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Abstract

Alkali activated cementdave been successfully developed as viable alternatves
conventionalPortland cementattractinga lot of interestin both academic researchnd
industry This study aims tatudy the fresh state performance of alkali activated cements and
the potentialthat bioderived admixtures have in improving their properti€ee main
challenge facedvhen using theseadmixtures is lack of detailed understandioigther
behaviour in these cements and their interactions with the precursor pattidesg about

the observedresh state properties.

This study investigated the behaviour of lignosulfonatesjureous solutions, increasing pH
and ionic strength to deterngintheir chemical stabilityThe chemical treatment dhese
admixtures was done with solutions that simulate the activating solution environment of the
alkali activated cement$he activator plays a crucial role not only in activating the precursors
but dso providing an environment in which admixtures must dissolve and interact with the
cement particles to induce dispersidrherefore,it is important to understand how the

admixtures behaviea such chemicaénvironmenrs presented by alkali activated censen

In exploringthe fresh state behaviour of alkali activated cemepéstes were produced
from mix designs formulated and optimisedrhlow calcium fly ash and high calciuground
granulated blast furnace s|agtivated with sodium silicate solutidbwas demonstrated that
an optimum dosage can be achieved for the dispersion efficiegpadulfonateadmixtures.
Theeffectiveness of the admixtures was determined by the type of lignosulfdoa#ge and
cement system it was added taghlighting that compatibility plays an essential role in

admixture selection



The working mechanisms of lignosulfonate admixtures in alkali activated cemerdgs w
elucidated.This was achieved through zeta potential and adsorption measurement studies. It
was demonséated thatignosulfonates work primarily through electrostatic interacti@msl
that these interactions are greatly influenced by ¢hemical environment and the surface

chemistry of the precursor particles.

This study established thgotential of lignosulfonates for use as admixtures in alkali
activated cementd.he understanding gained from thssudy aboutthe chemical actioand
stability of lignosulfonates in alkaline meditheir interactions in cement systems and effect
on the properties of these cements filled gaps inlitteature andchallenged some loRg

standing conclusions on these materials.
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Chapter 1 INTRODUCTION

1.1 Research background

The current high production capacity of the cement industry globally, and its continued
increase into the future as societies continue to expand their infrastructure, has given rise to a
substanti al contribution of aepipoarbonemssionse| vy 89
(Miller et al., 2018) Portland cement has been used for close to two centuries with an
increasing global production estimated at 4.4 billion tonnes in @Badside, 2022)Although
this process has been largely optimised, the most efficient cgmuehtctionis around 0.913
tonnes of C@equivalent per tonne of cement which is still quitghhiDunster, 202Q)The
production and use of Portlamgment have generated environmental concerns related to the
guarrying of raw materials, immense energy consumption and high carbon emi€siade
et al., 2009) The general increase in global £€missions from cement production has been
the main driving factor towards mitigating their impact and transitioning towards more

environmentally friedly alternative methods of producti¢gandrew, 2017)

Alkali activated materials have been successfully developed as viable alternatives; these
materials utilise waste and are less enénggnsive in terms of production methods than
conventional Portland cement. Wastes mainly from industrial manufactunitigrening
processes are valorised through this technology to yield high performing, high mechanical
strength, and durable structural materials; provided they are adequately designed and cured
(Provis & van Deventer, 2014y hrough this technology, the environmental impact due to the
disposal of these wastes in landfills or water sources is also mitigeathl et al., 2016; M.
Palacios et al., 2009This proposed alternative does not aim to completely replace Portland

cement, nor does it present a e fits-all alternative, but rather offers opportunities where



it can be designed to fit a specific purp@evis, 2018)This means designing mixtures using

the right available materials, at the right time afate, and for the right application.

The future of alkali activated cement, though promising is uncertain, there is still a growing
need to further improve the properties of alkali activated materials and make them more
commercially competitive against Rland cement than they currently @Rzovis, 2018)Great
strikeshave been made on the material development of these materials, with limitations on the
industrial processing andelivery still amatter of concernHowever,further research and
development of key performance areas of these materials would encourage their acceptance
and uptake in the industry. One way in which their advancement can be achieved is through
the use of admixtures; these are additives that enhamateriah properties, resulting in
improved workability, rheology and settiiBuertas et al., 2005[pespite the widespread use
and commercialisation of admixtures in the cement industry, there is limited research and
development of admixtures specdily designed for alkali activated materials. Admixtures
designed for Portland cement systems have been in use for decades, but there is limited
understanding of their surface chemistry and how these admixtures work in alkali activated
cement systems. Thgaplimits the development of new tailored admixtures to improve the
properties of cementvhich requires the knowledge of mechanisms that govern their

interactions.

The increasing awareness of environmental issues has generated intetiésing more
sustainable biomass such as lignin which has a wide range of applications; the current study
drives sustainability even further by exploring the utilisation of these renewable biomass
derivatives as additives in ndtortland cements. Thesarker generation admixtures remain
competitive in the market because of their lower cost and often good performaiscstudy
seeks to close knowledge gaps by providing the first comprehensive assessment of various

kinds ofbio-derivedadmixtures.



1.1 Aim and objectives

This study aims to evaluate the behaviour of admixtures, specificalhdebioed
lignosulfonates in alkali activated cement, considering their interaction with the activator as
well as the precursor during activation. The study itigates ' generation admixtures and
aims to fill the gap in the understanding of their interaction with alkali activated cements by
evaluating the key elements of their performance in these systems. The research objectives are

outlined as follows:

1 To investigate the physical and chemical effects of highly alkaline solutions that
simulate the environment presented by the activator during alkali activation on
different types of lignosulfonate admixtures.

1 To explore the efficacy dfgnosulfonatesvith varying molecular weigktand sugar
contents when usenh fly ash and ground granulated blast furnace slag activated
systems assessinghe proposed working mechanisms aswmpatibility with the
activated cement systems.

1 To explore the surface chemistry of fly ash and ground granulated blast furnace slag at
the interface with lignosulfonate admixtures., to elucidate their working

mechanisms whether electrostatic, elesteric, or both.

1.2 Thesis structure

There are 7 chapters included in this theAis.extensive literature review on the alkali

activation process, the fresh state behaviour, mechanical properties, and how these properties



are affected by the addition of admixtures is present&hapter 2This chapteexplores the
possible interactions between cement and polymeric admixtures, and what understanding has
been established on their working mechanisms by previessarchers. Lignosulfonate
admixtures are evaluated in greater detail, and their stability in cement environments and
dispersion efficiency is also addressed. Correlations between the structure of the admixture and

their efficiency in improving the propies of the fresh state cement are drawn.

Chapter 3provides details of the experimental plan outlined to achieve the project
objectives. The chacterised starting materials, mix designs and sample preparation processes

are presented. A summary of the analytical techniques and equipment setup is also provided.

Chapter presents a detailed descriptiorchinges or structural breakdowns that may occur
due to the interaction of lignosulfonates with alkaline activating solutions, to elucidate their
stability in these environments. Increasing pH and ionic strength environments are simulated
to monitor thesetlanges. The lignosulfonate samples are treated and then fully characterised
using a range of analytical techniques: titration, FTIR, sstide NMR and XPSbserving

closely any changes to the main functional groups of the macromolecule.

Chapter Sevaluates the effect of different types of lignosulfonates on low calciuasfly
and highcalcium ground granulated blast furnace slag activated cerfbkatfresh state
behaviour and mechanical strength paste properties of the optimised mix designs are presented
and compared with pastes with increasing additions of lignosulfonate. This chapter presents
results from the following studies: workability thigiu slump tests, rheology, setting time,
hydration kinetics through isothermal calorimetry and compressive strength. These analyses
provide information on the effect of the presence of lignosulfonates in these systems, whether

physical or chemical, positiyer adverse.



Chapter @assesses thieteraction between the cement precursors and admixtures, exploring
the surface chemistry at their interphégezeta potential and adsorption measurements. The
zeta potentials and adsorption measurements are used to examine the colloidal interactions and
influence of ions in solution to elucidate the working mechanisms of the lignosulfonate

admixtures. The adsdipn measurements were achieved by-Uig spectroscopy.

Finally, Chapter 7 offers conclusions drawn from the chemical stability studies,
investigations on the effect aakali activatedpaste properties, and the elucidated working
mechanisms for these cement systeWierk that should be considered for study in the future

is highlighted.



Chapter 2 LITERATURE REVIEW

2.1 Alkali activated cements and admixtures

Alkali activation technology utilises industrial waste and by products in the production of
sustainable cements that are 60% less energy intensive and have up to 70% less global warming
potential compared to conventional Portland cenfBoertas et al., 2014)n this process,
siliceous and aluminous materials are transformed into compact cementitious binders by
reaction with an alkaline activator to yield high performingoicis(Palomo et al., 1999The
starting materials (precursors) have varying compositions and characteristic chemisaies whi
result in products with a range of properties; the most utilised precursors being blast furnace
slag, coal fly ash, calcined clays and natural pozzqBemal & Provis, 2014)An alkaline
activator is required as most of these precursors show little to no cementing properties when
only mixed with water, unlike PortlarmemeniShi & Day, 1995) Several activating solains
have been successfully used with the most common being waterglass, (hN&i®) mH20),
alkali metal hydroxides, and alkali metal carbongRsvis & van Deventer, 2014The role
of the alkaline activator is to induce dissolution of the precursors and facilitate procasses th
form an aluminosilicate binding gel made up of a tidieeensional network of aluminium and
silicon atoms crosBnked by oxygen atoms, that then polymerise over time to form a compact
cementitious binde(Criado et al., 2009)The main CQ@ savings are from the avoidance of
usingcalcium carbonate (limestone) as a precursor and the high temperature processing of the
cement constituenis a kiln required for Portland cemefiRrovis & Bernal, 2014)Much of
the CQ emissions attributed to alkali activated cements (AACs) are associated with the

alkaline activator, particularly when waterglassisedProvis, 2018)Each precursor requires



the correct activator to yield good performance, however, limited information is available on

the optimal matching of the precursor and the acti&movis, 2018)

Alkali activated cements have been in development for over a century and gaining particular
interest in Western Europe, Soviet Union and Cliivis & van Deventer, 2014)n the
early 1960s, alkali activation contributed towards solving an ecological problem in providing
a pathway for the usd the slag byproduct(Fernandezliménez et al., 1999y here is evidence
of industrial application of AACs used in pecasting and in situ with large scale applications
being found in areas like Australia, Russia, Ukraine, Netherlands and the UK. There are now
established companies manufacturing alkali atéiet concrete materials or produ@@ntala
et al., 2021)Nonetheless, there is still much scope for a moresyickad industrial application
of the alkali activation technology. The differences in the precursor sources mean that the mix
design protocols are often varied and difficult to standardise. The workability of the fresh state
alkali activated cements hasdn recognised as a major challenge to their applicéRimvis
& van Deventer, 2014)So far, the use of alkali acated cements despite this challenge is
credited to the versatile mix designs that can be manipulated and adjusted to improve the
workability, but often needing to be balanced against performance markers such as strength
development and durability. This,iat least in part, because of the lack of availability of

admixtures to control the workability and rheological properties of these cements.

Efforts into the use of established admixtures developed for Portland cement have generally
seen less successaikali activated cemen(bdlajimi et al., 2020)(Tong et al., 2021 Examples
of these admixtures include polycarboxylates (PCEs), naphthalene sulfonates, lignosulfonates,
melamine based, vinyl cofymer, and others. These admixtures have been reported to show
significant fluidising efficiency in Portland cement but lose these properties in alkali activated
cements, which has been attributed to their lack of chemical stability in highly alkaline med
(Palacios et al., 2009)However, contradictory accounts of the performance of these
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admixtures have been published. Some successes have been shown with polycarboxylate based
admixtures in improving the workability of slag activated cement, with some studies exploring
the modification of the molecular structure of the PCEs to improve cduiipgtwith alkali
activated cementgKashani et al., 2014)This is an added advantage of PCEstleere is
flexibility in their molecular structure design and so they can be tailored for specific materials,
improving compatibility(Houst et al., 2008)In contrast, other researchers have found that
PCEs are not compatible with AAS showing no improvemenwankability (Palacios &
Puertas, 2005)(Palacios et al., 2008Naplthalene sulfonates have been reported to be
efficient at dispersing alkali activated slag pastes, which was attributed to their high structural
stability in alkaline medi@Palacios & Puertas, 20Q%Palacios et al., 2008%imilar success

was found in fly ash activated pastes wh¥re and Kayali(2016 found that naphthalene
sulfonate was slightly bitr at improving the workability of low calcium fly ash activated
cement compared to Portland cemenie other previously mentioned admixtures have
generally not improved the workability of alkali activated pastes and were also detrimental to
the compresse strength developme(Puertas et gl2003) The inconsistency in these results

is likely due to the variation in the materials used and the testing conditions.

Understanding of the fundamental aspects of chemistry and materials science that control
the formation of these alkali activated binder systems has been in development, and extensive
research has been done in this area in the last couple of d¢Paolés & Bernal, 2014)

(Provis, 2018)(Shi et al., 2019)The current study offers a review on how far this technology
has come and what remains poorly understood. Admixtures are antampcomponenin
achieving high performance concrete that has improved workability, high strength and good
durability (Uchikawa et al., 1997)The impact that admixtures have on the alkali activation

process and the properties achieved are presented.



2.1.1 Fresh state behaviour of alkali activated cements

The fresh state behaviour of cement or concrete refers to the initial stages immediately after
mixing, while the cement still flows and has not started hardening and gaining strength, as
shown inFigure2.1. This is a key part of concrete production as the final hardened product
cannot be achieved if the mix is not workable at the outset. This stage also has a direct impact
on the surface finishing, strength development and durability properties of thenddarde
product at a later stag®anfill, 2011) Rapid loss of workability is not ideal in industrial
applications as enough time must be allowed for a workable mix to be transported, cast, and
placed(Yousuf et al., 1995)This is often achieved using admixtures which improve fluidity
while maintaining a low water atent. Admixtures are also useful in deterring unwanted
defects such as segregation by controlling the yield stress and plastic viscosity and allowing
rheological parameters to be adjusted to fit the requirements during industrial applications

(BurgosMontes et al., 2012)



Figure2.1 Fresh state alkali activated material

Fresh state properties of cements are often characterised by slump tests and rheological
studies. The slump test introduced in the 1920s, though an empirical method of testing the
consistency of concrete, is a simple gmdctical test that is used in research and industry
(Neville, 1995) This technique was modified in 1980 to a miniature slump test to monitor the
workability of neat cement pastes and the influence of admixiii€astro, 1980) The
rheological properties of cement are dependent on the properties of the precursor material, the
mix protocols followed and the surrounding environment of the cefhlamehara & Yamada,

1999) These rheological studies are in part an indication of the dalloiteractions in the
pastes as well as the early chemical reactions in the cement ¢@stepua & Sarkar, 1994)

Other factors influencing the rheological behaviour of cement include the water/cement ratio
and mixing conditions, testing conditions, and the cement grain size and Bagpe Piani,

2004) (Vikan et al., 2007)These variations have led to difficulties in comparing rheological
data and the establishment of standard methods of t€s@ngandeAltable & Casanova,
2006)
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It has been established that cement pastes exhibitNeaonian behaviour with
viscoelastic characteristi€Roussel et al., 2012Rheological studies measure the response of
the paste (shear stress) to an externally applied force (shear rate) and from these measurements,
the experimental data can be fit to rheological nsdehis fit has proven to be challenging for

cement systems with several models being proppg&en et al., 2007)

Bingham plastic: Tt 0 Equation 2.1
HerschelBulkley: t+ t+ 03 Equation 2.2
Power law: T 030 Equation 2.3
Casson: Yt 09" Equation 2.4
Sisko t 3 03 Equation 2.5

wheret is the yield stress, is the plastic viscosity, is the shear raf® is the consistency,

andn is the power law indexThe most used of these models &quatiors 2.1-2.3. The
HerschelBulkley model is reduced to the Bingham model whenl, and to the power law
model when the yield stress is zero, as showkigare2.2. The yield stress is often the most
challenging to estimate, with different values obtained when different models are used. The
yield stress also depends on the experimental protocols fallsueh that it is important to

state whether a dynamic yield stress (minimum stress required to maintain flow) or a static
yield stress (minimum stress required to initiate flow) is preseiiMadhbaur et al., 2001)
(Roussel et al., 2012)To date,understandingthe impactof admixtures on the fit of

experimental data to these rheological models is lacking.
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More recently, the use of oscillatory rheology to measure the interactions between the
cement particles has gained populafitiperto et al., 2022)Kalina et al., 2022)Sun et al.,
2022) This method works to monitor the structupaild-up of the cement by evaluating the
linear viscoelastic region and defining important rheological parameters such as the storage
and loss modul{Kalina et al., 2022)The approach provides new insight and accuracy on the
viscoelastic parameters and details the rheological behaviour of the cement more closely than

can be ofained from the classical measurements where the shear stress is monitored as a

function of the shear rate of a rotational viscom@#rasha et al., 2015)

2
oy
% Herschel Bulkley, 7=71, + K - y"
2 .
2]
'C,_J B. ] _ .
5 igham, =17, + p, -
1)

Power Law, =K - p"

Newtonan, 7 =, - ¥

Yield stress, T,
>

Shear rate, s !
Figure2.2 Rheological models conventionally applied to the description of the shearistress

shear rate relationship of cementitious pastes. Adapted (Matvern Instruments Limited,

2016)
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In alkali activated cements, the presence of the activator which has its inherent viscosities
contributes significantly to the paste fluidity and rheology as confirme®uwgrtaset al,
(2014. The rheological behaviour of Portland cement pastes is thatoofcantrategranular
suspension, while alkali activated paste rheology is greatly controlled by the viscosiy of th
interstitial fluid (Banfill, 2006) For example, the sodium silicate solution is a Newtonian fluid
with a viscosity 10 to 100 times higher than that of watdty g v a Si | . Inereasimglthe , 2 0 1
modulus and N# concentration dramatically increases its viscosity as showigure2.3.
An example of the effect of the activator is that sodium silieatevated slag pastes and
mortars have been shown to fit a HersdBelkley model, but behave like Bingham fluids
when NaOHis used as an activat@alacios et al., 2008yVhen in contact with the sodium
silicate activating solution, slag particles tend to disperse, and this dispersion effect is increased
as the activator dosage is increaé€an et al., 2017)It is difficult to measure the extent to
which the rheological behaviour of the pasi@n cbe attributed to the partigharticle
interactions as opposed to the effect of the activator, however, the focus of the current study

will be on the effect of admixtures in these systems.

13



1,000,000
100,000

10,000

Viscosity

(mPa.s) 1,000

100

Na,O concentration
(wt%)

Modulus (molar ratio $i0,/Na,0)

Figure 2.3 Viscosity of sodium silicate solutions as a function of modulus angDNa
concentration Used with permission oAnnual Reviews, Inc(Provis & Bernal, 2014)
permission conveyed through Copyright Clearance Center, Inc

Concentrated suspensions of particles in a liquid state may exhibit thixotropic bela@viour
demonstrated irFigure 2.4 (Pgo & Piani, 2004) Thixotropy is a phenomenon whereby
materials subjected to a constant shear rate show a decrease in viscosity with time which is
then recovered to the initial viscosity after the strain is remd¥ednandezltable &
Casanova, 2006This is often characterised by a hysteresis gap between the up and downward
curves of a shear stress vs shear rate curve. In AAS, this behaviour is dependent on the nature
of the activéor used, for exampld?alacios et al., 200®und that waterglass activated slag
produced a larger hysteresis compared to when NaOH was used as a activator as shown in

Figure2.4.
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Figure2.4 Thixotropic behaviour of alkali activated sldghmediately after stopping mixing,
the pastes underwent gsbearing followed by cycles at 5, 10, 15, 20 and 25 minAspted
from Palacios et al., 2008

2.1.1.1Effect of admixtures on the fresh state properties

The fluidity of a cement paste varies when different admixtures are added, and when the
same type of admixture is added to different cem@dtehara & Yamada, 1999Fhis
highlights that compatibility plays an essential role on the use of admixXieeand Kayali,

(2016 showed that polyarboxylate and naphthalebased admixtures were less effective in
enhancing the workability of low and high calcium fly ash activated cements, than Portland
cement. This was attributed to the difficulty in the negatively charged admixtures adsorbing to
the anionic Si(OH)and Al(OH)4 surface of the low calcium fly ash particles. Conversely,
Carabbeet al (2016 showed thaPCEbased admixtures have a high efficacimiproving the

workability of activated fly ash mixtures.

