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ABSTRACT
Portlandite (calcium hydroxide: CH: Ca(OH)2) suspensions aggregate spontaneously and form percolated fractal aggregate networks when dispersed in water. As a result, the yield stress and viscosity of portlandite suspensions diverge at low particle loadings, adversely affecting their processability. Even though polycarboxylate ether (PCE)-based comb polyelectrolytes are routinely used to alter the particle dispersion state, water demand and rheology of similar suspensions (e.g., Ordinary Portland Cement (OPC) suspensions) that feature a high pH and high ionic strength, their use to control portlandite suspension rheology has not been elucidated.  This study combines adsorption isotherms and rheological measurements to elucidate the role of PCE composition (i.e., charge density, side chain length, and grafting density) in controlling the extent of PCE adsorption, particle flocculation, suspension yield stress, and thermal response of portlandite suspensions. We show that longer side chain PCEs are more effective in affecting suspension viscosity and yield stress, in spite of their lower adsorption saturation limit and fractional adsorption. The superior steric hindrance induced by the longer side chain PCEs results in better efficacy in mitigating particle aggregation even at low dosages. However, when dosed at optimal dosages (i.e., a dosage that induces a dynamically equilibrated dispersion state of particle aggregates), different PCE-dosed portlandite suspensions exhibit identical fractal structuring and rheological behavior regardless of the side chain length. Furthermore, it is shown that the unusual temperature-dependent rheological response of portlandite suspensions can be tailored by adjusting the PCE dosage. The ability of PCEs to modulate the rheology of aggregating charged particle suspensions can be generally extended to any colloidal suspensions with high ionic strength and strong charge screening behavior.
Keywords: Electrosteric repulsion, polycarboxylate ether, rheology, portlandite suspensions

INTRODUCTION AND BACKGROUND
Calcium hydroxide [CH: (Ca(OH)2], also known as portlandite or slaked lime or hydrated lime, is an industrially relevant mineral that finds extensive applications in the food processing industry,1 water treatment,2,3 construction,4 carbon dioxide mineralization,5–7 and dentistry.8 On account of their modest solubility and rapid dissolution rate, portlandite suspensions feature self-regulating pH (12.6) that is close to the particle’s isoelectric point (IEP 13), and relatively high ionic strength (∼60 mM), resulting in a strong screening of repulsive electrostatic interactions between portlandite particles. Consequently, portlandite particles aggregate spontaneously and form fractal networks when dispersed in water.9,10 As a result, the yield stress () and apparent viscosity () of portlandite suspensions diverge at relatively low solid volume fractions (), adversely affecting flowability, causing jamming, and severely limiting the maximum achievable solid volume fraction prior to the onset of jamming (i.e., 0.35).11,12 Additionally, increasing temperature further weakens the electrostatic repulsion between the portlandite particles, triggering faster aggregation and the formation of larger aggregates.10 This temperature-induced aggregation produces an unusual rheological response complicating processability when subjected to changing (non-isothermal) conditions.

[bookmark: _Hlk110917186][bookmark: _Hlk103094377]To ensure the flowability and processability of portlandite suspensions while simultaneously maximizing particle loading , it is essential to minimize particle aggregation and reduce  using appropriate dispersants. To affect these attributes, we utilize polycarboxylate ether (PCE) based comb polyelectrolyte dispersants that have been widely used to mitigate particle aggregation in similar systems featuring high pH and high ionic strength, particularly in the concrete industry.13,14 PCE comb polyelectrolytes often consist of a mainchain (i.e., backbone) holding anionic carboxylate groups and several non-ionic linear side chains attached to the polymer backbone comprising polyethylene glycols or a mixture of polyethylene/polypropylene oxide units.15 The superior dispersing performance of PCEs is attributed to the steric screening of the interparticle attractive van der Waals interactions by the comb polyelectrolyte dispersants that adsorb onto the particle surfaces.16,17 The higher adsorbed layer thickness and steric hindrance introduced by comb polyelectrolytes effectively limit portlandite particles' fractal structuring and regulate suspension rheology.9 

