: XRDs der Alginat-Oberflache (XEA 5036) nach Kontakt mit Zement-
porenldosung und anschlieRender Gefriertrocknung.
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7.5 Weitere REM-Aufnahmen zur C-A-H-Kristallisation

Acc.V Spot Magn Det WD = 20 ym
1200 kv 30 B800x SE 94

Abbildung A15: REM-Aufnahmen von Alginat, fixiert als Pulver auf dem Probenhalter
nach 4-stundigem Kontakt mit Zementporenldsung.
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Abbildung A16: REM-Aufnahmen von Alginat, fixiert als Pulver auf dem Probenhalter
nach 3-stindigem Kontakt mit Zementporenldsung.

Abbildung A17: EDX-Untersuchung der Elementzusammensetzung (links) von
gebildeten C-A-H-Phasen (rechts) auf der Oberflache von Alginat,
welches nach Mischen mit Zementporenlésung prazipitiert ist.

EDX-Untersuchungen (Abbildung A17) wurden an einer Probe von C-A-H-Phasen,
welche durch den Kontakt einer Alginat-Losung mit Zementporenldsung gebildet wurden
und anschlielRend prazipitierten, durchgeflhrt und ergaben ein Ca/Al-Verhaltnis von 1,25

*+ 0,55. Hierbei ist anzumerken, dass verlassliche Ergebnisse nur schwer zu erhalten

waren, da der Probenuntergrund storend wirkte. Der verwendete REM-Probentrager aus
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Aluminium und das Ca-Alginat-Hydrogel unter den C-A-H-Phasen verfalschen hierbei

das Messergebnis.

Abbildung A18: REM-Aufnahmen von der Oberflache einer Alginat-Probe, welche nach
Mischen (flissig/flissig) mit Zementporenldsung prazipitiert ist.



Abbildung A19: Weitere REM-Aufnahmen von der Oberflache einer Alginat-Probe,
welche nach Mischen (flussig/flissig) mit Zementporenlésung
prazipitiert ist.
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Abbildung A20: REM-Aufnahmen eines Ca-Alginat-Hydrogel-Fragments (wie es
exemplarisch in Abbildung 12 dargestellt ist), welches fur 3 Stunden in
Zementporenlosung gelagert wurde.
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Carrageenan

Abbildung A21: REM-Aufnahmen von Carrageen (oben) und Pektin (unten), welche
nach Mischen (flussig/flissig) mit Zementporenlésung prazipitiert sind.
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ABSTRACT

Calorimetric studies on intercalation compounds made from different exo-polysaccharides with
hydrocalumite (Ca2AI-OH-LDH) surprisingly resulted in alginate accelerating the hydration of calcium
alumina cement (CAC). The following study of several commercial alginates and further
polysaccharides came to the conclusion that most sodium alginates show a comparable accelerating
effect. Recently this property could also be found for certain carrageenans. This accelerating action of
polysaccharides is very unusual and is distinct in aluminous cements depending on their mineralogical
phase composition.

In order to accelerate the setting of CAC salts of Lithium like Li2CO3 are used in ternary binders up-to-
date. Lithium ions form on mixing with cement and water a layered double hydroxide compound (
[Li2Al4(OH)12 ](OH)2-3H20 ) which is isostructural to C2AH8 and accelerates its crystallization by
forming a heterogeneous nucleation substrate. The use of Lithium in construction applications is
endangered because of the increasingly problematic availability of supplies which are in demand by
the continuous rising requisition for the production of lithium-ion-batteries for smartphones and electric
cars.

The accelerating effect of alginates is limited to high-alumina cements and is not present in Portland
cement or calcium sulfoaluminate cements.

Mechanistic studies revealed a high calcium binding capacity of the alginate in the cement paste. This
finding is very astounding as a high calcium binding capacity is normally associated with a retarding
effect and not an acceleration. A comparison of the chemical structure of alginate and carrageenan is
without a striking joint feature or property on first glance which could help explaining this effect.
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1. INTRODUCTION

Calcium aluminate cement (CAC) is used in many applications where ordinary portland cement shows
insufficient performance. Especially the high acid and abrasion resistance as well as the quick heat
evolution and hardening make CAC the cement of choice in challenging applications. Because of the
different oxide composition of CAC (Al203 content of 35 % - 85 wt.%) and the thus increased sintering
temperature (1450 — 1650 °C), its production is more cost intensive. The main hydraulic clinker phases
of CAC are: CA, C12A7, CAz, C4AF, C2S. By mass, monocalcium aluminate (CA) presents the most
relevant phase in CAC. The hydration of CAC proceeds via dissolution and precipitation from solution.
The crystallization of the hydrate phases is strongly dependent on the reaction temperature. In the end,
CsAHs (katoite) is formed after months or years from all metastable precursors and remains as the stable
hydrate phase. At early ages, CAH10 and C2AHs are first crystallized from the supersaturated solution
and precipitated on and between the cement particles in the paste. Of them, C2AHs is considered to be
the trigger for the setting of CAC. Its formation proceeds either directly (equ. I) or through the formation
of CAH1o (equ. IlI) and subsequent transformation (equ. lll) to C2AHs [1].

2CA + 11H — C,AHg + AH;, (equ. )
CA + 10H — CAHy (equ. Il)
2CAH;y — C,AHg + AH; + 9H (equ. Il

1.1 Lithium salts as accelerator in CAC

Lithium salts are commonly used to accelerate the setting of CAC. Most frequently Li2CO3 (dosed
between 0.005 and 0.1 wt.-% depending on application) is applied. It has been presented that lithium
ions accelerate the hydration of alumina cement through six pathways: (1) improved dissolution of CA
through an increased permeability of the aluminum hydroxo hydrate layer; (2) the thus increased
Ca?*/AIR* ratio in solution promotes the formation of C2AHs thermodynamically; (3) formation of
[Li2Als(OH)12](OH)2-3 H20 LDH as precursor acts as seeding material which decreases the activation
energy necessary for the crystallization of C2AHs; (4) Li* is then continuously exchanged and replaced
by AIR* which then; (5) reduces the Al** concentration in solution and (6) further fosters the dissolution
of CA by the lower Al®* content in solution [2].

1.2 Biopolymers

Alginates and carrageenans are biopolymers of natural origin and can be extracted from brown
(Phaeophyceae) and red algae (Rhodophyceae). Because of different species, growth conditions and
processing after harvest, their chemical composition and molecular weight is variable.

Alginate
OH .
0 %o o~
Lo HO
G HO \/O (@)
OH M oo =
. M
CO0
Carrageenan
0805~
OH 0 0-~
0 O/
S\
on OR
R=H or SO;
K 1

Figure 1. Chemical structures of alginate and carrageenan biopolymers.
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1.21 Alginates

Alginate is a copolymer of a-1—4 and B-1—4 glycosidically linked mannuronic (M) and guluronic (G)
acid (Figure 1). Their average molecular weight lies between 10,000 and 600,000 Dalton. The monomer
units (M and G) can be linked in different steric arrangements resulting from different tactical sequences.
The ratio between M and G as well as the molecular weight (viscosity) determine the properties of
alginates. Especially GG blocks exhibit a strong interaction with divalent cations like Ca2* which is
represented by the egg-box model and is responsible for the strong gelling properties of alginates
(Figure 2) [3,4].

Figure 2. Calcium ion complexation by alginate according to the “egg-box” model
(adapted from [5,6]).

1.2.2 Carrageenans

Carrageenans are a mostly alternating copolymers of a-1—4 and $-1—3 glycosidically linked galactose
and 3,6-anhydro-galactose (Figure 1). Their average molecular weight lies between 200,000 and
800,000 Dalton. Kappa (k) and iota (1) carrageenan differ with respect to the degree of sulfatation while
the lambda (A) modification also is structurally different. Similar to alginates, k- and I1-carrageenan form
a gel in the presence of specific cations (e.g. Ca?*) by bridging the sulfate groups (Figure 3). A-
carrageenan does not gelate and shows no accelerating effect on cement hydration [3,4].

OH OR OH OR OH
| | | | |
I T T T
OH 0S0; OH 0805
Ca* ca?
OH 0S0; OH 0S0;
| | | |
| | | | I
OH OR OH OR OH
R =H or 8O3

Figure 3. Complexation of calcium ions by k - and | — carrageenan (adapted from [4]).

1.3 Aim of this work

In this paper, the effect of different alginate and carrageenan biopolymer samples with respect to
hydration acceleration of different alumina cements was investigated via heat flow calorimetry and
determination of mortar strength. ICP-OES and in-situ XRD was applied to investigate this effect.
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2. EXPERIMENTAL

2.1 Cement Samples

A variety of differently composed calcium aluminate cements (Ciment Fondu, Secar 41, Secar 51, Secar
71, Secar 712, Secar 80 as well as Ternal SE, Ternal LC and Ternal EP) produced by Kerneos was
studied. Their oxide contents were examined using XRF (Axios, PANalytical, Kassel, Germany) while
their phase composition was investigated via XRD (D8 advance, Bruker AXS, Karlsruhe, Germany). The
average particle size was determined by laser granulometry (Cilas 1064, Cilas Instruments, Orleans,
France). Particle size was measured three times after complete dispersion in isopropanol using
ultrasonic and the mean value was calculated. The specific surface area was determined according to
Blaine’s method.

Table 1. Oxide composition and properties of alumina cements studied.

Oxide / t CAC sample (content in wt.%)
xide / property Ciment Fondu Secar 51 Secar 71 Secar 712
Al203 38.2% 51.5% 68.9 % 68.3 %
CaO 381 % 37.8% 29.3 % 28.7 %
Fe203 15.9 % 20% - -
SiO2 4.0 % 51% 0.3 % 1,8 %
TiO2 25% 21 % - -
MgO 0.4 % 0.4 % - -
Blaine [g/cm?] 2,810 3,880 3,570 3,370
dso [um] 18.1+0.3 10.1+£0.5 128+0.2 134+0.2
Oxide / property Secar 41 Secar 80 Ternal SE Ternal LC Ternal EP
Al203 44.3 % 80.9 % 39.4 % 51.2% 36.5 %
CaO 38.7 % 16.7 % 37.2% 38.1% 49.5 %
Fe203 72% - 15.9 % 1.8% 71%
SiO2 52 % - 41% 5.0 % 43%
TiO2 23% - 1.8 % 24 % 1.7 %
MgO 0.3% - 0.4 % 0.3% 0.3%
Blaine [cm?/g] 3,580 10,600 3,650 3,330 3,140
dso [um] 156 +0.2 74+05 11.2+0.2 15.9+0.3 17.1+0.2

2.2 Chemicals

Deionized water obtained from a Barnstead Nanopore Diamond system (Werner Reinstwassersysteme,
Leverkusen, Germany) was used as mixing water.

A polycarboxylate (PCE) superplasticizer based on w-methoxy-poly(ethylene oxide)-methacrylate and
methacrylic acid was utilized to reduce the viscosity of the CAC pastes. It was prepared via aqueous
free radical copolymerization utilising sodium methallylsulfonate as chain transfer agent and sodium
peroxodisulfate as initiator, as described in literature [7]. The molar ratio of the monomers was 6:1
(MAA : Ester), with the side chains made up of 114 ethylene oxide units. The product was analysed
using aqueous GPC (Waters Alliance 2695; pre-column PL aquagel-OH; columns ultrahydrogel 120,
250 and 500; Wyatt Dawn EOS dynamic light scattering detector) with 0.1 M NaNOs; (adjusted to
pH = 12) as eluent. Molecular properties of the PCE sample are presented in Table 2.

Table 2. Molecular properties and GPC spectrum of the MPEG-PCE sample 114PC6

“Tiapce B [—= Peak 1 Peak 2
08 i I == time of eluation [min] |14.7 - 23.4 235-24.8
% o M. [Da] 87,000 (0.6 %) | 4,700 (19 %)
£ Zi Mn [Da] 28,700 (2 %) 3,100 (22 %)
\ PDI 3.03 (2 %) 1.51 (29 %)
02 v p mass fraction 98 % 2%

0 10 20 30
time [min]
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2.3 Biopolymer samples

Y
o 1

KIMICA, Eurogum, FMC (through IMCD), Roeper, Cargill, Danisco and Polygal generously supplied
over thirty different samples of alginate and carrageenan biopolymers. Those differed by purity, particle
size, chemical composition and viscosity grade. In the following work, alginate XEA5036 (alginate #1)
and I-1 (alginate #2) as well as carrageenan GP379 (carrageenan #1) and XE4829 (carrageenan #2)
were utilized.