Hanehara and Yamadd,999 reported that thedalition time of the admixture did not have
a significant impact on the fluidity of the paste. In contrasthikawa et al.,(1999
demonstrated that a delayed addition where the admixture was added 30 s since start of mixing

15



improved the fluidity of the paste better than simultaneous addition where all the components
were mixed in at the same time. A sligetluctionin theplastic viscosity of waterglass fly ash
activated pastes was reporteddrjadoet al, (2009 for a range of carboxylate, melamine and
lignosulfonate based admixtures, which suggests that these chemicals served their plasticising
purpose in these cements. However, this effect was short lived, and the admixtures lost their
plasticising ability akr 10 minutes. Lignosulfonates have also been reported to not
significantly improve the workability of AAFA at both low and high dosage€hyabbaet

al, (2016. These unsatisfactory results obtained for the use of lignosulfonates in alkali
activated materials have been attributed to the instability of these polymers in highly alkaline
solutions(Criado et al., 2009however, this theory has not been evaluated in detail to show

such structural breakdown to the lignosulfonate in AAMs hindering theiedigm capacity.

Admixtures commonly used in cement systems have the ability to alter particle interactions
and the overall rheological properties of the pastes, including thixotropy, structural breakdown
and workability(BurgosMortes et al., 2012)The yield stress will depend on the interparticle
forces and how these are modified in the presence of an adsorbed layer of aqiodstet
al., 2002) Polycarboxylate admixtures decrease the thixotropic values of pastes in Portland
cenment owing to dispersiofFernandeAltable & Casanova, 2006y arious other admixtures
have also been reported to modify this thixotropic behaviour breaking down the structure and
redudng the hysteresigap(Papo & Piani, 2004)in alkali activated cemestthere is limited

study on the effect of admixtures on this rheological property.

2.1.2 Reaction kinetic studies

Isothermal calorimetry has long been an essential tool in the characterisation of alkali

activated cement hydration kinetics, especially during the early stages of ré8biiénDay,
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1995) This technique follows the rate of heat evolution as the reactions proceed. The
dissolution of the precursor occumsmediately upon mixing, and this is associated with the
first peak in theheat releasedurve (Fernandezliménez & Puertas, 1997)his first
exothermic peak iattributed tahe wetting and dissolution of the precursor upon contact with
the activatorandit is significantly influenced by the concentration of the activator since its
magnitude is enhanced by increasing the concentréBan & Vollpracht, 2018) This is
followed by an induction period and then a high intensity acceleration and deceleration period
evidenced bythe second peafBernal et al., 2015)This second peak is assted with the
nucleation, growth and precipitation of the reaction products. Finally, the last stage is at low
reactivity, sometimes called decay, when the reaction approaches comfietiaandez

Jimenez et al., 1998These stages can be seeRigure2.5.
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Figure2.5 Isothermal calorimetry curves for slag metasilicate activated slag pastes, as a
function of the water contenAdapted fromBernal et al., 2015

The intensity of the peaks, duration and when they occur is largely dependent on the type
and concentratioof theactivator used, and the water cont@wrnal et al., 2015Fven though
distinct peaks can be attributed to certain processes taking place during activation, the reaction
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steps overlap each other and so the dissolution of the precursor, accumulation of reaction

products and polycondensatioccur almost simultaneougalomo et al., 1999)

The effect of admixtures on the reaction rate of cements dependstypele admixture
used. It has been established that lignosulfonates retard the hydration of Portland cement as
shown by the thermal power against hydration time curvegjure2.6. This is evidenced by
the appearance of the peak maxima at a later time as the concentration of the admixture is
increasedDanner et al., 2015)'he cumulative curve shows that the extent of reaction is not
affected by the preseacof the admixture at longer hydration timés.similar effect of

admixtureson the heat evolution of alkali activated cements can be expected.
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Figure 26 Thermal power and cumulative hydration of cements with additions of
lignosulfonate admixtureAdapted with permissio{Danner et al., 2015YopyrightElsevier
2015

In alkali activated cements, the ongoing reactions upon mixing result in the osettraf
where the cement starts to harden. As the silicate ions from the activating solution undergo a
condensation reaction with theans dissolving from the slag, they form a primary calcium

silicate hydrate gd|Shi & Day, 1996) The onset of setting occurs due to the precipitation of
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thesehydrate phases. The rate at which this occurs depends on thegstaaiterials and it is
influenced by the water/cement ratio in the system such that decreasing the w/c decreases the
setting timgChang, 2003)lt is also affected by the modulus ($i8a:0) of the activator such

that when the modulus is increased above 3, the setting time is ré@uogdHua & Sarkar,

1994) The mixing protocol has a direct impact on the fresh state behaviour of the cements.
Palaioset al, (2008 found that extending the mixing time from 10 to 30 minutes resulted in

an increase in setting time of up to 8 hours. It was concluded that an increased time of shearing
prolonged the setting times. A concern with the use of higherdration activator is the quick

setting of waterglass activated slag cements, however, for industrial applications, the cement
should have a reasonable setting time to allow for transportation time and pla¢éhaag,

2003)

The setting mechanism of fly ash activated pastes follows a gel percolation Rmegsr
& Poulesquen, 2015 nreacted, isolated, and weakly reacted particles are connected through
the formation and deposition of reaction products to form a cementitious matrix and this
connectivity is dependent on facdasuch as the water to binder ratf@rnandezliménez et
al., 2005) Low calcium fly ash based cements tend to have long setting times depending on
the mix design and the reactivity of the fly ash, and so heat curing is sometimes used to

accelerate the hardening of these cem@svis, 2018)

The interaction between cement and admixtures may cause an early setting or a retardation
of the pastgHanehara & Yamada, 1999For Portland cement, set retarding admixtures
influence the early reactions of the cem@fdung, 1972) Different admixtures have varying
degrees of retardation on the setting times of Portland cement as shdviguia 2.7
(Uchikawa et al., 1995)Several theories have been proposed to explain the retardation
mechanism of admixtures in Portland cement such as complexation, formation of a protective
layer, or poisoning of nucleation to prevent growth of reaction pro@Uiotsy et al., 2021)
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Lignosulfonates have been found to form complexes witf @daying setting of Portland
cementVikan et al., 2007)It is well known that sugars facilitate the significant retardation of
the setting of cements and that lignin have sugars naturally retained after sulfonation, but even
so, sugar free lignosulfonates also have a strong retardation @feletrdi et al., 2015)
Therefore, it is not only the effect of sugar that is responsible for the retardation effect of
lignosulfonates. Their effect ondlsetting mechanism of alkali activated cements has not been

explored in detail and is poorly understdéaisbiantoro et al., 2013(Assi € al., 2018)
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2.1.3 Reaction and phase assemblage of activated FA and BFS cements

The properties of the precursor, activator as well as the curing conditions determine the
reactions that occur during alkali activation, and the products fofidmalichuk et al., 2007)
Figure 2.8 shows the reaction pathways of both the calerigh and lowcalcium precursors
during alkali activation. It is proposed that the initial dissolution and exchange of species in
solution is conmon to both pathways, the difference is that for the same activator, different
species are released depending on the composition of the starting nfBtexa & Bernal,
2014) At this stage, the activates the main driver and the polarising effect of QGitithese
high pHvaluesinduces the breakage of ©3 Mg-O and a significant amount of-&+Si, Al-

O-Al and StO-Al bonds hydrolysing into the pore soluti¢®hi & Day, 1995)

For ground granulatedlag, the weaker C@ and MgO bonds are broken first, releasing
more C&" and M¢" into the pore solution and leaving an Si&iriched layer on the surface
(Chang, 2003)As the pH is increased even more, calcium solubility decreases while silica and
alumina solubilities increag@rovis & van Deventer, 2014At pH values between 9 and 10.7,
the solubility of the amorphous silica in the precursor increases due to the formation of silicate
ions in equiliblium with the solid phase, and as the pH is increased beyond 10.7, the solid phase
dissolves to form a soluble silicafeuertag TorresCarrasco, 2014)As there ianuptake of
C&* ions from solution by formation of the-&-S-H reaction product, this drives further Ca
dissolution of the sla¢Provis & van Deventer, 2014The alkaline elements (cations) in the
activator compensate for the negative charge brought about by the substitutibrbgf/g#*
in the structural networ{Criado et al., 2009)Provis & Bernal, 2014)0ther researchers have
suggested that slag is a latent hydraulic cement such that when initially reacted with water, an
aluminosilicate shell is formed on the surface of slag grains which remains impermeable to

water until the shell is broken or dissalvd hey suggest that the high alkaline environment
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provided by the activator breaks this shell and only then is further dissolution of the slag and
product formation possibléGebregziabiher et al., 2013lowever, this hypothesis was not

supported by any experimental data, and no evidence of the shell has been presented

For low calcium precursors such as fly ash, the activator facilitates hydrolysis of the glass
structure, breaking bonds and releasing ionic species such as Al@H)Si(OH)O". Gel
nucleation results in what is usually described asfa8(H) gel, but can alsbe presented as
N,K-(C)-A-S-(H) where partial substitution of sodium and potassium by calcium is possible
(Provis & Bernal, 2014)When sodium silicate is used as an activator, additional silicon is
availabk to increase the Si/Al ratio, as a result the dissolution of aluminium becomes rate
determining and therefore in these systems, aluminium plays a critical roleAis-{H)
formation(Mills et al., 2022) Low calcium fly ash formshis tetrahedral NA-S-(H) gel type

structure based on silicon and alumini(iPnovis & Bernal, 2014)
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The reaction products activationare

a dissolution and precipitation mechanism at early @g&s1g & Scrivener, 19950ver an
extended curing time, the gelndergo solidification, hardening and strength development
(Marchon et al., 2013; Provis & Bernal, 201@ther commonly observed secondary hydration

products from slag activation are AFm layered hydrous calcium alumimatesi¢nosulfate
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C3A:CaSQ-nH20) including the Scontaining AFm phase stratlingite, hydrotalcite like

(Mg,Al)-layered double hydroxides, and zeoli{Bsovis & Bernal, 2014)

2.1.4 Mechanical properties development

As previously mentioned,iph mechanical performance, improved durability, as well as
high resistance to aggressive environments can be achieved when alkali activated cements are
properly designe¢Palacios et al., 2009The curing conditions also play an important role in

the microstructural and mechanical strength development of AK@slchuk et al., 2007)

For AAS, a wide range of high strengthsom 60 MPa to 150 MPa after 7 days of curing
can be achieved with the use of a waterglass activamnvahout the use of additives or high
temperature curing. These cements continue to gain strengths-2009® higher than at 28
days after 10 years of servi¢&/ang et al., 1995)The mechanical properties of AAS are
comparable to Portland centdiut with some added advantages when waterglass is used as an
activator (Fernandezliménez et al., 199950me of the factors influencing the mechanical
strength @évelopment of alkali activated slag cements are the slag chemistry, degree of
reactivity, curing temperature, and more importantly the nature and concentration of the
alkaline activato(Fernandezliménez et al., 1999)Winnefeld et al., 2015)As expected, the
mechanical strength will increase as the curing time increases, and this is because over time
the cement densifies, reducing the total poyosit the system and thereby increasing the
strength(Winnefeld et al., 2015)The activators mailt in the highest mechanical strengths in
the following order. AOE 1 E AAKF¥A . A/ (Fernandediménez et al., 1999Yhe
waterglass activated slag tends to be more condensed, have more microporosity and lower total
porosity (Puertas & Torre€arrasco, 2014)increasing the molarity of the activator or the

modulus (Si@NaO) concentration of the sodium silicagelution increases the sigth

24



(Thomas et al., 20167 he silicate species from the dissolving slag and those supplied by the
sodium silicate activator react with the catoi and aluminium to form solid binder products.
However, this activator has been associated with high rates of autogenous and drying
shrinkage, while other activators may present shrinkages comparable to Portland cement

(Puertas et al., 2011)

As a rule of thumb for Portland cement, decreasing the water to cement ratio increases the
compressive strength of the hardened profWmtisuf et al., 1995For this reasoradmixtures
are used tachieve highly improved workability dbw water to cementatios leading to
improved compressive strength and permeab(Riank et al., 2015 A1 t an and Er do
(2012 demonstrated a similar trend in alkali activated slag cements where they measured a
150% improvement in the compressive strength of a slag mortar when the water to slag ratio
mass was decreased from 0.53 to OB&y also reported an improvement in tlagerof
strength gairover time This finding is of relevance to the current study because efficient
admixtures can help achieve these low wagnentatios by improving the workability of the

AAC mixes while maintaining or improving the compressive sjties1 of the cements.

The mixing protocol also influences the mechanical strength as longer mixing times improve
matrix cohesion and compactness of the AAS, so that up to 30ofmmixing can lead to the
enhancement of strength by up to 1{Palacios & Puertas, 2011Jhe use of admixtures
allows for better mixing, reducing the mixing time while achieving the samesawh and

compactness desired.

For low calcium precursors such adicious fly ash and metakaolin, the strength
development may be slow at room temperature and the final mechanical properties can often
be improved by thermal curing after mixiigrovis & Bernal, 2014)Sometimes, thermal

curing for extended periods is used to enhance the compressive strengths of AAFA. The
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mechanical properties depend strongly on the characteristics of the continuous precipitate
interconnecting the unreacted fly ash particles, where the mechanical performance is reduced

if this continuity is disturbe@Fernandezliménez et al., 2006)

In earlier studies where sodium lignosulfonate was used as an additive in alkali activated
slag mortarspPouglas and Brandste{{1990 demonstrated a decrease in the overall strength
of the sarples of about 6% with addition of sodium lignosulfonate, without any improvement
on the workability. This finding was supported Wianget al (1994. Most researchers have
reported a decreas@ ithe compressive strength of AAS cements when lignosulfonate
admixtures were added. In Portland cement mortarsethecedmechanical strength in the
presence of polycarboxylateased admixtures as explained by a high entrainment of air
(Palacios & Puertas, 2009)o significant changes in the mineralogical composition ef th
pasts were found when PCEs were added to Portland ce(Rerttas et al., 2005)n alkali
activated cements, there is still very limited research on the fate of chemical admixtures.
Nonetheless, a summary of the effects of these admixtures aln atkivated cements in

presented iTable2.1.

Table2.1 Summary of the use of admixtures in alkali activated cements.

Authors Mix Admixture Positive effects Negative effects
(Douglas & AAS T Sodium No improvement in
Brandstetr, waterglass lignosulfonate, workability
1990) (Wg) sulfonated Reducedcompressive
naphthalene strength
(Bakharev et AAS Lignosulfonate Increase in workability = Reduced compressive
al., 2000) (LS), Naphthalene and flexural strength
formaldehyde (NF) development with LS
Quick set with NF
(Puertas et al., AAFA & AAS vinyl (V) and Gain in fluidity at early  V delayed hydration
2003) polyacrylate stages with Z for AAFA  and reduced the
copolymers (2) compressive strength.
Both did not improve
fluidity of AAS
(Palacios & AAS - Wg Polycarboxylate AAS-NaOH: N reduced AAS-Wg: none
Puertas, 2005) AAS-NaOH (PCE) I/s ratio, prolonged increased the slump
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Vinyl copolymers
(V), melamine ),
naphthalene (N)

flowability, significantly
longersetting time.

PC, V, M increased
fluidity in the first 10
minutes

(Palacios et ~ AAS-NaOH Polycarboxylate Naphthalene enhanced AAS-NaOH; quick
al., 2008) (PCE), Melamine  fluidity significantly loss offluidity with M.
formaldehyde (M), No change in rheology
Naphthalene with the other
formaldehyde (NF) admixtures
and Vinyl AAS-Wg: V raised the
copolymer (V) yield stress
(Criado et al., AAFA PCE, LS, M All plasticised in the LSand M ability
2009) early stages. vanished in a short
period of time
(Palacios et ~ AAS-NaOH V, N V most effective at low
al., 2009) pH
N most effective at high
pH
(Bilim et al., AAS-Wg Shrinkage reducing SSRe increased the flon No impact on the
2013) polypropylenglycol rate setting times, reduced
(SHR) Reducedshrinkage compressive strength
Set retarding especially SHR at 2 days
admixture based on
modified polymer
(SSRe)
(Nematollahi  AAFA (class N, M, modified AAFA-NaOH: N AAFA-Wg: 29%
& Sanjayan, F)i NaOH PCE improved workability the decrease in
2014) AAF - Wg most, no negative effect compressive strength
on the compressive
strength
AAFA-Wg: PCE most
effective
(Kashani et AAS Modified PCEs Mild increase in
al., 2014) workability
(Xie & Kayali, AAFA (class N, PCE PC more effective with  Both SPs are less
2016) Fard C) class C effective than Portland
N better in class F cement
(Garg & AAS & NanczZnO Effective in hydration
White, 2017) AAMk (alkali retardation
activated
metakaolin)
(Rakngan et  AAFA (class  Sodium gluconate, Borax, SNS no effect = Sodium gluconaté
al., 2018) C) Borax, Sodium on slump. decrease in
naphthalene Sodium gluconate compressive strength
sulfonate (SNS) improved slump, at dosages above
increased workable time 0.35%
(Najimietal.,, AAS Malic acid LS Setting time delayed Drastic reduction in
2020) compressive strength

LS also reduced
workability
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2.2 Lignosulfonate admixtures

2.2.1 Structure and composition

Lignin is the second most abunddatter cellulosesustainable material with 70 million
tonnes being produced every year. The majority of this production is used for energy recovery
and regeneration by combustion in pulping processes, while only 5% is used to form chemical
products(Gelardi et al., 2015)Lignin forms an amorphous, irregular three dimensional and
highly branched phenolic polym@ru et al., 2017)It is made up of building units and interunit
linkages, composed pthydroxyphenyl (H), guaiad (G), and syringyl (S) units in varying
proportions, interconnected by ether and cartemon bond¢Elder & Fort, 2010)(Lapierre
et al., 1995) These interunit linkages are shownrFigure2.9. Softwood lignin is comprised
of G units while hardwood lignin contains a mix of G and S uiNisnz et al., 1981)The
ratios of these units can directly affect the reactivity of the lignin as well as the molecular
composition and properties of the lignosulfonates prody&advoldt et al., 2020) The
linkages found in lignin are predominatddyO-4 (making up 50% of the polymer) as well as
a-0-4, 55, b-b, 50-4, andb-1 interunit linkagegLapierre et al., 1995)The exact structure

of lignin remains unspecified; however, a proposecttire is proposed iRigure2.9.
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To obtain lignin, it must first be separated from biomass (wood), and there are several
processes such as soda pulping, sulfite pulping, solvent pulping and kraft pulping used to
achieve this extractiofRuwoldt, 2020) Sulfite pulping is one of the more common extraction
processes and it produces lignosulfonates as -prdmuct This lignin extraction is a
delignification process involving the use of sulfige/(  or bisulfite ( 3 /) salts at elevated
temperatures (14070°C) (Gelardi et al., 2015)he lignin undergoes fragmentation where its
molecular weight is reducdzkecause of the cleavage of th&®-4 anda-O-4 linkage units in
lignin. This is followed by sulfonation, a process in which sulfonate growpgrafted onto
the backbone skeleton of the polymer as showRiguire 2.10, making the polymer water

soluble(Myrvold, 2008)(Vainio et al., 2012)

29



OH
~ OH

w ~o

——

=]

HO;S

wl

\ /"

H,CO
H;CO

OH

Figure 2.10 Sulfonation process of lignin to obtain lignosulfonateapted fromEraghi
Kazzaz et al., 2019

It has been suggested that the sulfonation of side chains increases the resistance to
biodegradation of the lignosulfonateben compared to ligni¢Li et al., 2012) The insoluble
cellulosic fiberar e t hen separated by wultrafiltration
poorly sulfonated lignins, inorganic salts, and sugars from the acidic hydrolysis of the cellulosic

fibers(Gelardi et al., 2015)

During lignosulfonate production, the original structure of lignin is preserved to a certain
degree, and hence the polymer possesses amphiphilic profRRuvesidt, 2020) The amount
of lignin present depends on the source i.e. softwood LS have a hattent of lignin (27
37%) compared to hardwood (28%), and have varying molecular masses and amounts of
functional groupgArel & Aydin, 2017) The amount of bonds and types of linkages retained
is dependent on the route of production, for example, lignosulfonates from the sulfite process
contain lowamounts of thé-O-4 linkage (less than 10%) but high amounts e€ ®onds
(Hemmila et al., 2020)Further modifications are then carried out to achieve the desired
product depending othe end use in different industries as dispersants, surfactants and

adhesives, and for other uses, taking advantage of their versatile(FRatwadt, 2020)

Lignosulfonate end products are highly crieked macromolecular polymers made up of

a hydrophobic backbone containing aliphatic and aromatic groups, as well as a random
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distribution of hydrophilic side chains such as carbonyl, sulfonic, and phenotmdyydroups

(Yan et al., 2010)A simplified structure of a lignosulfonate showing all the key components
is shown inFigure2.11. These polar functional groups make the macromolecule soluble and
very chemically active, thereby leaincing their adsorptivity and dispersive abi(i@iu et al.,
2010) (Li et al., 2012) Lignosulfonates have been particularly applicable in the cement
industry as they can be modified for use, andaanengthe earliesbrganicmaterials used as

admixtures in thenoderncement industry dating back to the 198Gglardi et al., 2015)

OCH3
OH

/ N\« |
HO C—C—CH,0H
| H

SO Na

CH,OH SOsNa SONa
H H
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H,COo
Lignin OCH3;

OH
Figure2.11 Simplified structure of a lignosulfonatAdapted with permissiofGelardi et al.,

2015)Copyright Elsevier 2015

2.2.2 Chemical action of lignosulfonates in alkaline media

In alkali activated cements, the low efficiency of lignosulfonates in improving their
workability has often been attributed to chemical instability in the high pH aqueous
environment. Previous researchers have suggested that there is a loss of fugotibtiadit

admixture due to structural breakdown and loss of key functional groups, particularly the
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sulfonate groupgPalacios & Puéas, 2005)(Criado et al., 2009)They suggest that as anionic
sulfonate groups induce repulsion between cement grainsagisonption, when lost from the
polymer, this fluidising effect is also lost hence the reduced efficiency. These claims have been
confirmed for naphthalene sulfonate admixtyialacios & Puertas, 200&hd then assumed

by extension for lignosulfonates due to their similarities in having sulfonate groups on their
surfaceqCriado et al., 2009)Thus far, no evidence has been brought forward to confirm this
chemical instability for lignosulfonate admixtures. A detailed abi@risation monitoring these

changes is still lacking.