[bookmark: _Hlk103102733][bookmark: _Hlk103115617][bookmark: _Hlk103102772]While commercially available PCEs effectively alter the particle dispersion state and rheology of portlandite suspensions,9,18 the crucial attributes of how PCEs influence portlandite suspension rheology remain unexplored. Herein, we explore the correlations between the side chain length of PCEs and the macroscopic rheological characteristics of portlandite suspensions. We combine adsorption isotherms and rheological measurements to elucidate the role of the non-ionic side chain length of PCEs in controlling the extent of adsorption, flocculation state, yielding, and structural recovery characteristics of portlandite suspensions. We also elucidate the role of the chemical structure and dosage of PCEs in moderating the temperature-dependent rheology of portlandite suspensions. By delineating the role of the PCE dispersant’s chemical structure in controlling the rheology of colloidal suspensions that feature high ionic strength and strong charge screening behavior, the outcomes of this study provide general insights regarding dispersant selection for such (high pH, high ionic strength) applications.

MATERIALS AND METHODS

Materials: Commercially available portlandite, Standard Hydrated Lime (density = 2340 kg/m3), was obtained from Mississippi Lime[footnoteRef:13]. The portlandite was of purity 94.8 % ± 0.5 % by mass as determined by thermogravimetric analysis (TGA), with the remainder being CaCO3. The particle size distributions of the particulates were measured on dilute suspensions of particles (0.002 vol. %) in saturated Ca(OH)2 solution using static light scattering (SLS; Partica LA-960A2, Horiba). The median particle diameter (d50) of the portlandite was 4.6 µm ± 0.1 µm, wherein the error represents the standard deviation based on three replicate measurements. The specific surface area of the portlandite particles was measured using BET to be 12.54 m2/g ± 1.2 m2/g. Three experimental grade polycarboxylate ether (PCE) dispersants were provided by Master Builders Construction Chemicals named as: PCE 1, PCE 2, and PCE 3 in increasing order of their side chain lengths. One commercial-grade superplasticizer was also studied for comparison and named PCE MG (i.e., Master Glenium 7500, Master Builders Construction Chemicals). [13:  Certain commercial equipment, software and/or materials are identified in this paper in order to adequately specify the experimental procedure. In no case does such identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the equipment and/or materials used are necessarily the best available for the purpose.] 


Characterization of PCEs: The dispersants' pH, specific gravity, solid content, molecular weight, and charge density were measured. Additionally, the dispersants were characterized using Fourier Transform InfraRed (FTIR) spectroscopy and Proton nuclear magnetic resonance (1H NMR) spectroscopy. A generic chemical structure of the studied PCE dispersants, corresponding to the Gay and Raphael model,19 and the schematic representations of each PCE dispersant are shown in Figure 1. According to the model, PCEs comprise an assemblage of  repeating structural units, each containing  backbone monomers and one side chain of  monomers (Figure 1a). The backbone of the anionic comb polyelectrolytes is composed of the sodium salt of polyacrylic acid (PAA-Na) and neutral vinyl polyethylene oxide (PEO) side chains. The size of the side chains was 1100 g/mol, a mixture of 1100 and 3000 g/mol variants, 5800 g/mol, and 3000 g/mol for PCE 1, PCE 2, PCE 3, and PCE MG, respectively. 

Table 1 lists the composition and molecular weights of the dispersants used in this study. The structural parameters of the PCEs corresponding to the Gay and Raphael model (i.e., , , and ) are also provided in Table 1. These parameters have been estimated using the generic chemical structure of PCEs (Figure 1a), the measured molecular weights, and charge density. Since PCE 2 comprises side chains with two different lengths (i.e., 1100 g/mol and 3000 g/mol) and their relative fraction is unknown, we assumed a 50-50 mass fraction to estimate its structural parameters. The solid content of the PCE 1, PCE 2, PCE 3, and PCE MG solutions was determined as 44.0 mass %, 51.2 mass %, 44.4 mass %, and 26.6 mass  %, respectively. All four dispersants possessed identical charge densities at pH 12 (n 3345 eq/mol) but different side chain lengths and grafting densities. The side chain density (i.e., carboxylate to ether ratio, C/E) of the PCEs are 2.4, 5.4, 6.8, and 3.7 for PCE 1, PCE 2, PCE 3, and PCE MG, respectively. The polydispersity index (PDI) for all four PCEs is between 1.5 and 2.
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	 (a)
	(b)

	Figure 1. (a) A generic molecular structure of PCE dispersants used in the present study. It contains  repeating units with  monomers in the backbone, and each segment includes one side chain of P monomers. (Note:  is unknown and assumed as 1; this assumption does not have a significant impact on the estimated structural parameters); (b) Schematic representations of the four PCE dispersants.