2.4 Mortar preparation and testing

Mortar testing was conducted according to DIN EN 196-1 and the strength was determined at different
times of hydration using a ToniNORM instrument setup (Toni Technik, Berlin, Germany). Measurements
were performed on a ToniNORM powerbox model 2010 equipped with two load frames model 1543 and
model 1544. The mortar was composed of 3 parts of norm sand and 1 part of cement which was blended
with the biopolymer powder. Using a ToniMIX eccentric agitator (Toni Technik, Berlin, Germany), the
mortar was automatically mixed with the water containing the superplasticizer as well as one drop of the
defoamer Dowfax DF 141. The prisms (4 x 4 x 16 cm) were compacted using a ToniVib vibrating table
(Toni Technik, Berlin, Germany) and stored at 20 °C / 90 % relative humidity until demoulding. Mortar
density was calculated using the weight and size of the prisms. For measurement of the tensile strength,
three specimens of each sample were used and the mean value calculated. Compressive strength was
assessed using the broken specimens from the tensile strength tests. The mean value for the
compressive strength was calculated from the results of the six pieces. The spread flow of the mortar
was captured according to DIN EN 1015-3. First, the mortar was added in two steps into a Vicat cone
and slightly compacted. Each layer was compacted 10 times with a tamping rod. Afterword’s, the cone
was lifted vertically and the flow table was lifted up 40 mm and then dropped 15 times, causing the
mortar to spread out. The resulting spread was measured twice, the second measurement being at a
90° angle to the first and the mean value was reported.

2.5 Heat flow calorimetry

Four gram of cement were weighed into sealable 10 mL glass ampules and blended with biopolymer
powder. The binder was mixed with deionised water and homogenised for two minutes with a vortex
mixer VWT 1419 (VWR, Ismaning, Germany). The ampoule was placed in an isothermal heat flow
calorimeter TAM air model 3116-2 (Thermometric, Jarfélla, Sweden) to capture the heat flow.
Measurements were conducted at 20 °C until heat evolution ceased.

2.6 In-situ X-ray diffraction

Cement paste was poured in the designated sample holder and covered with a Kapton® polyimide foil
(VHG Labs, Manchester, UK). Measurements were performed every 30 minutes for 12 hours on a D8
advance (Bruker AXS, Karlsruhe, Germany) equipped with a VANTEC-1 detector (5 - 50 ° 26, 40 kV,
30 mA, 0.034 ° step, t = 0.4 s, Bragg-Brentano geometry and Cu Ka source). Because of the heat
generated by the x-ray tube, the temperature in the chamber of the XRD rose to about 27 °C during the
in-situ measurement. Evaluation and processing of the diffraction patterns was performed using Bruker’s
EVAZ2 software.

2.7 Inductively coupled plasma atomic emission spectroscopy

Concentrations of calcium and aluminum in the pore solution were measured on a series 700 (Agilent
Technologies, Santa Clara, CA, USA). The cement paste was prepared by admixing e.g. 10 g Ciment
Fondu blended with 0.1 % bwob alginate in a centrifuge tube and homogenising with a vortex mixer
(VWT 1419 from VWR, Ismaning, Germany) for two minutes. The cement paste was centrifuged
(8500 rpm, 15 min) and the pore solution collected using a 0.2 yum PES membrane filter. The resulting
solution was diluted accordingly and measured five times. Calibration was performed at 1, 10 and 50
mg/L using an ICP multi-element standard (standard IV, Merck) and data collected at several
wavelengths.
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3.1 Effect of biopolymers on CAC hydration

Normally, addition of polysaccharides to Portland or aluminate cements leads to a retardation of their
hydration. However, screening of a broad variety of different biopolymers produced two major
exceptions for CAC only. This accelerating effect is highly dependent on the structure of the biopolymer.
Some exhibit minor acceleration only whereas alginate and carrageenan strongly promote CAC
hydration. For example, addition of 0.1 % bwob of XEA 5036 (alginate #1) can reduce the time of
maximum heat release by up to 50 % whereas XE4829 (carrageenan #2) reduces the time to maximum
heat release only by 15 % (Table 3, figure 4).

Acceleration
+ carrageenan #1
+alginate #2 l carrageenan _ reference
3 \.
.§, |
2 +alginate #1
= \‘
b |
Q
5
2 4 6 8 10 12

time [h]

Figure 4. Accelerating effect of various alginate and carrageenan samples (dosage 0.1 % bwob)
on CAC (Secar 51), determined via heat-flow calorimetry (w/c = 0.62).

From the samples tested it was observed that at comparable dosage alginates generally accelerate
stronger than carrageenans. For example, at a dosage of 0.1 % bwoc alginate in Secar 51 the point of
maximal heat release occurred 4 hours earlier then for the reference (Figure 4). This corresponds to an
acceleration of 45 % (9 h for the reference vs. 5 h with alginate sample #1). The same trend was
observed at different water-to-binder ratios, which were varied between 0.4 and 0.6.

Table 3. Accelerating effect of alginate #1 and carrageenan #1 on different CACs, determined
via heat flow calorimetry (w/c = 0.62).

Earlier occurrence of heat release upon addition of

CAC sumple 0.1 % alginate 0.2 % alginate 0.2 % I-carrageenan

Fondu =30 % =25% ~20%

Secar 41 ~30% =20 % ~20%
Secar 51 =45% =50 % =45 %
Secar 71 =45 % =50 % ~30%
Secar 712 =50 % =55% ~35%
Secar 80 =5% =15% ~15%
Ternal SE =20 % =40 % ~40 %
Ternal LC ~50 % =~ 60 % ~55%

Ternal EP =15% =25% ~20%
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Furthermore, alumina cements of different mineralogical compositions were differently effected by the
biopolymers (Table 3). Some were accelerated very strongly (e.g. Secar 51 or Secar 712) whereas
others were only slightly affected (e.g. Secar 80 or Ternal EP). This can be explained by their different
clinker phase composition. Cements with an inherent high reactivity from a high content of C12A7 and
C4AF (e.g. Ciment Fondu) are less accelerated by the biopolymers. Whereas cements rich in CAz (e.g.
Secar 71) which are characterized by a CaO/Al:Os ratio less favourable for the crystallisation of CAC
hydrate phases are strongly accelerated by the addition of these biopolymers. An exemption is Secar
80 which is accelerated only weekly. This might be owed to its high Blaine value in comparison to those
of the other cements.
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3.2 Early strength in mortar

To confirm the results from heat flow calorimetry, mortar testing was performed in different CACs using
alginate #1 and carrageenan #1. In Ternal LC (=52 % Al203), an increase in early strength after six
hours of hydration of =~ 75 % at 0.1 % dose of the alginate and of = 150 % at 0.2 % bwob of the
carrageenan sample was achieved (Table 4). Generally, alginates accelerate CAC hydration more
strongly than carrageenan and both biopolymers reduce workability of the cement paste as will be
discussed later. In CA2 rich Secar 712 (= 69 % Al203), after 16 hours the compressive strength of the
mortar was increased by 120 % from 15.8 N/mm? (reference) to 34.9 N/'mm? for the carrageenan
(dosage 0.2 % bwob) and by 110 % to 33.4 N/mm? for the alginate (dosage 0.1 % bwob) (Table 5).
Moreover, after twelve hours of hydration, Secar 712 still had not developed any measureable strength
while the mortar containing alginate or carrageen already exhibited 11.5 N/mm?2 or 18.7 N/mm? of
compressive strength. Such a difference corresponds to an acceleration of about four hours.

Table 4. Mortar properties after 6 h of hydration in absence or presence of alginate sample #1
or carrageenan sample #1 in Ternal LC (w/c = 0.5).

+ algi +
Ternal LC alginate carrageenan
0.10% 0.20%
compressive 9.7 N/mm?2 17.2 N/mm? 25.0 N/mm?
strength — 75 % increase — 160 % increase
tensile 1.4 N/mm?2 2.5 N/mm? 3.6 N/mm?2
strength — 80 % increase — 155 % increase
mortar density 2,321 g/L 2,297 g/L 2,270 g/L
spread flow 24.1cm 18.8 cm 17.9 cm

Addition of the biopolymers always strongly decreases workability of the pastes, as is indicated by lower
spread flow values (Table 4). Due to the strong viscosifying effect of both biopolymers, their effective
dosage range is limited and often necessitates the use of a (super)plasticizer to compensate their
thickening effect.

Table 5. Mortar properties of Secar 712 (w/c = 0.5) after 16 h of hydration in absence or
presence of alginate sample #1 and MPEG-PCE sample 114PC6.

+ PCE 0.02¢
Secar 712 + PCE 0.02% K % + alginate 0.1%
+ alginate 0.1%
compressive 15.8 N/mm?2 5.2 N/mm?2 36.9 N/mm? 33.4 N/mm?
strength — 70 % decrease — 135 % increase — 110 % increase
tensile 2.1 N/mm? 0.8 N/mm?2 4.4 N/mm? 4.4 N/mm?2
strength — 65 % decrease — 110 % increase  — 110 % increase
mortar density 2,241 g/L 2,296 g/L 2,287 g/L 2,226 g/L
spread flow 19.7 cm 240 cm 21.3cm 17.8 cm
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To study potential options to improve the workability of CAC pastes accelerated with these biopolymers,
combinations with polycarboxylate superplasticizers were studied. It was found that at only 0.02 %
addition an MPEG-PCE (114PC6) can effectively fluidize the CAC paste and compensate the observed
loss of workability due to viscosification and water binding by the biopolymer. However, PCE’s
significantly decrease the early strength after 16 hours of curing. In spite of this negative effect, the
combination of alginate and PCE still produced significantly higher strength values, compared to the
reference cement (36.9 N/mm2 vs. 15.8 N/mm2 which corresponds to an increase of 135 %) (Table 5).

3.3 Mechanism of acceleration

In the presence of calcium ions the anionic functional groups present in alginates and carrageenans
form gels, which are responsible for their thickening effect in cement. Furthermore, this chelation of Ca%*
results in a reduction of the free calcium ion concentration by e.g. = 25 % in Ciment Fondu at a dosage
of 0.2 % bwob of alginate #1 (Figure 5). Complexation of aluminium or iron by the biopolymers is unlikely
due to the formation of [AI(OH)4]- and [Fe(OH)4]- at the high pH in CAC. According to atomic emission
spectroscopy, the aluminium concentration increased slightly in the presence of alginate. This can be
attributed to an increased solubility of Al** resulting from the decreased calcium concentration.

’ Reference m with 0.2 % alginate }

1200
1000
800
600
400
200

lon concentration [mg/L]

Calcium Aluminium

Figure 5. lon concentrations of Ca?* and AI** in the pore solution of freshly mixed Ciment
Fondu in absence or presence of 0.2 % bwob alginate sample #1 (w/c = 0.5)

Mignon et al. have already reported that in a cement filtrate from OPC, ion exchange of sodium against
calcium will occur in alginate. According to these authors, after 24 hours the resulting hydrogel consisted
of 85 % calcium und 15 % sodium as counterions to the carboxylic functionalities in alginate [7]. Calcium
becomes bound in the hydrogel while being removed from the cement pore solution, thus the decreased
calcium concentration in the pore solution. To reduce the free Ca?* ion concentration in pore solution is
extremely surprising and uncommon for an accelerator, as such an effect is normally associated with
retardation. To the contrary, common accelerators such as CaClz increase the free Ca?* concentration
in the pore solution and do not decrease it.

Secar 71 CA + 0.1 % Alginate CA

. 20
26 [] 26 [°]

Figure 6. In-situ XRD measurement of the hydration of Secar 71 (w/c = 0.45) over 12 hours
in absence or presence of 0.1 % bwob alginate.
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In-situ X-ray analysis of CAC hydration in the presence of an alginate progressed normally and no
formation of unusual hydration products was observed. However, in the presence of alginate,
crystallisation of C2AHs occurs earlier. This effect was most noticed in slowly reacting high-alumina
cements, such as Secar 71, where after 12 hours of hydration C2AHs was observed only in the
accelerated cement and not yet in the blank cement (Figures 6).