Studies have been carried out on the behaviour of lignosulfonates since the 1900s with the
aim of elucidating their chemical structure and behaviour in aqueous enviror{Gardsn &
Mason, 1955)Despite this extended period of research, there are still debates on this poorly
understood topic to this dafolatbaevet al, (2010 correctly poinéd out that the lack of
data/research on the fundamental properties and behaviour of lignosulfonates hinders their
purposeful selection and use. Understanding their behaviour ensures optimum usage in systems

that are compatible with their structure and cleainbehaviour.

A great advantage of these materials is the versatility of their polymeric structures which
allows for a wide range of application in different chemical environments. The structure of
lignosulfonates has recentheendescribed as randombyranched polyelectrolyte molecules,
with functional groups attached that introduce charges and induce dipoles on the chains of the
polymers, making them water soluble and compatible with the polar environment of the
aqueous mediurgMyrvold, 2008) In this aqueous medium, these macromolecules dissolve to

form concentrated finely dispersed and stable colloidal soluficgshr ul 6 ga .et al .,

Lignosulfonates are flexible padlectrolytes that will undergo chemical changes in the

presence of electrolytes in solutigGardon & Mason, 1955)it has been established and
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widely accepted by previous researchers that these chemical civarges the disociation
and ionisation of some functional groups in the presence of simple electrolytes in solution
(Gardon & Mason, 1955)Bolatbaev et al., 2010)Qian et al., 2011)As a result of this
ionisation, the polymer is left with a charge that can be meddireugh conductivity
measurements to obtain conductivity curves. However, this technique has a limitation in that it
provides the overall charge of the polymer and gives no quantitative data on the functional

groups undergoing ionisation.

In previous sidies, there has been no consensus on which of the factors or parameters drive
the chemical changes observed when lignosulfonates are in aqueous3aedtia. and Mason,
(1955 statel that the process of ionisation is driven by an equilibrium that exists between the
ions attached to the polymer and those in solution, such that a low concentration of ions in
solution favours more ionisation from the polymer. And so, ionisation is gropal to the
concentration of the polyelectrolyte as well as the electrolytes present in solution. These
researchers suggested that since this equilibrium is the main driving force for ionic dissociation,
the concentration of the lignosulfonate in salatis a key parameter influencing the degree of
ionisation. It was alsproposedhat this equilibrium is reversible and dependent on the pH of
the solution. Most researchers highlight pH as one of the key factors to consider. The pH
influences the degree of ionisation which in turn determines the amount of charge on the
polymer. At bw pH, the degree of dissociation is reduced and the polymer is weakly charged,
whereas at high pH a larger fraction of the monomers is dissociated and the polymer charge
saturates at its maximum val@Borukhov et al., 2000)Contrary to thisBolatbaevet al,
(2010 found that lowering the pH in fact enhances the surface activity of lignosulfonates,
thereby increasing the degree of ionisation. Lignosulfonates can be cdagpdédesponsive
polymers because they change their surface activity, conformation and solubility when

interacting with increasing pH of solutioii€ocak et al., 2017)The high pH environment
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presented by the cement pore solution means that the acidic funagiemgls of the

lignosulfonates are essentially dissocigfedrcte et al., 2003)

There are other factors such as temperature which also influence the degree of dissociation,
such that an increase in temperature favours more dissociation of the p(Bgoia¢baev et
al., 2010) The intrinsic properties of the lignosulfonate, such asrblecular structure, also
affect the degree of ionisation, with researchers seeing an increase in the degree of dissociation
as the molecular weight of the polymer decreases. This is because easily dissociating groups

are more predominant in low moleculaeight lignosulfonate@Bolatbaev et al., 2010)

In alkaline media, the dissociation and ionisation degree of lignosulfonates can be
investigated by monitoring key functional groups and how they can be affected by the chemical
environment. One of the key functional groups beerve are methoxyl groups found on the
side chains of the lignosulfonates. These groups are known to be labile and susceptible to
chemical attack and hydrolysis. They are capable of dacceptor interactions where they
donate electrons. They also undeeavage by nucleophilic substitution in highly alkaline
media where the OHicts as a nucleophile and attacks the electron deficient carbon bonded to

the oxygen as shown Figure2.12.

Figure2.12 Nucleophilic subtitution of the methoxygroup in highly alkaline media.
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There are also phenolic hydroxyls, which are weakly acidic and hydrophilic groups that may
undergo a reaction with sodium hydroxide solution in which the i©kbst in formation of

sodium phenoxide and water, as showRigure2.13.

N N

[ J + mo = ( W +  HO (a)
- ?f/ \.\\.\;'»;/
OH 0 Na

~ \\_j\\ s /-\\\\.\_

L /J + NaOH = U /J + HO (b)
«\;/ \//

Figure2.13 Reaction of the phenolic hydroxyls in (a) water and (b) sodium hydroxide.

The two other angierhapsmore important functional groups in the context of admixture
use are sulfonic and carboxyl groups. These groups are both acidic and hydrophilic and will
deprotonate in solution leaving the polymer with a negative chmetion 2.aandEquation
2.7. When dissolved in alkaline solution, lignin molecules present a negative charge on their

surface as a result of dissociation of the hydroxyl and carboxy! g(éjgis et al., 2018)

3/( 9 3/
( ( Equation 2.6

#1110 #I ( Equation 2.7
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It is difficult to perform a quantitative analysis of each functional group in the polymer due
to the complex structure and chemical composition of the lignosulfonates. However, the
carboxylic group has been reported to ionise at a low pH of about 318, phignolic groups
ionise at a high pH of-21 (Deng et al., 2010)YQian et al., 2011)Different lignosulfonates
have varying amounts of these functional groups and so the extent of deprotonation also varies,

which highlights differences in their charged surfaces.

2.2.3 Conformational effects of lignosulfonates in alkaline media

Conformation&effects of lignosulfonates have received attention in research and are still a
matter of debate as different researchers propose different spatial arrangements in solution. It
is of interest in the current study to investigate how the chemical enviromfiaances these
conformational effects, as they may in turn have a direct effect on the efficiency of

lignosulfonate admixtures in cements.

Early studies have established that lignosulfonates present some flexibility and coiling as
they interact with e aqueous solutiofGardon & Mason, 1955)Le Bell, 1984) It was
hypothesised that the shaéén by this macromolecule in solution is due to its electrical
charges; it curls up when uncharged and takes a flat shape when charged (post ionisation of
some functional groups) due to the electrostatic repulsion between the neighbouring groups
(Gardon & Mason, 1955)This conclusion was reached based on the assumption that the LS
molecules at low concentrations have a high charge, are therefore extended in solution, and
have measurable high viscosities. As the concentraticneases, the charge is reduced, and
low viscosities are observed due to the coiling of the mole¢@asdon & Mason, 1955)

However, this study relied on empirical equations to reach these conclusions without any
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evidence ofcoiling or extension of the polymer presented. There are more powerful
characterisation techniques in the present day that can be coupled with such studies to present

a more complete picture of these arrangements.

Several conformations of this polymersiolution have been proposé&gbringet al, (1979
demonstrated by electron microscopy that the lignosulfonate macromolecule has a flat, disk
like conformation with a thickness between-2.% nm, whileQiu et al, (2010 proposed a flat
oblate dipsoid conformation. It has also been shown that lignosulfonates coil into a spherical
shaped molecule that is negatively charged due to the sulfonic and carboxylic groups on the
surface(Myrvold, 2008) These charged groups are distributed as far apart as possible due to
electrostatic repulsiofLe Bell, 1984) In contrastBolatbaewet al, (2010 suggested that the
acidic groups of lignosulfonates may be localised in the internal structure of the polymer and
there is restricted accessibility to these groups therefore they are less susceptible to chemical
attack in highmolecular weight lignosulfonate3he researchers went on to support their
claims by highlighting the increased steric hindrances of these high molecular polyainais.
et al, (2012 disagreed with these claims and argued that lignosulfonates adopt a flat
conformationat the interface, which is not at all affected by the molecular weight of the
polymer. Howeverthe researchers did highlight that these conformational effects can only be
observed in dilute solutions. When the salt concentration is increased the electrostatic charges
of the polymers are screened and unimportant, therefore there are no conf@ineditémts
(Myrvold, 2008) (Ouyang et al., 2011)However, Le Bell, (1989 stated that in highly
concentrated electrolyte environments, lignidonates can swell and shritkhen in aqueous
media, the polyelectrolyte expands and changes from a spherical shape and becomes elongated
and stretched oyMyrvold, 2008) This unwinding of the molecule when charged exposes

more functional groups to chemical attack hence further ionisation ouoietbaev et al.,
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2010) Some of the proposed structures and shapgrafsulfonates in solution are presented

in Figure2.14.
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Figure2.14 Some of the proposed conformations of lignosulfonates in solution, (a) microgel,
(b) branched polyelectrolyte-; ¢t pAdaptediirgnt e el |
Ruwoldt, 2020

The behaviour of lignosulfonates in aqueous alkaline media such as conformation, self
association, and adsorption is strongly linked to the chemical composition and structure of the
polymer (Ruwoldt, 2020) Denget al, (2012 explaired that when in aqueous solution, the
hydrophobic aromatic groups in sodium lignosulfonates tend to come together to reduce the
entropic loss and the hydrophilic functional groups extend into the agueous solution to keep
the polymer stable. As the ionic siggh is increased, the repulsion between adjacent sulfonate
groups within the same chain is reduced, allowing the polymer to take a more coiled

arrangement in solutiofHoust et al., 2008)

When the concentration of lignosulfonates is increased in solutioregaigm can occur
(Vainio et al., 2012) The behaviour of lignosulfonates at interfaces is dependent on this

aggregation behaviour, and as the ionic strength of the solution increases, the charge screening
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reduces the spatial dimensions of the lignosulfonatecnt#s and aggregat@uwoldt et al.,

2020)

It has been reported that the dense conformation of lignosulfonates results in a greater
dosage required to cover the surface ofieet particlegKauppi et al., 2005while polymers

which stretch out on the surface area have a higher dispersion effifitack et al., 2015)

2.3 Interaction of admixtures with cement atthe solid-liquid interface

2.3.1 Theory and background

Zeta potentials are of great importance in quantifying the particle interactions in colloidal
systems where particles are finely dispersed in electrolyte solutions, reflecting the stability of
these system@lalvern, 2000) This technique is based on the principle that once dissolved in
agueous media, particles will carry a chaligevke & Gehlen, 2017)This charge may be due
to the ionisation and preferga loss of ions from the surface of the particles, or adsorption of
ions onto the surfac@Malvern, 2000) Depending on the nature of the solvent and the pH,
acidic groups may dissociate to produce a negative charge, while basic groups may dissociate
to form a positively charged surface. The development of the net charge around the particle
results in a redistribution of the ions around the interfacial regorihat there is a high
concentration of counterions near the surface of the patrticle, resulting in an electrical double
layer (EDL)(Lowke & Gehlen, 2017)This layer consists of a rigid and immobile layer of ions
that are opposite in sign to therface of the particle, called a Stern layer (inner layer), where
ions are strongly bound, and also a diffuse layer (outer layer) made up of a cloud of hydrated
ions that are less firmly associat@hrk & Seo, 2011)The electric double layer is shown in

Figure 2.15. The direct measurement of the potential at the surface is rendered impossible
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because of the counterions that are adsorbed; the Stern layer is affected by the degree of
hydration that is unkown, therefore, only the zeta potential can be meaghtail & Ferraris,

2002)
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Figure2.15 Schematic showing the formation of an electric double layer around a negatively
charged particle suspended in an electrolyte soluBaproducedvith permission(Park &
Seo, 2011Copyright Elsevier 2011

The zeta potential measurement follows the Derja¥i@irway-LandauOverbeel DVLO)
theory which suggests that the stability of the system is the sum of the potential er¢rgy (V

with various contributors:

W 0 0w w Equation 2.8

Where VA and \k are the attractive and repulsive forces respectively, and Vs is a

contribution of the solvent which is insignificant at nanoscale separations. Ahad/\k are
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much larger in magnitude and work over a longer separation range. In a colloidal system, the
particles undergo Brownian motion, and the forces acting between thdegsatepend upon

the distance between thdlichikawa et al., 1997)Jpon approach, the particles are subjected

to van der Waalsttractive forces, as well as electrical double layer repulsive forces, and an
energy barrier exists because of the repulsive forces and prevents approach and adhering of
particles to each other as shownHigure 2.16. At the minimum, the colloidal system is
unstable, and this is indicated by a low magnitude of the zeta potential values. On approach,
the electric repulsion potential dominates the van daalgVattraction potential resulting in a
maximum repulsive barrigPark & Seo, 2011)Flocculation occurs if particles diole with

enough energy such that this barrier is overcome. If, however, the repulsion is high enough,
the particles will disperse and resist flocculation, in which case the system is said to be stable
and high magnitude zeta potential values can be nezhdeor the system to remain stable, the

repulsive forces must always be dominant.
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Figure 2.16 Potential energy as a function of distance between interacting particles

Reproduced with permissiqRark & Seo, 2011 opyright Elsevier 2011
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Generally, the distinction between stable and unstable systems is taken aB@itiret30
mV, where zeta potentiatautside ofthis range are considered stable. The point between these
extremes where a zero zeta potential is measured is often referred to as the isoelectric point,

and this is when the colloidal system is least st@dvern, 2000)

There are currently no standards available to follow for the methodology and sample
preparation procedures for zeta potential measurements of cements. Due to this lack of
standardisation, the procedures followed by researchers differ and often key ediosisi¢nat
directly impact the results are ignored. Previously, researchers have prepared pastes and then
diluted them with pure water to make suspensions for zeta potential measurg@foshiska
et al., 2002) This is not an appropriate method of preparation because an equilibrium exists
between the number of species adsorbed on the patrticle surface and the solution. If this starting
suspension is diluted, these specwei desorb from the surface and establish a new
equilibrium and these two systems will present different zeta potentials and therefore different

stabilities(Brookhaven, 2002)

To mitigate against this, zeta potential measurements must be performed on low solid
fraction suspensions because the velocity of iddiad particles must be measured under the
influence of an electric potenti@Flatt & Ferraris, 2002)This also ensures that there is less
sedimentation of particles, which can be expected at high solid fractions. The particle size
distribution is one of the parameters decreasing the accuracy of the technigse ted
powders must also not have a wide size distribution which may result in sedimentation of larger
particles and measurement of only finer parti¢ldatt & Ferraris, 2002)A large range in the
particle size distribution of the cement particles means that errors arise as the particles cannot
be fully sampledy the electroacoustic technig(feerche et al., 2003Pne nay argue that the
low-solids suspensions are not representative of the cement systems being studied. However,
they do provide insight into what is happening on the surface of the individual cement particles.
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Although zeta potential measurements have beend to produce reliable and reproducible
data that can be correlated with the behaviour of more concentrated systems, there is a need for
more appropriate techniques and equipment to further the study of the surface chemistry of

cement in the future.

Zeta potential measurements are often coupled with adsorption measurements because it is
this adsorptionof admixturesthat provides the surface charge. The most used method of
guantification of adsorbed admixtures on cement particles is the depletion mdticddielies
on the principle that the amount of admixture adsorbed is the difference between the amount
added and the amount in the pore solution (unadsor@p&etche et al., 2003)Though
commonly used, the depletion method does not distinguish between the amount of admixture
consumed via other mechanisms and gaigm onto the particle surfageloust et al., 2002)

There has not beemsignificant use of any other method in quantifying the adsorption of
admixtures on cement surfaces according to recent literature. The concenfrationixtures

in the pore solutions often determined via the Total Organic Carbon (TOC) oriBible
spectroscopy techniques. The adsorption data obtained can be fitted to adsorption models to
determine the best correlation to the experimental (féi#ang et al., 2012)'he most common
models include Langmuir, Freundlich and Dubi#Radushkevich (ER) isotherms. The
Langmuir and Freundlich models are best known, and have been used widely to describe
adsorption isotherm data and explain the nabdfitbe adsorption proceg¥/ang et al., 2012)

The Langmuir model describes homogenous surfaces and assumes an ideal monolayer
formation, while the Freundlich model describes heterogenous surfaces with a multilayer
formation(Li et al., 2012) The former would not in theory be applicable to cement systems
where the particles have heterogenous surfaces that evolve over time due to hydration processes

taking place. In practice, both adsorption models have been used to describe the adsorption of
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admixtures on cement particles because their functional forms give rather similarly shaped

isotherms across the concentration regions of relevance to cementssyste

There currently does not exist a standard for the methodology and sample preparation
procedure that should be followed for adsorption measurements in cement. However, key
considerations should Imeade,and sich considerations include the effect of contact time. Not
only are the particle surfaces evolviogertime due to hydration processes, but the chemical
composition of the solution is also changing immediately after mixing until lsolid
separation. fie effect that these changes have on the adsorption of the admixtures has been
investigated by observing the amount adsorbed over different contact times. It can be expected
that there is a rapid increase in the rate of adsorption at the beginning edtthehtich then
plateaus at a later staf@ang et al., 2012)The contact time should therefore be enough to
allow for adsorption such that the adsorption models can be applied, but not too long that

hydration effets dominate.

2.3.2 Zeta potential of cements

Zeta potential has been shown to be a characteristic property of cement m@égale
& Schneder, 1987) In early cement surface chemistry research, zeta potentials played an
important role in providing new information on the early hydration of ceiihigele, 1985)
(Nagele, 1986)(Néagele & Schneider, 198MNagele & Schneide1989) The measured zeta
potential of cement patrticles is attributed to the surface charge of the particles i.e., surface
constituents/composition, concentration of adsorbed species, or to a displacement of the
slipping plangNé&agele, 1985)This technique allows for the surface chemistry of the particles
to be monitored by @nging parameters of the aqueous medium and therefore elucidating the
interactions occurring and the mechanisms by which these interactions occur. The EDL
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controls the properties on the surface of the particles, and the interparticle interactions which
in turn affects the observable properties of the cementitious suspefisioviee & Gehlen,
2017) These properties include coagulation, thixotropy, structural build up, rheology,

sedimentation, and adsorption of admixtuitesvke & Gehlen, 2017)

One of the limitations of the zeta potential technique in measuring cegrgnsions
that trey do not have a wetlefined surface, that is, the surface reacts with the aqueous medium
and so the surface area and composition vary with time as the hydration process also progresses
(Nagele, 1985)Therefore, both the hydration process and the chemical environment (solvent)
significantly affect the electrical double layer. $h$ due to the continued release of ions at
the interface between the unhydrated cement and hydration products, and so the electrical
double layer is not at equilibrium. The hydration process of the cements makes it difficult to
guantify the charge disbution on the particles. However, the zeta potential can be well
defined when the system is in the induction period of hydration, and at a much later stage of
hydration; at this latter stage the double layer represents the zeta potential between the bulk
solution and the primary hydration produgtéagele, 1985)To reduce these fetts, model
powders are sometimes used for zeta potential and adsorption studies, e.g., MgO is often used
to simulate Portland cement. MgO has been found to be useful to model Portland cement due
to its low surface charge (representative of CaO whichaimlgnfound on cement surfaces)
and inertness at high pH. Although model powders may offer attractive advantages, they are
often not as inert as requird@ercheet al, (2003 found that direct measurements on cements
and model powders give similar results, with the model powders reproducing the same trend

as the cement systems.