Table 1. The characteristics of the polycarboxylate ether (PCE) dispersants studied herein, including estimated values of their structural parameters
	
	Side chain MW (g/mol)
	
	
	 

	 (µeq/mol)
	
	
	

	PCE 1
	1100
	23441
	40516
	1.73
	42
	3.4
	25
	17.4

	PCE 2
	2050*
	18437
	26695
	1.45
	39
	6.4
	46
	7.4

	PCE 3
	5800
	30868
	53529
	1.73
	33
	7.8
	131
	4.9

	PCE MG
	3000
	40529
	74875
	1.85
	45
	4.7
	68
	12.1

	* PCE2 comprises side chains with two different lengths (i.e., 1100 g/mol and 3000 g/mol), and their relative mass fraction is proprietary. Hence, we assumed a 50-50 mass fraction of both lengths and an average side chain length of 2050 g/mol.



PCE Adsorption: The adsorption characteristics of the different PCE dispersants onto portlandite surfaces was determined using a total organic carbon (TOC) analyzer (Shimadzu, TOC-L). Adsorption measurements were performed using dilute suspensions (= 0.05) with varied dispersant dosages (up to 5 % dry mass of PCE by mass of portlandite). A non-purgeable organic carbon (NPOC) analysis was performed to avoid the possible overestimation of the inorganic carbon content due to calcium carbonate (CaCO3) formation. The adsorbed amount of PCEs was determined by the solution depletion method. The amount of PCE remaining in the solution was first estimated by separating the liquid phase from the suspension. The adsorbed amount was calculated using a mass balance with the original amount of polymer added. Each dispersant was calibrated by testing a series of known concentrations of dispersants to correlate the NPOC concentration to the dispersant concentration. More details on the sample preparation for adsorption measurements can be found elsewhere.9 We note that a fraction of PCE chains may remain trapped between the particles after the centrifugation, and hence, to be precise, TOC measurements estimate the amount of PCEs ‘consumed’ instead of ‘adsorbed.’ Three aliquots of each sample were tested, and an average value was reported.

Preparation of suspensions for rheology assessments: 50 ml of portlandite suspensions were prepared in saturated portlandite solutions at varying solid volume fractions (ɸ) ranging between 0.10 and 0.50. The dispersant dosage was varied between 0.1 to 2.5 % dry mass of PCE to the mass of portlandite particles. To prepare suspensions, PCE dispersants (when used) were added to the saturated portlandite solution, and then portlandite particles were added to the solution. The mixture was mixed thoroughly for 300 s using a four-blade impeller-type mixer (RW 20 Digital, IKA) at 500 rpm to produce homogenous suspensions.