4. CONCLUSION

Biopolymers can significantly accelerate the hydration of aluminate cements, as is demonstrated by
heat-flow calorimetry and strength tests in mortar. Addition of alginates or carrageenans shifts the
beginning of the hydration reaction to earlier times. Because of this, noticeably higher early strength
values, especially in the presence of PCE superplasticizers can be obtained. However, in comparison
to lithium salts, these biopolymers require a significantly higher dosage and the addition of a
superplasticizer to compensate their viscosifying effect. Still, to reduce the consumption of lithium in
construction, a combined application of lithium salts and these biopolymers remains an interesting
option.

Normally, biopolymers and especially polysaccharides retard cement hydration. As such, the
accelerating properties of the studied biopolymers are most remarkable.

Regarding their chemical structures, alginates and carrageenans exhibit a common structural element,
which allows efficient complexation of cations (Figure 7). Apparently, this ability to complex ions such
as Ca?* appears to be crucial for their accelerating effect, as was evidenced by a decrease in the free
calcium ion concentration of the pore solution. On the other hand, the increased Al concentration as a
consequence of the decreased Ca?* content stimulates the earlier formation of CAH phases.

cavity

Figure 7: Joint structural element in alginate and carrageenan
(common structural bonds marked by drawn lines, bonds specific for
each biopolymer signified as dashed lines).
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SUMMARY: Investigations on intercalation compounds made from different
exo-polysaccharides with hydrocalumite (Ca>Al-OH-LDH) resulted in a
surprising observation. Alginates (a biopolymer extracted from brown algae)
accelerate the hydration of calcium alumina cement (CAC). This accelerating
effect is limited to high-alumina cements and is not present in Portland cement or
calcium sulfoaluminate cements. The following study of several commercial
alginates came to the conclusion that most sodium alginates show a comparable
acceleration. Recently this property could also be found in additional polymers.
This accelerating effect of polysaccharides is very unusual and is distinct in
aluminous cements depending on their mineralogical phase composition.
Mechanistic studies on the accelerating effect of alginates revealed a high calcium
binding capacity of the biopolymer in the cement paste. This finding is very
astounding as a high calcium binding capacity is normally associated with a
retarding effect and not an acceleration. But still an acceleration can be observed
using heat-flow calorimetry and mortar testing. Accordingly the degree of
hydration (investigated using ’AI-MAS-NMR) started to increase earlier, thus
indicating a shortening of the dormant period.

Keywords: accelerator, alginate, biopolymer, calcium aluminate cement,
hydration.

INTRODUCTION

The most efficient way to accelerate the hydration of calcium alumina cements and ternary
binder systems is the addition of a lithium salt. Most frequently used is LioCOs3; which is dosed
between 0.005 and 0.1 wt.-%, depending on the specific application and the binder system.
When lithium ions are present, the hydration of the aluminate phases is accelerated through six
pathways. This leads to a potent effect in pure aluminate cement that is also strong in the
presence of CSH. Those six pathways are: (1) improved dissolution of CA through an increased
permeability of the aluminum hydroxo hydrate layer; (2) the thus increased CaO/Al>Os ratio in
solution thermodynamically promotes the formation of C>AHs; (3) formation
of [Li2Al4(OH)12](OH)2 - 3 H>O LDH as precursor decreases the activation energy necessary
for the crystallization of C2AHs; (4) Li™ is catalytically recycled by AI** fixation; (5) the LiAl-
LDH reduces the AI** concentration in solution and (6) dissolution of CA is increased by a
lower AI** content in solution [,

Calcium Aluminates: Proceedings of International Conference, Cambridge, England. 1 -3 June 2020. Fentiman CH,
Mangabhai RJ and Scrivener KL (Editors).
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However, the availability of lithium salts in the construction industry is becoming increasingly
problematic because of the high demand for lithium ion batteries. The growing market for
mobile phones and electric cars will in the future negatively affect the price and the supply
security for lithium to the construction industry.

While performing a study on the intercalation of exopolysaccharides into layered double
hydroxide (LDH) compounds, an unusual behaviour was observed for alginates when tracking
the hydration of alumina cement via heat flow calorimetry. An in-depth investigation concluded
that alginates act as accelerator for CAC by prematurely triggering its hydration. This effect
was very surprising, because so far polysaccharides were only known to retard cement
hydration. Following this discovery, research on the interaction of the alginates with cement
and their accelerating mechanism was intensified. When screening a broad variety of
biopolymers, such an accelerating effect was also discovered for carrageenan and propylene
glycol alginate.

Alginates are composed of mannuronic (M) and guluronic (G) acid that are linked a-1—4
and -1—4 into a polymer with a molecular weight between 10.000 and 600.000 Dalton (Figure
1). The sugar monomers (M and G) can be linked in different sequences like MM, GM and GG
which results in different steric arrangements. The ratio between those blocks is mostly
responsible for the properties of the polymer. The GG blocks are important for the strong gelling
properties of alginate in the presence of divalent cations like Ca?*. Because of its characteristic
appearance, this complexation mode with Ca*" is named “egg-box” model (Figure 2) 123,

Alginate

COO~ )
0 o 70 on 0"~
_O HO
G 0
O_ OH
\/O
COg
Carrageenan

OSO;

-

O Q-
_o/

OR

R=H or SO;3
K 1

Figure 1: Chemical structures of alginate and carrageenan.
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Figure 2: Complexation of calcium ions by alginate according to the “egg-box” model resulting in gel
Sformation Y.

Carrageenans are generally composed of galactose and 3,6-anhydrogalactose which are linked
a-1—4 and B-1—3 into a polymer with a molecular weight between 200.000 and 800.000
Dalton (Figure 1). Kappa (k) and iota (1) carrageenan differ by the degree of sulfatation while
the lambda (1) modification is structurally different and shows a different behavior in solution
as well as relative to interaction with ions. Similar to alginates, k- and 1-carrageenan form a gel
in the presence of specific cations by bridging the sulfate groups (Figure 3) >3], A-carrageenan
does not form such gels and shows no accelerating effect on cement hydration.

Alginates and carrageenans are biopolymers of natural origin and extracted from brown
(alginate) or red (carrageenans) algae. Because of different algae species, growth conditions
and processing after harvest, their chemical composition and molecular weight varies.

OH OR OH OR OH
| | | | |
I | [ |
OH 0SO; OH 0S0;
C_a//’ Ca/+
OH 0SO0; OH 0S0;
| | | |
[ | I [ [
OH OR OH OR OH
R =H or SO;

Figure 3: Complexation of calcium ions by carrageenans leading to gel formation /.

The aim of this research was to characterise and understand this unusual property of both
biopolymers. In order to probe the effect of diverse natural origin, different alginate as well as
carrageenan products from different companies with variable properties were tested.
Mechanistic investigations were conducted by studying the pore solution composition (ICP-
OES) and the phase development (XRD and MAS-NMR).

EXPERIMENTAL

Polymers
KIMICA, Eurogum, FMC, Roeper, Cargill, Danisco and Polygal generously supplied over
twenty different alginates. Ten different carrageenans were provided from Eurogum, Roeper
and FMC.

The composition of the alginates (ratio between mannuronic and guluronic acid) was
determined via IR spectroscopy. Using commercial samples of known composition, a
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correlation between the M/G-ratio and the ratio of the IR absorption at about 1025 cm™ and
1085 cm™! was established °/.

In this study the alginate product XEA 5036 from Eurogum is used exclusively for all
investigations. It has a particle size below 80 um and is of medium viscosity grade
(300 — 600 mPa-s, 1 % solution at 20 °C). Its composition is slightly G-rich at a M/G-ratio of
about 0.8.

Calcium aluminate cement

Imerys supplied alumina cements of various composition (Ciment Fondu, Secar 51 and Ternal
LC). Their mineralogical composition was investigated using XRD (D8 advance, Bruker AXS,
Karlsruhe, Germany).

Table 1. Typical contents (wt.%) of hydraulic clinker phases in alumina cement samples used in the study,
according to literature [6-10] and Rietveld analysis by TUM.

CAC sample (wt.%)
Phase Ciment Fondu Secar 51
Ternal SE Ternal LC

CA 47 — 57 *12 64 - 74 *12.345
CA: n.d. n.d.
C:AS 1 1P 18 - 22 *1.345
CsAF 10 - 20 *! n.d.

C.S 1-10*! 1. §5%1345
Ci2A7 1- 5%12 <] *135
other C3FT, C20A13M;S;3*6 CT, G5FT *34

*1 own analysis; *? data from [6]; ** data from [7]; ** data from [8]; *° data from [9]; *° data from [10]

Methods of investigation

Infrared spectra of the polymers were measured with an attenuated total reflectance Fourier
transform spectrophotometer (ATR-FTIR) (Vertex 70, Bruker Optics, Karlsruhe, Germany). It
was acquired in transmittance mode on a Diamond ATR crystal cell (MPV-Pro, Harrich
Scientific Products, Pleasantville, USA) by accumulation of 20 scans with a resolution of 0.5
cm ! and a spectral range of 2000-650 cm™'.

The progress of cement hydration was tracked using isothermal heat flow calorimetry.
Four grams of cement were added into sealable 10 mL glass ampules containing the previously
placed biopolymer sample. The binder was mixed with deionised water and homogenised with
a vortex mixer (VWT 1419, VWR, Ismaning, Germany) for two minutes. The ampoule was
placed in an isothermal conduction calorimeter (74M air, Thermometric, Jérfilla, Sweden) for
monitoring the heat flow.

Mortar testing was performed according to DIN EN 196-1 and the strength was
determined at different times of hydration using a ToniNORM instrument (Toni Technik,
Berlin, Germany). The mortar consists of 3 parts of norm sand and 1 part of cement which was
blended with the solid biopolymers. Using a ToniMIX eccentric agitator (Toni Technik, Berlin,
Germany), the mortar was automatically mixed with the water. The prisms (4 x 4 x 16 cm) were
compacted using a ToniVib vibrating table (Toni Technik, Berlin, Germany) and stored at
20 °C /90 % relative humidity until demoulding.

Inductively coupled plasma atomic emission spectroscopy was performed on a series 700
instrument (Agilent Technologies, Santa Clara, CA, USA). The cement paste was prepared by
mixing e.g. 10 g Ciment Fondu with water in a centrifuge tube and homogenising with a vortex
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mixer VWT 1419 for two minutes. The cement paste was then centrifuged (8500 rpm, 15 min)
and the supernatant pore solution filtrated using a 0.2 pum PES membrane filter.

In-situ XRD was performed by placing the cement paste in the designated sample holder
and covering the paste with a Kapton® polyimide foil (VHG Labs, Manchester, UK).
Diffraction patterns were measured every 30 minutes for 12 hours with a D8 advance
instrument (Bruker AXS, Karlsruhe, Germany) (5 —40 ° 260, 40 kV, 30 mA, 0,025 ° step,
t=0,6 s). Temperature inside the measurement chamber was = 27.5 °C. Powder diffraction
patterns were also measured using the D8 advance instrument (5 — 70 °© 20, 30 kV, 30 mA,
0.0084 © step, t = 0.5 s, Bragg-Brentano geometry and Cu Ka-source). Evaluation and
processing of the diffraction patterns was performed using Bruker’s EVA2 software. Rietveld
analysis of cement mineralogy was conducted using 7TOPAS 4 software.

Solid-state NMR experiments were performed on an Advance 300 (Bruker BioSpin,
Karlsruhe, Germany) (Magnetic field strength of 7.0455 T, ?’Al resonance frequency
78.1 MHz). Samples were prepared ex-situ by admixing in a centrifuge tube or a sealable glass
ampule and storage at 20 °C for different amounts of reaction time. Non-hardened samples were
quenched with acetone and freeze-dried. Hardened samples were ground in a mortar and
measured on time (acquisition time taken into account). Samples were investigated using a
4 mm zirconia rotor and rotated at 15 kHz. The chemical shifts were recorded relative to
external standard AI(NO)s3-9 H>O. Single-pulse technique was used with a pulse width of
3 milliseconds. Repetition time was 2 seconds and the number of scans was 1000.
Deconvolution and integration of the signals was performed using MestreNova 12 after phase
and background correction.

RESULTS AND DISCUSSION

Effect of biopolymers on cement hydration

Addition of most polysaccharides normally results in retardation of cement hydration. Only few
polymers seem to have no retarding effect or lead to a weak acceleration. Such a minor effect
is attributed to the stabilizing properties of these water retaining polymers on the cement paste
which improves water availability. In contrast to those polymers, alginates and carrageenans
strongly accelerate alumina cement. They can reduce the time of maximum heat release by up
to 50 % on addition of 0.1 wt.% (Figure 4).