In cement systems, stability is achieved by the addition of-gignic admixtures that
adsorb ord the surface of particles and induce repulsive forces that prevent particles
agglomerating. This adsorption is only possible when there is a positive charge, or when the

45



admixture desorbs an already adsorbed afiRlank & Hirsch, 2007)In alkali activated
cements, the addition of an alkaline activator provides a higher pH and mueh iigjic

strengths compared to Portland cement, which means that there are differences in the surface
charges and interactions between the partiff@shani et al., 2014)The zeta potential of
precursors such as ground granulated slag depends strongly on the composition of the slag and
route of production. This is because the final composition ofaigersll govern which species

are dissolved when in aqueous media, and it is the release of these species that then result in a

charge distribution around the slag parti¢ldabbaba & Plank, 2012)

For fly ashes, negative zeta potentials are often obtained as can be expected for silicate
materials dissolved in watélagele, 1986)The zeta potential of these materials is infl@shc
by their specific surfaces depending on the type of combustida followedo produce them
i.e., fly ashes with high surface areas have higher zeta potentaléiythashes with lower

specific surfacefNagele, 1986)

Figure2.17 shows the effect of pH on fly ash and blast furnace slag over a wide pH range;
and the slag had a zeta potential minimurpraf7, while a minimum at pH 8 was reached for
fly ash. For both these materials, an increasing zeta potential as alkalinity increased was
attributed to the enrichment of €dons in theelectricdouble layer(Nagele & Schneider,
1989) At high pH, cement suspensions have an electrostatic surface potential very close to
zero (near the isoelectric point) and tisisiue to the production of high concentrations of'Ca
and alkali cationgPerche et al., 2003JHabbaba & Plank, 2010he C&" ions become

potentiatdetermining at high pH valué€¥iallis-Terrisse eal., 2001)
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Figure2.17 Effect of pH on measured zeta potential values of fly ash, slag and slag cement (a
Portland and BFS blendReproduced with permissigNagele & Schneider, 198@opyright
Elsevier 1989

Nagele and Schneide{1989 established that the zeta potential of the fly ast blast
furnace slag is determined by not only the pH value of the surrounding solution but also by the
electrolyte that is used to adjust the pH. The ionic concentration of the solution also influences
the measured zeta potential such that an incieaseic concentration results in a decrease in
the magnitude of the zeta potentif®erche et al.,, 2003he concentration of ions in the
system will affect the thickness of the electric double layer. As the ionic strength increases, the
EDL becomes compressed thereby reducing the magnitude of the zeta pateimigking
the colloidal system less stable. It also depends on the type of ions in solution, for example, a
recent study showed that the presence of divalent cations reversed the sign of the zeta potentials
in a metakaolin colloidal system, but also t@* had more of an effect that Migions
(Derkani et al., 2022)The valency of the ions in solution will also affect the thickness of the

EDL such that higher the valences will compress the EDL even further.
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2.3.3 Admixture adsorption behaviour in cements

In cement research, adsorption studies arelgcted to evaluate the amount of admixture
adsorbedto fluidise the cement. The adsorption of the admixture polymer on the cement
particles and hydrates determines the dispersion efficig@apmbo et al., 2017Anderson
et al, (1986 concluded that the adsorption process is kinetically driven and showed that the
adsorption of an admixture polymer progressed over time towards a maximum where the

surface was saturated.

Adsorption isotherms present thmount of admixture adsorbed as a function of the dosage
added and the shape of the adsorption isotherm curve is indicative of the adsorption mechanism
taking place, whether it is a monolayer coverage or multilggeombo et al., 2017)
However, if other mechanisms of polymer consumption are taking place, adsorption isotherms
do not take this into account andly consider how mucfree polymer is still in solution.

Figure 2.18 shows the typical adsorption isotherms when lignosulfonates are adsorbed on a
MgO model surface; almost atementadmixture adsorption isotherms present curves of
shapes similar to these. At low dosages of the admixture, a linear correlation with the adsorbed
amount is observed; the adsorbed LS is directly proportional to the amount adsorbed. The
second part of the curve is ntinear, the adsorbed amount increases until it plateaus and the
surface is completely covered at the saturation gélotist et al., 2008)Beyond this point,

further additions of the admixture have no effect on the fluidity of the cement. This describes
the momlayer adsorption mechanism in which a plateau is reached once the entire surface is
covered by the admixture, and there are no available sites for adsorption. Monolayer adsorption
of lignosulfonates was proposed as the main adsorption mechanism of lfigmaiss on high

surface area Portland cements independent of the mode of ad@iiombo et al., 2017)
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Figure 2.18 Adsorption isotherms of lignosulfonates of different compositions onto a MgO
surface in NaOH solutiorReproduced with permissig¢Houst et al., 2008Fopyright Elsevier
2008

The thickness of the adsorbed layer of admixtures must be considered because once
adsorbed, the arrangement of the admixture affects the steric hindrances and therefore the
dispersion efficiency. Earlier studies investigating the thickness of the adsayeedn the
surface of a clinker explored the use of Auger electron spectroscopy (AES). More recent studies
measure the thickness of the steric layer by Atomic Force Microscopy (Mappi et al.,

2005) AFM provides a more detailed analysis of the topography of a surface while
simultaneously probing surface forces, allowing for direct measurements of the forces between
the particles as well as determination of conformational effects of polyienger et al.,

2013)
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2.3.4 Admixture working mechanism

The working mechanism of chemical admixtures in cement systems involves the adsorption
of the polymers onto the particle surface, changing their charge distribution and leaving the
total charge on the surface of the particle negative, subsequently lotvesingeta potential
(Kashani et al., 2014As these now negativelyharged particles approaeach other, there
are interparticle electrostatic repulsions and steric hindrances induced that prevent the
formation of agglomeratg€olombo et al., 2017A schematic diagram of these mechanisms
is shown inFigure2.19. These electrostatic repulsions are due to the charges on the particles
while the steric forces are due to the overlapping of the adsorbed layers upon approach. The
extent of steric forces @tuced depends on the thickness of the adsorption layer as well as the
arrangement of the adsorbed polymer in solution (conformational effects) after adsorption
(Houst et al., 2008)Flatt et al., 2009)This adsorption thickness when sufficient keeps the
particles separated and at these separations the van der Waals forces are too weak to cause the
particles to attradMalvern, 2000) Steric repulsive forces were first evidenced in cements by
experimentation via atomic force microscopy and zeta potential studigshijawaet al,

(1997. In this study, researchers found a linear correlation between the forces acting between
the particles and the flow of the cemenhile this correlationvas not foundetweenzeta
potentias and the flow of the cemengspecially with addition of a polycarbonate based
admixture. This suggests that another force other than the electrostatic repulsive force
contributed to the dispersion of the cement partiglefikawa et al., 1997}or lignosulfonate
admixtures, the high degrees of criaking and polydispersity mean that significant steric
forces can be induced as the adsorbed coil can only occupy asraadih the cement particles.

A proposed adsorption mechanism is presenteldigare 2.20. Kauppi et al, (2005 even

suggested that steric hindrances may be greataributors to dispersion than electrostatic
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repulsions for these admixtures, therefore greatly affecting their efficiency. Steric stabilisation
of high electrolyte systems by lignosulfonates was suggestetdebell, (1984 who
considered that given the ability of lignosulfonate molecules to expand and shrink in different
electrolyte concemditions, it is probable that the sulfonate groups reach out farther into the
solution, dragging part of the diffuse layer with th@ra Bell, 1984) In contrastlUchikawaet

al., (1997 maintained that the dispersion of particles with addition of a naphthalene sulfonate

based admture, similar in structure to lignosulfonates, was attributed mainly to electrostatic

repulsive forces.
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Figure2.19 Schematic of the electrostatic and steric repulsive forces induced by the adsorption

of dispersant admixtures onto cement particle surfaeapted with permissiofLei et al.,
2022)Copyright Elsevier 2022
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Figure2.20 Schematic of the adsorption of lignosulfonate on slag pariiclaskkonen et al.,
2019)© copyright 2019Reprinted by permission of Informa UK Limitettading as Taylor
& Taylor & Francis Group

The effective adsorption of the admixture is in part dependent on the affinity of the polymer
to the surface and this is influenced by the inherent molecular characteristics of the admixture
(Houst et al., 2008)it has been suggested that that polymers with a large molecular weight,
highly polydispers, and with high anionic charge tend to have a higher adsorption efficiency
(Puertas et al., 2005)Flatt et al., 2009)There may also be competitive adsorpti@tween
the admixtures and the other ionic species such as hydroxyls, sulfatendoger polymeric
admixtures in the system, which reduces their adsorfti@nchon et al., 2013Anderson et
al., (1986 reported that increasing the concentration of calcium sulfate decreased the amount
of admixtures adsorbed by the cement likely due to the competition for adsorption between the

sulfate ions and the anionic admixture.

The formation of ettringite during early hydration of Portland cement leads to further uptake
of admixtures by this product phase due to its positive zeta pot@?iaak & Hirsch, 2007)
As lignosulfonates are anionic admixtures, they adsorb to the positive sites on the cement

particles. In Portlad cement, there is an uneven adsorption of lignosulfanatethe four
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main cement phasé€olombo et al., 2017)with much of tle adsorption on aluminates and
ferrite phases due to the anionic nature of the polyieshioka et al., 2002Adsorption on

the hydration products also occurs, withiegite being the main adsorbing phase. This is
because ettringite has the highest positive zeta potential of all the hydration products and
therefore has the highest potential for adsorptiRlank & Hirsch, 2007)Small amounts of
admixture also adsorb onto theSEH phases as more €abecomes inarporated(Johann

Plank & Hirsch, 2007)As hydration proceeds, there will be loss oihgb over time because

of the loss of the admixture from the particle surfaces as hydration product@Morake et

al., 1985. This loss of slump is due to the formation of the main hydrai@ase, €S-H or G

A-S-H gel, as thig bonds overcome the electrostatic and steric forces between the particles.
The amount of the phase with the highest potential for adsorption in the cement greatly
determines the uptake and therefore the dosage of thixtace. However, when added in
excess, admixtures can cause problems such as substantial retardation and bleeding

(FernandeAltable & Casanova, 2006)

For low calcium systems such silica fume, the interaction between the surface of the
cement particles and polycarboxylate based admixtures follows adsorption via the hydroxyl
groups on grafted side chains, which form hydrogen bonds with the silanol groups on the silica
rich surface othe particlegHommer, 2009)(Walkley et al., 2022)it would be reasonable to
assume a similar adsorption mechanism for other low calcium systems such as low calcium fly

ash and metakaolin.

Adsorption of lignosulfonate on cement particles may not be the ontie mbadmixture
consumption in cement. A previous study Palacioset al, (2009 presentedindings that
Portland cement pastes adsorbed twice as much admixtures (naphthalene, melamine and vinyl
copolymer admixture) as alkali activated slag pastes with similar surface areas, and that pH

was not a contributing factor to this adsorptibehaviour. Admixtures may undergo
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intercalation in the hydration products, mainly in the AFm phases. This intercalation in the
layered double hydroxide (LDH) compounds occurs when anionic polyelectrolytes replace
some of their hydroxide€olombo et al., 2017)his means that the intercalated admixture is
not available for adsorption and particle dispersion, and therefore a hageagedis required

to reach the desired workability.

Another mechanism is complexation, whereby the functional groups from the admixture
form complexes with the calcium ions in the pore solution, thereby inhibiting the nucleation
and growth of Caich speoces(Puertas et al., 2005J his mechanism increases the uptake of
admixture, and simultaneously decreases the amount of ffiéénGhe pore solution. These
complexes may still adsorb on the cement particlehgadateso form multilayers, similarly
to the multilayer adsorption mechanism already discug€etbmbo et al., 2017)After
monolayer adsotjpn is complete, the particles are left with a negative charge on whféh Ca
ions are electrostatically attracted and bond with them. The now positive double layer has more
adsorption sites for more lignosulfonates to adsorb, thereby increasing thke (@Gubombo

et al., 2017)

2.4 Conclusions

In summary, there has been a lot of research and development towards the use of alkali
activation as a route to yield high performing cements with a lower environment impact than
the conventional cement. This has resulted in increased interest in thisoielboth academic
research and industrial applications over the years. The use of admixtures in addressing the
issues ofincontrollablevorkability and unpredictable rheological properties of alkali activated

cements has yielded inconsistent and even contradictory results. The mechanisms by which the
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interactions of alkali activated cements with admixtures bring about the propertiessef th
cements are poorly understood and rarely discussed. A closer look at the lignosulfonates used
as admixtures highlighted that the performance of these materials is highly dependent on the
chemical environment around them such as pH and ionic strehdths been elucidated that

the working mechanisms of these admixtures in cements are driven by electrostatic repulsions
and possibly some steric hindrances. The limited understanding of how these admixtures

perform in alkali activated cements has conteliuo a limited progress in the open literature.

The following chapters will endeavour to apply the knowledge on the chemical action of
lignosulfonates in alkaline media to better understand how they behave in the chemical
environment presented by alkalctivated cements. The study challenges the hypothesis
suggesting chemical instability of lignosulfonates in alkaline media, and therefore presents a
detailed account of the behaviour of these admixtures in varying chemical environments. The
working mechaisms of lignosulfonates as admixtures in alkali activated cements are studied

to provide advances in understanding their dispersion potential in these cements.

55



Chapter 3 MATERIALS AND EXPERIMENTAL METHODS

3.1 Materials

3.1.1 Precursors

A low calcium fly ash from Bauminer al Gmb t
furnace slag (GGBFS) supplied by ECOCEM, Fr
The chemical composition of -rtahye Hlluyo raesshc eanrcce
speoscapy refdabkeldledThe particle size distribu
di ffraction using a Mal FigureBl Mas$tee PSiDE & h)o3v@e @O0
values of etibol Bhg @a9h9and GGBFS, respective
of 2880 &gBEMT surf acleg aamed @ fBI| ai0de0 fkigme Tdr s
fly ash had a spedi fa cBHTe nssuirtfya toaf a@n3aba0t dikfe /B
fineness of the flyTAashmaaernatsedetetbmic iRdd &
technical( Poommist teed haé . { CGGB B ea nOdhead miend 5

Chapter 6

Table3.1 Chemical composition of the precursors determined by XRF. LOI corresponds to the
loss on ignition measured in air at 100.

Chemical com®position (wt
Mat eri al s

Si:C AJO3 CaCMgONaO KO Fegs TiCLOI

FIl'y ash 54. 22. 5.¢2.¢0.¢1.¢8 7.3 0.¢O0. ¢

Blast furi134. 16. 43. 70 02 0.¢ 0.4 0.°% 0. (

The GGBFSchemical composition gives a basicity coefficient Kb = (CaO + MgO)4SiO

+ Al203) of 1.05, a CaO/Sigratio of 1.16 an AlOs/SiC; ratio of 0.28, considered suitable for
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alkali activation(Provis & van Deventer, 2014)his high Al/Si ratio indicates that there would
be an expectation of a high degree of aluminium substitution for silicon in-{#¢-&H

structure during product formation.
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Figure 3.1 Particle size distribution of the ground granulated blast furnace slag and fly ash
obtained by laser diffraction using a Malvern Mastersizer 3000.

The microstructural characteristics of the starting maaterials were evaluated by scanning
electron microscopy (SEM) and-pdy diffraction (XRD). The slag has more angular particles
while fly ash presented more spherical particles as showigure3.2. These properties are

expected to have an impact on the rheological properties under study.

57



Figure3.2 Scanning electron micrographs of (a) fly ash and (b) GGBFS.
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Figure 3.3 X-ray diffractograms of the starting materials fly ash and ground granulated blast

furnace slag.

The X-ray diffractogram of the precursors shownFigure 3.3 show that these materials
have different crystallinities. It has already been established by previous researchers
(Fernandezliménez & Palomo, 200®)atthis crystallinity plays a key role in the reactivity of
the materials during activation. The slag consists of a mamlyrphos phase which is more
readily dissolved by the alkaline solution thereby increasing its readfhgtypandezliménez
& Palomo, 2003) The broad peak from the slag at around332 d r ef |l ect s t he

order of he CaGAI>03-MgO-SiO; glass structur@Nang & Scrivener, 1995Yhe fly ash has
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an amorphouscomponent as evidenced by a halo betweei32%® d wi th some
crystalline phases, mainly quartz and mullite, which are considered to bgheenindez
Jiménez et al., 20067 his contributes in part to the lower reactivity of the fly ash compared to

slag, along with differences in glass chemistry.

3.1.2 Activator

The sodium silicateolutionused was provided by PQ Silicates, UK and had a composition
of 29.4% SiQ, 14.7% NaO and 55.9% KD by mass. The initial modulus (molar ratio
SiO/N&O) was 2.06, which was reduced to 1.5 for use in experimergiaivorkwith the
addition of 10 M sodium hydroxide solution. The addition of NaOH reduced the highly viscous
nature of sodium silicate and also increased the pH of the activator, therebyingpie
hydration capacity of the precursdkuanhai et al., 1993he HO/N&O ratio was adjusted
from 13 to 11 with the addition of ¢hNaOH solution. The sodium hydroxide solution was
prepared from 98% purity NaOH pellets (Sigma Aldrich, UK) dissolved in deionised water and
allowed to cool. The solutions were mixed and stirred at 84% sodium silicate and 16% sodium
hydroxide by weight t@chieve the required modulus angddMN&O0O ratio. The activator was
prepared 24 hours before paste mixing to allow for heat dissipation and avoid precipitation of

solid hydrates if left for too lon@ran et al., 2017)

3.1.3 Admixtures

Four types of lignosulfonate admixturegre usedn this study, thesewere calciumbased

lignosulfonates with varying compositions and different sources (softwood and hardwood
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trees), provided by Borregaard Lignotech, Norway complete characterisationf ahe

lignosulfonate admixtures is provided@mapter 4

3.1.4 Sample preparation and mixing procedure

In this study, GGBFS and fly ash weaetivated with the same sodium silicate activator
described in sectioB.1.2 The slag required a higher activator/precursor and total water/binder
ratio as shown ifable3.2 compared to fly ash, to achieveeasonable paste workabiliby

way ofavisual assessment of themogeneity othe pasteThis is an early indication of the
reducedvorkability of the slag compared to the fly ash, which can be attributed to the geometry

of the particles and higher raatty of the slag.

Table3.2 Summary of the mix ratios, defined on a mass basis.

Activator/ precursor|  Water/binder

Alkali activated slag (AAS) 0.71 0.40

Alkali activated fly ash (AAFA) 0.51 0.28

The pastes were prepared by mixittge componentfn the abovenentioned ratioand
acording to the addition orders beldar 5 minutes at low speeds of 100 rpm then a further
10 minutes at higher speeds of 400 rimma Heidolph mixeshownin Figure 3.4. The high
speed and long mixing times ensured a homogenous mixing of the pastes. Different orders of

admixture addition were investigated:

1 in simultaneous addition (SA) all the components were mixed at the same time,

1 in delayed addition (DA) the LS was added 3 minutes after start of mixing, and
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1 in prior addition (PA) the admixture was initially mixed with the activator and the

precursor lar added.

Pastes without any admixture were prepared and used as control samples.

Figure3.4 High speed mixing of the waterglass slag activated paste.

The efficacy of different types of lignosulfonate admixtures as a functidimeafdosage
was determined and a wide range of dosages tosdéterminean optimum where the
workability was improved the mosind the paste haddHeastviscosity. The lignosulfonate
powder admixture was addeddosage®f 0.1, 0.3, 1.0 and 3.0 Wb of the precursor. No pre

treatment of these powders was carriedi@uithey were used as received.

3.2 Analytical Techniques

Techniquesused inthe analysis of the properties of thkkali activatedcementdiscussed in
Chapter 5are introducedas well aghe theorical background of thecleamagnetic resonance
spectroscopy anctray photoelectron spectroscoggchniques. @er techniquesan be found

in therelevant chapters.

61



3.2.1 Workability ( minislump)

The workability of the pastes was investigated using mini slump tests. duresatly does
not exist astandard procedure for slump/spread measurememsnoéntpastes; this study
follows the procedure outlined l{§an et al., 2017)This is a simple and easy technique that
can be used to investigate the plastigseffect of the lignosulfonate admixtures in alkali
activated cement pastes. The technique works on the principle that the paste will flow under
gravity, but the shear stress will keep decreasing until it is the same as the yield stress of the

paste at wich point it will stop flowing(Tan et al., 2017)

A mini slump test was carried out 20 minutes afppingmixing (outlined in section
3.1.4 using a downscaled Abrams cone geometry of 19 mm top diameter, 38 mm bottom

diameter and 57 mm height showrFigure3.5.

