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ABSTRACT

The influence of different alkali and alkaline earth cations (Na*, K*, Ca%*, and Mg?*), and of solution pH, on
surface interactions of metakaolin particles with a sodium naphthalene sulfonate formaldehyde polymer
(SNSFP) (a commercial superplasticizer for concretes) was investigated in aqueous systems relevant to
alkali-activated and blended Portland cements. This study used zeta potential measurements, adsorption
experiments, and both in situ and ex situ Fourier transform infrared spectroscopy measurements of the
suspensions to gain a fundamental understanding of colloidal interactions and physicochemical mecha-
nisms governing dispersion in this system. SNSFP was most effective in dispersing metakaolin suspen-
sions in Ca?*-modified aqueous NaOH systems (CaCl,-NaOH) at dosages of 5 wt.%. Additionally, Ca?*
was the most effective alkaline earth cation mediator in providing a dispersion effect in metakaolin dis-
persed in aqueous NaOH and SNSFP mixtures, while Mg?* was the most effective in aqueous KOH and
SNSFP mixtures. The colloidal dispersion remained stable in the highly alkaline environment, and there-
fore SNSFP could be utilized to improve dispersion of metakaolin-based alkali-activated systems. The
suggested mechanism for colloidal stability and fluidity of metakaolin-based cements (e.g. Portland
cement blends and alkali-activated cements) is explained by changes in the distribution and structure
of the electric double-layer, as well as structural forces, due to alteration in surface charge density and

hydrated shell, facilitating competitive adsorption of the polymer.
© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Alkali-activated cements have emerged as potentially environ-
mentally sustainable construction materials which can be manu-
factured from aluminosilicate precursors, including materials
with geological origin (e.g. metakaolin) or industrial by-products
(e.g. fly ash and ground granulated blast furnace slag), which react
with an alkali component (e.g. alkali silicates or hydroxides) via a
poly-condensation reaction [1]. The production of alkali-activated
cements, including those with lower-calcium binders sometimes
called “geopolymers”, offers the possibility to reduce the high
embodied energy and CO, emissions attributed to the production
of Portland cement (PC) [2,3]. Alkali-activated cements can also
be tailored to exhibit strong engineering characteristics which
are desirable in the construction industry, namely high compres-
sive strength, good chemical resistance to acid and sulfate attacks,
adjustable setting time, and excellent fire resistance [4]. However,
the implementation of low-calcium geopolymers, particularly
those based on metakaolin as an aluminosilicate source, has
mainly been limited to small-scale projects and niche applications.
Issues related to workability have been identified as targets for fur-
ther development in this regard, as some geopolymer formulations
are characterized by high apparent viscosity [5].

Commercially available high range water reducing admixtures,
also known as superplasticizers, have been extensively developed
and designed to improve the fluidity and workability, as well as
other properties, of Portland-based cement systems [6]. These
surfactant-based admixtures include lignosulfonates (the first gen-
eration) and sulfonated naphthalene/melamine formaldehyde (the
second generation). The third generation of polymer formulated
admixtures consist of polycarboxylate, polyacrylate or
polyethylene-based ester or ether copolymers in a comb-like struc-
ture [7-9]. Even though these third-generation admixtures have
been shown to be highly effective in enhancing rheology and work-
ability of PC, their efficacy in alkali-activated cement systems has
been found to be poor [10,11]. This is attributed to their structural
instability, insolubility, and degradation in the highly basic media
of fresh geopolymers (pH > 13), compared to fresh PC (pH ~ 12)
[10,11], as well as differing interactions of superplasticizers with
various inorganic surfaces, including aluminosilicates in low-
calcium geopolymers, compared to those of calcium silicate sur-
faces in PC. The high level of alkalinity and high electrolyte content
of the activator can impede the dispersing effect of the superplas-
ticizer that can be achieved at lower pH values and electrolyte con-
centrations [12].

Particle surface properties and colloidal interactions control the
fluidity and workability of cementitious systems. Colloidal interac-
tions drive the adsorption capacity and interaction of cement par-
ticles with different cement admixtures e.g. superplasticizers used
to modify rheological properties (viscosity and yield stress) of fresh
mixtures. The mechanisms of operation of superplasticizers to
attain colloidal stability and dispersion have been shown to be
both electrostatic and steric stabilizations in order to disperse
the particles and control fluidity [10,11]. Electrostatic repulsion
results from the negative charge induced by adsorption of super-
plasticizers, whereas steric hindrance results from the thickness
of the adsorbed layer [13]. The adsorption and efficiency of cement
admixtures e.g. superplasticizers depend on pH, ionic type and
concentration of the dispersing medium, as well as the surface
charge of the particles itself [14]. Zeta potential is an essential
parameter to evaluate the electrokinetic properties of solid-liquid
and liquid-liquid interfaces, and its magnitude shows the stability
of the colloidal system [15,16], indirectly quantifying the adsorp-
tion of ions and ionic species on cementitious particles by changes
in sign and magnitude of surface electric charges [17,18].
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In a recent study, the effect of adsorbed and non-adsorbed
amount of polycarboxylate-based superplasticizers on PC particles
was investigated using the depletion method [14]. The importance
of non-ionic compounds to act as co-dispersants to improve dis-
persing effect at low water to cement ratios (w/c < 0.3) was dis-
cussed. It was suggested that non-polar small molecules can lead
to a significant reduction of the surface tension of the pore solu-
tion, hence increasing the cement paste fluidity and workability,
due to repulsive depletion forces [14]. Therefore, both adsorbing
and non-adsorbing portions of the polymer are crucial in improv-
ing dispersion and the time dependent fluidity properties
(slump-retention), respectively [9,19].

The interactions between polycarboxylate-based superplasti-
cizers and ground granulated blast furnace slag (GGBFS) in syn-
thetic cement pore solution have also been studied using zeta
potential and total organic carbon (TOC) measurements [20]. The
results indicated that the calcium (Ca?*) ions originating from the
synthetic cement pore solution and from dissolution of GGBFS
act as the charge-determining ions for the slag particles. The
adsorption of Ca®* ions on the initially negatively charged slag sur-
faces in highly alkaline media, and subsequent adsorption of sul-
fate ions present in synthetic cement pore solution, creates an
electric double layer (EDL) consisting of a positively charged Stern
layer (Ca%*) and a negatively charged diffuse layer (SO3™). This pro-
vides a competitive adsorption between polycarboxylate ether
superplasticizers and SO%~ ions, where highly anionic superplasti-
cizers can desorb SO3~ ions and adsorb onto the Stern layer, hence
creating a strong dispersion effect. Both the anionic charge density
of the polymer and the packing density of Ca%* ions adsorbed on
the slag surfaces are determining factors in the adsorption of poly-
carboxylate ethers onto GGBFS, and the resultant efficacy of disper-
sion. These factors determine the dosage of superplasticizer
required to achieve high flowability. Similarly, the effect of Ca®*
ions to instigate the adsorption of anionic polycarboxylate-based
superplasticizers, and the specific surface area and surface charge
of each mineral type present are main factors to consider when
designing a superplasticizer mixture to achieve the highest cement
flowability, by providing competitive adsorption of cement admix-
tures [17,21].