Acceleration

«

+ carrageenan #1

+ alginate #2 l + carrageenan #2 reference

+alginate #1 |

heat flow [mW]

time [h]

Figure 4: Accelerating properties of various alginates and carrageenans at a dosage of 0.1 wt.% on CAC
(Secar 51), determined by heat-flow calorimetry (w/c = 0.62).
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Generally, alginates were found to accelerate more than carrageenans at equal dosage. This
effect of the biopolymers is independent of the w/c-ratio which were varied between 0.4 and
0.6 to exclude an impact of the water binding capacity of the biopolymers on the result.

Influence of molecular properties of the alginate on acceleration

Most sodium alginates showed a similar accelerating property. Different behaviours were
observed for samples of insufficient purity, coarse particle size and ultra-low viscosity grade.
Especially the viscosity grade of the alginate is most critical for its acceleration. At lower
viscosities the acceleration becomes less and even changes to a retardation at ultra-low viscosity
grades. Because in alginates viscosity correlates with the molecular weight it can be said that
alginates with low M,, act like classical retarding polysaccharides. On the other hand, the ratio
between mannuronic and guluronic acid in the alginate was found to be of no significant impact
on the accelerating effect. Used products in our study had a M/G-ratio range between 0.4 and
1.6.

Strength development of mortar
In Ternal LC cement (= 52 % Al>Os) carrageenan achieves a much faster strength development

than the alginate when applying an increased dosage (Table 2). Addition of the biopolymers

Table 2. Mortar properties and strength values after 6h of hydration for Ternal LC (w/c = 0.5).

p . Ref. Alginate Carrageenan
roperty eference 0.10% 0.20%
Compressive 9.7 N/mm? 17.2 N/mm? 25.0 N/mm?
strength — 75 % increase — 160 % increase
Tensile 1.4 N/mm? 2.3 N/mm?® 5 3.6 N/mm’
strength — 80 % increase — 155 % increase
Mortar density 2,320 g/L 2,300 g/L 2,270 g/L
Spread flow 24.1 cm 18.8 cm 17.9 cm

slightly reduces the fresh mortar density by retaining water and decreases the workability by
reducing its flowability resulting from their viscosifying property. Because of the strong gelling
properties of alginate the effective dosage range is limited, while carrageenan can be applied in
higher dosage relative to alginates. In CA; rich Secar 712 (= 69 % Al,0O3) both alginate and
carrageenan result in an equally improved early strength. For example, after 16 hours the
compressive strength of the mortar was increased by 120 % for carrageenan (dosage
0,2 % bwoc) and by 110 % for alginate (dosage 0.1 % bwoc) from 15.8 N/mm? to 34.9 N/mm?
and 33.4 N/mm?, respectively. Moreover, after twelve hours Secar 712 still was not hardened
while the mortar containing carrageen or alginate already had developed 18.7 N/mm? or
11.5 N/mm? of compressive strength. This value is comparable to that of the neat cement after
16 h which represents an acceleration of four hours.

Interaction of accelerating biopolymers with other admixtures

The use of superplasticizers like PCEs results in a dose-dependent retardation of aluminate
cements while flowability even at very low PCE dosages is much enhanced. The combination
of PCE with alginate or carrageenan results in a slightly decreased workability, but still a
distinct increase in early strength is observed, at improved workability from PCE, compared to
the reference (Table 3).
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Table 3. Mortar properties and strength values after 16h of hydration for Secar 712 neat, with alginate, with
superplasticizer and a combination of both (w/c = 0.5, MPEG-PCE 114PC6).

. o + PCE 0.02 % o
Property Reference + Alginate 0.1 % + Alginate 0.1 % + PCE 0.02 %
Compressive 15.8 N/mm? 33.4 N/mm? 36.9 N/mm?> 5.2 N/mm?
strength — 110 % increase — 135 % increase — 70 % decrease
Tensile 2.1 N/mm? 4.4 N/mm? 4.4 N/mm? 0.8 N/mm?
strength — 110 % increase — 110 % increase — 65 % decrease
Mortar density 2,240 g/L 2,230 g/L 2,290 g/L 2,300 g/L
spread flow 19.7 cm 17.8 cm 21.3 cm 24.0 cm

If a stronger accelerating effect than from alginate is required, a combination of the lithium salt
and the biopolymers was found to allow partial replacement of Li, resulting in reduced
consumption of this rare element (Figure 5). However, alginate and lithium do not show a strong
synergistic interaction. Up to a certain acceleration the biopolymers can completely replace
lithium. However, beyond this point, the effect of lithium dominates the acceleration and the
addition of a biopolymer only slightly further increases the acceleration.

Li,CO, e Secar 51
/ il AN

alginate /

0
+0.0038 % Li,CO; f FOLNCS

+ 0.05 % alginate

||

| \\ = / N
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e ——
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Figure 5. Accelerating properties of alginate, lithium carbonate and a mixture of both on CAC
(Secar 51), as determined by heat-flow calorimetry (w/c = 0.62).

Interaction of accelerating biopolymers with ions in cement pore solution
As described in the introduction, alginates and carrageenans can interact with cations.
Especially calcium ions are strongly complexed by the GG blocks of the alginate. This chemical
binding reduces the concentration of Ca’*" in the cement pore solution of Ciment Fondu
(w/c = 0.5) by 25 % after addition of 0.2 wt.% alginate (Figure 6). Over time a slight reduction
in the calcium concentration is observed due to the crystallization of hydrate phases. When
setting and hardening occurs resulting from bulk crystallization, then a stronger drop in the
calcium concentration was monitored.

A comparison of the concentration evolution over time in cement paste with and without
0.2 % of alginate shows a difference in the slope of the Ca** concentration reduction. In the
presence of alginate the amount of free calcium in solution decreases faster. This implies an
earlier formation of CAH phases which is consistent with the earlier hydration and strength
development of the CAC.
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Theoretically, the complexation of Fe** or AI*" is also possible, but because of the high pH in
cement pore solution those ions will form either [AI(OH)4]~ or insoluble hydroxides (e.g.
Fe(OH)3). As such, an interaction with the negatively charged carboxylate groups is unlikely.
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Figure 6. Time dependent ion concentrations of Ca’" in pore solutions extracted from Ciment Fondu with and
without 0.2wt. % alginate at w/c = 0.5.

Accordingly, the measurement of the aluminium concentration in solution showed a 10 %
increased concentration in the presence of 0.2 % alginate (Figure 7). Such increased solubility
of aluminate might be explained by the reduced amount of calcium in solution, which in turn
increases the solubility of the clinker phases.
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Figure 7. Time dependent ion concentrations of A" in pore solutions extracted from Ciment Fondu with and

without 0.2 wt.% alginate at w/c = (.5.

The reduction in Ca®* ion concentration is very surprising as this is normally associated with
retarded cement hydration. Therefore, the question arose how alginate would behave in
combination with known retarders. Here, it would be expected to find an increased retardation
as the amount of free calcium would be reduced severely by the combined calcium complexing
ability. To investigate, combinations of alginate with Nas-citrate and KNa-tartrate were tested.
When combined with them, alginate still accelerates and is able to not only compensate their
retarding effect, but even produce a significant acceleration, inspite of the free calcium
concentration in the pore solution being even substantially lower (= 40 % of the amount present
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in the neat cement paste) than in the presence of the alginate only. Furthermore, the amount of
aluminium ions in the pore solution was also reduced upon presence of the retarders in the CAC
paste. Therefore should be expected that for the observed free ion concentrations of Ca’* and
AL, the crystallisation of the CAH phases from the pore solution to be less favourable and
result in a retardation. That such a retardation cannot be observed implies an influence of the
alginate on the crystallisation of the hydrate phases.

Influence of accelerating biopolymers on phase development

When adding alginate to CAC, the hydration to CAH-phases proceeds as usual without the
formation of other hydration products (Figures 8). However, the main hydrate phase C2AHg
forms earlier when alginate is present in the in-situ XRD. Because of elevated temperature
(= 27.5°C) during the in-situ measurement, the hydration time and the hydration product differ
compared to normal temperature of 20°C. But still the same accelerating effect on addition of
the biopolymer could be observed.

Secar 51 CA

C>AHs

)

(]

=

s

- LALRALRN L \Q\,\, VORAMMAE R A AU A

E LALLM L A__..,,._A.a‘.*A_.-L-A....A_A‘_AAA

5 10 20 30 35
2 theta |°]
+ Alginate CA
C>AHg C>AHs

)

o

E

-

c

g TR LR

g O A L

>

s ) N 3 e A et e d Al A
5 10 20 30 35

2 theta [°]

Figure 8: In-situ XRD of Secar 51 (w/c = 0.45) hydrated for 16h with and without alginate (= 27.5°C).

A quantitative study of the evolution of the degree of hydration (at 20°C) using solid state NMR
spectroscopy accordingly came to the same conclusion. In the presence of alginate the
consumption of clinker commenced earlier and subsequently resulted in a premature formation
of hydrate phases compared to the reference (Figure 9). From the NMR investigation it can be
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concluded that the dormant period of the hydration is shortened significantly upon addition of
the biopolymer.
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Figure 9. Amount of clinker (A1-4) or hydrate (Al-6) phase after different reaction times (20 °C), determined
using MAS-NMR.

CONCLUSIONS

Alginate and carrageenan present suitable accelerators for aluminate cement, as proven by heat-
flow calorimetry and strength tests of mortar samples. Addition of such biopolymers shifts the
beginning of the hydration reaction to earlier times and results in higher early strength.
Compared to lithium salts, these biopolymers require significantly higher dosages and addition
of a superplasticizer to counteract their viscosifying effect. Combined application with lithium
salts is an option to reduce the lithium consumption.

The ability to complex calcium ions seems to be critical for the accelerating effect and is
very surprising. The reduction of the free calcium ion concentration in the pore solution is most
remarkable, as it normally points to a substance being a retarder. Such retarding effect was only
found for low-molecular weight alginates which in cement behave like other conventional
polysaccharides. Investigation of the working mechanism of these biopolymers revealed a
shortening of the dormant period as could be observed through earlier consumption of clinker
as well as an earlier formation of hydrate phases, respectively. We contemplate that the alginate
molecule interacts with the crystallization of these specific hydrate phases as no acceleration in
different binder systems (CSH or ettringite) could be observed.
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SUMMARY: Based on highly reactive multi-component binder systems, self-
levelling underlayments (SLUs) are especially vulnerable to preliminary surface
hydration when exposed to humidity and CO», in particular at elevated temperature.
Such prehydrated SLUs exhibit reduced flowability and workability. Likewise,
SLU performance can worsen when individual components suffer prehydration
before the formulation is prepared.

The main constituents of a typical SLU ternary binder system are Portland
cement (PC), calcium aluminate cement (CAC) and anhydrite. To gain a better
understanding of the system’s ageing behaviour, the constituents were prehydrated
individually at 35 °C and 90 % relative humidity. Interestingly, CAC containing
about 40 wt. % Al>O3 was found to age/prehydrate considerably less than Portland
cement CEM I 52.5 N by measure of weight increase during storage. Anhydrite
remained completely unaffected by these conditions.

In subsequent experiments, additives in powder form were mixed with the

binders before ageing. The presence of lithium carbonate accelerator increased
prehydration of CAC significantly. However, the common SLU retarders tartrate
and citrate surprisingly accelerated CAC ageing as well.
To further investigate the impact of prehydration on flowability, a model SLU based
on a PC/CAC/anhydrite ternary binder system was formulated with accelerator,
retarder and PCE superplasticizer. The reduced flowability found for a prehydrated
commercial SLU could be reproduced with this model system. To mitigate
flowability reduction, addition of calcium hydroxide was investigated.

The results show that the individual components of a formulation exhibit
different ageing behaviour, which is further changed by the presence of admixtures
during ageing.

Keywords: Admixture, ageing, cement, clinker phase, prehydration, self-levelling
underlayment (SLU), ternary binder system.