19 mm

57 mm

38 mm

Figure3.5 Downscalel Abrams cone

The extended period of testing after mixing gives a good indication of dhsspf the
pastes with and without lignosulfonates added. The cone was placed on a flat, level surface that
had been cleaned with isopropanol to ensure there are no restriotibiesflow of the paste.
The cone was filled with paste and tapped several times to remove air bubbles, and then lifted

upwards very slowly to minimise inertial effects. The paste was allowed to flow until it stopped,
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two perpendicular diameters were maasl using vernier callipers, and the average was taken

as the slump diameter. The data are presented as relative slump calculated as shown:

W — p Equation 3.1

Where,® is the relative slumpd is the average of averagednmeasured diameters of the

spread, an@@ is the cone bottom diamet@dematollahi & Sanjayan, 2014)

One of the limitations of this technique is human error, it is crucial to follow the appropriate
testing procedure for each sample to awoickliable and scattered test results. There is also
an influence of the environment if the tests are carried out in ambient air and at room
temperature which may result in scattered results. To reduce the effect of these limitations on
the results, forte same mix, three measurements were takerfresh replicate pastes of the
same formulation to calculate an average and obtain more reliable data. These slump results
show theflow extent compared to the sample without any admixtudiiad. The reslis can
be related to ondheologicalparameter of the pastes, the yield stress, which is why they are not
sufficient to completely characterise the fresh state behaviour of the pastes. The interpretation
of the slump test results is limited because it is a single point test. It is theneforenere
limited for comparing noiNewtonian fluids with different viscosities and shear rates

(FernandeAltable & Casanova, 2006)

3.2.2 Rheology

Rheological studies were conducted to characterise the fresh state properties of the pastes

further. For these studies, factors affecting rheology such as the nature of the activator, mixing
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protocol, temperature and testing time were kept constant ablseliletermine the effect of

the admixtures on these pastetan & Ferron, 2015)The effect of the admixture on the
internal structure of the paste can be investigated. The rheological tests initially involve
increasingly exerting shear on the paste, until the yield point is reached when thek networ
collapses and the system begins to flow due to particle defloccu(&ing-Hua & Sarkar,

1994)

The rheological behaviour of each sample was assessed using-laafieirrotational
ViscoTester VT550, startins minutes after mixing was stopped. The viscotesésrused to
measure and record the shearratea(n d s hear st MedASTMCIT}, 0Mer t i 1
standard dér the measurement of the rheological properties of hydraulic cementitious paste
using a rotational rheometer, was followed in this study. The test was set up to increase the
shear rate from 0 to 20'$or 20 s, held at 20%sfor 5 seconds, followed by a downward ramp
from 20- 0 st for another 20 s. This is illustrated filgure 3.6. These low shear rates were
used to avoid inertial effects, and preliminary tests showed a hysteresis at high shear rates due

to the high viscosities of the AAS pastes.
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Figure3.6 The upward and downward ramp of the rheology test.

The downward ramp was used for result interpretation as the system is at equilibrium and
more reliable results can be observEuk following assumptions were made in following this
technique; the paste is homogenous, the slip at the wall is negligible, and the flow is laminar
(Feys, 2012) Particle migration where the paste moved outward away from the blade was
observed at very high shear rates; this error may result in incorrect interpretation of thixotropic
behaviour. Therefore, to avoid the effects of particleegggion and migration, low shear rates
(<20 st) are used for interpretation of the rheological behaviour of these pastes. Lower shear
rates are followed for these pastes to avoid paste being ejected from the rotor or the formation
of a plug around the rot leaving a thin layer between the plug and the container wall, which

may happen at high shear rafealomo et al., 2005)

The experimental data were fitted using the HersBludley model to describe the
rheological behaviour of the pastes after mixing. This is a generalization ointieaBn and
power law models. The experimental data was fit into this model and the rheological

parameters determined. The estimation ofth#cyield stress{ ) relies on the measurements
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at the lowest flow rates where uncertaiafythe measuremerg highest, which is a limitation

of this model fitting procedure. This limitation is discussed in se&ibri.

3.2.3 Isothermal Calorimetry

The exothermic nature of the cement reactions allows for monitoring of thprbdated
under constant temperature which is related to the rate of reaction during the activation of the
precursors with an alkaline salu. This technique is ideal for quantifying the effect of the
lignosulfonate admixtures on the hydration process of these cements. Key information on the
stages of hydration and the effect that ceragimhixture interactions have on the chemistry of
these processes can be obtained. This technique also provides insight into the setting
characteristics, early strength development as well as compatibilities between the admixtures

and the cement pastes.

The isothermal calorimeter shownkigure 3.7measures thheat releasdrom of a sample
which is linked to a reference by a heat sink. The reference is a substance with similar thermal
properties to the sample but has no heat production. A temperature gradient exists between the
sample and the heat sink, as heat is prodbgetie sample and a voltage output is produced
across the heat flow sensor. The measured signal is the difference between theigaiple
and referencsignal. The voltage produced is proportional to the rate of heat and the total heat
produced by the saple. The heat evolution from isothermal calorimetry correlates to the
continuous cement hydration of the pastes over time. The effect of the admixture will then be
reflected by the changes on the hydration curves obtained. The shapeabé tidneat fow
vs time curve shows the hydration process of the cement while the integrated heat flow vs time

curve shows the extent of cement hydration.
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Figure3.7 Schematic of the isothermal calorimetry setayy ¢xamples of thalkali activated

fly ashandalkali activaed slagpastes after testindp).

The isothermal calorimeter used in this study was a TA Instruments TAM Air calorimeter
maintained at 20 °C. The sample preparation procedure followed for this study is as outlined
in the ASTM C1679, 201&tandard. The mix design components are as outlined in section
3.1.4 however, the mixing time was reduced to 3 minutes which is the maximum time
allowable. Immediately after mixing, 20 g of paste was transferred to a glass ampoule, and
water at the same mass as in the sample was used as the reference sample and fattieeluced
calorimeter. The total loading time after the end of mixing was less than 2 minutes. All results
were normalized by the total mass of the paste loaded. For a relative comparison of the
hydration kinetics of the samples, the dosage of the diffeypestof lignosulfonates was

varied as follows; 0, 0.3 and 3 wt.% relative to the mass of the precursor.

Isothermal calorimetry is a highly sensitive (registering heat flows to a precision of £4 pW)
and useful technique in quantifying the effect of the atiné on the hydration process of
these cements to yield highly reproducible results. One of the notable limitations of this
technique is the initial loss of heat to the surrounding during mixing as the samples are mixed
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outside the calorimeterelbausehereaction between the precursor and activator is immediate.
However, insitu mixing of these samples was not possible due to the high viscosity of the
pastes. Regardless, comparisons can be drawn between the control sample without any

admixture and the sagrtes with increasing doses of lignosulfonates.

3.2.4 Compressive strength testing

The mechanical properties of the alkali activated pastes were investigated by compressive
strength testingvith the set ups shown Figure3.8 andFigure3.9. This is an important and
common test used in research to determine the adequacy of the mix design and curing
conditions, as well as key insights into the hydration process of the products. It is used
commonly in industry to examine if the products meet the design requireameitdésperform
quality controlchecks In this study, compressive strength testing is used to determine the
mechanical strength development of the pastes using the optimised mix designalaate
how lignosulfonates affect this development. This prawvishsight into the chemical or
physical changes to the hardened alkali activated cement matrix brought about by the addition

of lignosulfonate admixtures.
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Figure3.8 The 300kN Shimadzu at start of sample testing and untested and crushedssample

Figure3.9 3000 kNcube crusher and the test setup.

The mixing procedure is as outlined in sect®h.4 the pastes were then cast into 50 mm
cubes according to thRSTM C109/109M16a, 2016tandard test method, sealed, and stored
in plastic bags. A 100% relative humidity environment was provided usingna tlasue
material to avoid drying and microcracking of the cubes. The samples were then demoulded
after 1 day and cured for a total of 7 and 28 days in &2énvironment chamber. The 300
kN Shimadzu machine shown kigure 3.8 was used to measure the maximum load applied
before failure for the 7 days cured samples and the 3000 kN cube crusher skayunaB.9
was used for the higher strength alkali activated slag 28 days cured samples. To ensure a
uniform load distribution, the upper and lower plates were held in central position and the cubes
were placed in the centre of the stage with the smooth sides fheipiptes. When applying
the load, the upper plate of the 300 kN Shimadzu approached the sample at a rate of 100

mm/min until it touchd the smooth surfacef the sampleat 50 N, followed by a gradual
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loading rate of 1200 N/s, whishasapplied until thdorce reache half the maximum load and

stopped

For each sample, the maximum load was taken as the average of 3 cubes and used to

calculate the compressive strength as shown:

Qa - Equation 3.2

Where:
fm = compressive strength in [MPa]
P = maximum load of the test machine M|[

A = cross sectional area of the cube in fjhm

3.2.5 Vicat setting time

The setting time igpresentedas an initial setting time and final setting time. The initial
setting time is the point at which the hardening of the cement starts, and the final setting time
is when the cement has fully hardened and lost its plasticity. The hydration retardation or
acceleration of the pastes due to the addition of lignosulfonates can be investigated by this

method.

This study followed thSTM C191, 201%tandard test method using the Vicat apparatus
to determine the initial and final setting times. This test method is based on monitoring the
depth of needle penetration into the paste. The apparatus issettufhat there are periodic
penetrations of the 1 mm thickness needle into the paste. Before initial setting, the needle can
penetrate the full depth of the paste, but upon initial settingutipenetration isnhibited,

and the final setting of the paste is achieved when the needle can no longer penetrate the paste.
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The initial setting time is the time elapsed between the initial contact of precursor and activator
and the point at which the needle stopped penetratinfuhdepth of the paste. The final
setting time is the total time elapsed between the initial contact of the precursor and activator
and the point at which the needle penetrates a constant depth. These points are illustrated in

Figure3.10.
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Figure 3.10 Vicat instrument and the experiment sheet showing the penetration depths over
time.

The sample preparation procedure is as outlined in sektlofs The Vicat apparatus was
kept in a temperatureontrolled environment, at 20 °C and 98% humidity. There may be
variations in setting times with mixes of the same mix designs, and so theg setes were
taken as averages of three measurements of pastes prepared at different times with the same

formulations.
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3.2.6 Scanning electron microscopy

The hardened cement paste was cut and mounted on epoxy resin. This was followed by
grinding and polising toa 0.25 pm finish using a diamond suspension. Before analysis the
polished surface was carbon coated. Analysis was conducted on a low vacuum Hitachi
analytical benchtop SEM TM3030 with an integrated Bruker Quantax 70 EDX detector, at an

accelerating voltage of 18/.

3.2.7 Thermogravimetric Analysis

The hardened cement paste was cut, ground, and sieved through a 63 pum aperture sieve
ahead of analysis. The equipment used was a Perkin Elmer TGA 4000 coupled with a Hiden
Analytical Mass Spectrometer (HPR GIC EGA). 40 mg of the samples were monitored a
a heating rate of 10 °C/min from 30AL000 °C using alumina crucibles and nitrogen gas as the

purge gas flowing at a rate of 40 ml/min.

3.2.8 Fourier Transform Infrared spectroscopy (FTIR)

FTIR is an absorption spectroscopy technique that measures the amount of infrared radiation
(IR) a sample absorbs at each wavelength. The principle behind this is based on the vibrations
of the atoms of a molecule, where the molecules absorb IR at fregmirat are characteristic
of their structure. A beam of IRasseshrough a sample and when the frequency of the IR is
the same as the vibrational frequencies of the bonds (resonant frequencies), absorption occurs.
The infrared radiation absorntb&y the molecule is converted to energy of molecular vibration,

and this energy is also accompanied by rotational energy changes. Therefore vibrational
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rotational bands at certain frequencies can be monitored. These vibradiatiainal changes
are depedent on the mass of the atoms, the force constants of the bonds and the geometry of

the atomgSilverstein et al., 2005)

The FTIR spectra are presented as plots of absorbance or transmittance intensities vs
wavenumber (number of wavelengths per centimetre). Functional groups can then be identified
with the use of reference peaks from literature. Stronger bonds and lighter atoms vibrate faster
and can be expected to be seen at high wavenumbers on the spEgtaomples of such bonds
are at wavenumbers 4000500 cm' and include functional groups such-&H, C=0, NH
and CH; where there are Kingle doubleandtriple bonds. Below 1500 crhis the fingerprint
region where bands are generally due to the intramolecular interactions and are highly specific

to the material under investigati¢®ilverstein et al., 2005)

To measure the FTIR specteapellet was prepared by measuring 0.2 g of solid KBr (which
is transparent to IR) with 0.2 mg of the sample and grinding for 3 minutes to get a homogenous
mixture. This mixture was then transferred to a mould and flattened. A pressure pump was used
to make the pellet by applying 1 tonne of force for 1 minute followed by 10 tonnes for another
minute. The pressure was released gently to ensure that the pellet did not have any cracks due
to a sudden change in pressure. The pellet was then placed on therFhB#asurement &2
scans for the range of 400@00 cm'. A blank KBr pellet was used to measure the background
before sample measuremeriihe measurements were taken transmission resolution.

Isopropanol was used to clean everything between scans to avoid contamination.
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3.2.9 Nuclear Magnetic ResonanceNMR)

NMR was used to further ascertain the chemical structure of the lignosulfonates before and
after chemical treatmenNMR works on the principle thaatomic nutei are electrically
chargedwvhen a magnetic field is appliethis interactiorwith the magnetic fieldesults in a
nuclear spin, which is an intrinsic property of eadileus This spin presents as angadiment
of magnetic moment parallel or antiparallel to the magnetic fighis is then pulsed with
radiofrequency to producermovemeniof spin and elevates the nuclei to a higher spin .state
When the pulse is removed, the relaxation back to the equiisuecordedind is referred
to as a free induction decakhisis thenconverted by Fourier transfortm generate a spectrum
of amplitude againstrequency (recorded as a chemical shift relative to a known standard)
Nuclei in differentchemical environments can experience different magnetic field dihe to
shielding effectof naghbouring nuclei and will therefordiffer in resonance frequen@nd

therefore different chemical shiftSilverdein et al., 2005)

Solid state NMR was more appropriate in this stasla solvent is not required which may
otherwise interact further with the sample after treatment, this meant saoplé®e studied
in their native state. Solid state NMR is known to have a relatively low resolving power
compared to NMR in solutions, wever, this can be improvéy magnetic angle spinning and
a cross polarisation technique which has a higher sensitivity than carbonT¥8RC cross
polarisation magnetic angle spinniffdC CPMAS NMR)approach was used in this study.
Magnetic angle spinninéat 54.74° relative to the static magnetic field)nimises thdine
broadening of the spectru@ross polarisation allows for magnetisation to be transferred from
oneabundannucleuse.g., protongo anothete.g, X*C nuclei(Leary & Newman, 1992)The
proton nucleus igrst excited, and its energy is then transferred to the carbon atom using a long

low power pulseThe parameters used in this study are presented in sécsi@énThe NMR
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data was collected at the University of Sheffieleemistry department and performed by Dr

Khalid Doudin.

3.2.10X-ray photoelectron spectroscopy (XPS)

XPS allows for high precision analysis of the surface chemistry of a sample. This is a well
established technique for polymer characterisation with a Ergmicaldatabase. With this
technique, the elemental composition, chemical and electronic states of the elements that exists
in the materials can be identified.

XPS relies upon the photoelectric effect. Photons with known energy are directed at a
surface, interaowith and transfer photon energy to a core electron. The core electron is then
ejected from the surface of the sample and is referred to as a photoelectron as illustrated in
Figure3.11 (Wren et al., 2011)The kinetic energy is meared by the XPS spectrometer, and
the binding energy is determined as the difference between the photon energy, the kinetic
energy, and the spectrometer work function
remove an electron. Information abdiie electronic structure of molecules can then be
obtainedbecausehe binding energy is characteristic of the chemical environment of the parent
atom. The XPS spectra are identified by the core shell from which the electrons are emitted

(1s, 2s, 2p, 3s,B 3d etcYWren et al., 2011)
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Figure3.11 Schematic of the photoemission and Auger proadapted fronWren et al., 2011

The conducting property of the lignosulfonates make these ideal for XPS analysis as an
absolute energy scale can be established. Tiseme charge build up or need for charge
compensation due to electrons being removed, as the material is conductingeakhe
intensities give information on how much of a material is on the sample while the peak
positions indicate the elemental and chemical composition. The parameters followed for this
measurement are presented in detail in sedti®2 The XPS data was collectedla¢ Harwell
XPS1 EPSRC National facility for XP&nd themeasurements were performed by Dr. Mark

Issacs University Collegd_ondon.
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3.3 Experimental plan outline

[Investigating the effect of bio-derived admixtures on alkali activated cements ]

Cement — Admixture

The chemical stability of Effect of LS on the fresh state and . .
interactions

lignosulfonates in alkaline media mechanical properties of AAC
Precursors: GGBFS & Fly Ash

Lignosulfonates: DP1717, DP1718,
DP1765, DP4426

__ Suspensions: GGBFS & Fly
Ash

Lignosulfonates: DP1717,
DP1718, DP1765, DP4426

Lignosulfonates: DP1717, DP1718,
DP1765, DP4426

Parameters: increasing pH, Activator: Sodium silicate + NaOH
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Figure3.12 An experimental plarto achieve the main objectives bktstudy.

A summary of the experimental plan is outlinedrigure 3.12. The initial plan included
wet cell Atomic Force Microscopy studies to better understand the adsorption behaviour of
admixtures on aldi activated cements. This technique akogwect measurements of the
interactiveforces between the particles as a function of the distance from the surface when in
agueous solution. Steric forces can be investigated as well as conformation of the polymer once
adsorbed on the surface. Unfortunately, due to the Egandemic whichasulted in limited

to no access to laboratories for an exterpribd it was not possible to carry out this study.
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Chapter 4 CHEMICAL ACTION OF LIGNOSULFONATE
ADMIXTURES IN ALKALINE MEDIA

4.1 Introduction

This chapter explores the fundamental behaviour of lignosulfonates in different chemical
environments to establish if there are any chemical and structural changes to these polymers in
these conditions. With thegpproach, we aim to better understand the effect that highly alkaline
environments like those presented in cements have on the structure of these macromolecules.
Alkali activated cementitious materials present highly alkaline environments with different
ionic species; the behaviour of the polymers in such conditions becomes an important aspect
to study and to establish if there is a correlation with their dispersion efficiency. Investigating
the behaviour of lignosulfonates in alkali activated cement neatpcesents a great challenge
as the complexity is increased by the high concentration of electrolytes from the activator, ionic
species from the precursor, and overall, very high ionic strengths. In trying to appreciate these
complexities, an investigatiointo the chemical action/stability of lignosulfonabeglilute to
concentrated solutions simulating the activator is a good starting point when trying to

understandorthcoming interactions with the cementitious materials.

Insight into the behaviousf these polymers may be a step closer to explaining issues of
incompatibility with the different cement precursors and activators used in these systems,
where the chemical behaviour of the polymer may be suited for one chemical environment and
not the oher. The results obtained in this chapter may be correlated with the dispersion
efficiency of the lignosulfonates in cement pastes to be discussétapter 5 The data
presented here also have relevance to other areas of research where lignosulfonate polymers

are used. The increased knowledge and understanding of their behaviour may drive towards
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the optimum use of these materials in different environmentsraydalso highlight areas

where there can be structural improvements to improve their effici€heydifferences in the
molecular composition and structure of lignosulfonates has a direct eaffedheir
physicochemical properties and therefore theiriapfpbns(Madad et al., 2011High and low
molecular weigh{Mw) lignosulfonates are investigated to ascertain whether molecular weight

is a determining factor when thelpmer is under chemical attack. High sugar and low sugar
lignosulfonates are also investigated to determine the resistance of these molecules to chemical

attack when the sugar content is reduced, as may be the case faf sbeasmixtures.

In previous studies, the procedures followed for chemical treatment and characterisation of
superplasticisers to ascertain their stab#itg questionable. This is because in some studies
there was no attempt to remove the solvent used for treatmehrit was not sufficiently done.

It has been established that these polymers amegpbnsive, and therefore any adjustments
enacted podreatment that change their pH compared to the control may affect their behaviour
and therefore the results obtainedheQof the early studies investigating the degradation of
admixturesn high alkaline solution carried out Miimaz et al, (1993 came to the conclusion

that chemical treatment degraded sulfonated melamine formaldehyde while sulfonated
naphthalene formaldehyde remained unaltered. In this study, upon treatment with KOH
solution, the samples were neutsalil with HCI, and the solvent evaporated off. In contrast,
Palacios and Puertas (20@8d not outline anyurther steps post chemical treatment, that is
after mixingthe admixturesvith the alkaline solvent and before characterisatonclusions

were drawn thathemical admixtureare unstable in highly alkaline media. The presence of
the solvent in thessamplegduring characterisatiowas not considered amday have altered

the results obtained. This study is referenced in much of the discussion about the instability of

these polymers in cement systems. The two studies discussed above both invesggated th
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melaminebased and naphthalebased superplasticisers in alkaline solutions but came to

contrasting conclusions. And so, the methodology followed in this chapter was crucial.

4.2 Materials

Four types of lignosulfonate admixtures are studied in this chapter; these are-tasadn
lignosulfonates with varying compositions and different sources (softwood and hardwood
trees), provided by Borregaard Lignotech, Norway. The lignosulfonate poasi¢ngy were
received are shown iRigure4.1 and their chemical compositions are provided aile4.1.