Calcined clays (CC), produced by thermal treatment of clay min-
erals such as kaolinite, present an excellent option as supplemen-
tary cementitious materials (SCMs) in Portland-based cements,
and as precursors for alkali-activated cements, due to their acces-
sibility in large quantities worldwide, and high reactivity [22].
However, CC are associated with a reduced workability and
increased water demand for the cement, due to their specific sur-
face properties and the internal porosity of the individual CC. The
particle shape and morphology of CC, including the flat, plate-
like or layered particles, play a major role in their low flowability.
This highlights the importance of superplasticizers in applications
of CC-containing cements to enable potential sustainability advan-
tages to be exploited. In a study by Li et al. [23], the performance of
a polycarboxylate ether superplasticizer to disperse metakaolin-
rich CC in blended PC was investigated using zeta potential mea-
surements and TOC analysis. Their results indicated that the CC
dispersed in a synthetic cement pore solution exhibited highly
negative zeta potentials, whilst the surface charge reversed
through the uptake of Ca®" from the pore solution, which facili-
tated adsorption of the superplasticizer. It was concluded that
the commercially available polycarboxylate-based superplasticiz-
ers can effectively disperse blends of PC and CC, while much higher
dosage of superplasticizer is required in order to satisfy the higher
water demand [22,23]. Additionally, introducing cationic groups to
backbone structure of superplasticizers, as opposed to conven-
tional anionic polymers, can promote interactions with the
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surfaces of negatively charged CC minerals [23]. Cationic copoly-
mers where the cationic charge is due to the presence of certain
cyclic and/or polycationic groups were used for dispersion of
metakaolin-based alkali-activated cement [12]. These cationic
copolymers are stable against Hoffmann elimination that occurs
at very high pH and their dispersing effect can be further improved
by the addition of polyvalent anions [12]. Additionally, in a recent
study the stability of metakaolin and related clay particles against
pH, total solids concentration, and superplasticiser type and con-
tent, was investigated using potentiometric titration, zeta poten-
tial, particle size and rheological measurements [24]. It was
shown that polycarboxylate-based superplasticizer provided
greater stability with critical pH of 7.5 and dispersant content of
0.15%.

Many studies have been conducted to identify the effect of
superplasticizers on alkali-activated systems which were synthe-
sized by the reaction of an alkali component with metakaolin
[25], slag [10,26-30], fly ash [11,31-36], or blended fly ash and slag
[37]. Most of the earlier published studies of superplasticizers with
high calcium geopolymers have identified the first generation
(lignosulfonate-based) or the second-generation superplasticizers
(naphthalene-based) as effective to some degree [26,29,38-40].
In some cases, also the latest generation of superplasticizers
(polycarboxylate-based) have been reported also to be effective
[37,41]. However, physical instability, including insolubility of
superplasticizers in alkaline solutions, as well as chemical instabil-
ity, due to changes in molecular structure of superplasticizers in
the pore solution of alkali-activated systems, are deemed to be
two major issues [42,43]. In highly alkaline media, the alkaline
hydrolysis of the ester groups yields carboxylate salts and the
respective ether, so the steric hindrance of ether chains is dimin-
ished and flowability of geopolymers is not enhanced by these
admixtures [44]. Similarly, the chemical structures of vinyl copoly-
mer and melamine-based admixtures are altered when exposed to
high alkaline media, whereas naphthalene-based admixtures have
shown higher stability in very basic environments [8,29]. Addition-
ally, melamine, sodium lignosulfonate and naphthalene-based
superplasticizers can also experience instability in silicate activa-
tors [43]. However, not all types of superplasticizers undergo struc-
tural changes in highly alkaline media and the structural
degradation depends on the type and dosage of superplasticizers
in addition to the type of binder and activator, as well as the pH
of the alkaline solution [8,29,45-47].

A survey of the literature shows that in all cases, the workability
(either using flow table spread or slump tests) increased as a result
of superplasticizer dose (reported range 1-5 wt.% of binder)
[26,29,37-41]. The effect on setting time and compressive and/or
flexural strength, however, varies, with both desirable and detri-
mental effects observed. This has reportedly depended on the type
and concentration of the alkali-activator [26,29]. Thus, it appears
that the results obtained in each superplasticizer study apply only
for that specific AAM mix design [48]. In general, wide variations
are evident in the results reported by available literature, due to
the variations in the type of activators, admixture properties and
reactivity of raw materials [49]. Therefore, it is essential to gain a
fundamental understanding of the colloidal interactions and
underlying physicochemical mechanisms involved in this complex
organic-modified inorganic system, to establish effective interac-
tions between superplasticizers and aluminosilicate precursors in
high alkaline media. This will enable improvement of the rheolog-
ical properties (plasticity and workability) of geopolymers, making
them suitable for specific industrial applications as a viable alter-
native to materials based on PC.

In the present work, surface interactions and adsorption of a
commercial naphthalene-based superplasticizer on metakaolin
surfaces in aqueous solutions has been studied by adsorption
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experiments using a TOC analyzer, zeta potential measurements,
and attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy measurements of the dispersions in situ, as well
as before and after adsorption (ex situ). The tests were conducted
under a wide range of conditions including varying pH (7-14),
ionic type (Na*, K*, Ca®*, and Mg?*), electrolyte concentration (0-
100 mM), and superplasticizer dosage (0-5 wt.%), allowing the
effect of different ions and pH on adsorption and colloidal stability
of superplasticizers to be determined. The results provide a better
understanding of the physicochemical mechanisms at cement-su
perplasticizer-electrolyte solution interfaces to be established.
Such assessment provides further insight into surface interactions
between SNSFP and metakaolin particles and determines the opti-
mum superplasticizer dosage, as well as ionic type and concentra-
tion in the pore solution required to disperse the particles within a
given alkali-activated system. This methodology can be used as a
valuable approach to assess colloidal stability, optimum perfor-
mance and dosage of cement admixtures in non-conventional
cementing binder systems, to improve rheological properties of
new and more sustainable cements.

2. Materials and methods
2.1. Materials

MetaMax metakaolin particles were used in this study (BASF
and Lawrence Industries, UK). MetaMax metakaolin is produced
using a rotary kiln calcination method, and exhibits average parti-
cle diameters of 4.49 pum with average dispersity of 0.073 and aver-
age count rate of 39.4 kcps (measured in HPLC water by dynamic
light scattering with back scatter detection (optical arrangement
of 173°) using a Brookhaven ZetaPALS instrument). The particle
size distribution data for the metakaolin used in this study, as mea-
sured by dynamic light scattering, is presented in Fig. 1.

The chemical composition of the metakaolin as determined by
X-ray fluorescence is tabulated in Table 1. The mineralogical com-
position of the metakaolin measured by X-ray diffraction (XRD) is
shown in Fig. 1. XRD data were obtained across a 26 range of 5°-70°
using a Panalytical X'Pert3 Powder X-ray diffractometer with Cu
Ko radiation (1.54 A), a nickel filter, a step size of 0.020° and a
count time of 2 s/step. Diffracted background intensity at low
angles was reduced using an anti-scatter blade, and an incident
beam divergence of 1.0 mm and a 2.5° Soller slit in the diffracted
beam were used. Phase identification was performed using Dif-
frac.EVA V4.1 software with the ICDD PDF4+ 2015 database.

Size distribution (%/um)

0 T
0.1 1

T T T T T T T

10
Diameter (um)

100

Fig. 1. Particle size distribution (PSD) data for the MetaMax metakaolin used in this
study.
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Table 1
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Chemical composition data, obtained by X-ray fluorescence (XRF), for the MetaMax metakaolin powder. LOI is loss on ignition at 1000 °C.

Chemical composition Si0, Al,O3 TiO,

Fe,03

Ca0 K0 Na,0 Lol Others

Weight (%) 52.54 4454 131

0.36

<0.05 0.15 0.21 0.63 0.2

m Anatase
4 Mullite
A Quartz

Metakaolin

10 30 40

20 (degrees)

60

Fig. 2. X-ray diffraction (XRD) data for the MetaMax metakaolin used in this study.

The XRD pattern (Fig. 2) displayed a dominant broad feature,
due to diffuse scattering, centred at approximately 22° 26, consis-
tent with high degree of structural disorder inherent in metakaolin
with trace amounts of impurities, including anatase (TiO,, Powder
Diffraction File (PDF) # 01-071-1166), quartz (SiO,, PDF # 01-078-
1252), and mullite (AleSi»O13 (PDF) # 04-012-0161) which are
common in commercially sourced metakaolin powder [50].