Calcium Aluminates: Proceedings of International Conference, Cambridge, England, 1 —3 June 2020. Fentiman CH,
Mangabhai RJ and Scrivener KL (Editors).
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INTRODUCTION

Self-levelling underlayments (SLUs) are used to obtain smooth surfaces on otherwise
uneven foundations before floor coverings can be installed ['?). Conventionally, Portland
cement (PC) is the basis for a SLU mortar. If rapid hardening is required in application,
a ternary binder system of PC, calcium aluminate cement (CAC) and calcium sulphate is
employed 341,

Upon contact with water, CAC-rich formulations quickly form large amounts of
ettringite in the presence of sulphate. The needle-shaped crystal morphology of the
ettringite along with its ability to incorporate high quantities of water cause rapid
stiffening of the SLU slurry. Furthermore, this water uptake leads to volume expansion
which counteracts shrinkage. However, to overcome the CAC’s energy barrier for
ettringite formation, accelerators are required, the most common of which is lithium
carbonate Li>COs. Lithium ions improve the dissolution of the main CaAl,O4 (CA)
clinker phase and form lithium-aluminium layered double hydroxide (LDH) precursors,
thereby decreasing the activation energy for aluminate hydrate formation °),

Furthermore, overly quick stiffening can reduce the workability time of the slurry
to such an extent that using a mechanical pump in application is no longer feasible.
Therefore, hydration retarders are applied to maintain sufficient workability. Commonly
used are o-hydroxycarboxylic acid salts such as tartrate and citrate. To achieve flowability
and self-levelling capacity without greatly increasing the water to cement (w/c) ratio,
superplasticizers are added. Thus, by design drymixed SLU formulations possess a high
reaction potential towards water. While advantageous in application, it makes SLUs
susceptible to premature hydration on particle surfaces upon exposure to atmospheric
humidity. This “prehydration” occurs when the formulation is aged unintentionally due
to insufficient protection against external environmental influences during storage.
Moreover, individual components might undergo prehydration even before the SLU is
formulated. An example is the milling of cement clinker after firing in the kiln. In this
process water is injected into the mill for temperature regulation, resulting in a partially
hydrated cement powder. Prehydration of cement can cause deficiencies in strength
development as well as unpredictability in setting behaviour and interaction with
additives [%7],

To get a better understanding of the prehydration mechanisms, we have investigated
the water sorption capabilities of Portland cement constituents in earlier works 51, It was
discovered that individual clinker phases start to sorb water at different levels of relative
humidity. The most hygroscopic clinker phase is orthorhombic (doped) C3A which sorbs
large amounts of water from 55 % RH upwards. It is followed by the silicate phases alite
(C5S) and belite (C2S) showing a comparatively minor water uptake which starts around
65 % RH. Non-doped, cubic C3A in turn sorbs a moderate amount of water, but only at a
relative humidity of 80 % and higher.

For this reason, in follow-up studies on cements and binder systems humidity levels
were increased to 90 % to guarantee that all clinker phases sorb water sufficiently. A SLU
model formulation based on a ternary binder system of PC, CAC and fluoroanhydrite
with the essential additives as described above was investigated ['*'!). Powder XRD made
evident that the high atmospheric humidity was sufficient to trigger the characteristic
strong ettringite formation of ternary binder systems within the first 24 hours of
prehydration. This led to an increase in the water demand due to the ettringite overgrowth
consuming water while also limiting access to the non-prehydrated inner part of the
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particles. As a result, producing a free-flowing paste with the aged formulation required
doubling the w/c ratio from 0.25 to 0.50.

Still, at w/c = 0.50 the SLU with tartrate showed a 40 % reduction in spread flow
after one day of prehydration compared to the paste from the fresh formulation. After
three days, this difference even increased to 70 %. Interestingly, prehydration inverted
the performance of citrate. Using citrate instead of tartrate in a fresh SLU led to a higher
initial spread flow but worse fluidity retention. However, after prehydrating the
formulation for three days before adding citrate, initial flowability was nearly zero but
increased constantly until reaching a maximum after two hours. Such unpredictable
retarder behaviour after prehydration is not unique, we have also reported about varying
performances of gluconate and pyrophosphate in PC and clinker phases ['?).

Thus, our previous investigations revealed the profound impact of prehydration on
binder systems and their constituents. In this work, we aimed to expand on the results
obtained so far by taking a closer look at the ageing of the individual components of a
ternary binder system, namely PC, CAC and anhydrite. Furthermore, to complement the
research on Portland cement clinker, we investigated the ageing of the major aluminate
cement clinker phases. Moreover, ageing of a model SLU formulation was investigated
and the results were compared with those obtained from a commercial SLU. Finally, the
differences between citrate and tartrate used in the formulation were studied.

EXPERIMENTAL PROCEDURES

SLU formulation
The composition of the model SLU formulation used in this study as displayed in Table 1
is based on previous works [10,11]. For the PC component of the ternary binder system
a CEM 152.5 N (Milke®, HeidelbergCement AG, Ennigerloh plant, Germany) which is
regularly used in drymix applications was chosen. Ciment Fondu® (Kerneos S.A., Neuilly
sur Seine, France) is a common CAC with an Al,O; content of nearly 40 wt. %. Sulphate
was provided in the form of fluoroanhydrite (Solvay Fluor, Bad Wimpfen, Germany),
which contained a slight fluorite impurity and had a pH of 8.5 in H2O.

Added to the ternary binder system were lithium carbonate (Chemetall, Frankfurt
am Main, Germany), polycarboxylate ether (PCE) superplasticiser (Melflux® 2651 F,
BASF, Ludwigshafen, Germany) and either sodium potassium tartrate (Jungbunzlauer,
Basel, Switzerland) or sodium citrate (Merck, Darmstadt, Germany). The SLU
formulation was prepared by drymixing binders and additives together for two hours
using an overhead shaker Reax 20 (Heidolph, Schwabach, Germany).

Table 1. Composition of simplified model SLU formulation used in this study.

Constituent Function Share [wt. %]
PC (CEM I 52.5 N Milke®) Binder 47.16
CAC (Ciment Fondu®, 40 % ALOs) Binder 32.70
CaSOy (Fluoroanhydrite) Binder 19.04
Lithium carbonate Accelerator 0.30

di tassi tartrate tetrahydrat
Sodium po a.ssmn? artra .e etrahydrate Retarder 0.40
or sodium citrate dihydrate

PCE (Melflux® 2651 F) Superplasticiser 0.40

Total 100.00
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Clinker phases

The aluminate clinker phases Cs3A, Ci2A7, CA and CA> were synthesised according
to [13] in a chamber furnace (Nabertherm, Lilienthal, Germany). After sintering, the
calcium aluminates were ground and sieved to match the particle size of the Ciment
Fondu® CAC used in this study (dso = 18 pm). To enable ettringite formation, they were
mixed on a 1 : 1 basis (by weight) with calcium sulphate dihydrate (gypsum).

Ageing of samples

The drymixed model SLU formulations, the commercial SLU and the individual
components of the ternary binder system were spread out on 60 x 135 cm Plexiglas®
plates in portions of 250 g each. The samples were then exposed to 35 + 2 °C and
90 + 5 % RH for varying periods in a custom-built climate controllable box (Figure 1).
After ageing, the powders were scraped off the plates. Weight changes of the samples
were then determined on a laboratory balance (Sartorius, Gottingen, Germany).

Fig. 1: PC powder spread on a plate (left) prior to ageing at 35 °C / 90 %, and afterwards (right).

Characterisation of ageing products

For monitoring the ageing progress with powder XRD, plastic sample carriers were
prepared with samples of binders and clinker phases and continually aged in the climate
box. XRD identification of the ageing products was carried out at a D8 Advance (Bruker
AXS, Karlsruhe, Germany) instrument using a CuK, source. As the peak intensities of
the ageing products increased with ageing time, the peaks of the cement constituents
simultaneously receded. Quantifying the conversion by means of XRD however proved
not feasible. During prehydration water is not exclusively chemically sorbed, but also
physically bond to the surface, thus lowering the XRD signal intensity of aged samples.

Paste flow

3cm The flowability of both fresh and prehydrated formulations was
tested by a “mini slump test” according to DIN EN 12706 [14]
using a brass cylinder with an inner diameter of 30 mm and a
height of 50 mm (Figure 2). First, the cylinder is positioned on
a neat glass plate and completely filled with paste prepared
from the formulation and DI water (w/f = 0.45). The cylinder
is then lifted up and the paste allowed to flow out for ten
seconds. After four minutes the paste spread on the glass plate
is measured. The results for the model formulation were
compared to those of a commercial SLU (K75 DR, Ardex,
Witten, Germany).

wd g

Fig. 2: Slump cylinder used
in flowability investigations.
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RESULTS AND DISCUSSION

Ageing of ternary binder system components and clinker phases

Binders — PC, CAC and anhydrite

During ageing, cementitious materials increase in weight due to reaction with water and
CO> from the atmosphere. Figure 3 shows the weight increase for the three components
of a SLU ternary binder system after being individually exposed to 35 °C and 90 %
relative humidity for 1, 3 and 7 days.

Of the three components, PC displayed the largest weight increase by far. A 7 days
aged sample weighed ~ 12 % more than before prehydration. In the same timeframe, the
weight of the CAC sample only increased by about 3.5 %, and anhydrite did not change
in weight at all.

This was unexpected, since it was believed that the aluminate-rich CAC would
quickly form large amounts of calcium aluminate hydrate (C-A-H) phases upon contact
with moisture. Likewise, anhydrite was assumed to incorporate water resulting in
hemihydrate (basanite) or dihydrate (gypsum). On the other hand, silicate rich PC was
expected to age slower based on the aforementioned earlier investigations of alite and
belite. Unlike CAC, PC contains sulphate and is therefore able to produce ettringite.
However, considering that PC contains only ~ 4 % C3A, this huge increase in weight after
exposure to humidity is surprising.
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Fig. 3: Weight increase of components of a ternary binder system during ageing at 35 °C
and 90 % RH for up to seven days.

To get a better understanding of the processes taking place during ageing, the
surfaces of PC and CAC powders placed on plastic sample carriers were periodically
examined by XRD, thus allowing for continuous monitoring of their surfaces. This makes
the results for different ageing periods more comparable instead of samples which were
prepared for every measurement individually and may show inconsistencies. Moreover,
it avoids damaging the sensitive prehydrated particle surfaces which would occur during
fixing aged samples onto the sample holders.

The XRD measurements of fresh and 14 days aged PC as well as CAC are displayed
in Figure 4. The results match the earlier observations from determination of the weight
increase, because the surface of the PC sample undergoes more significant changes than
the CAC. Taking X-ray amorphous calcium silicate hydrates (C-S-H) out of the picture,
PC predominantly formed calcium carbonate (CaCO3) in the calcite modification. No
portlandite was detected and ettringite only in a very small amount. This is a result of



180 ANHANG

Hartmann, Engbert and Plank

carbonation. On contact with CO., portlandite and ettringite decompose to CaCOs,
aluminium hydroxide Al(OH);3, calcium sulphate and water.

The CAC in comparison formed only minor quantities of a different CaCO3
modification, aragonite. No C-A-H phases were detected, the only indicator of a reaction
with H>O consisted of a small amount of bayerite, an AI(OH)3 polymorph. Pure anhydrite
did not undergo any visible changes in the XRD during the first 14 days of ageing. Only
after exposure for two months, a very low concentration of gypsum could be detected. In
summary, the individual behaviours of the ternary binder system components displayed
in weight increase and XRD are consistent.

Cement constituents AH: Anhydrite CA: CaAl,04 C3S: Ca;3SiOs C3A: CazAlL 06

Ageing products A: Aragonite B: Bayerite C: Calcite E: Ettringite
CS+C
PC CAC
AH CA
CsS
CsS CA
C ¢ C 5 A &
1) e LJU 14d 14d
CsS
AH A
GCsS -
(O
CA
GCsS
A | fresh fresh
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
°2 Theta °2 Theta

Fig. 4: XRD patterns of fresh and 14 days aged PC (in blue, left) as well as CAC (in red, right), shown in
the range of 5 — 50° 20 with cement constituents and ageing products marked.

Aluminate phases — C3A, C1247, CA, CA>

In the previous part, the prehydration of CAC in the absence of sulphate was studied,
hence ettringite formation was not possible. For this reason, the ageing of combinations
of pure aluminate phases and sulphate was investigated next. The primary aluminate
phase in PC used in this study is undoped, cubic C3A. For Ciment Fondu® it is
CaAl,O4 (CA). Other aluminate phases commonly encountered in aluminate cements are
C12A7 and CA». All four phases were individually aged after drymixing with calcium
sulphate dihydrate (gypsum) on a 1 : 1 basis (by weight) to enable ettringite formation.
Gypsum was chosen over hemihydrate or anhydrite to eliminate sulphate hydration as a
side reaction.