Rheology: Rheology measurements were carried out using freshly prepared suspensions using a combined motor-transducer rheometer (Discovery HR-2, TA Instruments). The rheometer was equipped with a Peltier concentric cylinder jacket for temperature control and a solvent trap to minimize water evaporation. A four-bladed vane in cup geometry was used to perform steady shear rotary and dynamic oscillatory measurements. Three different testing protocols were used to characterize the flow curve, viscoelastic characteristics, and temperature-dependent rheological responses of portlandite suspensions. Following suspension loading and temperature equilibration, the suspensions were subjected to pre-shear for 60 s at  = 100 s−1 to homogenize the suspension and eliminate shear history effects. The shear rate was then reduced to 0.001 s−1 and was held constant for 30 s for the initial relaxation. A reversible (ascending-descending) shear rate sweep procedure was applied in logarithmic steps (6 points per decade) from γ̇ = 0.001 s-1 to 200 s-1 with a 10 s data-averaging period to establish the flow curves. Ascending shear rate ramps were analyzed for rheological parameters (i.e., yield stress,  and shear-thinning index, ). For suspensions that exhibited clear yielding characteristics, the stress corresponding to the flow curve's first yielding event is considered as yield stress. The flow curves were fitted with the Herschel-Bulkley model to obtain the yield stress for suspensions that exhibited subdued yielding (i.e., suspensions without a clearly definable yield stress). The Herschel-Bulkley model fits the rheological data better than the commonly used Bingham model. A measure of the degree of shear-thinning was extracted by applying a power-law model,  where  is the apparent viscosity,  is the flow consistency index, and  is the shear-thinning index, to the data points that presented a linear trend in the curves (i.e., usually at intermediate  values from a few s–1 to tens of s–1). The estimation of  and  from the flow curves is illustrated in Figure S1, provided in the Supporting Information. Sigmoidal fits were applied to the  and  evolutions to estimate the optimal PCE dosage that is required for rheology modification (see the details in Figure S2).

To assess the viscoelastic behavior and elasticity of the suspension, oscillatory strain amplitude () sweeps from  = 0.001 % to  = 1000 % were performed at a fixed frequency of 0.5 Hz. To elucidate the temperature-dependent rheological responses of the suspensions, the shear rate sweep and dynamic amplitude sweep measurements were conducted at three different temperatures (T =25 ± 0.1 °C, T =50 ± 0.1 °C, and T =75 ± 0.1 °C). Prior to rheological measurements at different temperatures, an adequate waiting time (≈ 30 min) was applied for the sample in the cup to ensure that it reached the set temperature that was verified using a thermocouple probe (OMEGA). The evaporative loss and potential extent of carbonation in suspensions before and after the rheology measurements were assessed using thermogravimetric analysis (TGA: STA 6000, Perkin Elmer). The results confirmed that the temperature-dependent rheological properties were not affected by water evaporation and/or carbonation of Ca(OH)2 particles over the course of measurements. In general, at least two unique samples were prepared and tested for each suspension.

RESULTS AND DISCUSSION

Adsorption characteristics of PCE Dispersants: The adsorption behavior of dispersants on the particle surface is one of the fundamental parameters that affects suspension rheology.20,21 The adsorption of a PCE onto solid surfaces is affected by its structural characteristics:22 backbone chemistry and length, side chain grafting density (i.e., C/E ratio), and the size of the side chains.22–26 The PCE’s adsorption and adsorbed conformations largely control the effectiveness of PCEs as a plasticizer.27 Previous studies on the conformational behavior of the PCEs in solution28,29 and on different particle surfaces including cement,28 magnesium oxide,30 and calcium-silicate-hydrate28 indicate that the pH of the solution and the valence and ionic strength of the counter ions all impact the PCE’s coil dimensions.27,31 However, for PCEs grafted with PEO derivatives, the effect of ionic strength and pH on their conformation is significantly less relevant than for a polyelectrolyte such as polyacrylic acid.27 Thus, when adsorbed on to surfaces, the side chains of these PCEs are often coiled, and the adsorbed layer thickness is, therefore, on the order of a few nanometers.32

Following the Gay and Raphael model,19 all four dispersants studied here belong to the flexible backbone worm confirmation regime in solutions (i.e., a chain of cores, each having a radius of gyration ). Building on the work by Gay and Raphael based on the minimization of the Flory free energy,19 Flatt et al.28 derived analytical expressions in terms of structural parameters , , and  for conformation of PCEs in solutions (i.e., the radius of gyration , Equation 1,) and adsorbed on a cement particle. PCEs are assumed to behave as a chain of hemispheres with the radius of hemispheres, , which indicates the adsorbed layer thickness shown in  Equation 2:
	
	(1)

	
	(2)


where is the size of the monomers in the backbone, is the size of the monomers in the side chains, and  is the Flory parameter of the side chains. For specific assumptions, the scaling law was extended to estimate the adsorption equilibrium constant  (i.e., the ratio between adsorption and desorption rates at equilibrium) as a function of PCE molecular structure:33
	