A commercial superplasticizer, namely sodium naphthalene
sulfonate formaldehyde polymer (SNSFP) (Morwet D809) was
investigated in this study. Anhydrous calcium chloride (Fisher Sci-
entific, purity > 97 mol. %) and anhydrous magnesium chloride
(Sigma Aldrich, purity > 98 mol. %) were used as electrolytes.
The pH of the solutions was adjusted using NaOH pellets (Fisher
Scientific), KOH pellets (Fisher Scientific) and HPLC grade water
(Fisher Scientific).

2.2. Experimental design

In order to systematically investigate the surface interactions
between metakaolin particles and SNSFP superplasticizer mole-

Superplasticizer .
dosage "

5 wt%
4 wt%
swe gl Sz
2 wt%

1 wt%

Water 01 1 10 20 30 40 50 100 mM

Electrolyte
concentration

cules under a wide range of conditions e.g. pH, ionic type and con-
centration, an experiment was designed to ascertain the optimal
conditions for the superplasticizer operation. Fig. 3 below illus-
trates the design of experiment and sample matrix used in this
study. The zeta potential of metakaolin particles was measured
as a function of pH (KOH and NaOH) from 7 to 14. This was fol-
lowed by zeta potential measurements of metakaolin surfaces as
function of divalent cationic electrolytes (CaCl, and MgCl,) at con-
centrations from 0 to 100 mM, at constant pH. In the next stage,
optimum dosage of superplasticizer as the maximum adsorption
to the particle surfaces was determined by measuring zeta poten-
tial of metakaolin particles as a function superplasticizer dosage (0
to 5 wt.%) at constant pH and electrolyte concentration. Lastly, the
stability of the colloidal dispersion was investigated, as a function
of pH (11 to 14) at constant superplasticizer dosage and electrolyte
concentration.

2.3. Sample preparation

Aqueous electrolyte solutions were freshly prepared on the day
of experimentation. The pH of the solutions was adjusted using
incremental addition of previously prepared NaOH and KOH solu-
tions (1 M) to HPLC water whilst pH was being measured using a
SevenExcellence Mettler Toledo pH meter (calibrated before each
set of measurements using three buffer solutions with pH of
4.01, 7, and 9.01). The ingress of atmospheric CO, to the samples
was minimized by using sealed containers throughout sample
preparation and measurements.

Samples for zeta potential measurements were prepared by
adding 0.05 g of metakaolin powder into 50 ml of each electrolyte
solution (concentration 1 g/I). Superplasticizer powder was added
to the colloidal dispersions, at doses of 1-5 wt.% relative to the
mass of metakaolin powder. The suspension was agitated using a
roller bed for 1 h to allow equilibrium to be established. Our exper-
imental measurements showed no rapid changes in zeta potential
of metakaolin particles over time after 1 h of agitation, indicating
that these dispersions are a valid representation of equilibrium
conditions.

Particle

Superplasticizer

Electrolyte

Fig. 3. Left: Design of experiments used in this study for defining dosage of superplasticizer at constant pH and constant electrolyte concentration (red-dotted line), and
superplasticizer stability as a function of pH at constant dosage of superplasticizer and electrolyte concentration (green-dotted line). Right: Sample matrix illustrating
examined particles (MK: metakaolin), superplasticizer (SNSFP: sodium naphthalene sulfonate formaldehyde polymer), pH (NaOH: sodium hydroxide, KOH: potassium
hydroxide), and electrolyte type (CaCly: calcium chloride, MgCl,: magnesium chloride). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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The adsorbed amount of superplasticizer on solid precursors is
directly measured using a depletion method by employing a TOC
analyzer. This method involves measuring the concentration of
superplasticizer present in the mixing water before coming into
contact with the cementitious surfaces and comparing this to the
non-adsorbed portion of superplasticizer remaining in the solution
after mixing [17,18]. The difference in concentration before and
after contact with the solid precursor is owed to the adsorption
of the superplasticizers on the mineral surfaces. Samples for TOC
content measurements were prepared following that of the zeta
potential measurements. Two control samples were also prepared,
one with all the components of the suspensions except metakaolin
(positive control) and the other with all the components except
superplasticizer (negative control). After 1 h in the roller bed to
allow adsorption, the samples were then filtered under vacuum
using a 2.7 um pore size filter paper. The filtrates were analyzed
via TOC content measurements from which adsorption isotherms
could be derived, while the filtered powders after adsorption (ex
situ) were analyzed via ATR-FTIR spectroscopy measurements.
Samples for liquid phase ATR-FTIR spectroscopy measurements
of the dispersions in situ were prepared following that of zeta
potential measurements.

2.4. Zeta potential

Zeta potential measurements of metakaolin particles in aque-
ous electrolyte solutions were performed by phase analysis light
scattering (PALS) using a Brookhaven ZetaPALS instrument in a
closed system (AQ-752 electrode) with a sinusoidally varying elec-
tric field [51]. The PALS method was selected due to its suitability
for samples with low mobility, including high salt concentration
[52].

Zeta potential measurements of metakaolin samples were per-
formed at 25 °C and ambient pressure. The measurement on each
sample was repeated 5 times (consisting of 30 runs), and mean val-
ues with standard errors are reported. Measurements were
repeated using additionally prepared samples to ensure consis-
tency of results. Disposable plastic cuvettes (ratiolab™ Macro Q-
VETTES - Fisher scientific) were used for single sequences of mea-
surements for each sample from low to high pH or concentration,
to reduce the risk of cross contamination.

2.5. Total organic carbon content

TOC data were acquired by combustion over an oxidation cata-
lyst at 680 °C using a Shimadzu TOC-L CPH/CPN Analyzer with an
NDIR detector and 150 ml/min zero grade air as the carrier gas. The
adsorbed amount of SNSFP was calculated from the difference
between the TOC content of the control solutions and the colloidal
dispersion, including both metakaolin and superplasticizer for each
sample.

2.6. Fourier transform infrared spectroscopy

Attenuated total reflectance Fourier Transform infrared spec-
troscopy (ATR-FTIR) data for the colloidal dispersions (liquid
phase) and the powders (solid-phase) were measured in the range
of 500 to 4000 cm~! using a Thermo Fisher Nicolet iS5 FTIR spec-
trometer equipped with a Specac Golden Gate Single Reflection
Diamond ATR System, KBr optics, a diamond ATR crystal, and ZnSe
lenses. Each spectrum was the average of 64 scans with a spectral
resolution of 2 cm~'. Data for each colloidal dispersion (liquid
phase) were collected in situ by placing a drop of the dispersion
on the ATR diamond, and using a cap to block light passing though
the samples during measurements.
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3. Results and discussion
3.1. Zeta potential

3.1.1. Effect of pH

Zeta potential values of metakaolin surfaces were measured as a
function of hydroxide (OH™) ion concentration from [OH ]=10""M
(pH 7) to [OH"] = 1 M (pH 14) to examine the effect of pH and
alkali cations e.g. Na* and K* on surface interactions and stability
of the metakaolin particle dispersions, Fig. 4. The metakaolin par-
ticles exhibit strong negative surface charges in water (pH 7) with
a zeta potential of —30.5 £ 0.5 mV, due to deprotonation of surface
hydroxyl groups on the surface silicon (Si) and aluminum (Al)
atoms. This is comparable to the findings for other supplementary
cementitious materials including microsilica particles (silica fume),
which exhibit a zeta potential of —17 mV when dispersed in water
[17,53]. As the pH of the solution increases, the zeta potential
becomes more negative, which indicates increased stability of
the colloidal dispersion. This can be due to the higher concentra-
tion of OH™ ions in the solution making these more available to
adsorb onto metakaolin surfaces [24,54], and an increase in the
deprotonation of surface hydroxyl groups [17]. Therefore, the mag-
nitude of zeta potential becomes increasingly negative as the pH
increases up to 12 ((OH] = 10~2 M), before becoming less negative
at higher pH values. The zeta potential reaches its greatest negative
magnitude at pH of 12 (-66.3 + 1.3 mV and —61 + 1.6 mV for NaOH
and KOH, respectively), which implies that the metakaolin disper-
sions are most stable under these conditions [54]. Beyond pH 12,
the zeta potential magnitudes became less negative, indicating
the reduction of colloidal stability. However, the isoelectric point
(IEP), i.e. the pH value at which the magnitude of positive and neg-
ative surface charges are equal, is not reached. This may be because
the charge-determining hydroxyl groups remain deprotonated in
the highly alkaline medium, meaning that the surface charge of
the metakaolin particles remains negative.