Figure 5 shows the XRD patterns of C3A and CA combined with gypsum, both
fresh and after 14 days of ageing. Aged C3A exhibits strong ettringite formation while the
CA does not react at all. C12A7 and CA» likewise remained unaffected after this ageing
time. Only after 28 days at 35 °C and 90 % RH did the three aluminate phases show small
concentrations of AI(OH)s. In contrast, the ettringite formed by C3A had decomposed at
this point.
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Fig. 5: XRD patterns of fresh and 14 days aged aluminate clinker phases mixed with gypsum to enable
ettringite formation. C3A (blue, on the left) and CA (red, on the right) are shown in the range of 5 — 50° 20.

Influence of additives on the ageing of PC and CAC

Lithium carbonate accelerator

The results presented so far indicate a low reactivity of the aluminate phases towards
humidity, both their pure form and in the presence of sulphate. This underlines the need
to use accelerators to activate the CAC, as is known from actual application. We
subsequently mixed PC and CAC with lithium carbonate accelerator prior to ageing. The
Li>COs dosage was chosen based on the relative portion of the two cements in the model
SLU formulation (Table 1). PC comprises almost half of the formulation (47.16 wt.%),
therefore it was mixed with 0.63 wt.% Li»COs, which is slightly more than twice the
0.30 wt.% used in the SLU formulation. CAC makes up almost one third the formulation
(32.70 wt.%), thus it was mixed with 0.91 wt.% Li>COs.

A comparison of the weight increases with and without accelerator after 1 day of
ageing at 35 °C and 90 % RH is shown in Figure 6. Lithium addition only slightly
enhances weight increase of PC from 5.5 to 6.2 %. However, at 8.8 % the weight increase
of CAC with accelerator is more than seven times higher than without (1.2 %). This
difference was also visually observed, as the CAC sample aged with Li>CO3 formed large
platelets like PC (Figure 1). In contrast, the pure CAC remained in a powdery form, more
closely resembling the fresh cements.

XRD investigation of the CAC aged with lithium for 1 day revealed formation of
CaCOs and AI(OH)3 analogous to PC. In addition, the Li>CO; had converted to the
accelerating [Li2Al4(OH)12](OH)2 - 3 H>O layered double hydroxide (LDH). This shows
that lithium acceleration does not require quantitative amounts of water and can already
be activated during storage at elevated humidity.
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Fig. 6: Comparison of the weight increase after 24 hours of ageing with
Li>COs at 35 °C /90 % RH. PC (blue) and CAC (red) were aged neat as
well as after addition of 0.63 % (CAC 0.91 %) bwoc Li>CO:s.

Tartrate and citrate retarders

In a second series of experiments we added tartrate and citrate instead of lithium
carbonate to the cements prior to ageing. Relative to the model SLU formulation, this
amounted to dosages of 0.84 wt.% for PC and 1.21 wt.% for CAC respectively.

As is shown in Figure 7, both retarders surprisingly accelerated the weight increase
over 24 hours, thus displaying a behaviour similar to Li>COs. Tartrate had about the same
effect on PC as lithium (6.4 % weight increase), whereas citrate addition led to a
significantly higher weight increase of 10.0 %. Citrate had a stronger impact than tartrate
in CAC as well. Unlike Li>COs, the overall weight increase of CAC with retarders was
lower than for PC. Furthermore, no compounds containing tartrate or citrate were detected
by XRD, just CaCO3 and AI(OH);. This makes a unique interaction between the retarders
and the CAC such as the formation of LDH intercalation compounds unlikely.

121 10,0
10 8,6

6,4

Weight increase [%]
(@)}
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PC PC + PC + CAC CAC + CAC +
Tartrate Citrate Tartrate Citrate

Fig. 7: Comparison of the weight increase after 24 hours ageing with retarders at 35 °C /
90 % RH. PC (blue, on the left) and CAC (red, on the right) were aged neat as well as after
addition of 0.84 % (CAC 1.21 %) bwoc of tartrate or citrate.

Not only did retarder addition unexpectedly accelerate ageing, it also altered the outward
appearance of the samples with spotty discolourations appearing on their surfaces during
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ageing (Figure 8). In order to get more insight into the additives’ reaction at elevated
humidity and temperature, we exposed small quantities of pure Li>COj3 and retarders to
35°C /90 % RH as well.

Tartrate and citrate turned out to be hygroscopic, both increasing their weight by ~ 15 %
over 7 days. The citrate even incorporated the sorbed moisture into its crystal structure,
changing from a dihydrate to a pentahydrate. Li2CO3 on the other hand remained
unaffected due to its low solubility in water compared to other lithium salts.

We assume that tartrate and citrate accelerate the weight increase of PC and CAC
due to a combination of their hygroscopicity and particle size. After mixing, the coarse
retarder crystals are distributed in the fine cement powder. The facilitated uptake of water
via these isolated particles leads to areas of strong prehydration, visible as discolourations
on the powder surfaces.

Fig. 8: Surface discolourations of the model SLU formulation (left) and of pure PC (right), appearing when
aged with citrate at 35 °C and 90 % RH.

Impact of ageing on SLU flowability

Comparison between model SLU formulation and commercial SLU

The most important difference between the model SLU formulation and the commercial
product is that the latter is “fully formulated”, meaning it contains fillers like quartz sand
and limestone as well as auxiliary additives such as redispersing polymers. The model
formulation comprising the ternary binder system and its additives thus only represents
the reactive key component (~ 35 wt.%) of a fully formulated SLU.

Figure 9 compares paste spread and mass increase of the model formulation (with
tartrate as retarder) and the commercial SLU K75 DR. Before ageing, both reached a
spread of 23 cm at a water-to-solid (w/s) ratio of 0.45. During ageing K15 DR lost
flowability faster than the model formulation. It reached the minimum paste spread
already after 24 hours of exposure to moisture. Increasing the ageing duration did not
change the fluidity any further. This corresponds to the weight increase of the sample,
which stopped after 1 day.

The model formulation on the other hand displayed a more gradual decline in
flowability, the early stages of ageing still having the strongest impact. The corresponding
weight increase mirrors the flowability development, similar to the commercial product.

The fillers in the K75 DR SLU are chemically inert towards water but can physically
sorb moisture. This explains that the weight increase of the commercial product overall
is lower but achieves its maximum after just 24 hours of exposure. The physical sorption
of water further leads to agglomeration of filler particles which reduces initial flowability.
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Fig. 9: Comparison between model SLU formulation (with tartrate as retarder) and a commercial SLU
(Ardex K15 DR). Shown are paste spread at a w/s ratio of 0.45 (left) and the weight increase (right) of
samples aged at 35 °C / 90 % RH for up to seven days.

Delayed plastification and measures to counteract ageing effects

In a previous study [11] we reported that ageing leads to delayed plastification, meaning
that the flowability of a paste prepared from an aged sample of the model formulation
increases over time. However there, the retarders had not been aged together with the
other components of the model SLU and instead were added only during paste
preparation. Now we conducted these experiments with the whole model formulation
aged together. The results obtained were practically identical with those from the previous
study and are shown in Figure 10 on the left for reference.

In order to find measures to mitigate the negative impact of ageing on paste
flowability we investigated the impact of adding calcium hydroxide Ca(OH)> to the SLU
formulation. Ca(OH); addition has originally been suggested to prevent the formation of
so-called hydrate spheres in ternary binder systems [15]. Hydrate spheres are inclusions
inside the hardened matrix that develop due to inhomogeneous setting and are regularly
encountered in tartrate-retarded ternary binder systems used in drymix applications [16].

In this study, we tested the addition of 1.0 and 2.5 wt.% Ca(OH), to the model
formulation containing tartrate prior to ageing for three days. As can be seen in Figure 10
on the right, Ca(OH)> generally increased fluidity which might be owed to its high
hygroscopicity which prevents other phases from prehydration. The positive effect on
flowability diminished over time due to the aforementioned delayed plastification.
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Fig. 10: Paste spread of the model SLU formulation before and after ageing (w/s = 0.45). On the left,
different ageing periods are compared. The results shown on the right were obtained with addition of
Ca(OH); prior to ageing for 3 days.
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CONCLUSION

The aim of this study was to further our understanding of the ageing behaviour of SLU
formulations. First, we investigated the impact of prehydration on individual constituents
of the ternary binder system which presents the basis of a SLU. Samples were exposed to
35 °C and 90 % RH over varying periods of time in a climate box.

Unexpectedly, PC displayed a higher weight increase during ageing than CAC,
while anhydrite did not change in weight at all. This was confirmed by XRD analysis
with PC samples undergoing significant changes on their surface. PC predominantly
formed CaCOs (calcite modification) with atmospheric CO2 and minor quantities of
ettringite. CAC on the other hand produced only small amounts of CaCO3 and AlI(OH);,
with no C-A-H being formed under the ageing conditions applied.

We investigated potential ettringite formation during ageing by mixing pure
aluminate clinker phases with gypsum prior to prehydration. As was observed for neat
PC, C3A also produced quantitative amounts of ettringite during ageing while CA, Ci2A7
and CA» remained unaffected by moisture.

These results confirmed the need to use accelerators to activate the CAC contained
in the ternary binder system. While the weight increase of PC aged with Li»CO3 was only
slightly accelerated, the weight of CAC increased sevenfold. XRD analysis confirmed the
formation of a [Li2Al4(OH)12](OH)2 - 3 H,O LDH in CAC during ageing.

Ageing of PC and CAC with tartrate or citrate retarder instead of Li>CO3
surprisingly accelerated the weight increase as well. In their pure form the retarders turned
out to be hygroscopic at 90 % RH. In combination with the relatively large particle size
of the retarders, this led to isolated spots of strong prehydration on the cement surface.

We compared the paste spread of a model SLU formulation with that of a
commercial SLU (K15 DR). Before ageing, both reached a similar spread, whereas after
24 hours in the climate box the commercial product showed a stronger reduction in
flowability than the model formulation. K75 DR contains fillers like quartz sand and
limestone besides the ternary binder system. These non-hydrating fillers can physically
sorb moisture, thus possibly causing particle agglomeration which results in additional
flowability loss. To counteract the ageing effect on SLUs, we tested the addition of
Ca(OH): to the model formulation which had a positive impact on early flowability.

The experiments conducted in this study show that the combination of numerous
components contained in a SLU increases its susceptibility to ageing. Apart from the
binder system, additives and even aggregates play a role in determining ageing behaviour.
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Alginate als neue Beschleuniger fir
Aluminatzemente

A. Engbert, M. Dinkel, J. Plank
Technische Universitat Minchen, Lehrstuhl fur Bauchemie
Lichtenbergstr. 4, 85747 Garching, Deutschland

Einleitung

Fur die Beschleunigung von Aluminatzementen werden Lithiumsalze
wie z.B. Li2COs eingesetzt. Dieses bildet beim Anmischen eine
LDH-Verbindung ([Li2Al4(OH)12](OH)2-3H20), welche isostrukturell zu
C2AHg ist, und als heterogenes Nukleationssubstrat fir die
Kristallisation dient /1/. Der Einsatz von Lithium in der Bauindustrie wird
jedoch durch die zunehmend problematischere Versorgungssituation,
bedingt durch den stetig steigenden Bedarf an Lithiumbatterien fur
Smartphones und Elektromobilitat, gefahrdet.

Alginate sind Polysaccharide, welche aus 1 —4 glycosidisch
verknUpften Mannuron- und Guluronsduren aufgebaut sind. Durch
unterschiedliche VerknUpfungssequenzen (siehe Abbildung 1) der

Na+ "00C Na+ ooc
%\ uegg bOX“

shape
-G-G-G-

\r Na+ ‘00C” “OH Na+ 00c”
Na+ -00C OH Na+ -00C .
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Abb. 1: Chemischer Aufbau sowie unterschiedliche Verknipfungs-
mdglichkeiten von Mannuronsaure (M) und Guluronsaure (G) in Alginaten.
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Zucker werden die Sekundarstruktur und damit die Eigenschaften des
Alginats stark beeinflusst. Die Carboxylat-Gruppen ermdéglichen eine
Bindung von Ca?", welches in den G-Blocken (,egg box®)
konformationsbedingt besonders glnstig komplexiert werden kann
(siehe Abb. 2) /2/. Aufgrund dieser Fahigkeit, die mit bestimmten
Kationen wie z.B. Ca?* zu einer starken Gelbildung fiihrt, findet das
Hydrokolloid Alginat z.B. in Lebensmittelzubereitungen Anwendung.