	(3)


where  is the number of charges each monomer carries in the backbone. With this adsorption equilibrium constant, it is possible to link the structural parameter of a PCE with its adsorption.33 We used these analytical expressions to estimate ,  and (i.e.,  for PCE-dispersed portlandite suspensions (see Table 2). Here, we assumed  0.25 nm,  0.36 nm, and  0.37 for PEO in water at 25 °C.28,33 Among the three “experimental” PCEs, the adsorbed layer thickness increases with the length of the side chain. However, the estimated adsorption equilibrium constant  (i.e.,  ×105) is propotional to  and , thus, the ratio is the dominating factor. Here, PCE 2 showed a higher  while PCE 1 and PCE 3 exhibit identical values. We note that these equations represent a scaling law that captures the parametric dependencies but do not give an accurate prefactor.

Table 2. The estimated radius of gyration, adsorbed layer thickness, and adsorption equilibrium constant for the four PCEs.
	
	Radius of gyration,  (nm)
	Radius of hemispheres when adsorbed,  (nm)
	Adsorption equilibrium constant,  ( ×105)
	Adsorption saturation limit, 
()
	Langmuir equilibrium constant, 

	PCE 1
	5.3
	3.1
	48.4
	1.6
	4.2×10–3

	PCE 2
	4.6
	4.4
	131.1
	1.4
	2.5×10–3

	PCE 3
	5.7
	9.0
	43.2
	1.3
	1.8×10–3

	PCE MG
	6.8
	6.0
	22.2
	0.8
	4.4×10–3



Figure 2a shows the adsorption of different PCEs on portlandite surfaces, represented as the variation in the amount of adsorbed PCEs, (i.e., expressed as mass adsorbed per unit surface area of portlandite, mg/m2), and free PCE in the suspending medium,  (i.e., expressed in mg/L), with increasing dispersant dosage . Similarly, Figure 2b shows the fractional adsorption of the PCE dispersants,  as a function of . The - data in Figure 2a were fitted according to the Langmuir isotherm model (Eq. 4) as
	
	(4)


to extract the values of (i.e., adsorption saturation limit) and , the Langmuir equilibrium constant, which describes the binding affinity of dispersants onto portlandite surfaces. 
We note that the Langmuir hypotheses are far from the case of PCE adsorption onto a solid surface (for example, (i) PCE adsorption involves potentially several anchoring points of the same polymer, (ii) at higher surface coverages, PCEs may induce an effect of excluded volume of the side chains impeding further adsorption).34,35 However, the Langmuir model has been widely used to describe PCE adsorption onto particle surfaces. Here, the model describes the shape of the adsorption isotherms and allows qualitative analysis of the adsorption affinity of the PCEs on to a given surface. The calculated values of and  are listed in Table 1.
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	(a)
	(b)

	[bookmark: _Hlk110859226]Figure 2. (a) The amount of dispersant adsorbed onto portlandite particle surfaces  as a function of the concentration of dispersant remaining in the suspending fluid . The dashed lines indicate fits to the experimental data with a Langmuir isotherm for monolayer adsorption. (b) Variation in the fraction of PCEs adsorbed () as a function of the PCE dosage . The PCE dosage levels corresponding to the drop in fractional adsorption from the maximum fractional adsorption plateau (i.e., ) are denoted by arrows.