It is well known that when the concentration of OH™ ions is
high enough, alkali-activation of metakaolin takes place. This
involves dissolution of Si and Al from the metakaolin particles,
until the concentration of Si and Al in solution is sufficiently high
that a polycondensation reaction occurs which leads to the forma-

40 -

-50

Zeta Potential (mV)

-60 -

-70 -

T T T T
1E-5 1E-4 0.001 0.01 0.1 1

[OHT (M)

Fig. 4. Comparison between the experimentally measured zeta potentials of
metakaolin particles in water as a function of hydroxide ion molar concentration,
when pH is adjusted by addition of sodium hydroxide (NaOH) and potassium
hydroxide (KOH). The error bars show standard error of five repeated measure-
ments (consisting of 30 runs) for each sample.
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tion of an alkali aluminosilicate hydrate gel [1,4]. The structure of
this gel is a three-dimensional framework formed by SiO4 and AlO;
tetrahedra linked by corner-shared oxygen atoms [55-57]. Alkali
cations from the activator solution are typically present in octahe-
drally coordinated sites in this framework to balance the negative
charge of the tetrahedrally coordinated aluminum ions [58].

At high pH, the OH™ ions break the interlayer and intralayer
bonds in metakaolin, causing its dissolution, thereby providing
the constituents necessary to form the aluminosilicate geopolymer
network through polycondensation (geopolymerization) reactions
[59]. In contrast, at lower pH, the concentration of OH™ is not suf-
ficient to induce a high rate or extent of metakaolin dissolution,
and so an extensive alkali-aluminosilicate network does not form.
In the work presented here, increasing pH and concentration of
OH~ ions in the metakaolin dispersions results in an increase in
the rate of dissolution of metakaolin.

In the systems studied here, the zeta potential measurements
indicate that dissolution of metakaolin occurs when pH > 12. This
decreases the magnitude of the negative zeta potential values, and
reduces stability of the colloidal dispersion. Additionally, in alkali-
activation, the metal cations (Na*/K") are incorporated into the
alkali-aluminosilicate network structure. Hence, the zeta potential
magnitude is reduced. These results indicate that both monovalent
cations (Na* and K*) adsorb onto metakaolin surfaces to a similar
degree, with K" resulting in negative zeta potentials of slightly
lower magnitudes at pH 12 and 13. The general trend in zeta
potentials of metakaolin particles as a function of pH adjusted by
either NaOH or KOH, remained unchanged. This can be due to
the adsorption of these cations on metakaolin surfaces mainly
being driven by coulombic interactions. This is comparable to the
findings for other silicate surfaces, including quartz particles,
where KCI resulted in lower negative zeta potentials, compared
to NaCl as a function of solution pH (3-11) [60]. This indicated that
K" cations adsorbed in higher quantities than Na* cations, and were
more effective in screening the negative surface charge of the
quartz particles. This observation was attributed to the presence
of additional nonelectrostatic interaction between the surface
and the ions [60].

3.1.2. Effect of divalent cations in electrolytes

Zeta potential of metakaolin surfaces were measured as a func-
tion of electrolyte (MgCl, and CaCl,) concentration (0-0.1 M) at
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constant pH (NaOH and KOH) of 13, to investigate the effect of
divalent cations on surface charge modification of metakaolin par-
ticles in high alkaline environment. Zeta potential values of meta-
kaolin surfaces as a function of MgCl, and CaCl, aqueous
electrolyte concentration at pH 13 are shown in Fig. 5. The results
presented in section 3.1.1 for zeta potential of the dispersions in
the absence of divalent cations indicated that the metakaolin sys-
tem was most stable at pH at 12 (negative zeta potential of greatest
magnitude). However, a pH of 13 was selected in this section, as
this is more representative of alkali-activation conditions, while
remaining stable.

The zeta potentials of metakaolin particles in the presence of
divalent cationic electrolyte solutions (CaCl,, MgCl,) at constant
pH adjusted by both NaOH and KOH showed similar behavior, irre-
spective of the specific ionic species present (Fig. 5). Increasing the
concentration of the divalent cations (Ca®* and Mg?*) reversed the
sign of zeta potential from negative to positive and then increased
the positive magnitude of zeta potential up to a maximum value,
before gradually decreasing its magnitude toward zero at the
higher electrolyte concentrations tested.

As can be seen in Fig. 4, the metakaolin particles have negative
surface charges in the absence of divalent cations, due to deproto-
nation of surface hydroxyl groups and the attachment of OH™
anions onto the metakaolin surface, in the highly alkaline environ-
ment. This facilitates adsorption of positively charged cations
(Mg?* and Ca®*) upon increasing the electrolyte concentration,
and the zeta potential magnitude becomes less negative. This
decrease in magnitude of zeta potential indicates a contraction of
the EDL surrounding the metakaolin particles, and that the col-
loidal systems are becoming less stable. The point of zero charge
(PZC), i.e. the concentration of potential determining ions at which
the surface charge of the particle is equal to zero, is achieved at
electrolyte concentrations between 1 and 10 mM. The change in
sign of the zeta potential demonstrates the charge-determining
nature of these cations and suggests that the Ca?* and Mg?"* cations
are specifically adsorbing onto the inner (Stern) layer of the EDL
[61], increasing the repulsive electrostatic forces. This specific
adsorption is suggested to be due to ionic interactions mainly dri-
ven by coulombic forces [15]. The adsorption of cations reaches an
equilibrium at monolayer concentration of 30 mM and 20 mM in
NaOH and KOH systems, respectively, where the maximum posi-
tive surface charge is reached.
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Fig. 5. Comparison between the experimentally measured zeta potential values for metakaolin particles in water as a function of aqueous electrolyte (calcium chloride
(CaCl,) and magnesium chloride (MgCl,)) molar concentrations, at a constant pH of 13, adjusted by sodium hydroxide (NaOH) (a) and potassium hydroxide (KOH) (b). The
error bars show standard error of five repeated measurements (consisting of 30 runs) for each sample.
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It has previously been shown [17] that the adsorption of diva-
lent cations (e.g. Ca%*) on spherical mineral surfaces, e.g. microsil-
ica particles, reached a maximum value and then stabilized. This is
indicative of an adsorption plateau for the saturated amount of
Ca?* jons, which reflects a Langmuir type isotherm. This is typical
for monolayer adsorption where there is no interaction between
adsorbed species, and the adsorbed species are immobile and are
in equilibrium with desorbed species [62]. However, in this study,
the zeta potential measurements of metakaolin particles with
increasing concentrations of divalent cations (Mg?" and Ca®")
showed a presence of secondary peaks at 50 mM (Ca,Mg)Cl, elec-
trolyte concentration. This may be due to the non-spherical,
plate-like shape of metakaolin particles, which may result in differ-
ing zeta potential values and/or adsorption tendencies when mea-
sured on the particle surface and on the particle edge, resulting in
two apparent maxima in the positive magnitudes of zeta potential.
Similarly, in a previous study zeta potential of metakaolin particles
as a function of solution pH were measured, and the authors
reported observation of two IEP values [24]. This was attributed
to the charge distribution heterogeneity on the platelet surfaces,
where faces and edges may present different charges depending
on the suspension pH. Alternatively, the secondary peak may be
due to increased precipitation by increasing electrolyte concentra-
tions, approaching saturation with respect to alkali earth hydrox-
ide phases.