The characterisation of these samples da@se byibeke Spernes in thiéLignosulfonate for

future concretp r oj ect 06 i n coll aboration with the Uni
DP1717 DP1718 DP1765 DP4426
From softwood *  From hardwood «  From softwood *  From hardwood
Mw 29 000 + Mw 7000 * Mw 31100 + Mw 6400
Low sugar * Low sugar « High sugar * High sugar

Figure4.1 Lignosulfonate powders as received.

Table4.1 Composition of the lignosulfonate powders as received.

Full sugar, Ca| Low  sugar,| Full sugar, Ca| Low sugar, Ca
based from Cabased from based from based from
hardwood, hardwood, softwood, softwood,
DP4426 DP1718 DP1765 DP1717
DM, % 97.9 98.9 98.2 98.1
MWD Mw 6400 7000 31100 29000
Mn 500 600 2200 2100
Total sugar, % on DM 11.5 <0.2 21.6 8.3
Total S, % on DM 6.1 7.3 55 6.5
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Inorganic S, % on DM 1.1 19 1.8 1.9
Organic S, % on DM 5.0 5.4 3.7 4.6
SQy, % on DM 0.9 35 0.8 0.9
SGs, % on DM 0.2 <0.1 2.9 2.7
COOH, % on DM 104 15.1 5.9 7.1
Phenolic-OH, % on DM 15 1.6 1.4 14
Methoxyl, % on DM 13.4 14 8 9.9
Ca, % on DM 4.0 3.0 3.8 4.6
Na, % on DM 0.11 0.56 0.9 0.9
Al, mg/kg on DM 56 22 13 16

Cr, mg/kg on DM 0.5 0.7 0.4 0.5
Cu,mg/kg on DM 1.8 1.4 40 49

Fe, mg/kg on DM 75 74 42 54

Mg, mg/kg on DM 0.13 0.25 565 715
Mn, mg/kg on DM 62 64 201 239
Zn, mg/kg on DM 3.1 4.9 20 25

Ash, % on DM 10.5 11.7 10.7 12.3
Insoluble, w/w-% 1.1 3.0 0.02 0.55

DM: Dry matter
MWD: Molecular weight distribution
Mw: Weight average molecular weight

Mn: Number average molecular weight

The sodium hydroxide solutions were prepared by dissolution of the appropriate amount of

NaOH pellets (Fisher Scientific UK) in deionised water.

4.3 Analytical techniques and procedures

Lignosulfonates present complex chemical structures, and a range epfimentary
techniques are used in this chapter to provide a complete characterisation of these polymers to

identify the structural differences between the untreated and chemically treated samples. Some
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of the techniques used are presentedhiapter 3and those specific to the current chapter are

presented below.

4.3.1 Titration

The chemical behaviour and stability of the lignosulfonateseasived werenitially
investigated through acidase titrations. This simple technique allows qualitative and
guantitative analysis of the polymer in increasingly alkaline and acidic environments.
Interpretation of the forward and backward titration esrgives insight into the chemical and
physical behaviour of the different types of lignosulfonates in these low and high pH

environments.

In the relatively dilute solutions used here, the pH is defined by the negative logarithm of

the hydronium ion coremtration in the solution, ahown:

no aé¢@o Equation 4.1

The pH measurements were taken using the SevenExcellence pH meter supplied by METTLER
TOLEDO. This instrument works by usinglectrode sensors. One sensor with a glass
membrane is sensitive to the hydronium ions in solution, detecting the reaction between itself
and the sample and thgmoducinga signal. A second sensor which is referred to as the
reference sensor is not respime to the hydronium ions and will therefore produce the same,
constant potential against the pH sensor potential which is meg&eéter Toledo, 2007)

The pH meter used in this study used a combination of the reference and pH electrode called a

82



combined pH electrodd.he difference between the potential of these two sensors is used to

determine the pH value of the solutiasing Equation 4.2

O O ¢&Y'YE ¢ Qb Equation 4.2
Where:

E = measured potential

% = constant (V)

R = gas constant (J-Kmol?)

T = temperature in kelvin

n = ionic charge

F = Faraday constant (C-m9l

Thesemeasurements have an accuracy of £0.05 pH (Mgstler Toledo, 200Y.

The pH meter was initially calibrated before the start of every set of measurements with
buffer/standard solutions of pH 4.01, 7.00, and 9.21. A magnetic stirrer was used throughout
the pH measurements to ensure that the sample remains homogeneahe g@otential
measured is representative of the whole sample and not just the local environment of the
electrode. Thereasalsoenough sample to ensure complete immersion of the electktim
preparing the solutions, 0.4 g of lignosulfonate powdex mvixed in 40 ml of deionised water,
and complete dissolution of the lignosulfonate powder was ensured through mechanical
agitation. The initial pH of the suspension was noted. These solutions were then titrated with a
strong base of 0.1 M NaOH solution &k small increments were added, and the pH was
measured after each addition to produce a forward titration curve. NaOH was added until this

curve plateaued, and further addition of the alkaline solution did not change the pH of the
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solution, at which pointitration was stopped. The back titration of the same solution was
performed with a strong aci®.1 M HCI solution This produced a curve that eventually
plateaued and further additions of HCI did not change the pH of the solution, at which point
titration was stopped. The back titration was carried out immediately after stopping forward
titration and at a later agafter 3 days (sampdaverekept in an airtight and sealed bottle and
under20 °C during this period)The latter wagarried out tadetermine if theravasa time

dependence on the chemical/physical action of these polymers in alkaline media.

The limitations of the sampling procedure followed in this study:

1 There was no temperature control of the environment. The pH value of a sample is
temperaturalependent, and the pH electrode gives a temperdgmendent
measuremenfThe SevenExcellence pH meter is designed to record the temperature
dependence using a temperature sensor and then compensatésifocdmpensation
is possible beasse a linear relationship exists between the temperature and the potential
measured, and therefore the behaviour is fully predictable and compensated for by the
inbuilt buffer temperature correction of the pH métdettler Toledo, 2007)

1 The experiment was done under ambgantonditions. It is important to consider the
dissolution of atmospheric carbon dioxide into the solution while taking measurements
as this may affect the results obtained. This would be expected to be more significant
at high pH values, however, the expsent was not done for extended periods of time
for a significant ingress of GQo occur and the solutions were also kept in airtight and

sealed containers.
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4.3.2 Chemical treatment and characterisation

For a more detailed study of tbleemicalstability of lignosulfonates, the admixture samples
described inTable4.1 were subjected to different chemical environments; deionised water at
neutral pH and increasing concentrations of NaOH solutions at 0.05, 0.1, 0.5, 5, and 10 M. The
chemical treatment and washing procedures are showgure 4.2. The treatment was
achieved by manually mixing 2 g of LS powder with 2 ml of the solutittaining a
homogenous mixlt is worth noting thatt was observed thahe dissolutionof LS be@ame
increasingly limited as the concentration of the solution was incre@lsednixwas then dried
under vacuum for 3 days a desiccatorSodium chloride salt and silica gel were placed inside

the desiccator to absorb the evaporated water and accelerdtgitig process.

== 2 ml solution

Dﬁed samples ground

Washed with excess isopropanol Reduced pH< 14

Figure 4.2 Procedure followed for the chemical treatment and washing process of the
lignosulfonates.
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Lignosulfonates are insoluble in organic solvents, and so upon drying, the now solid samples
were ground and washed with excess isopropanol under vacuum filtration to remove the excess
NaOH and reduce the pH of the sample to below pH 14, and then lefaporate the
isopropanol. It was apparent that washing with isopropanol wasuffatientas the pH was
still high (especially for the high NaOH concentration samples) compared to the reference
sample. As previously discussed in sect®oB lignosulfonates are pH sensitive and so the
varying pH values after only washing with isopropanol were not ideal for characterisat®n. Th
meant that tl solution used for treatment was still present and so the excéssnhaDH
species on the sample had to be removed before characterisation. This was achieved by the ion
exchange process using an Amberlite IRC120 H, hydrogen form resin supplied by Supelco
SigmaAldrich. The resin was initially activated and excessidhs on the resin were also
removed by rinsing the resin with deionised water. A batch process was followed for this ion
exchange stewhere0.5 g of the now dried LS powder was first disgolin 2 ml of deionised
water and then mixed with the appropriate amount of resin. The measured amounts of the resin
usedwere based on its ion exchange capacity. This step facilitated the removal iohsla
from the sample exchanged with ftom the resi; the excess OHeacted with the Hto
reduce the pH even further. The ion exchange process is shokigure 4.3, following

Equation4.3andEquation 4.4
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Figure 4.3 Schematic of the ion exchange process between the resin and the solution with

lignosulfonate dissolved.

2 3 /( A 231 A ( Equation 4.3

( I ( (/ Equation 4.4

The final stage of the sample preparation process involved the separation of LS solution
from the resin by vacuum filtration. The final product obtaimada concentrated suspension
that was kept in a desiccator under a vacuum for the removal of expedddi obtain a solid
sample. Sodium chloride salt and silica gel were placed inside the desiccator to absorb the
evaporated water and accelerate the drying protéssrigorous washing and ion exchange
step was essential tihe characterisation of thégnosulfonate postreatmentthat is not

obscured by the presence of the treatment solution

The compositional and structural changes of the lignosulfonates were determined by Fourier
Transform Infrared (FTIR)spectroscopyusing a PerkinElmer 100 FTIR speometer
operating with a resolution of 2 ¢imand recording 32 scans per samplée sample

preparation procedure is as outlined in sec8i@ng
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The samples were further analysed with solid state -goissisation magi@angle spinning
13C CPMAS NMR using a Bruker AVANCE Il 400 spectrometer. For acquisition of the
spectra, a spinng rate of 10 kHz MAS, with a 4s relaxation delay and 2 ms contact time were
used. The spectrum was derived from 2000 sc.
from the external reference compoutichethyl sulfoxide(DMSOQO). All data were processed
using Bruker TopSpin 4.1.3 software. This technique allowed for adasmuctive
characterisation of the lignosulfonates; the key functional groups and bonding can be identified

without destroying the native nature of the polymer

Further analysis was done B{§-ray photoelectron spectroscopy (XPS) to identify the
elements present on the surface of the lignosulfonates before and after chemical treatment. This
technique also gives information on what these detected elementsidesllto, and therefore

any bond breaking or bond formation that occurs due to chemical treatment can be monitored.

The XPS data was acquired using a Kratos
(1486.69 eV) Xrays at 15 mA emission and 12 kV HT (180, and a rectangular analysis
area of 700 x 300 um. High resolution spectra were obtained using a pass energy of 20 eV, step
size of 0.1 eV and sweep time of 60s, resulting in a line width of 0.696 eV forAusirvey
spectra were obtained using a passggnef 160 eV. Charge neutralisation was achieved using
an el ectron flood gun wi t h filament curre
bias = 4.2 V. Successful neutralisation was
sharp peak with no low&E structure was obtained. Spectra have been charge corrected to the
main line of the carbon 1s spectrum (adventitious carbon) set to 284.8 eV. All data was
recorded at a base pressure below 9% Térr and a room temperature of 294 K. Data was
analysedusing CasaXPS v2.3.25PR1.0. Peak fitting of the high resolution spectra was done

with a Shirley background prior to component analysis.
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4.4 Results & Discussion

4.4.1 Titration

The functionality of the lignosulfonate polymer is dictated by its chemical composition and
molecular structure, which in turn affect its behaviour in aqueous media. The amphiphilic
nature of the lignosulfonate is important in allowing the functionalityisfpolymerDeng et
al., 2010) In aqueous media, the polymer undergoes dissociation of the ionic groups which
results in a charge on its surface bringing about the electrostatic ability that is key to the
performance of the lignosulfonate as an admix{G&don & Mason, 1955 his is discussed

in section2.2.2 The titration data presents a starting point to observe this behaviour.

Lignosulfonates can be classified as weakly acidic polyelectrolytes which can dissociate in

solution in the reactioras shown irEquation 4.5andEquation 4.{Nyman et al., 1986)

Yo® YO O Equation 4.6
YOO OO0 P YO OO0 Equation 4.7

Where Rrepresents the organic part of the polymer Akidhe attached functional group
(Nyman, Rose and Ralston, 198)an aqueous solution, the weakly acidic polymers exist as
conjugate acikbase pairs and only partially dissociate in solution. The degree of dissociation
is a function of the amount of charge on the polyelectrolyte chain which is dependent on the
solution. At low pH, the polymer is weakly charged, whereas at high pH a larger fraction of
monomers are dissociated and the polymer charge saturates to its maxim@ealkbov et

al., 2000)
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Figure4.4 shows the forward and back titration of the DP1717 (high molecular weight and
low sugar content) sample, which had a slightly acidic starting pH of 5.01 when dissolved in
water. This isattributedto the dissociation of the polymeéihen NaOH is added imsll
increments an increase in pH can be observed. NaOH is a strong base that is completely
dissociated into Naand OH, and so the OHons react with thé430*. This consumption
results in an increase in pH as it is a function of the concentratiog@fibhsas shown in
Equation 4.1However, at these small NaOH volumes, the pH remains acidic as the solution
still contains predominatelsO" ions. There is a slight step increase in pH at 0.5 ml of added
NaOH, followed by a rapid increase in the pH as more NaOH is added. The solution reaches
the equivalence point, at which point all tHeO" ions from the partial dissociation of the

lignosulfanate polymer are neutralised and equal to theiQis.

Forward Back titration

14 14
— 0 days
12 14 12 — 3 days
10 124 10
8 z 10 T8
z : A
6 * 6
6
4 4
4 r T T T 1
2 0 2 4 6 8 10 7
Viaon (ml)
0 T T T T T T 1 0 - - - T r T T T |
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 160 180 200
Vo (ml) Vi (mD)

Figure4.4 The forward and backward titration curves of the DP1717 (high Mw, low sugar)

sample.
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The curve then follows a steep increase past the equivalence point and begins to slow down
after 1.5 ml of NaOH and finally plateaus at high volumes of NaOH. Beyond the point of
neutralisation, the pH increases as theexgéess of OHuntil the system i@&ches a point where
further addition of NaOH does not notably change the pH due to the logarithmic nature of the

pH scale.

The back titration curves obtained from additions of 0.1 M HCI are characteristic of strong
basé strong acid curveeng et al., 2010)This is becausat the end of the forward reaction,
the solution has NaOH in excess. The key observation in these faiadsin thecomparison
between 0 and 3 days back titration. It can be noted that less HCI was required to neutralise the
solution after 3 days comped to immediate back titration at O days. The solutions were kept
in tightly sealed containers to prevent the ingress of f@th the atmosphere and therefore, it
can be postulated that this observation is due to the presence of@e®hé in solutio due

to deprotonation from the polymer and further hydrolysis of the bonds.

Figure4.5 shows theesults for theéignosulfonate (DP1718) with a lower molecular weight
in contrast to the DP1717 discussed above, but a similar low sugar content. This sample also
had a low starting pH of around 5.08 when dissolved in water which would suggest that in
water the deprotomian of the polymer is not dependent on the molecular weight. This is not
consistent with the composition data presented ame 4.1, which shows that the DP1717
sample has more acidic groups thaan be deprotonated in solution. However, this
deprotonation is dependent on the pH, and at near neutral pH the acidicesivedy slightly
contributing to the pH for bothgnosulfonates The forward titration curve shows a steep
increase in pH from the onset of a titration at small additions of NaOH. However, at volumes
between 2 and 12 ml of added NaOH, there appears a slight decrease in the rate of change of
the pH as a function of Na®addition, and then an increase beyond this point. This trend is
indicating a buffering effect by the lignosulfonate as more NaOH is added. This may be due to
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a large number of carboxylic groups originally in the sample that release n@tenitb the
solution to react with the added O&hd result in a reduced rate of increase in pH. Beyond this

point, there is an increase in pH until it plateaus as discussed above for DP1717.

The back titration curve iRigure4.5 is indicative of a reaction between a strong acid and a
strong base as the excess NaOH in the solution reacts with the HCI being added. After 3 days,
less acid is required to neutralise theoluson which indicates that further
dissociation/deprotonation of the lignosulfonate occurred over time, similar to the high

molecular weight DP1717 sample previously discussed.

Back titration
14- Forward "
— 0 days
12+ — 3 days
104
any
a8
6,
44 6
4,
2 A
0 Vion (m) 21
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 160 180 200

Viaon (ml) Vi (ml)

Figure4.5 The forward and backward titration curves of the DP1718 (low Mw, low sugar)

sample.

Figure 4.6 shows the titration curves for the DP1765 lignosulfonate sample with high
molecular weight (similar t®P1717) but with high sugar content. In this sample, we can

observe the effect of sugar on the dissociation of the polymer. The sample when dissolved in
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deionised water had a starting pH of 5.02. The forward titration curve shst@smincrease
at small additions of NaOldnd a buffer regioms was observed with the DPB7dample,

followed by an increase in pH which then gradually plateaus off.

14 Forward . Back titration
] — 0 days
12 — 3 days
10
T 8
(=8
6,
4 o 4
24 31 5 F o s 2
Vyaon (ml)
0 L L S S B B —] 0 T T T T T T T T T ]
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 160 180 200
Viaon (ml) Viger (ml)

Figure 4.6 The forward and backwards titration curves of DP1765 (high Kigh sugar)

sample.

At the onset otheforward titration, the DP1765 sample with high molecular weight and
high sugar content also showed a step in the pH at low volumes of NaOH, similar to the DP1717
high Mw and low sugar sample. More interesting is the back titration which shows a greater
amaunt of acid required for back titration after 3 days compared to zero days. [fes/islue
to the presence of sugar in the sample. Sugar is a polyprotic acid with multiple OH groups
which can be deprotonatédringthe initial NaOH titrationSo, asHCI is added it reacts with
theexcesdfNaOH in solution as well as protonating the deprotonated OH groups of the sugar

molecules. Some of the sugars likely to be present in these LS are xylose, arabinose, mannose,
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glucose, galactose and uronic aggteenAgroChem, 2022These sugars range in pKa values

around 1ZShapley, 2022)and these high pKa values encourage the protonation process.

Figure 4.7 shows the low molecular weight (similar BP1718) but high sugar content
lignosulfonate DP4426 undergoing titration. Unlike the previous three samples discussed, this
lignosulfonate had a slightly alkaline starting pH of 7.44. This LS being slightly alkaline may
be due to the generation of hydidx ions when dissolved in water with these ions dissociating
from the sugar (pKa ~12) in the polymer. This was not observed in the high Mw and high sugar
DP1765 sample, which indicates that dissociation of the lons&mplevas at a greater extent
than tke high Mw sample. Thisray bedue to the arrangement of the polymer (conformational
effects) in solution where the low Mw sample present more readily available groups for
dissociation while the high Mw LS is less accesgBlaatbaev et al., 2010The dissociation
of these plymers has previously beedirectly linked to the position and number of other
charged groupgBorukhov et al., 2000)An initially rapid increase in pH is observed upon
small additions of NaOH, which then gradually increases to a plateauaSimDP1765, the
3-days agd solution required more acid to neutralise compared to the immediate back titration

sample.
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Figure4.7 The forward and backward titration curves of the DP4426 (low Mw, high sugar)
sample.

Another interesting observation that can be seen across all samples as shipure#5-
4.7, was colour changes. The characterisation and analysis of the colour of lignin is often
overlooked even thougiregularities in thecolour of productsan play a rolén limiting its
use in certain applicatiorfdjao et al., 2018)The solutions became darker as more NaOH was
added and lighter when back titration with HCI was carried out. This observation mag be du
to either chemical or physical changes to the lignosulfonate and appears to be reversible
depending on the acidity and alkalinity of the solution. Lignin as a natural compound is almost
colourless, and the reason for the colouration of lignosulfonatest iwell understood. The
colouration processhas been reported to occur by a demethylation reaction due to a
nucleophilic attack by OHfollowed by auteoxidation to yield the coloured-guinoid

structures as shown kigure4.8 (Dilling & Sarjeant, 1984)
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Figure4.8 Colour change of lignosulfonates in NaOH solutipilling & Sarjeant, 1984)

In summary, the pH of the solution can influence the chemical behaviour of the
lignosulfonates as well as physical chan@dse data set shows that the shape of the titration
curves and therefore behaviour of the lignosulfonate in solution is dependent on its molecular
structure and sugar content. When dissolved in water, the molecular weight is not a determining
factor of thestartingpH and thereforeloes not significantly affect thate of dissociation of
the polymersn water this was observed in the low sugar samples (DP1717 and DP1718)
having similar starting pH values regardless of their molecular weight. These shovwpde®r,
presented different trends during forward titration which suggests that they undergo different
routes of dissociation and at different rates due to differences in their Mw. The effect of sugar
can be observed the back titration of the sampl&gth low sugar samples requiring less HCI
while the high sugar samples require more acid. In high pH solutions, the dissociation of
lignosulfonates is kineteedependent, such that the lignosulfonates require time to rearrange in

solution allowing for mag groups to undergo ionisation.

