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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 2’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 [Al(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/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2020.109054&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2020.109054
mailto:sekretariat@bauchemie.ch.tum.de
https://doi.org/10.1016/j.matdes.2020.109054
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes

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

are mainly composed of monocalcium aluminate which hydrates ac-
cording to a dissolution and precipitation mechanism. There, C-A-H
phases such as e.g. CAH;o (CaAl(OH)g(H,0),-xH,0) and C,AHg
([Ca»Al(OH)g] T [Al(OH)4-xH,0] ™) are formed via homogeneous and
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— CAH,o
2 CAHjo — C,AHg + AH; + 9 H
2CA+ 11 H— GAHg + AH;

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, C12A7 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,OJ?>~ 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®>* / AI>* ratio in solution which thermodynam-
ically promotes the formation of C,AHg; (4) Li* ions are continuously
recycled for binding of AP 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 A>™ 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
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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 [AI(OH,4]™)
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. nd. 36-44
Ci2A7 1-5 <1 <1
C4AF 10-20 n.d. n.d.
C,AS 1-10 18-22 <1
G,S 1-10 1-5 n.d.
Other C3FT, C20A13M3S3 CT, G3FT a-AlL03 (< 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 No.

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 AT 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 Ko 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.

24.3.%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 2’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 = 0.45, 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 2’Al MAS NMR spectroscopy

The progress of hydration of an alumina cement can be quantified
via 27Al 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,O5 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-IV 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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Fig. 6. XRD analysis of ground cement samples (Secar 71, w/b = 1, 20 °C) after 24 h of hydration in the absence or presence of 1 wt% alginate (sample XEA 5036) or pectin (sample CU 701).

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, C3AHg) 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;o 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 CAH;g
was detected.
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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 liq-
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

CPS + alginate

after minutes

2 =3

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

after hours
hf e L

after 1 day

100 ym

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

——— 10m

100 pm

3 urs

50um

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 AP 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 AP rises above its ini-
tial value. The elevated aluminate concentrations could promote the
formation of aluminate hydrates such as e.g. CAHo. 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,O3 (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

bl
.« dissolved
. ~
calcium ™
¥

time

® T
C-A-H hydrate phases

TN

; . ‘
Ca*"alginate _ C— ‘C- ‘
clusters
time C-A-H hydr‘lte nuclei attached to
f —_— / Ca’"alginate clusters
- P | Nt
- w—_dissolved 2 ‘T.QO -
calcium ‘ve

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?

biopolymer chain takes place.

* ions along the
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alginate molecule

¢¢¢ C-A-H nuclei

Scheme 2. Schematic illustration of the proposed interaction mechanism between alginate and Ca>* as well as [Al(OH),]~ 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 « 27Al 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 . L. . .
g 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),4]™ 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 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

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-

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

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 [AI(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. CaCO3 or brushite has been ob-

the presence of cations like Ca®™ or of cationic polymers (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 reversal 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)
». Interestingly, in the presence of [Al(OH),]~ 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 [AI(OH),] ™ 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

served before by several authors [28-32]. For example, Ni-Al-LDH

hydration.
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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,CO3 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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