Further increase in electrolyte concentration beyond the mono-
layer concentration resulted in screening of surface charges, and
hence a continuous reduction in magnitude of zeta potential was
observed. This illustrates the contraction of the EDL as the system
became less stable and attractive van der Waals forces became
dominant, reflecting the predictions of the DLVO (Derjaguin, Lan-
dau, Verwey and Overbeek) theory [63]. This can be due to accu-
mulation of divalent cations around the negatively charged
metakaolin particles screening or weakening the net surface
charge of the particle [63,64]. By increasing salt concentration,
the Debye length is reduced, and the electrostatic repulsion is sub-
sequently screened. Hence, the energy barrier required to attain
the primary minimum potential energy is reduced, and the ten-
dency of the system to coagulate increases [65].

When comparing different ionic species, in both NaOH and KOH
systems, CaCl, resulted in positive zeta potential values of greater
magnitude compared to MgCl,. This could suggest that Ca%* cations
are more effective than Mg?* at adsorbing onto the metakaolin sur-
faces. It also reinforces the relative insignificance of which alkali
hydroxide solution is used to set pH, as the electrostatic interac-
tions of the two monovalent cations tested are similar. Greater
specific adsorption of Ca®* ions than Mg?* ions can be due to the
smaller hydrated radius of Ca?* [63], which affects its interaction
with the metakaolin surfaces. Calcium and magnesium ions con-
tain the same number of ionic charges, while magnesium has a
smaller ionic radius, thus its charge is distributed over a smaller
volume, generating a higher charge density. This leads to exertion
of stronger attractive forces on the dipoles of water molecules and
formation of a larger hydrated shell for Mg?* ions. Therefore, a
smaller hydrated ionic radius of Ca®* enables the cations to
approach the surface of the metakaolin particles more readily
and become specifically adsorbed. Similar behavior was observed
by Saka & Guler [61] when Ca?* and Mg?* cations interacted with
clay surfaces.

3.1.3. Effect of superplasticizer dosage

Zeta potentials of metakaolin surfaces as a function of super-
plasticizer dosage at constant electrolyte (CaCl, and MgCl,) con-
centration and pH (NaOH and KOH) were measured to ascertain
optimum concentration and conditions for superplasticizer opera-
tion to achieved dispersion in these systems. Fig. 6 shows zeta
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Fig. 6. Experimentally measured zeta potentials of metakaolin particles in water as
a function of SNSFP superplasticizer dosage (1-5 wt.%), at constant pH 13, adjusted
by sodium hydroxide (NaOH) and potassium hydroxide (KOH) and at constant
calcium chloride (CaCl,) and magnesium chloride (MgCl,) aqueous electrolyte
concentrations (30 mM in NaOH and 20 mM in KOH). The error bars show standard
error of five repeated measurements (consisting of 30 runs) for each sample.

potential values of metakaolin particles as a function of SNSFP
dosage (0-5 wt.% relative to the mass of metakaolin powder) at
constant MgCl, and CaCl, aqueous electrolyte concentrations and
constant solution pH (13). In NaOH systems without superplasti-
cizers (Fig. 5), the highest positive magnitude of zeta potential
was observed at an electrolyte concentration (CaCl, or MgCl,) of
30 mM, while in KOH systems, this value was observed at
20 mM of CaCl, or MgCl, in KOH systems. Therefore, the electrolyte
concentrations were kept constant at 30 mM in NaOH solutions
and 20 mM in KOH solutions in the experiments depicted in
Fig. 6, providing the optimum potential for interaction and electro-
static adsorption of anionic superplasticizer molecules onto the
positively charged metakaolin surfaces.

Naphthalene sulfonate-based superplasticizers are designed to
interact with cementitious particles to cause their dispersion via
electrostatic repulsion. In this superplasticizer, the polar,
hydrophilically functionalized hydrocarbon chain of the polymer
adsorbs onto the cement particle and imparts a strong negative
charge, making the cement particle hydrophilic. This leads to
reduction of surface tension of the surrounding water and
enhances fluidity [7].

The data show that the zeta potential of metakaolin surfaces,
which is positive in the absence of the SNSFP and the presence
of divalent cations (Mg?" or Ca%"), reverses to negative values by
addition of the superplasticizer to the suspension. This is due to
interaction of this anionic admixture and its adsorption onto the
diffuse layer of the EDL surrounding the metakaolin particle
through the cations (Mg?* or Ca?") previously adsorbed in the
Stern layer. The increasing magnitude of zeta potential by
increasing dosage of SNSFP superplasticizer reflects the expan-
sion of the EDL and increased electrostatic repulsion between
the particles. Once this adsorption reaches equilibrium, a further
increase in dosage of superplasticizer either reduces the nega-
tive magnitude of zeta potential or results in an adsorption
plateau.

The change in sign of zeta potential upon addition of SNSFP
demonstrates the charge-determining nature of the superplasti-
cizers, as the metakaolin surface charge is reversed even at the
lowest dosage. This is particularly evident in the NaOH-CaCl, sys-
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tem where addition of only 1 wt% SNSFP superplasticizer
resulted in strong negative surface charges (—27.2 + 2.2 mV). This
negative magnitude was further amplified by increasing the
superplasticizer dosage to 5 wt.%, yielding zeta potentials as neg-
ative as —39.1 + 2.1 mV. Superplasticizers are intended to
increase the dispersion of the cement particles and break down
flocs, resulting in release of the entrapped water, thereby improv-
ing workability [8].

Similar trends were observed in the presence of other ionic spe-
cies whilst achieving different degrees of adsorption and disper-
sion effects. The metakaolin in aqueous solutions containing
CaCl, attained a greater degree of stability, compared to the solu-
tions containing MgCl,, as demonstrated by higher negative mag-
nitudes of the zeta potential values observed across the dosage
range. This can be due to initially higher positive zeta potential
measured in the presence of CaCl, before addition of SNSFP. This
provided a greater electrostatic attraction between SNSFP mole-
cules and the metakaolin surface, and subsequently a greater
degree of adsorption. For both NaOH-CaCl, and KOH-CaCl, sys-
tems, increasing dosage of SNSFP superplasticizer up to 5 wt.%
did not show that a maximum in stability was reached in this con-
centration range (i.e. the zeta potential decreased monotonically),
whereas a maximum in dispersion (local minimum in zeta poten-
tial) for both NaOH-MgCl, and NaOH-MgCl, systems was observed
at dosage of 4 wt.%. Comparing the effect of NaOH against that of
KOH in the presence of CaCl, or MgCl,, in CaCl, systems, the neg-
ative zeta potential values are of greater magnitude (i.e. more neg-
ative) when in the presence of NaOH (black line, Fig. 6) compared
with KOH (blue line, Fig. 6), while in MgCl, systems, negative zeta
potential values are of greater magnitude (i.e. more negative) in
the presence of KOH (red line, Fig. 6). When comparing the effect
of CaCl, against that of MgCl, in the presence of NaOH or KOH,
in the presence of SNSFP the negative zeta potential values are of
greater magnitude (i.e. more negative) in the presence of CaCl,
than in the presence of MgCl,. This indicates that CaCl, was more
efficient in increasing dispersion in the presence of NaOH, while
MgCl, resulted in the greatest stability in KOH systems. These
results highlight the differing surface interactions that occur in
these alkali-activated systems and the presence of different type
of mono- and divalent cations at the mineral-water interfaces,
affecting the adsorption of polymers, and hence the colloidal sta-
bility and dispersion effect.