All PCEs exhibited similar adsorption (Figure 2a) and fractional adsorption (Figure 2b) profiles. At low dosages,  0.5 mass %, all PCEs showed a similar extent of adsorption and similar fractional adsorption, 80% (Figure 2b). This suggests that, during this initial stage, only a fixed fraction of the PCE is adsorbed as often ascribed to size polydispersity and/or molecular structure (i.e., since PCEs may contain many fractions of different molecular weights and/or structures, and most importantly PCEs often contain 5 – 10 mass % of residual side chain monomer which does not adsorb due to the absence of charged moieties).22 The initial identical adsorption becomes more differentiated for PCE dosages  0.5 mass %. Above the initial linear adsorption zone, some PCEs achieve their adsorption saturation plateau, while others continue to adsorb gradually with increasing dosages approaching the saturation plateau asymptotically. PCEs with shorter side chains exhibited a marginally higher saturation limit and higher binding affinity (Table 2). Thus, PCEs with larger surface requirements per molecule reach saturation adsorption limits at lower dosages (and surface coverages). However, up to a specific dosage, an identical fraction of all PCEs adsorb (i.e., possibly due to their polydispersity) and, subsequently, beyond certain surface coverage, larger PCEs can no longer adsorb while the smaller PCEs continue to adsorb. In addition, the competition between electrostatic attraction and steric repulsion controls the adsorption kinetics of the PCEs and produces noticeable differences in their adsorption behaviors. The PCE dosage levels corresponding to the drop in fractional adsorption from the maximum fractional adsorption plateau,  are denoted by arrows in Figure 2b (see Table 3). PCE adsorption at low dosages (i.e., 0.5 mass %) is primarily governed by electrostatics, resulting in an identical adsorption behavior since all PCEs possess similar charge densities. With increasing dosage, however, the particle surfaces get increasingly covered by the dispersants, and the steric repulsion between the PEO side chains of the dispersant inhibits further adsorption. This steric repulsion is expected to be stronger for dispersants with longer side chains. Thus, with increasing side chain length, reduced adsorption saturation limits (Figure 2a) and lesser fractional adsorption (at higher dosages) (Figure 2b) of PCEs were observed.

We note that the commercial dispersant PCE MG showed a similar adsorption profile as other experimental-grade PCEs, but exhibited a relatively lower adsorption saturation limit and a higher adsorption affinity corresponding to its side chain length. Unlike the other three PCEs, PCE MG is a commercial formulation with functional additives, whose presence might lead to their competitive adsorption that, in turn, contributes to the differences in its adsorption characteristics. Also, we did not observe a similar trend in the side chain length dependence of adsorption equilibrium constants estimated from the scaling law and Langmuir adsorption model. It should be noted that any cross-validation of the results from the scaling law with experimental adsorption data is subject to the polydispersity of the tested PCEs, which affects the prefactors in Equations 1-3.

[bookmark: _Hlk104177133]Crucial attributes of PCEs influencing the portlandite suspension rheology
Aqueous suspensions of attractive portlandite particles form flocculated fractal networks.9,10,36 In such suspensions, particle flocculation alters the way shear concentrates between flocs or particles, strongly influencing the apparent viscosity of the suspension.11,12,37 As the suspensions are subjected to an increasing shear rate , the dynamic equilibrium between colloidal interactions and hydrodynamic forces leads to the shear-thinning behavior at low and intermediate .38,39 The shear-induced aggregate breakup, dispersion, and alignment of particle aggregates manifest themselves as a reduction in the suspension viscosity , thus resulting in shear-thinning behavior. Thus, portlandite suspensions exhibited strong shear-thinning flow behavior, as illustrated by the flow curves for a portlandite suspension with = 0.3 (Figure 3a).

[bookmark: _Hlk126153272]Tuning the colloidal interparticle forces can enable modulation of the flow characteristics of portlandite suspensions. Adsorption of PCEs provides steric stabilization that moderates the magnitude of the interparticle attractive Van der Waals forces between particles, manifesting a reduction in the yield stress of suspensions.13,28 The adsorbed PCEs also change the flocculation state by progressively breaking down the particulate aggregates, which modifies the way shear concentrates and localizes in the liquid layers between flocs, leading to a reduction in plastic viscosity.37,40 Thus, PCE dispersants can “soften” the shear thinning behavior, as is evident in the flow curves for = 0.3 portlandite suspensions with increasing dosage  of PCE 2, shown in Figure 3a. Subsequently, an optimal dosage,  was noted for each PCE, wherein the suspensions undergo a transition from a shear-thinning flow behavior to a nearly Newtonian flow response (i.e.,  being independent of ) (Figure 3a-b). Thus, the optimal dosage induces an improved and dynamically equilibrated dispersion state of portlandite particle aggregates. Further, the evolution of shear stress with  (Figure 3b) revealed a transition from a yield stress fluid with multiple yielding events to a nearly Newtonian fluid with substantially subdued yielding with increasing .
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	(c)
	(d)
	(e)