4.4.2 Fourier Transform Infrared Spectroscopy (FTIR)

Figure4.9 shows the FTIR spectra of the four untreated, as received lignosulfonate samples.
These spectra are characteristic of typical lignosulfonate samples with strong bands at high

96



wavenumbers above 3000 ¢rimdicative of the presence of hydroxyl group in phenolic and
aliphatic structures (OH stretching vibratigian et al., 2018)The peaks between 3000 and
2750 cm' are due to the €l stretching in methyl, methylene groups found in the side chains
of the polymer, and methoxyl groups attachethtobenzene rinfBoeriu et al., 2004)Lu et

al., 2017) The fingerprint region is perhaps more complicated for peak assignment due to the
overlapping of peaks of functional groups in this broad andimked polymer due to various
vibrational contributiongYan et al., P18) Regardless, some peak assignments can be made.
The bands at 1715 chrorresponds to the unconjugated C=0 band, and 1670cam be
attributed to the carboxyl/carbonyl gro(ioeriu et al., 2004)The region 1600 1500 cm'
corresponds to the benzene ring stretching vibra(gas et al., 2018)The strong vibrations
from 12161200 can be associated with the€cCC-O, and C=0 stretchin(stark et al., 2016)

In this region, the band at 1215 ¢mnd 1266 cm are assdated with the GO of the syringol

rings and guaiacyl rings, respectiv€an et al., 2018)There is also a strong vibration at 1040
cmt which can be attributed to the@, G-C, and GOH bending in polysaccharides found in
most lignosulfonate¢Boeriu et al., 2004) The dominance of these polysaccharides is to be
expected in lignosulfonates. TheGBstretching of the sulfonic groups can be found at low
wavenumbers of 65825 cm' (Rodriguez_ucena et al., 2009)A summary of the peak

assignments is presentedTiable4.2.
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Figure4.9 The FTIR spectra of the lignosulfonates as received; DP1717 (high Mw, low sugar),
DP1718 (low Mw, low sugar), DP1765 (high Mw, high sugar) and DP4426 (low Mw, high

C-0, C-C, C-OH bending
in polysaccharides
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Table4.2 The FTIR peak assignments of the lignosulfonates as rec@eediu et al., 2004)
(Rodriguezlucena et al., 2009fYan et al., 2018)

BandH ( Assignment
36638300 Hydr oxyl group in pheno
2938 CH stretching (methyl
2844 CH stretching (metho
1715, 16 Unconj ugat-cecdar wax ylo nytlr
1702 C=0 stretching
1605, 15 Symmetrica@G¥y6nine)t rarcd (1513
1463, 14 CH deformation combined W
1424 CC (aromatic -Bk-phaneniyeiv

1371 CO syringyl
1266, 121 CC,-OC C=0 stretlrme atghi Mg
1158 Stretchi ng-Hvibomatsi om dfhe
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1040 Ar oma-Hi de€Cor ma40i, eC€C swirteht c(
COH bending in polys
651, 601 SO stretching (sul fo

The differentlignosulfonates present the same key peaks in their spectra but at varying
intensities. For the DP1718 sample, however, and perhaps more interestingly is the appearance
of a doublet of the Otband at 3250 crhwhich is due to the Fermi resonance, a common
phenomenon in infrared spectroscopy of organic moled@#gerstein et al., 2005)This
feature is more prominent in the DP1718 and has been reported by other res@arohezs
al., 2013) (Rodriguezl.ucena et al., 2009however, no theory has been put forward to explain

the occurrence of this doublet for certain lignosulfonates.

Figure 4.10 shows the DP1717 spectra obtained after chemical treatment and solvent
removal; a sample of the LS as received is included as the control. A sample was mixed with
water and then only washedtlwvisopropanol, while one sample also dissolved in water was
washed with isopropanol but also ion exchanged, to investigate the effect of the ion exchange
step on the samples. The comparison between these samples highlightsva#argimpact
on the structure and therefore the results due to the procedure follow¢reptaent. This is
because the ion exchange resin which has excesmsl reduce the pH to acidic levels while
there is no Naand OH ions to remove. This confirnthe highly pH responsive nature of the
lignosulfonates. The sample dissolved in water and ion exchanged to low pH values shows that
a new peak appears at 1740%rand this peak is consistent across all the samples that were
treated with varying concestions of NaOH. Because this peak was not found in the water
sample that was not ion exchanged, it cannot be attributed to the chemical treatment and is
therefore due to the ion exchange step in the procedure. This artefact is acknowledged but will

not beconsidered in detail in further analysis. The effect of ion exchange resin was further
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confirmed by using an amount calculated as a ratio of the concentrations of the NaOH treatment

solutions, for example, the maximum amount of resin was used at 10 MMt0i@ of the

resin was used for the 0.01 M sample . The results from these repeat samples are presented in

Figure4.11.

5M
0.5M
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_— ff A‘\,—"I‘ﬂl"“.
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— ‘m/‘\;‘ \
_71////7 T~ W \‘“’/NMN“'HZC)rwotIE
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Wavenumber (cm™)

Figure4.10The FTIR spectra of the DP1717 sample before and after treatment with increasing

concentrations of NaOH. The same amount of resin was used to ion exchange (IE) all samples.
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Figure4.11The FTIR spectra of the DP1717 sample before and after treatment with increasing
concentrations of NaOH. The amount of resin used was varied according to the NaOH

concentration.

As shown inFigure4.11, it can be observed that there are insignificant changes observed in
the spectra of the lignosulfonates. Thewsesno loss of peaks as the samplegetreated with
increasing concentrations of NaOH solution. This indicates that the structure of thepolym
and patrticularly its functional groups remained relatively unchanged by NaOH chemical
treatment regardless of the concentration of the solution. The sulfonate groups found at the low
wavenumber end of the spectra, that have been reported as mosttori@gberformance of
the lignosulfonate as an admixture remain unchanged by the chemical treatmentHThe C
stretching bands corresponding to the side chains of the polymer also remain unaltered with

increasing concentrations of NaOH during treatment.
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Figure4.12The FTIR spectra of the DP1718 sample before and after treatment with increasing

concentrations of NaOH.

Like DP1717, the DP1718 sample showed no significant changes in the FTIR data as shown
in Figure4.12. The only clear change is that the doublet of the SHbst upon chemical
treatment. The D sample that was not ion exchanged still had this doublet peak, and so it
appears that this mayave been due to the ion exchange step in the sample preparation. The
other functional groups previously identified remain unchangedtpesiment. The samples
treated with the highest NaOH concentratipnssenta new peak appearing at around 1765
cmt marked with a circle irFigure4.12. This can be attributed to formation of new C=0 bonds.

As both DP1717 and DP1718 samples remained mostly unchanged, it can be postulated that
the molecular weight of the lignosulfonate samples does not greatly affect their

resilience/stability in these #eme alkaline conditions.

Figure4.13 andFigure4.14 present the FTIR spectra of the LS samples with an increased

amount of sugar. No significant changes were observed similarly to the other samples. This
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indicates that the presence of sugahase samples did not significantly affect their resilience

to chemical attack.
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Figure4.13The FTIR spectra of the DP4426 sample before and after treatment with increasing
concentrations of NaOH.
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Figure4.14The FTIR spectra of the DP1765 sample before and after treatment with increasing
concentrations of NaOH.
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The FTIR data sets across the four lignosulfonate samples indicate the high alkaline
durability of these samples. Thesultssuggest that thengas no loss of functional groups at
increasing pH. Therefore, it can be postulated that the changes observed in the titration results
previously discussed were only deprotonation/protonation reactions that were reversibly

occurring in the agueous media.

4.4.3 BC Nuclear Magnetic Resonancepectrometry (NMR)

Figure 4.15 shows a simplified structure of the lignosulfonate. @ CPMAS NMR
spectra of the untreated and as received DP1717 and DP1718 lignosulfonates are presented in
Figure4.16. The recorded signals were assigned by comparison with the liteflatiinaes et
al., 20®). The lignosulfonates are expected to present slightly different spectra as it has
previously been found that even lignins of the same plant species may have differences in the
ratios of their building units guaiacyl (G), syringyl (S) antygroxypheyl (H) (Nimz et al.,
1981) The analysis of these control samples shows peaks in the ra@g®e 160 ppm
characteristic of most aromatic lignfBvstigneyev et al., 2018The characterizc methoxyl
peak can be found at 55 ppm. At around 25 ppm, a peak associated with CH group in
saturated aliphatic chairfslemmila et al., 2020¢an be found more pronouncedD#1718
than in DP1717. The peaks at around 70 ppm are associated,with C e + & haerr-Otbh e b

4 structure.
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Figure4.15 Typical structural unit of #gnosulfonate polymer, where the R can be any of: H,
alkyl or aryl groups. Rcan also be unsubstituted. Various linkage units can be represented by
varying the substitutions. Adapted frd@ierer, 1986 and(Danner et al., 2015)

The shoulder to the AIC peak as labelled iRigure4.16 can be attributed to the-§=0;
sulfonate groups. TheAD are found in the phenolic and methoxybups linked to the
benzene ring. The range between 20060 ppm is associated with the C=0 structures; the
DP1717 structure indicates low amounts while DP1718 shows higher amounts of this group

which can be attributed to the &HO or RO-CO-CHz groups(Hemmila et al., 2020)

105



CaO OCH3

I CaC
Cc=0 ‘

- DP1718

,.M\J\/\AW/ L\\\ Sp1717

250 200 150 100 50 0
S¢ (ppm)

Figure4.16 13C CPMAS NMR spectra of the contrdamples, DP1717 and DP1718 before

chemical treatment. DP174/igh Mw, low sugar, DP1718low Mw, low sugar.

The NMR data provide more insight into any changes along jleh&n and the attached
methoxyl groups on the lignosulfonateégure4.17 andFigure4.18 show changes to some of
the bonds after chemical treatment of the samples. The untreated sample compared to the
increasing pH of the solution used in treatment up to pH 13 (0.1 M NaOH) are identical. There
are no new peaks or any loss of peaks due toréagntient of the lignosulfonate. As the
concentration of the solutida increased, there appears a slight shift of the spectrum to lower
chemical shifts. This effect is more significant in the sample treated with the 10 M NaOH
solution. Figure 4.17 shows that the DP1717 control sample left untreated, and the samples
treated with low concentrations of NaOH up to 0.5 M do not show a peak for C=0 at around
180ppm,indicating a low amourf C=0 structures in the DP1717 after treatment. For the 5
M and 10 M samples, this peak is present which suggests that there is a reaction/change when
the lignosulfonate is treated with the high concentration NaOH resulting in the formation of a

new C=0 lond. For both the DP1717 and DP1718 samples, {lm& is most affected by
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chemical treatment. This may be due to the cleavage of the polymer along the backbone which

would then facilitate the formation of the new C=0 bond.
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Figure4.17 The NMR spectra of the DP1717 sample before and after treatment with increasing

concentrations of NaOH.
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Figure4.18 The NMR spectra of the DP1718 sample before and after treatment with increasing

concentrations of NaOH.

4.4.4 X-ray photoelectron spectroscopy (XPS)

XPS data presented gives further insight into changes teutiace chemistrof the
lignosulfonates before and after chemical treatment with increasing NaOH concentrations. The
wide angle scans of the samples@mesentedand the éconvolution of thexgerimental data
was carried out on the C 1s and S 2p spectra using a Shirley background and
Gaussian/Lorentzian line shape (GL(30)). Peak fitting was constrained to an equal full width
at half maximum (FWHM). The binding energy scale was referenced tos€tht 284.8 eV.

The positions of the peaks and the atomic concentrations are also presented.

Figure4.19 shows the XPS spectra of the DP1717 taken at 3 different points confirming the
homogeneity of the sample and that the data is representative of the entire sample. The peaks
identified are representative of lignosulfonates showing the presence of carlygen ox

linkages, calcium, and sulfur.
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Figure4.19 Wide angle scan of the DP1717 control sampléh 3 spectra overlaid.

Figure4.20shows the wide angle scans of the control lignosulfonate and the saealed
with increasing concentrations of NaOH. The peak found at 1072 eV appearthe/Nait©H
concentration is increased above 0.1 M and is most significant in the 10 M sample. This peak
corresponds to the Na 1s component, and another peak appears at thesedagtiations at
507.7 eV which corresponds to Na KLas highlighted irFigure4.20. These new peaks at
high NaOH concentration are an indication that even though a vigorous washing and ion
exchange procedure was followelde high sensitivity of the XPS technique shows that
Na’ could not be completely removed from the sample before characterigétioatheless,
there are no other significant changes to the treated samglieating a high chemical stability
of the DP1717 lignosulfonatdable4.3 presents a summary of the chemical composition of
the control and the 10 M sample. The calculated values are averages of the analysis of 3 areas
on the surface of the sample to ensure that they are representative of the entire sample. There

is evidenceof a reduction of the Ca 2p component by 1.13 atom % found at 343reNe
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treated samples compared to the control as shoWadle4.3. This may indicate that the cation
is only weakly bound to the backbone of the lignosulfonate and then lost during chemical

treatment.

DP1717

| ' ' |
900 600
Binding Energy (eV)

Figure4.20 Wide angle scan of the DP1717 sample before and after treatment with increasing

concentrations of sodium hydroxide solution.
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Table4.3 Composition of the control and M NaOH treated LS samples.

Sample Region BEIrr:glrg?/ Area ConAéer:llr(;tion Average At_omic Standard
no. Concentration % Error

(eV) %

70.17

70.32 69.93 0.32

69.3

25.92

25.52 25.91 0.22

Cls 285.07

NEFRPWN P

O1s 532.07
DP1717
control 26.28
2.26
2.74 2.55 0.15
2.65
1.64
1.42 1.61 0.10
1.76
69.18
69.34 68.70 0.57
67.57
26.59
26.42 26.96 0.46
27.87
3.83
3.89 3.87 0.02
3.89
0.4
0.36 0.48 0.10
0.68

S2p  168.07

Ca?2p 347.07

Cls 285.07

O1s 532.07
DP1717_10M

S2p 168.07

Ca2p 347.07

WNPFRPWNRPWNRFRPIWONREPOWONREPWNEP|W

The high resolution spectra Figure4.21 shows that increasing the NaOH concentration
did not significantly affect the C 1s component of the lignosulfonate. This indicates that the
ionic strength and the pH of the treatment solutda@hnot greatlyalter the backbone of the
carbon chain. The S 2p on the other hand is more affected by these chemical conditions,
showing a shift of the main peak to higher binding energies when the concentration of NaOH

was increased shift to higher Inding energies signifies@ange to a higher oxidation state.
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Figure 421 C 1s and S 2XPS data forthe lignosulfonateDP1717 after treatment with

increasing concentrations of NaOH.

The deconvoluted peaks of the C 1s and S 2p spectra are presdfitpded.22. For the
control sample, the dominant component at position 284.8 eV was attributed to the carbon atom
bound to only other carbon and hydrogen atoms. The component at 286.2 eV corresponds to
the GO bond found in the interunit linkages of the lignosulfonate. The components at 286.9
eV and 288.5 eV correspond to the ether and to the doubly bonded oxygen in the carboxylic
functional groups, respectively. The DP1717 sample treated with 10 M MaSHlso peak
fitted to ascertain changes brought about by chemical treatment when compared to the
untreated sample. This sample presarsisilar distribution of peaks, with the key difference
being the shift of the O=ED component to higher binding egers. Comparable atomic
concentrations are found between the two samples showing marginal and negligible differences

due to chemical treatment.
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Figure4.22 Deconvoluted C 1s and S 2p spectra of the DP1717 saapleontrol and (b) 10
M NaOH treated sample

The S 2p spectra of the control sample shows spin orbit splitting at ~168, 169 eV, owing to
the oxygen containing sulfur group8-SO-C (x=2,3,4) such as sulfone, sulfonate, sulfate
groups(Liu et al., 2022)These peaks are due to the sulfate groups found along the side chains
of the lignosulfonate polymer. Ti®/ is usually found at higher binding energies than the
3/ . The S 2p spectra after chemical treatment with 10 M NaOH shtheeoresence of
multicomponent peaks with multiple spin splitting orbitals. These present more significant
changes to the atomic concentrations compared to the C 1s, wath thehowing a significant

decrease.
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The wide scans of the DP1718 LS samplevatin Figure4.23 presentsimilar spectra to
the control sample when treated with water and 0.1 M NaOH. For the 10 M sample, sharp new
peaks at 1072 eV and 507.7 eV corresponding to Na 1s and Na KLL redgeetigdound.
These peaks are due to the contamination of the sample during chemical treatment, with this
sample being more significantly affected than the previously discussed DP1717 sample. The S
2p peak found at 164 eV for the controhHand 0.1 M also appears to be lost in the 10 M
sample. This may be due smmeloss of the sulfonate group along the side chains of the

lignosulfonate due to chemical treatment.
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Figure 4.23 Wide angleXPS scars of the DP1718 sample before and after treatment with

increasing concentrations of NaOH solution.

The high resolution C 1s spectrakigure4.24 shows that the most significant change is
found when the highest concentration of NaOH was used for treatment while lower
concentrations showed insignificant chasigéter treatment. The same observation can be

made for the S 2p spectra, where the 10 M NaOH solution caused the most significant alteration
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to this component. It should be noted that this apparent loss of sulfonate groualsariney

linked to the high awunts of unremoved Na from the sample.

C1s

10M

0.1M

A

H20

NG

S 2p

Control
I
294

Figure4.24 C 1s and S 2p spectra of the DP1718 sample before and after treatment with
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increasing concentrations of NaOH solution.

The DP1718 control and 10 M treated samples were then deconvoluted and presented in

Figure4.25to take a closer look at the components most affected by chemical treatment. The

most significant change observed is a loss of H libnd after treatment. This may have been

due

t

0]

t

he cl eavage

of -O-& ea 0d)phihe metHoXylgnoupt e

on the side chains of the lignosulfonate. It has already been established that methoxyl groups

are labile and susceptible to chemical attack. This cleavagesatue to the high concentration

of the OH ions and occurs by nucleophilic substitution as showseation2.2.2 The S 2p

spectra also present slight changes due to chemical treatment. There is an increas®in the S

(S 2p 3/2) at the expense of th®©]S 2pl/2)component
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Figure4.25 Deconvoluted C 1s and S 2p spectra of the DP1718 LS sample.

The low Mw, high sugar DP4426 sample presentdtigare4.26 shows similar new peaks

to the previous samples showing the presence of sodium on the surface of the sample. The peak

at 347 eV assigned to Ca 2s is not presetite 0.1 and 10 M samplestiggesting loss during

chemical treatment. There are no other ificgnt changes brought about by the chemical

treatment of the sample.
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Figure 4.26 Wide angle scan of the DP4426 before and after treatment with increasing

concentrations of NaOH solution.

Figure4.27 shows a similar peak for the C 1s component, which are more dshoeding
a clear doublefor the 10 Mtreatedsample.This does not suggest any bragkin the carbon
chain of this samplélhe S 2pcomponent shows an insignificant decrease inrttensity of

the peaks as the concentratioNaiOH is increased durirtgeatment.
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Figure4.27 C 1s and S 2ppectraof the DP4426 before and after treatment with increasing

concentrations of NaOH solution.
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In Figure4.28, the deconvoluted C 1s spectra shows a significant decrease HOHIE &)
bond, and the O=© bond. There also appears to be an increase in@®bd&hds of the sample
after chemical treatent. The S 2p spectra shows a doublet of tle@aksan unidentified

peak was assignetliring the deconvolution of the S 2p component.
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Figure4.28 Deconvoluted C 1s and S 2p spectra for the control (left) and 10 M treated (right)

samples.

The high Mw, high sugar sample DP1765 samplaguire4.29 also presents an unchanged

XPS spectra except for the presence of Na which remains post treatment, washing and ion

exchangeThere are no other significant changes to the sample due to ehé&eatment.
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Figure 4.29 Wide angleXPS scars of the DP1765 sample before and after treatment with

increasing NaOH concentration.

When increasing NaOH concentration, the highest concentration of l&@@H had the
most significant impact on the C 1s component as showfidgare 4.30. The lower
concentration 0.1 M NaOH anc@ spectra are similar to the control sample. This indicates
that the carbon chain of the lignosulfonate is unaffebteithese conditions. The S 2pextra

showed a decrease in the intensity of the peak with increasing NaOH concentration.
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Figure 4.30 C 1s and S 2p spectra of DP1765 before and after treatment with increasing

concentrations of NaOH solution.

The deconvoluted spectra figure 4.31 shows a significant decrease in the atomic
concentratios of the GO and the &0-(C,H) bonds due to chemical treatment. This may
indicate some structural instability, such that at high NaOhtentrations, there is breaking
of the ether bonds of the lignosulfonates. These changes are accompanied by an increase in the

C-(C,H) bonds of the aliphatic chains along the backbone of the polymer.
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Figure4.31 Deconvoluted C 1s and S 2p spectra of DP1765 for the coatrahd the 10 M

treated ) sample.