The influence of different alkali metal cations on adsorption of a
polymer onto quartz surfaces was previously investigated using
zeta potential measurements [60], where the presence of less-
hydrated cations, also known as water structure breakers (Cs*
and K*) significantly enhanced the adsorption density of the poly-
mer, compared to strongly hydrated cations, also known as struc-
ture makers (Li* and Na*). Additionally, the adsorption of ions at
oxide-solution interfaces was investigated using a thermodynamic
model [66], where it was discussed that the low dielectric oxide
surfaces will preferably interact with less hydrated cations,
whereas strongly hydrated ions were predicted to be able to more
easily adsorb on oxide surfaces with high dielectric constant. These
variations were attributed to the ability of the metal ion to
exchange its secondary hydration shell for the interfacial water
when approaching the surface, assuming that adsorption takes
place in the inner Helmholtz plane of the double layer. In the cur-
rent study, it was observed that the less hydrated alkaline earth
cation (Ca®") resulted in negative zeta potential values of signifi-
cantly higher magnitude on the surface of metakaolin in the pres-
ence of the SNSFP superplasticizer, when compared to the more
hydrated Mg?" cation. This indicates the ability of the less hydrated
Ca®* to approach the aluminosilicate surface layer of metakaolin
more readily, and facilitate adsorption of the polymer on its
surface.
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3.1.4. Effect of pH on stability of dispersions

To examine the stability of the colloidal dispersion over a range
of pH, the zeta potential of metakaolin particles was measured as a
function of OH™ concentration from 103 M (pH 11) to 1 M (pH 14),
adjusted by NaOH, at a constant dosage of SNSFP superplasticizer
(5 wt.% relative to the mass of metakaolin powder) and constant
CaCl, aqueous electrolyte concentration (30 mM); the results of
this experiment are shown in Fig. 7. These conditions reflect those
of the most stable system (highest negative magnitude of zeta
potential) across the range of superplasticizer dosage examined
in Fig. 6. Insolubility of superplasticizers, followed by chemical
instability in the highly alkaline environment (pH > 12) due to
changes in their molecular structure, have previously been sug-
gested to be the two major challenges hindering their operation
in alkali-activated cements [42,43]. This experiment therefore
examines the stability of the metakaolin dispersion in the presence
of SNSFP by varying pH.

The results in Fig. 7 show that by increasing solution pH, the
zeta potential of metakaolin surfaces becomes increasingly nega-
tive, due to expansion of the EDL surrounding the particles and
increased electrostatic repulsion. The highest negative magnitude
of zeta potential was observed at a pH of 13 (—32.5 + 1.8 mV), indi-
cating the stability of the colloidal system. This is a desirable out-
come as it signifies that the SNSFP remains stable in a highly
alkaline environment. There is a slight reduction in the magnitude
of zeta potential between pH values of 13 and 14 (—-24.8 + 1.7 mV),
suggesting the contraction of the EDL surrounding the metakaolin
particles, and hence, reduced stability of the colloidal dispersion.
However, this does not overcome the ability of SNSFP superplasti-
cizer to provide a dispersion effect at high pH, as the reduction in
magnitude of zeta potential is relatively small. Furthermore, the
results indicated that SNSFP is soluble in the highly alkaline envi-
ronment, as reflected by increased electrostatic repulsion, which is
the mechanism of operation for the second generation of super-
plasticizers. However, the slight reduction in zeta potential at a
pH of 14 could indicate partial insolubility (or other causes of par-
tial loss of function) of SNSFP in the most highly alkaline environ-
ments tested.
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Fig. 7. Experimentally measured zeta potentials of metakaolin particles in water as
a function of hydroxide ions molar concentration, adjusted by sodium hydroxide
(NaOH), at constant dosage of SNSFP superplasticizer (5 wt.%) and calcium chloride
(CaCl,) aqueous electrolyte concentration (30 mM). The error bars show standard
error of five repeated measurements (consisting of 30 runs) for each sample.
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The current results indicate that the metakaolin particles were
most stable at pH of 13 in the presence of SNSFP, which differs
from the most stable pH (12) of metakaolin surfaces in the absence
of SNSFP and divalent cations (Mg?* or Ca2"). This suggests that
SNSFP is particularly effective in an alkaline environment given
the presence of specific concentrations of divalent cations, while
contributing toward increased stability of the colloidal system.

3.2. Total organic carbon content

TOC content measurements were employed to evaluate the
amount of non-adsorbed naphthalene sulfonate-based superplasti-
cizer remaining in the solution after each adsorption experiment,
using the depletion method by assuming that the interaction is
due merely to surface adsorption. The percentage of adsorbed
amount of SNSFP on metakaolin surfaces relative to the control
samples was calculated from the difference between the TOC con-
tent of the positive control solutions (100%) and the colloidal dis-
persions for each sample (the non-adsorbed amount (%)).

The adsorbed amount of SNSFP at constant dosage of 5 wt.% rel-
ative to the mass of metakaolin powder at constant pH 13 under
different aqueous solution environments, including NaOH-CaCl,,
NaOH-Mg(Cl,, KOH-CaCl,, KOH-MgCl,, was measured in order to
evaluate the effect of different ionic species on the degree of
adsorption of the superplasticizer onto mineral surfaces, as shown
in Fig. 8a. At high superplasticizer concentrations (0.05 g/1), SNSFP
adsorbed onto the metakaolin particles most effectively in the
NaOH-CaCl, system (68.8%), followed by KOH-CaCl, (64.25%),
while adsorption of SNSFP onto the metakaolin particles in KOH-
MgCl, and NaOH-MgCl, systems were less effective (35% and
25%, respectively). This observation is consistent with our zeta
potential results where the positive magnitude of the zeta poten-
tial in the system was altered to the largest negative magnitude
in NaOH-CaCl; (—39.1 £ 2.1 mV), followed by KOH-CaCl, (-31.6
1.7 mV), when SNSFP was added at dosage of 5 wt.% (Fig. 6), while
zeta potential values in KOH-MgCl, and NaOH-MgCl, systems
were only —12.7 £ 2.7 mV and 0.9 + 1.7 mV, respectively. This con-
firms that the superplasticizer adsorbed in higher quantities in
NaOH-CaCl, and KOH-CaCl, systems and was more effective in
providing a dispersion effect and screening the positive surface
charge of the metakaolin particles. Thus, a comparison between
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zeta potential and TOC results across the range of examined ionic
species, clearly illustrates the influence of different mono and diva-
lent cations present in the aqueous solution on the degree of
adsorption of SNSFP onto mineral surfaces, showing a similar
adsorption trend using both techniques.

The mass of total organic carbon remaining in the SNSFP solu-
tion (relative to the control samples) after adsorption onto meta-
kaolin surfaces at constant pH (NaOH) of 13 and CaCl,
concentration of 30 mM, as a function of superplasticizer dosage
(1-5 wt.% relative to the mass of metakaolin powder), are shown
in Fig. 8b. These conditions (NaOH-CaCl,) reflect those of the most
stable system across the range of examined ionic species (Fig. 6).
As can be seen from Fig. 8b, the TOC content measurement indi-
cates that the mass of total organic carbon remaining in the SNSFP
solution increases slightly with increasing the superplasticizer
dosage from 1 to 2 wt.% with non-adsorbed amount of 0.72 %
and 4.1 %, respectively. However, the mass of total organic carbon
remaining in the SNSFP solution reaches a plateau beyond the
dosage of 3 wt.% with non-adsorbed amount of 32% whilst remain-
ing almost unchanged at dosages of 4 and 5 wt.% (non-adsorbed
amount of 34.36 % and 33.53 %, respectively). This observation is
consistent with our zeta potential measurement results as a func-
tion of SNSFP dosage (Fig. 6), where the negative magnitude of zeta
potential in system rapidly increased by increasing the superplas-
ticizer dosage from 0 to 3 wt.% by approximately 50 mV, while a
further increase in dosage of the SNSFP between 3 wt.% and 5 wt.
% resulted in a gradual increase in magnitude of zeta potential only
by 10 mV. This observation confirms that the SNSFP reached an
adsorption plateau in in NaOH-CaCl, system beyond dosage of
3 wt.% using both zeta potential and TOC analysis. The current
TOC results provide further insight into the presence of specific
ionic species and the optimum dosage of superplasticizer required
to provide an effective dispersing effect before achieving an
adsorption equilibrium under a wide range of conditions repre-
senting alkali-activated systems.