	Figure 3. (a-b) A set of representative flow curves showing the shear-thinning to Newtonian-like transition in the flow behavior of portlandite suspensions (𝜙=0.30) with increasing PCE 2 dosage. The shear-rate sweep measurements were replicated thrice and the
uncertainty in the measured apparent viscosity data is < 12 %; (c) Variation in the power-law index,  of the flow curves as a function of dosage for different PCE dispersants; (d) Variation in the yield stress, of suspensions as a function of dosage for different PCE dispersants; (e) Variation in the yield stress, of suspensions (0.30) as a function of adsorbed dosage (i.e., )  of PCEs. Sigmoidal fits are applied to the power-law index and the yield stress data to extract the optimal PCE dosage. [Note: (i) Estimation of  and  from the flow curves is illustrated in Figure S1. Arrows in (c) and (d) denote the optimal dosages estimated from sigmoidal fits applied to the  and  evolutions. The details of the sigmoidal fits are provided in Figure S2.


Similar transitions in flow behavior (i.e., from multiple yielding events to single step yielding) with the increase in PCE dosage were observed in dynamic strain sweeps of portlandite suspensions (Figure S3). Neat portlandite suspensions exhibit a two-stage yielding behavior typical of attractive colloidal suspensions.41–45 For all four PCEs, portlandite suspensions approached a single-step yielding with increasing PCE dosage and subsequently exhibited a substantially subdued yielding, typical of systems with repulsive or weak repulsive interactions.46 Often, colloidal systems that possess structure over two-length scales tend to show two-step yielding.46 The two-step yielding can be attributed to the heterogeneity in the form of particle aggregates and percolated clusters (i.e., the network structure formed via. interconnected particle aggregates), constituting two different length scales in colloidal systems.46 The first yielding corresponds to breaking inter-cluster bonds in the percolated network, while the second yielding event is linked to the rupturing of the individual particle agglomerates. The same kind of bonds are broken on a particle level in the first and second yielding processes, however, on a mesoscopic scale, they are intracluster bonds (i.e., connecting individual particles in a cluster) and intercluster bonds (i.e., connecting individual clusters), respectively.47

The modulation of the flow characteristics of portlandite suspensions by PCE dispersants can be summarized by analyzing the dependence of the shear-thinning index,  and yield stress,  on PCE dispersant type and dosage (Figure 3c-e). At very low PCE dosages,  is close to 1 and corresponding is of the order 101102 Pa. Increasing  decreases  and (Figure 3c and 3d), wherein  tends to 0 and  decreases by 3-4 orders of magnitude. Beyond the optimal PCE dosage , the suspensions demonstrated Newtonian-like rheological response with 0, and  attained a plateau that remained essentially unchanged with a further increase in . 

Table 3. Comparison of optimal PCE dosages evaluated from the adsorption and rheological data. Here,  and   were estimated from the evolutions of the power-law index and yield stress evolution with PCE dosage, respectively and  was the dosage corresponding to the drop in fractional adsorption from the maximum fractional adsorption plateau.
	
	 (mass %)
	 (mass %)
	 (mass %)