4.5 Conclusions

This chapter presented a detailed characterisation of lignosulfonates investigating the effect
of chemical treatment on their structure. Titration curves reflect the potential change of the
solution when lignosulfonates asaspendeth deionised water. The results from these studies
show that some reversable dissociation/deprotonation of the polymers occurs resulting in a
change in the potential charge of the solution accompanied by a colour change. The shape of

the titration curves as dependent on the molecular weight and sugar content and driven by
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dissociation of the functional groups found on the surface of the lignosulfonates. There was

also indication of some rearrangement of the polymers in alkaline solution.

There were no ghificant change® the functional groups of the polymensncreasing pH
and ionic concentration environment as observed by FTIR. No loss of functional groups was
observed in both low and high Mw, and high and low sugar samples. The only change observed
was the formation of a new C=0 peak which was confirmed®*6yCPMAS NMR. Tls
indicates that theC, along the backbone of the polymer was most affected by chemical
treatment. These findings suggest that though the functional groups are unaffectedayhere
be some breaking of the polymer along the backbone, while its functionality is retained. The
XPS data shows that the lignosulfonates are not completely immune to chemical treatment.
The lignosulfonates most unaffected by the chemical treatment wdd@ &7 and DP4426
which were derived from softwood while the DP1718 and DP1765 suffered some loss of the

C-0 bonds attributed to nucleophilic attack by the @+solution.

The stability of the lignosulfonates being studied has been found to be greater th
previously reported. It can therefore be concluded that the insufficient plasticising effect of the
lignosulfonates in alkali activated cements which present high pH and ionic stnesngthot
only be explained by the chemical stability of thenbgulfonates, regardless of their molecular
weight and sugar content. Therefore, it can be hypothesised that other factors such as low
solubility of the lignosulfonates in these environments and incompatibility with the precursor

particles may be playingraore significant role on their efficiency.
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Chapter 5THE EFFECT OF LS ADMIXTURES ON THE
FRESH STATE BEHAVIOUR AND MECHANICAL
PROPERTIES OF ALKALI ACTIVATED CEMENTS

5.1 Introduction

One of the main challenges hindering the wider uptake and application of alkali activated
materials is difficulties in controlling their viscosities and high yield stresses. For good
workability of a cohesive concrete, low yield stresses and reasonabdsitiess preventing
segregation are desiral{féousu et al., 1995) Additives are commonly used to improve the
fresh state properties of cementitious materials, and such readily available admixtures used in
Portland cements are often explored as potential solutions for alkali activated cements.
However, there are cleand significant differences in these systems: in starting materials,
reaction mechanisms, chemical environment, and hydration pro@iiisglo et al., 2009)
Therefore, differences in the performance of these admixtures in alkali activated materials is
to be expected. There remains a lack of understanding of the performance of these admixtures
in AAMs, as well as contradictory results on their effect on the fresh state and mechanical

performance of alkali activated cements, as previously discussed in stdrthis study.

This chapter presents a complete characterisation of the properties of fresh paste: mini slump
tests, rheological studies, hydration kinetics studies, setting time and mechanical strength
development. This is applied tanalyse two types of alkali activated cements: ground
granulated blast furnace slag and low calcium fly ash, activated with sodium silicate solution.
These tests are carried out on optimised mix designs, agehgration lignosulfonates added
to investgate how they alter these properties. The study provides insight into the interactions

between the admixture and the cement system, to drive towards a better understanding of the
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influence of lignosulfonates on the behaviour of these cements. The effactezsing the
admixture dosage on the fresh state behaviour and mechanical properties of alkali activated fly
ash and alkali activated slag is investigated, and the optimum dosage for improved workability
is determined. For the first time, this study leases the performance of lignosulfonates with
different compositions in alkali activated pastes. The dispersion efficiencies of four types of
lignosulfonates with different molecular structures and compositions (low vs high Mw and
high sugar vs low sugaontent) are presented. This range of lignosulfonates is added to low
and high calcium alkali activated cements to highlight any compatibHitiedack thereof

between the admixtures and the cement systems.

5.2 Materials

The materials used in this chapter are discuss€thapter 3

5.3 Analytical techniques and procedures

The techniques used for characterisation and the procedures followed for sample

preparation are discussedGhapter 3

124



5.4 Effect of lignosulfonates on the properties of alkali activated blast

furnace slag

5.4.1 Workability

The workability of the pastes was determined from slump data and presented as relative
slump as shown iRigure5.1-5.3. The mix design for these pastes is presented in s&cfich
The mini slump measurements were taken 20 minutes after mixing which is a reasonable time
for the pastes to remain workable; in most cases AAS pastes have poor slump retention
requiring pasts to be remade rather than recycled for replicate(femstset al., 2017) Figure
5.1 shows that additions of low sugar, high Mw (DP1717) and low sugar, low Mw (DP1718)
lignosulfonates at increasing dosages brought a slight improvement in the workability of the
pasteswith a maximum slump increase observed at an admixture desewfd0.3 wt.% by
mass of the slag. Any further increase in the dosage of the admixtures resulted in a decrease in
the workability of the pastes. From these results, it can be postulate@di3hat.% was the
optimum dosage of the lignosulfonates in these mix designs, and above this optimum, there
may be saturation of the admixture and the dispersion efficiency is lost. This is because as the
amount of lignosulfonates is increased, more is d@sbon the slag surface until a maximum
adsorption capacity is reached, and any excess unadsorbed LS remains dissolved, or suspended
undissolved, in the pore solutighlabbaba & Plank, 2010Pue to the highly concentrated
nature of the activating solution in these mix designs, the solubility of the powdered LS is
reduced(Lei & Chan, 2020) and so it can be pgpthesised that some of the excess
lignosulfonate in fact remains undissolved in the pore solution. Lignosulfonates have been
reported to be completely soluble in water due to the sulfonate groups grafted onto their

backbone as discussed in secttP.1l, however, as the concentration of the alkaline solution
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is increased, the solubility of LS is severely diminished. The high concentration alkaline
solutions used in these mix designs have reduced free water molecules that are needed to
dissolve the lignosulfonate, as well as uniformly lubricate and hydratdabearticles. The
dissolution of LS was not investigated further in this study, howéhisr problem has been
reported for other admixtures such as PCEs because of the high ion concentration of the
activator(Lei et al., 2022) Another possible explanation is that at high dosages of LS, there
may be attractive interatecular interactions between the unadsorbed polymers in the pore
solution resulting in agglomeration of the polymers instead of working to induce dispersion
(BessaiedBey et al., 2022)At high LS dosages these interactions are stronger and there is a
greater loss in workability as can be observe#Bigure5.1. Nonetheless, it should be noted

that the fact that there is still some plasticising effect observed in these extreme conditions is a

promising result for these admixtures.

AAS +DFI717 AAS +DP1718
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Figure5.1 The relative slumps of AAS pastes with additions of DP1717 (low sugar, high Mw)
and DP1718 (low sugar, low Mw) lignosulfonat&sror bars repigent the standard error of

the mean.
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Figure 5.2 Relative slumps of AAS paste with 0.3 and 3 wt.% additions of four types of
lignosulfonates; DP1717high Mw, low sugar, DP1718low Mw, low sugar, DP1765high
Mw, high sugar, DP4426 low Mw, high sugarError bars represent the standard error of the

mean.

A comparison can be drawn between the dispersion efficiency of the lignosulfonates and
their structural compositiongzigure 5.2 presents the relative slumps of the pastes at the
optimum dosage of 0.3 wt.% and at 3 wt.% (icensderedexcess addition) of the different
types of LS. The DP1718 (low sugar, low Mw) sdenperformed the best out of all
lignosulfonates at the optimum dosage. This may be due to the affinity of this polymer to the
slag particles and the more effective adsorption surface coverage achieved at these low
molecular weights. The low sugar ligndsuates performed better than the high sugar samples
at the optimum dosage but had a greater loss of slump when exceedat¢ this% dosage.

This indicates that the low sugar LSs plasticise the slag pastes better and are therefore more

compatible with the AAS mix designs studied than are high sugar lignosulfonates. The high
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Mw samples DP1717 and DP1765 performed comparablyeatgtimum dosage, regardless
of the amount of sugar. The effect of sugars on the dispersion of alkali activated cements must

be studied in greater detail, as there is limited research in this area.

The order of admixture addition (procedure outlined ktisa 3.1.4 of LS into the AAS
system was also investigated at the optimum dosage of 0.3 wt.% as preségeadein 3. In
simultaneous addition (SA) all the components were mixed at the same time, in delayed
addition the LS was added 3 minutes after start of mixing and in prior addition the admixture
was initially mixed with the activator and the precursor later ad®egardless of the order of
addition, the DP1718 showed some dispersion efficiency when compared to the control sample
without any lignosulfonate. The greatest dispersion was achieved immediately after mixing,
but this improvement was not retained past 30 temas a loss in workability compared to the
control is observed at this time point for both the simultaneous and delayed additions. The
delayed and simultaneous additions methods were better than prior addition during the early

stages, while the sampletiviprior addition remaiedworkable for longer.

Relative slump

—=— AAS_control
51 —e— Simultaneous Addition
—— Delayed Addtion
—¥— Prior Addition

0 10 20 30 40 50 60
time (minutes)

Figure 5.3 The relative slumps of the AAS pastes when different orders of addition of LS

(DP1718) were followedError bars represent the standard error of the mean.
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As well as an indication of colloidal interactions, workability of the paste can also be
correlated to the setting and the rate of hydration of a cementitious binder, as rapid hydration
may result in workability loss. Over an extended period of time,itoggrkability is to be
expected due to the hydration reaction of the cement, strengthening of the forces and bridging

between the cement grai@Bang et al., 1996)

5.4.2 Rheology

The rheological behaviour of the pastes was evaluated with and without the addition of
lignosulfonate admixtures. The measurements were taken at different time points after mixing,
and at the same time as the mini slump tests discpseeusly. The aim of this part of the
study was to provide a more detailed, quantitative analysis of the fresh state behaviour of the

pastes, with perhaps a more precise characterisation method than the mini slump results.

Firstly, the rheological behaviour ofdltontrol pastes without any LS was evaludtgglire
5.4 shows the upward and downward ramp profiles of the shear stress as a function of the shear
rate, which demonstrates that immediately after mixing (at O minutes), the curve has the lowest
slope (i.e.,leastplastic viscosity, see discussion in secoh.]) that increases over time. This
increase in viscosity over time is to be expected as the paste loses workability and tends towards
rigidity as theinitial hydrationreactionprocesses take place. It can also be noted that the
upward and downward curvesearery similar, indicating that flow is reversible at these time
points, which indicates that the bonds/interactions created between the cement grains at these
shear rates are reversible at early age. It has previously been reported that AAS pastes tend to
show thixotropic behavioQing-Hua & Sarkar, 1994 Criado et al., 2009However, in these
control samples, thixotropy was not observed. At 20 minutes after mixing was stopped, even

though the viscosity increases, the pastes retained high fluidity.
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Figure5.4 The shear stress vs shear rate curves of the AAS control paste without any LS over

time after stopping mixing.

Figure5.5 shows the shear stress vs shear rate curves of the AAS pastes at db8®jes
and 3.0 wkb of the low sugar, high molecular weight lignosulfonate at 20 minutes since
stoping mixing. The control sample without any LS at these shear rates shows an almost linear
profile that is similar for both the upward and downward ramp, and a close to zero yield stress,
indicative of Newtonian behaviour. At a dosage of 0.3 wt.% LS, whichfevwasl to be the
optimum in the previously discussed mini slump test studies, a similar curve to the control is
observed, but generating the same shear rate at slightly reduced shear stresses for both the
upward and downward ramps. This indicates that @tldition of LS is causing some
plasticising of the pas@ndreducing its viscosity. Increasing the LS dosage to 3.0 wt.% alters
the rheological behaviour of the paste such that the upward and downward curves both have a
higher slope compared to the cahtand 0.3 wt.% sample. The downward curve is observed
at lower shear stresses than the upward because of the structure breakdown during the test. A
key feature of this curve is the appearance of a hysteresis loop, which is a gap between the

upward and dowward curve. This feature indicates that due to the presence of excess LS
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admixture, the paste is more viscous and displays\Newitonian behaviour with pronounced
thixotropy. The paste is characterised by a decreasing viscosity that plateaued ofshaeaigh
rates above 12swhich indicates a shear thinning behaviour for both the upward and

downward ramp.
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Figure5.5 Rheometric flow curve of the AAS paste with additions of LS at selected levels.

For the 3.0 wt.% LS sample, more energy was required to break the structure that formed
within the paste, and even then, the shearing the pastsubjected to was not sufficient to
destroy the structure. The hysteresis is an indication of the numthstrangth of the bonds
between the particles, whatever their natirernandeltable & Casanova, 2006As this is
only found when excess LS is added, it can be concluded that these interactions involve the
excess admixture in the pore solution, although more insight is still needed into the factors that

cause them.

There has not been a specific rheolagimodel formulated for alkali activated cements,
however, the currently existing models for pastes that include Portland cement have been
observed to give a reasonable description of these materials (see sett®n The
experimental data from the rheological measurements presented here were fitted into the
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HerschelBulkley model, represented by the solid lines-igure5.6. This model is given by
Equation 5.1and has been reported to be typical of sodsilinate activated cemenBalacios

et al., 2008)

T T Q@ Equation 5.1

wheret is the shear stress applied to the pdstis, the yield stresXXepresents the consistency

constant] is the shear rate amds the flow indexBanfill, 2006)

Figure5.6 shows the Hersch&ulkley model fit to the downward ramp of the shear stress
vs shear rate curves. As can be observed, there does not exist a monotonic relationship between
the dosage and éthmeasured viscosities with several dosages giving higher viscosity than the
control. The plastic viscosity of the pastes is represented by the gradient of the shear stress vs
shear rate curves, and is related to the number and size of the flocs in¢l{fpadas et al.,
2018) From these curves, it can be demonstrated that AAS pastes undergo shear thinning
where the viscosity decreases under shear strain. The flownndexmeasure of the degree
to which the paste is shear thinning or shear thickening, and all theseppesesgech < 1 as
shown inTable5.1, indicating shear thinning. This shear thinning behaviour of sodium silicate
activated slags has also been reported by other resea(Blastzaniet al., 2014) When
compared to the control sample, the 0.3 wt.% LS sample previously identified as the optimum
dosage had the lowest shear stresses and least plastic viscosity. As the dosage of the
lignosulfonate is increased, the plastic viscosity is also increiaskchting that there are much
stronger interactions between the unadsorbed lignosulfonates and the flocs that are forming.
The 3 wt.% LS curve had the highest viscosity and indicates a structure which is incompletely
broken down during the test cycle. Genrsely, the straight line of the control sample tends
more towards Newtonian behavidialacios et al., 2008y he shear stress values were highest
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at the greatest dosage of the admixture indicating a much higher degree of flocculation. The
highest dosage of LS selted in a clear decrease in the workability of the paste. Due to the
increased viscosity of the paste, some defects such as void formation as the blade is rotating

caused by particle migration were observed, and a less reliable model fit was attempted.
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Figure5.6 The shear stress vs shear rate curves of the AAS pastes with increasing dosages of
DP1717 LS. Experimental data are the markers, and the solid lines are the model fit.

Table5.1 The HerscheBulkley model parameters fitted to the curvegigures.6.

wt.% LS ¥ K n

0 - 53.85 0.959

0.1 - 84.14 0.868

0.3 - 48.67 0.963

1 - 67.18 0.927

3 - 164.42 0.714
3

(07 10stonly) | 165 | 11074 | 0.899
3

(107 20 s' only) . 316.29 | 0.476
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The yield stress relates to the strength and number offiatemteractions between the
particles(Puertas et al., 2018When extrapolating the Hersckellkley fit to zero shear rate
for determination of theigld stress, very small values of yield stresses are obtained, and
therefore the exact values may not be reliable due to the limited sensitivity of the testing
equipment. However, it should be noted that the low yield stresses obtained in these pastes are
considered desirable in practical applications as it is an indication that the paste could approach
a selflevelling/selfcompacting nature, which is very important in a lot of cement applications
(Feyset al, 2009) It can be assumed that the activation of the slag and formation of reaction
products is not fast enough in these systems to cause significant changes to their yield stresses
during the timgooints under study as shownkigure5.4. This is an added advantage of these
binders, as the energy required to work concrete mix is reduced, and rapid yield stress increases
during early age reaction of premixed concretes areepted(Kashaniet al., 2014) These
low yield stresses in sodium silicate activated pasteswsrdadsilicate anions, which adsorb
on the particle surfaces, increasing the magnitude of repulsive double layer electric forces, and

hence reducing the yield strgg&@shaniet al., 2014)

Figure 5.7 presents the downward ramp of the shear stress vs shear rate curves when
different types of lignosulfonates were added at an optimum dosage of 0.3 wt.%. The pastes
had similar rheological balviours, with the DP1718, DP1717 and DP1765 samples having a
slightly reduced viscosity compared to the control while the DP4426 low Mw, high sugar
sample performed the worst giving the highest viscosities than the other LSs. This data
highlightsthat comgatibility is an important aspect when using bio derived admixtures in alkali

activated cements.
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Figure5.7 Rheological data from additions of different types of LSs at 20 minutes since stop
of mixing. DP1718 low Mw, low sugar, DP1717 high Mw, low sugar, DP1766high Mw,
high sugar, DP4426 low Mw, high sugar.

This study also investigated the ordemdtflition of the lignosulfonate and its effect on the
rheology of the paste over time as showRigure 5.8 The hysteresis was a prominent feature
in both delayed and simultaneous additions at longer times after mixing. This indicates that in
the presencef LS, the pastes tend towards thixotropic behaviour over #rapo and Piani,
(2009 found that the addition of admixtures modified the pattern of the hysteresis curve such
that the curves positioned at lower shear stresses with a much reduced hysteresis gap, denoting
that the structure breaks down. However, it should be noted that these tests were carried out
immediately after mixing and not at longer times (20 minutes after stopping mixing) as is done
in the present study. The results presentedrigure 5.85.9 suggest thaover time, the
lignosulfonates have some associative thickening effects brought about by the intermolecular

interactions between the unadsorbed polymers in sol(BessaiesBey et al., 2022)
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Figure5.8 Rheological data when different modesD##1718 LS addition were followed at a
dosage of 0.3 wt.%: (a) DA and (b) SA as a function of time after the end of AAS paste mixing.
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Figure5.9 Rheological data for the AAS + DP1718 sample without LS, DA and SA, tested 20

minutes after stopping mixing.

Figure5.9 shows that even at longer times since stopping mixing, the control sample still
did not show any thixotropic behaviour. The simultaneous addition method resulted in a larger

hysteresis an@ higher plastic viscosity compared to the delayed addition of LS, but the
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measured yield stresses remained low in all tests. This may be because the lignosulfonate
polymers start to interact as soon as mixing has stavtate it is observed to a lessextent

with delayed addition as the paste has already begun mixing under shear. The different
rheological behaviour indicate that these methods of addition resulted in different interactions
between the LS and the alkali activating system. This is inaetigurther by electrostatic
interactions inChapter 8vrhich provide more insight into the interactions occurring in these

conditions.

5.4.3 Setting time

The initial and final setting times of the AAS pastes with and without LS as determined by
Vicat penetration tests are presented in Emgure 5.10-5.12. It is well documented that
activated slag cements are prone to uncontrollable and quick setting due to the formation of
initial calcium silicate hydrate (€-H), particularly at high activator doses. The control
samples without LS attained initial and final setting times of2D mins and 1h 40 mins,
respectivelywhich are reasonable for these mix designs. The low sugar, low Mw DP4d18 a
low sugar, high Mw DP1717 appear to increase both the initial and final setting times of the
alkali activated slag pastes as the dosage of these admixtures is increased. This indicates that
the presence of LS delays the setting mechanism of these A4 paithout the presence of
high levels of sugars. The high Mw sample delayed the setting mechanism to a greater extent
than the | ow Mw sample, with finald3wkd¥%fast i ng t
shown in Figure 5.10. These results demonstrate that lignosulfonates can be used to

control/delay the setting of AAS pastes.
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Figure5.10 The initial and final setting times of the AAS pastes with increasing dosages of the
low sugar, high Mw DP1717 and low sugar, low Mw DP1718.

Figure5.11 shows that the high sugar lignosulfonates appear not to affect the setting of the
pastes significantly, showing only a slight increase in the initial and final setting times. It has
long been established that sugar has a retardation effect on Portlamd (&s®p & Barron,

2006) but, in these AAS pastes, the presence of sugar in the LS did not significantly delay the
setting of the pastes. In factethigh sugar LS resulted in faster setting pastes compared to the
low sugar samples. This observation warrants a closer look at the effect of sugar on the

properties of alkali activated cements.

AAS + DP17®5 AAS + DM426
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