3.3. Fourier transform infrared spectroscopy

ATR-FTIR spectra of solid phase pure unreacted metakaolin and
SNSFP superplasticizer samples were measured. Additionally, solid
phase FTIR spectroscopy of metakaolin plus any adsorbed SNSFP
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Fig. 8. (a) The calculated adsorbed amount of SNSFP (relative to the respective control samples) at constant superplasticizer dosage of 5 wt.% in different aqueous solutions at
constant pH 13, adjusted by sodium hydroxide (NaOH) and potassium hydroxide (KOH) and at constant calcium chloride (CaCl,) and magnesium chloride (MgCl,) aqueous
electrolyte concentrations (30 mM in NaOH and 20 mM in KOH). (b) Experimentally measured mass of total organic carbon remaining in SNSFP solution (relative to the
respective control samples) at constant pH (13), adjusted by sodium hydroxide (NaOH) and calcium chloride (CaCl,) aqueous electrolyte concentration (30 mM) as a function
of superplasticizer dosage (1-5 wt.%). The zero-superplasticizer bar shows the normalized TOC measurement of the positive control solution (100%).
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remaining after filtration of the metakaolin suspensions (ex situ),
and liquid phase FTIR spectroscopy of the metakaolin suspensions
in situ at constant superplasticizer dosage of 5 wt.%, constant pH
13, adjusted by NaOH and KOH, and constant CaCl, and MgCl,
aqueous electrolyte concentrations (30 mM in NaOH and 20 mM
in KOH) were measured. ATR-FTIR data can be used to confirm
the presence of SNSFP adsorbed on the surface of metakaolin in
the presence of examined ionic species. Fig. 9 presents FTIR spectra
of the pure unreacted metakaolin and SNSFP powders used in this
study. The ATR-FTIR spectrum for unreacted metakaolin exhibits a
high intensity band at 1068 cm~! which is attributed to asymmet-
ric stretching of Si—-O-T bonds, where T is either aluminum (Al) or
silicon (Si) in tetrahedral coordination [67]. Additionally, the low
intensity band at 797 cm™! is assigned to symmetric stretching
of Si-O-T bonds [67]. The ATR-FTIR spectrum of unreacted SNSFP
consists of the aromatic ring modes at 1641, 1597 and
1507 cm™!, the sulfonate group bands at 1180 and 1040 cm™,
and the methylene C-H bending vibration at 1450 cm~! [68].

As can be seen from Fig. 10a, no additional adsorption peaks
related to the SNSFP in the filtered powder FTIR spectra were
observed, as the adsorption bands associated with sulfonate group
were covered by the high intensity asymmetric stretching of Si-O-
T bonds of metakaolin. This demonstrates the need for analysis of
the dispersions in situ (liquid phase), as shown in Fig. 10b. The high
intensity bands located at 1635 cm™! is associated with water O-
H-0 scissors bending vibration, and the low intensity band at
2120 cm™! is the result of coupling of the bending vibrations and
a broad liberation band in the near-infrared [69]. The addition of
SNSFP superplasticizer to the metakaolin colloidal dispersion
results in the observation of sulfonate group adsorption bands. A
broad adsorption band located in range of 1010 to 1260 cm™' is
associated with the sulfonate group [68] and confirms the presence
of SNSFP adsorbed on the surface of metakaolin. This adsorption
bands are more apparent in NaOH-CaCl, and KOH-CaCl, systems,
which have shown to be the most disperse systems in the range
of examined ionic species using zeta potential. The observation
of sulfonate group bands in the Ca-modified systems provides
direct evidence for Ca-mediated adsorption of SNSFP, while this
is not apparent to the same extent in Mg-mediated systems. This
likely results from the lower charge density of Ca®" cations than
Mg?*, allowing the Ca?* cations to approach the surface of the
metakaolin particles more readily, and facilitating the adsorption
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Fig. 9. Solid phase ATR-FTIR spectra of the pure unreacted metakaolin and SNSFP
superplasticizer samples used in this study.
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of SNSFP onto the metakaolin surfaces. Additionally, TOC measure-
ments also confirmed lower organic contents remaining in the
NaOH-CaCl, and KOH-CacCl, solutions, confirming higher adsorp-
tions of the superplasticizer onto metakaolin surfaces in the pres-
ence of these ionic species.

3.4. Proposed mechanisms

Based on the findings presented here, there are several mecha-
nisms elaborated to describe flowability of metakaolin-based
alkali-activated systems. Flowability of cementitious systems is
highly dependent on colloidal interactions at solid-liquid interfaces
as they drive the adsorption capacity of surface-active admixtures,
e.g. superplasticizers, on cementitious surfaces during the early
stage of hydration. The DLVO theory describes the stability of col-
loidal particles in a suspension, based on long-range interaction
forces (van der Waals and electrostatic) and the bulk properties
of a solvent, whereas it neglects the natural properties of a mole-
cule, such as shape, chemistry and size [70].

CC contain a considerable area of silicate- and aluminate-
terminated surfaces, which are negatively charged in a highly alka-
line environment. The specific adsorption of divalent cations (Ca®*
and Mg?*) in the Stern layer of the EDL surrounding negatively
charged metakaolin particles facilitates electrostatic adsorption
of anionic sulfonates in the superplasticizers within the diffuse
layer, generating a negative charge on the particles [71-74]. This
mechanism is also known as multicomponent ionic exchange
(MIE) and is attributed to the exchange of ions, including adsorp-
tion of potential-determining cations and co-adsorption of anionic
species, resulting in reduction of the ionic bonding between super-
plasticizer molecules and particle surfaces. According to the mech-
anism of MIE, divalent cations (Ca%* and Mg?*) adsorb onto the
negatively charged surfaces, increasing the positive surface charge
density [75]. This minimizes electrostatic repulsive forces, and
results in co-adsorption of anionic superplasticizer polymers. Sim-
ilar behavior was observed when studying the interactions
between polycarboxylate-based superplasticizers and GGBFS in
synthetic cement pore solution [20]. It was suggested that the
adsorption of Ca%* ions on the initially negatively charged slag sur-
faces in highly alkaline media, and subsequent adsorption of sul-
fate ions present in synthetic cement pore solution, provides a
competitive adsorption between the superplasticizers and SO3~
ions, creating a strong dispersion effect. The anionic charge density
of the polymer, specific surface area and surface charge of each
mineral type and the packing density of Ca?* ions adsorbed on
the surfaces, were identified as the driving factors in the adsorp-
tion of polymer onto the cementitious surfaces and the resultant
efficacy of dispersion [17,21].

Additionally, when polymers are interacting with Ca%* and Mg?*
ions, the process involves the removal of the hydration water and
replacement of the ion at the binding site of the metakaolin sur-
faces [76]. It should be noted that these ions are constituent of a
dynamic system in which the relative concentrations of all the spe-
cies are continually changing, which results in competitive adsorp-
tion of ions present in the cement pore solution. The SNSFP
molecules compete with water for metakaolin surface sites. Less-
hydrated cations disturb the interfacial water structure around
metakaolin particles. Hence, allowing the SNSFP to approach the
amorphous gel-like surface layer of metakaolin more readily and
interact with the surface groups. In the current study, it was
observed that presence of different mono- and divalent cations
resulted in different magnitudes of zeta potential, and thereby dif-
ferent degrees of polymer adsorption. This is attributed to variation
in surface charge density and hydrated radius of these cations and
their ability to penetrate surface layer of metakaolin particle,
thereby controlling competitive adsorption of the SNSFP on these
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Fig. 10. (a) Solid phase FTIR spectra of metakaolin plus any adsorbed SNSFP remaining after filtration of the metakaolin suspensions ex situ at constant superplasticizer
dosage of 5 wt.%, constant pH 13, adjusted by sodium hydroxide (NaOH) and potassium hydroxide (KOH), and constant calcium chloride (CaCl,) and magnesium chloride
(MgCl,) aqueous electrolyte concentrations (30 mM in NaOH and 20 mM in KOH). (b) Liquid phase ATR-FTIR spectra of the metakaolin suspensions in situ at constant
superplasticizer dosage of 5 wt.%, constant pH 13, adjusted by sodium hydroxide (NaOH) and potassium hydroxide (KOH), and constant calcium chloride (CaCl,) and
magnesium chloride (MgCl,) aqueous electrolyte concentrations (30 mM in NaOH and 20 mM in KOH).