Abb. 2: Schematische Darstellung der intermolekularen Wechselwirkung
zwischen Metallkationen (hier: Ca?*) und einem Alginat nach dem egg-box-
Modell /2/.

Uberraschenderweise wurde gefunden, dass das Biomolekiil Alginat
beziglich der Beschleunigung von CAC eine Alternative zu Lithium-
salzen darstellt. In friheren Untersuchungen zur Interkalation von
Exo-Polysacchariden in LDH-Strukturen hatte sich gezeigt, dass
Alginate Calciumaluminatzemente, nicht jedoch Portlandzement
beschleunigen /3, 4/.

Ziel der vorliegenden Studie war es, diesen beschleunigenden Effekt
auf die Hydratation von CAC, welcher fir Polysaccharide untypisch ist
(alle bisher getesteten Polyssaccharide verzdgern), zu quantifizieren
und Einblicke in den Wirkmechanismus zu erhalten.

Da es sich bei Alginaten um Naturprodukte handelt, welche aus
verschiedenen Braunalgen-Spezies (phaeophyceae) extrahiert werden,
kann ihre chemische Zusammensetzung je nach Gattung und Art der
Alge sowie der Erntezeit stark variieren. Aus diesem Grund wurde eine
sehr breite Auswahl an Alginaten untersucht.

Material und Methoden

Insgesamt 26 verschiedene Alginat-Muster wurden von den Firmen
KIMICA, FMC, Eurogum, Cargill, Danisco, Roeper und Polygal
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bezogen. Polyguluronsaure und Polymannuronsaure (Mw >5000 Da)
wurden von Carbosynth erhalten. Die Aluminatzemente Secar 41, 51,
71, 712, 80 sowie Ciment Fondu, Ternal LC und Ternal SE stellte die
Firma Kerneos zur Verfligung.

Der Hydratationsverlauf wurde an CAC-Pasten durch Anmischen von
4 g Zement, welchem die Alginate trocken zugegeben waren, bei einem
Wasser/Zement-Wert von 0,62 untersucht. Hierfir wurde die Probe
zwei Minuten mittels eines Vibrations-Mischers homogenisiert und
anschlieBend die Ampulle in ein TAM AIR Warmeflusskalorimeter
eingefihrt. Alle Proben wurden mindestens zweimal vermessen, das
Ergebnis gemittelt und daraus die Genauigkeit bestimmt.

Die Bestimmung der lonenkonzentration in Porenlésung erfolgte mittels
ICP-OES. Hierfur wurde der Zement bei w/z = 0,45 ohne bzw. mit 0,1 %
(bezogen auf Zement, bwoc) an Alginat fir zwei Minuten am Vibrations-
Mischer homogenisiert und fir 15 Minuten abzentrifugiert /3/.

Ergebnisse und Diskussion
Wirkung in Calciumaluminatzement

Ein Screening von 26 kommerziellen Alginaten der oben genannten
Firmen zeigte, dass alle Natriumalginate eine recht &hnliche
beschleunigende Wirkung aufweisen (Beispiele siehe in Abb. 3). Die
Unterschiede sind u.a. auf die Viskositat, welche mit dem Molekular-
gewicht Kkorreliert, und die PartikelgroRe des Alginatpulvers
zurtckzufuhren.

Mit Propylenglycol veresterte Alginate, welche einen Veresterungsgrad
von >70 % und somit im Wesentlichen Carboxylatgruppen aufweisen,
welche fur die Wechselwirkung mit Kationen blockiert sind, zeigen
ebenfalls einen beschleunigenden Effekt (siehe Abb. 3). Somit ist die
Carboxylatgruppe fur die Beschleunigung nicht maf3geblich.

Weitere Hydrokolloide (A-Carrageen, Pektin und verschiedene Gums)
ergaben die fur Polysaccharide Ubliche verzégernde Wirkung. Die
Homopolymere Polymannuron- und Polyguluronsaure zeigten im
Gegensatz zum Alginat keine Beschleunigung, sondern eine
verzégernde Wirkung.

Die beschleunigende Wirkung eines Alginats auf CAC ist je nach
verwendetem Aluminatzemente sehr unterschiedlich. Tabelle 1 zeigt
beispielhaft die Ergebnisse des Na-Alginats XEA5036 der Fa. Eurogum.
Es zeigte sich, dass eine Dosierung von 0,1 % bwoc des Alginats eine
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Verkirzung des Maximums der Hydratationswarme um 15-45%
abhangig vom Aluminatzement ergibt. Eine Ausnahme stellt Secar 80
dar, bei welchem nur eine vernachldssigbare Beschleunigung zu
beobachten war, welche evtl. auf die wesentlich héhere Feinheit dieses
Zements im Vergleich zu den Anderen zurtickzufuhren ist.

Secar 51

Referenz
+ Kelcoloid K3B426 &
(Propylenglycolalginat)

+ Algin I-1

+ XEA5036 —>,

Warmefluss

Zeit [h]

Abb. 3: Warmeflusskalorimetrie von CAC (Secar 51) ohne und mit
verschiedenen Alginaten (Dosierung jeweils 0,1 % bwoc ; w/z=0,62).

Tab. 1: Vergleich der beschleunigenden Wirkung des Alginates XEA5036 bei
0,1 % sowie 0,2 % Dosierung in verschiedenen Aluminatzementen.

Dosierung des Alginats

CAC 0,1 % 0,2 %
Ciment Fondu ~ 30 % ~25%
Secar 41 ~30 % ~20 %
Secar 51 ~45 % ~ 50 %
Secar 71 ~ 30 % ~40 %
Secar 712 ~ 30 % ~40 %
Secar 80 ~ 5 % ~15 %
Ternal SE ~20% ~40 %
Ternal LC ~50 % ~ 60 %

Es wird vermutet, dass die unterschiedliche Beschleunigung auf die
verschiedene mineralogische Zusammensetzung der Zemente
zuruckzufuhren ist.
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Hohere Alginat-Dosierungen (0,2 % bwoc) fihrten in der Regel zu
keiner wesentlichen Verbesserung der Beschleunigung (siehe Tab. 1).
Eine Ausnahme stellen die Zemente der Ternal-Serie dar, welche in
ihrer PartikelgréRe gréber sind als die homologen Zemente der Secar-
Serie. Sie werden bei einer Dosierung von 0,2 % Alginat um bis zu 60 %
beschleunigt.

Wirkung in anderen Zementen

In einem Calciumsulfoaluminatzement (= 58 % Ye’elimite, i.tech ALI
PRE der Firma ItalCementi) zeigte das Alginat keine nenneswerte
Beschleunigung (5 % bei 0,2 % Dosierung). Auch OPC-reiche ternare
Bindemittelsysteme, welche ihre Frihfestigkeit aus der Ettringitbildung

beziehen, ergaben ebenfalls keine signifikante Beschleunigung (siehe
Abb. 4).

Ternares Bindemittelsystem
OPC/CAC/AH

+0,3 % bwob Li,CO;

+ 0,6 % bwob Alginat XEA5036

Warmefluss

ternares Bindemittel

b\//\

0 56 64
Zeit [h]

Abb. 4: Warmefluss eines terndren Bindemittelsystems ohne und mit Alginat
im Vergleich zu Lithiumcarbonat (w/z=0,5, bestehend aus CEM | 52.5N/
Ciment Fondu/Anhydrit und Seignettesalz sowie einem PCE-FlieBmittel).

Eine Untersuchung der lonengehalte in der Zementporenlésung von
Ciment Fondu zeigte fur 0,1 % Alginat eine Reduktion der Ca?*-
Konzentration um 16 % /3/. Dies spricht flr eine deutliche lonenbinde-
fahigkeit des Alginats, welche fur einen Beschleuniger untypisch ist,
denn Ca?*-Komplexierung fuhrt in der Regel zu einer Verzégerung der
Hydratation, da die Calciumionen dann zur Bildung der Hydratphasen
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nicht zur Verfugung stehen. Es ist deshalb erstaunlich, dass Alginate
trotz dieses Effektes als Beschleuniger wirken.

Zusammenfassung

Alginate eignen sich als Beschleuniger flr Aluminatzemente, wie mittels
kalorimetrischer Untersuchungen gezeigt wurde. Die Alginate
beschleunigen - bei gleicher Dosierung - jedoch wesentlich geringer als
Li2CO:s. Sie stellen deshalb nur dann einen Ersatz fur Lithium-Salze dar,
wenn eine Beschleunigung von 30 % bis 45 % gewdlnscht ist. Ist eine
starkere Beschleunigung erforderlich, kann Lithiumcarbonat mit Alginat
kombiniert werden, sodass sich immerhin ein geringerer Verbrauch an
Lithiumsalz ergibt. Zu beachten ist beim Einsatz von Alginaten ihre
verdickende Wirkung im Zement, die vorteilhaft oder nachteilig sein
kann, je nach Anwendung.

Mechanistische  Untersuchungen zeigten, dass Alginat die
Ca?*-Konzentration in der Porenlésung von Aluminatzementen
reduziert, was fur einen Beschleuniger untypisch ist. Das fur die
beschleunigende Wirkung des Alginats verantwortliche Strukturelement
konnte bisher nicht ermittelt werden. Es ist denkbar, dass dieses
Strukturelement eine noch wesentlich starkere Beschleunigung
hervorruft, welche allerdings durch die nachgewiesene Calcium-
Komplexierung zum Teil wieder neutralisiert wird.

Die aktuellen Untersuchungen konzentrieren sich auf die Wirkung der
Alginate auf reine CAC-Klinkerphasen. Des Weiteren werden derzeit
Alginate von Braunalgen anderer Arten besorgt (vor allem aus Asien,
die bisher nicht untersucht wurden), um deren Einfluss auf das
Abbinden von CAC zu ermitteln. Schliellich dienen weitere
Untersuchungen dazu, die fur die Beschleunigung verantwortliche
Struktureinheit im Alginat bzw. den Wirkmechanismus aufzuklaren.
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1. Introduction

The most efficient way to accelerate the hydration of calcium alumina cements and
ternary binder systems is the addition of a lithium salt. Most frequently used is Li>COs3
which is dosed between 0.005 and 0.1 wt.-%, depending on the specific application and
the binder system. When lithium ions are present, the hydration of the aluminate phases
is accelerated through six pathways. This leads to a potent effect in pure aluminate
cement that is also strong in the presence of CSH. Those six pathways are: (1) improved
dissolution of CA through an increased permeability of the aluminum hydroxo hydrate
layer; (2) the thus increased CaO/Al,Os3 ratio in solution thermodynamically promotes the
formation of C,AHg; (3) formation of [Li2Al4(OH)12](OH)2-3H2O LDH as precursor
decreases the activation energy necessary for the crystallization of C,AHs; (4) Li* is
catalytically recycled by AP* fixation; (5) the LiAl-LDH reduces the AI** concentration in
solution and (6) dissolution of CA is increased by a lower AlI** content in solution [1].
However, the availability of lithium salts in the construction industry is becoming
increasingly problematic because of the high demand for lithium ion batteries. The
growing market for mobile phones and electric cars will in the future negatively affect the
price and the supply security for lithium to the construction industry.

While performing a study on the intercalation of exopolysaccharides into layered double
hydroxide (LDH) compounds, an unusual behavior was observed for alginates when
tracking the hydration of alumina cement via heat flow calorimetry. An in-depth
investigation concluded that alginates act as accelerator for CAC by prematurely
triggering its hydration. This effect was very surprising, because so far polysaccharides
were only known to retard cement hydration. Following this discovery, research on the
interaction of the alginates with cement and their accelerating mechanism was
intensified. When screening a broad variety of biopolymers, such an accelerating effect
was also discovered for carrageenan and propylene glycol alginate.

Alginates are composed of mannuronic (M) and guluronic (G) acid that are linked a-1—4
and B-1—4 into a polymer with a molecular weight between 10.000 and 600.000 Dalton
(Figure 1). The sugar monomers (M and G) can be linked in different sequences like
MM, GM and GG which results in different steric arrangements. The ratio between those
blocks is mostly responsible for the properties of the polymer. The GG blocks are
important for the strong gelling properties of alginate in the presence of divalent cations
like Ca®*. Because of its characteristic appearance, this complexation mode with Ca?* is
named “egg-box” model (Figure 2) [2,3].