surfaces. Similarly, the adsorption of various alkali and alkaline
earth metal cations on silicate surfaces, e.g. quartz, was investi-
gated by Allen et al. [77] using flow adsorption microcalorimetry
and in situ pH measurements. It was found that the magnitudes
of the heats of adsorption and exchange reactions increased along
the Hofmeister series (Li* < Na* < K" < Rb" < Cs* and Mg?* < Ca?* <-
Sr?* < Ba?*), which showed strong correlation to hydration proper-
ties, e.g. bulk cation hydration enthalpy and hydrated radius. The
authors concluded that for both alkali and alkaline earth cations,
interactions with the quartz surface through either adsorption or
exchange reactions implicate processes involving their hydration
shell.

Therefore, as a result of blocking of reactive sites, the electro-
static double layer and hydrated water molecules formed promote
repulsive forces between the metakaolin particles. The attractive
van der Waals forces between the metakaolin surfaces are dis-
turbed, which result in the disjoining pressure becoming more pos-
itive, leading to more stable colloidal systems and preventing
particles from adhering to one another to form aggregates [78-
80]. Therefore, all of these interfacial forces, including both DLVO
and non-DLVO forces have a contribution in stability of the col-
loidal system by contributing toward the disjoining pressure.

In addition to the adsorbed amount of superplasticizer which
determines the dispersion effect and initial fluidity, the presence
of non-adsorbed co-dispersants polymers is also vital in controlling
time-dependent fluidity properties (slump retention) by facilitat-
ing the dispersion of newly formed hydrated phases [14]. The
non-ionic molecules which do not adsorb onto cementitious parti-
cles but remain dissolved in the pore solution, act as co-dispersants
by inducing repulsive depletion forces which prevent cement par-
ticles from agglomeration [14].

4. Conclusions

The surface interactions of a commercial superplasticizer
(sodium naphthalene sulfonate formaldehyde polymer (SNSFP))
with metakaolin particles in model alkali-activated systems under
a varied range of conditions, including pH (7-14), ionic
composition (Na*, K*, Ca®", and Mg?") and ionic concentration
(0-100 mM), were systematically examined by adsorption
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measurements using experimental zeta potential and total organic
carbon content analysis. The following can be concluded:

e The metakaolin particles are strongly negatively charged in

water (—30 mV).

Metakaolin surfaces in KOH and NaOH solutions are most stable

ata pH of 12, evidenced by the negative zeta potential of greatest

magnitude (-66 mV and —61 mV, respectively), and remained
stable at pH of 13 (=45 mV and —36 mV, respectively).

The surface electrostatic charge of metakaolin particles at pH 13

can be reversed from negative to positive by specific adsorption

of potential-determining divalent cations, facilitating the
adsorption of negatively charged acidic groups of SNSFP super-
plasticizers via a mechanism of multicomponent ionic exchange

(MIE).

e Ca?* ions resulted in positive zeta potential of greater magni-

tudes compared to Mg?* (14 mV and 5 mV, respectively). There-

fore, SNSFP superplasticizers are more effective at dispersing
the metakaolin particles in the presence of CaCl, compared to

MgCl,, irrespective of the type of monovalent ions (Na* or K*)

present.

The optimal conditions for effective adsorption of SNSFP super-

plasticizer on metakaolin surfaces in a highly alkaline environ-

ment (pH 13), are 30 mM CaCl,, with NaOH, at a SNSFP dosage
of 5 wt.%.

Total organic carbon measurements confirmed that the SNSFP

was most effective in adsorbing onto the metakaolin surfaces

in the NaOH-CaCl, system, followed by the KOH-CaCl, system.

e Total organic carbon measurements indicated that the adsorp-

tion of SNSFP superplasticizer on metakaolin surfaces reaches

equilibrium beyond a dosage of 3 wt.% at pH 13 in an NaOH-

CaCl, system.

Liquid phase Fourier transform infrared spectroscopy of the dis-

persions in situ confirmed the presence of sulfonate group

adsorption bands on metakaolin surfaces in NaOH-CaCl, and

KOH-CaCl, systems.

e The observation of sulfonate group bands in the Ca-modified
systems provides direct evidence for Ca-mediated adsorption
of SNSFP, while this is not apparent to the same extent in
Mg-mediated systems. This results from the lower charge den-
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sity of Ca®* cations than Mg?*, allowing the Ca?" cations to
approach the surface of the metakaolin particles more readily,
and facilitating the adsorption of SNSFP onto the metakaolin
surfaces.

e The suggested mechanism in this study for colloidal stability
and dispersion of metakaolin particles in metakaolin-based
alkali-activated systems, in the presence of different ions and
highly alkaline media, is changes in the distribution and struc-
ture of the electric double-layer, as well as structural forces
due to alteration in surface charge density and hydrated shell,
facilitating competitive adsorption of the polymer.

This work shows that the presence of different types of mono
and divalent ions in the fresh cement reaction mixture can influ-
ence the surface interactions and adsorption of superplasticizers
on solid precursors in highly alkaline environments. The developed
methodology can be employed to approximate the adsorbed and
non-adsorbed amount of superplasticizer on surfaces of cementi-
tious particles by direct and indirect measurements, systematically
examining dispersion and fluidity of alkali activated systems under
a wide range of conditions.

In particular, the direct observation of cation-mediated adsorp-
tion of SNSFP onto metakaolin surfaces in the presence of Ca*, but
not Mg?*, which results from the lower charge density of Ca®"
cations compared with Mg?* cations, and the suggested mecha-
nisms , facilitating competitive adsorption of the polymer and pro-
viding colloidal stability and dispersion of metakaolin particles in
the presence of different ions and highly alkaline media, provides
significant new insight, and advances the knowledge established
by previously published work in this area [8,10,17,22,23].

This provides important insight into the fundamental processes
governing reversible adsorption phenomena in Portland cement-
based and alkali-activated cements containing metakaolin, which
can exhibit significantly higher fresh state pH than those based
solely on Portland cement.

For further fundamental investigations, the effect of charge
screening due to increased total electrolyte concentration can also
be explored, by eliminating the effect of changes in ionic strength
by measuring zeta potential of metakaolin particles as a function of
sodium chloride (NaCl) and potassium chloride (KCl), such that the
total ionic strength remains constant.

Furthermore, the current experimental design can also be
expanded to analyze the interactions between the variables inves-
tigated in the current work (e.g. alkaline earth metal ion concentra-
tion and pH) by examining the effect of calcium hydroxide (Ca
(OH);), magnesium hydroxide (Mg(OH),), calcium chloride (CaCly),
and magnesium chloride (MgCl,) on the zeta potential of metakao-
lin surfaces, providing insight into the influence of specific ionic
mixtures on particle zeta potential.

Lastly, surface wettability and surface energy measurements
can also be employed to provide an insight in degree of wetting
of superplasticizers on cementitious surfaces, and hence the dis-
persion effect of alkali activated systems. Moreover, atomic force
microscopy can be used to directly measure adhesion forces
including both DLVO and non-DLVO interactions in aqueous elec-
trolyte solutions and high alkaline media. These surface character-
ization methods could provide more in-depth fundamental
understanding of interfacial forces and dispersing mechanisms
involved in this complex organic-modified inorganic system.
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