Carrageenans are generally composed of galactose and 3,6-anhydrogalactose which
are linked a-1—4 and B-1—3 into a polymer with a molecular weight between 200.000
and 800.000 Dalton (Figure 1). Kappa (k) and iota (1) carrageenan differ by the degree
of sulfatation while the lambda (L) modification is structurally different and shows a
different behavior in solution as well as relative to interaction with ions. Similar to
alginates, k- and I1-carrageenan form a gel in the presence of specific cations by bridging
the sulfate groups (Figure 3) [2,3]. A-carrageenan does not form such gels and shows
no accelerating effect on cement hydration.
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Figure 1: Chemical structures of alginate and carrageenan.

Alginates and carrageenans are biopolymers of natural origin and extracted from brown
(alginate) or red (carrageenans) algae. Because of different algae species, growth
conditions and processing after harvest, their chemical composition and molecular
weight varies.

Figure 2: Complexation of calcium ions by alginate according to the “egg-box” model resulting
in gel formation [4].

The aim of this research was to characterise and understand this unusual property of
both biopolymers. In order to investigate the effect of diverse natural origin, different
alginate as well as carrageenan products from different companies with variable
properties were tested. Additionally, their accelerating effect on different alumina
cements was investigated. This is necessary because of the different mineralogical
compositions resulting mainly from the ratio of CaO/Al.O3/Fe>O3 present in the clinker
production.
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Figure 3: Complexation of calcium ions by carrageenans leading to gel formation [2].

2. Experimental program

2.1. Raw materials

KIMICA, Eurogum, FMC, Roeper, Cargill, Danisco and Polygal generously supplied over
twenty different alginates. Ten different carrageenans were provided from Eurogum,
Roeper and FMC. Kerneos supplied various alumina cements.

2.2. Experimental procedures

The progress of cement hydration was tracked using isothermal heat flow calorimetry.
Four grams of cement were added into sealable 10 mL glass ampules containing the
previously placed biopolymer sample. The binder was mixed with deionised water and
homogenised with a vortex mixer (VWT 1419, VWR, Ismaning, Germany) for two
minutes. The ampoule was placed in an isothermal conduction calorimeter (TAM air,
Thermometric, Jarfélla, Sweden) for monitoring the heat flow.

Mortar testing was performed according to DIN EN 196-1 and the strength was
determined at different times of hydration using a ToniNORM instrument (Toni Technik,
Berlin, Germany). The mortar consists of 3 parts of norm sand and 1 part of cement
which was blended with the solid biopolymers. Using a ToniMIX eccentric agitator (Toni
Technik, Berlin, Germany), the mortar was automatically mixed with the water. The
prisms (4 x 4 x 16 cm) were compacted using a ToniVib vibrating table (Toni Technik,
Berlin, Germany) and stored at 20°C / 90 % relative humidity until demoulding.

lon concentrations in cement pore solution were determined using an ICP-OES
spectrometer. The pore solution was extracted by mixing water and cement holding the
biopolymer in a centrifuge tube for two minutes using a vortex mixer and afterwards
separating the solution by centrifuging for 15 minutes at 8500 rpm.

In-situ XRD was performed by placing the cement paste in the designated sample holder
and covering the paste with a Kapton® polyimide foil (VHG Labs, Manchester, UK).
Diffraction patterns were measured every 30 minutes for 12 hours with a D8 advance
instrument (Bruker AXS, Karlsruhe, Germany) (5 — 50 ° 26, 40 kV, 30 mA, 0,034 ° step,
t = 0,4 s). Temperature inside the measurement chamber was ~ 26 °C.

Anionic charge amounts of the biopolymers were captured by charge titration using the
cationic counter-polymer PolyDADMAC. 0.1 g/L alginate were titrated in water, 0.1 M
NaOH and CPS using a PCD 03 pH instrument (BTG Mutek, Herrsching, Deutschland)
until charge neutralisation was achieved. The CPS was extracted by mixing CAC (Secar
51) at w/c = 0.6 and vacuum filtration of the cement paste.
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3. Results and discussion

3.1 Effect of biopolymers on cement hydration

Addition of most polysaccharides normally results in retardation of cement hydration.
Only few polymers seem to have no retarding effect or lead to a weak acceleration. Such
a minor effect was observed for Karaya Gum and Gellan Gum under certain conditions.
It diminishes at increased dosages and is attributed to the stabilizing properties of these
water retaining polymers on the cement paste which improves water availability. In
contrast to those polymers, alginates and carrageenans strongly accelerate alumina
cement. They can reduce the time of maximum heat release by up to 50 % (Figure 4).

Secar 51
€

+ Carrageenan 1

Reference
+ Alginate 2 \4 + Carrageenan 2 i
4

+ Alginate 1—>,

heat flow [mW]

2 4 6 . 8 10 12
time [h]

Figure 4: Accelerating properties of alginates and carrageenans at a dosage of 0.1 % bwob on
CAC (Secar 51), determined by heat-flow calorimetry (w/c = 0.62).

Generally, alginates were found to accelerate more than carrageenans at equal dosage.
This effect of the biopolymers is independent of the w/c-ratio which were varied between
0.4 and 0.6 to exclude an impact of the water binding capacity of the biopolymers on the
result.

3.2. Strength development of mortar

In addition to heat-flow calorimetry, mortar testing was conducted using an alginate and
a | carrageenan sample in three different CACs. In fast-setting Ciment Fondu (= 38 %
Al>,O3), addition of the alginate accelerates strength development by ~ 1 hour (Figure 5).
In less reactive Ternal LC cement (= 52 % Al>O3) carrageenan achieves a much faster
strength development than the alginate when applying an increased dosage (Table 1).
Addition of the biopolymers slightly reduces the fresh mortar density by retaining water
and decreases the workability by reducing its flowability resulting from their viscosifying
property. Because of the strong gelling properties of alginate the effective dosage range
is limited, while carrageenan can be applied in higher dosage relative to alginates. In
CA; rich Secar 712 (= 69 % Al203) both alginate and carrageenan result in an equally
improved early strength. For example, after 16 hours the compressive strength of the
mortar was increased by 120 % for carrageenan (dosage 0,2 % bwoc) and by 110 %
for alginate (dosage 0,1 % bwoc) from 15.8 N/mm? to 34.9 N/mm? and 33.4 N/mm?,
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Figure 5: Compressive and tensile strengths at different curing periods for Ciment Fondu with
and without alginate (0.1 % bwob Alginate, w/c = 0.5, 0.04 % bwob MPEG-PCE 45PC6)

respectively. Moreover, after twelve hours Secar 712 still was not hardened while the
mortar containing carrageen or alginate already had developed 18.7 N'mm? or
11.5 N/mm? of compressive strength. This value is comparable to that of the neat cement
after 16 h which represents an acceleration of four hours.

Table 1: Mortar properties and strength values after 6h of hydration for Ternal LC (w/c = 0.5).
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Alginate Carrageenan
6h Reference 0.10% 0.20%
compressive 9.71 N/mm? 17.15 N/mm? 25.03 N/mm?
strength +0.98 N/mm? + 0.83 N/mm? +1.05 N/mm?
- 75 % increase - 160 % increase
tensile 1.39 N/mm? 2.53 N/mm? 3.57 N/mm?
strength + 0.07 N/mm? + 0.16 N/mm? +0.11 N/mm?
- 80 % increase - 155 % increase
mortar 2321 g/L 2297 g/L 2270 g/L
density +2g/L +5g/L +7g/L
spread flow 24.1cm 18.8 cm 17.9 cm

3.3. Interaction of accelerating biopolymers with other admixtures

The use of superplasticizers like PCEs results in a dose-dependent retardation of
aluminate cements while flowability even at very low PCE dosages is much enhanced.
The combination of PCE with alginate or carrageenan results in a slightly decreased
workability, but still the increase in early strength is recorded, at improved workability
compared to the reference. Combination of a lithium salt and the biopolymers allows
partial replacement of Li resulting in a reduced consumption of this rare metal.

3.4. Interaction of accelerating biopolymers with ions in cement pore solution

As described in the introduction, alginates and carrageenans can interact with cations.
Especially calcium ions are strongly complexed by the GG blocks of the alginate. This
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chemical binding reduces the concentration of Ca* in the cement pore solution of Ciment
Fondu (w/c=0.45) by 15 % after addition of 0.1 % bwob alginate (Figure 6).
Theoretically, the complexation of Fe?*, Fe3* or Al** is also possible, but because of the
high pH in cement pore solution those ions will form [M(OH)4]™. This is mirrored by the
slightly increased concentration of AI** in the pore solution. This increased solubility of
A" can be explained by the decreased Ca?* concentration. When sodium alginate
dissolves in the cement paste, then about 85 % of the sodium will be exchanged against
calcium, forming a viscous gel [5].

| @ Reference m with 0,1 % Alginate |
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Figure 6: lon concentrations of Ca?* and AI** in extracted pore solution of Ciment
Fondu with and without 0.1 % bwob alginate at w/c = 0.45.

The reduction in Ca?* ion concentration is very surprising as this is normally associated
with a retarded cement hydration. Combination of alginate or carrageen with retarders
(citrate or tartrate) does not increase retardation as a consequence of even stronger
reduction of the Ca?* concentration, as would be expected. Experiments with sodium
alginate in a calcium salt solutions concluded that calcium is not irreversibly bound in the
calcium alginate gel, but can be exchanged when calcium is incorporated into an
energetically more favourable complex.

A comparison of the charge density of alginate, propylene glycol alginate (PGA) and
carrageenan in water, alkaline solution and cement pore solution helps to better
understand the behaviour of the biopolymers in cement (Figure 7).
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Figure 7: Anionic charge amounts of alginate, PGA and carrageenan in different solutions.
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In alkaline environment, the functional groups are fully deprotonated and develop a
strong interaction with ions in the cement pore solution. This was expected for alginates
as they are known to form gels in the presence of divalent cations which makes charge
density measurements for them in CPS not possible. For PGA (70 - 80 % degree of
substitution of carboxylate groups) the results suggest a strong interaction with the
hydroxyl groups of the alginate.

3.5. Molecular properties of the biopolymers studied

Most sodium alginates showed a similar accelerating property. Different behaviors were
observed for samples of insufficient purity, coarse particle size and ultra-low viscosity
grade. Especially the viscosity grade of the alginate is most critical for its acceleration.
At lower viscosities the acceleration becomes less and even changes to a retardation.
Because in alginates viscosity correlates with the molecular weight it can be said that
alginates with low M, act like classical retarding polysaccharides while the ratio between
M/G in the alginate was found to be of no significant impact on acceleration.

3.6. Influence of accelerating biopolymers on phase development

When adding alginate to CAC, the hydration to CAH-phases proceeds as usual without
the formation of other hydration products (Figures 8 and 9). However, the main hydrate
phase C.AHsg forms earlier when alginate is present. This effect was particularly strong

Secar 51 S + 0.1 % Alginate cA

C2AHs

20
20 []
Figure 8: In-situ XRD measurement of Secar 51 (w/c = 0.45) for 12h with and without alginate.

in the slowly reacting high-alumina cement, where after 12 hours of hydration C2AHg was
only found in the accelerated cement and not in the reference (Figure 9).

Secar 71 a5 + 0.1 % Alginate
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Figure 9: In-situ XRD measurement of Secar 71 (w/c = 0.45) for 12h with and without alginate.
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4. Conclusions

Alginate and carrageenan present suitable accelerators for aluminate cement, as was
proven by heat-flow calorimetry and strength tests of mortar samples. Addition of such
biopolymers shifts the beginning of the hydration reaction to earlier times and results in
higher early strength. Compared to lithium salts, these biopolymers require significantly
higher dosages and addition of a superplasticizer to counteract their viscosifying effect.
Combined application with lithium salts is an option to reduce the lithium consumption.

When comparing the chemical structures of the two biopolymers, a common structural
element which allows the efficient complexation of ions sticks out (Figure 10).

Figure 10: Common structural element present in alginate and carrageenan
(common structural bonds shown in drawn lines, bonds specific to
each biopolymer shown as dashed lines).

Apparently, both biopolymers share the ability to complex ions which seems to be critical
for the accelerating effect. Especially the reduction of the calcium ion concentration in
the pore solution is most remarkable, as it normally points to a substance being a
retarder. Such retarding effect was only found for low-molecular weight alginates which
in cement behave like other conventional polysaccharides.
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