	PCE 1
	2
	2
	2.5

	PCE 2
	1.2
	1.3
	1.1

	PCE 3
	1
	1
	1.05

	PCE MG
	2
	2
	0.63



Sigmoidal fits were applied to the  and  evolutions to estimate the optimal PCE dosage for rheology modification. Table 3 compares the optimal PCE dosage obtained from adsorption measurements (, Figure 2b) with the optimal dosages estimated from  and  evolutions,  and , respectively (denoted by arrows in Figure 3c-d). The optimal dosages  and  were expectedly found to be in close agreement with each other for each of the PCEs and exhibited a non-trivial correlation with . Comparing the adsorption characteristics of PCEs on portlandite particles with the rheology modifications in portlandite suspensions is noteworthy. For PCEs with longer side chain lengths, despite a lower fraction being adsorbed onto the portlandite surface (see Figure 1), the  and  evolutions exhibited a stronger dependence on PCE dosage. We note that the  and  evolutions of PCE MG are not in line with this trend, likely due to its relatively lower adsorption onto the portlandite surfaces. Notably, the modifications in portlandite suspension rheology with increasing dispersant dosage remain essentially follow a similar trend across all PCEs (i.e., manifested in  and  evolutions, Figure 3c,d). The extent of adsorption of PCE on portlandite particles and the maximum adsorption limit are governed by the available solid surface area, the PCE backbone charge density, and the PCE side chain length. The suspension rheology and optimal dosage, in addition to being controlled by the extent of adsorption, are also dictated by the thickness of the adsorbed layer on the particles,9 which, in turn, often grows with increasing side chain length. As such, suspensions containing an optimal dosage of different PCEs exhibit identical flow behavior (Figure S4a). When the PCE dosage was adjusted to achieve equivalent total anionic charge units in suspensions (i.e., for each PCE was adjusted according to its charge density and molecular weight to match the total number of anionic units in the suspensions), it was apparent that PCE 3 significantly reduced the yield stress and viscosity when compared to PCE 1 and PCE 2 (Figure S4a). Further, the optimum dosage remained essentially the same across different  (Figure S4b). When the PCE dosage was normalized with respect to their fractional adsorption to eliminate the effect of the extent of adsorption, the role of side chain length in controlling the portlandite aggregation became apparent (Figure 3e). It is evident that a smaller fraction of adsorbed PCE with a longer side chain length is required to achieve the targeted reductions in yield stress and viscosity. Thus, although a lower extent of adsorption is achieved for PCEs with longer side chain lengths, the superior steric hindrance (i.e., longer-range geometrical particle-particle exclusion steric hindrance) makes them a more effective dispersant.

[bookmark: _Hlk104180075]Aggregation, jamming, and yielding of PCE-dosed portlandite suspensions
[bookmark: _Hlk103090267]Several engineering applications involving particulate suspensions require maximizing particle loading as close as possible to the maximum permissible particle loadings  while ensuring flowability and processability. For portlandite suspensions, yield stress and viscosity diverge at a critical volume fraction  0.35 (see Figure S5) that is far lower than the maximum packing fraction for random close packing  of mono-sized spheres (i.e., = 0.64), owing to significant particle aggregation and non-spherical shape particles, especially particles with extended aspect ratios.9,10 PCEs modulate the interparticle interactions and particle aggregation state, altering their jamming and yielding characteristics and increasing suspension .43,46,48 Figure 4 illustrates the evolution of 𝜎𝑦 with solid volume fraction (𝜙) for neat (i.e., ) and optimally dosed (i.e., containing an optimal dosage ) portlandite suspensions. The neat portlandite suspensions exhibited a power-law behavior () with two distinct dependencies on 𝜙 with different power-law exponents. As such, above a transition volume fraction ,  exhibited a stronger dependence on 𝜙.10 In contrast, PCE-dosed suspensions exhibited a single  power law dependence across the entire  range. Further, PCE dispersants improved  of the suspensions, and the improvements were largely independent of the side chain length of PCEs (Figure S3). Importantly,   𝜙 data corresponding to different PCE-dosed suspensions were effectively collapsed onto a single master curve, suggesting functionally similar microstructures and aggregate networks in all the PCE-dosed suspensions.

Using the fractal elasticity model, the power-law scaling exponent 𝐶 can be correlated to the fractal dimension of the flocs as  where 𝑑 represents the Euclidean dimension (i.e.,  = 3 for three-dimensional spaces).49–51 This transition in power-law behavior is attributed to the transition from a strong-link to weak-link behavior of the flocs with increasing 𝜙.51 The fractal elasticity model assumes a strong-link behavior at low 𝜙 where the inter-floc links are stronger than the intra-floc links. As 𝜙 increases, the flocs get smaller and stronger due to the volumetric crowding of the particles, and suspensions may switch to a weak-link regime, wherein the flocs themselves are more rigid than the inter-floc links.49 Consequently, a suspension’s macroscopic elastic and yielding characteristics are primarily governed by the yielding of intra-floc links in the strong-link regime and inter-floc links in the weak-link regime.10 PCE dosed suspensions did not exhibit a strong-link to weak-link transition and possessed a similar fractal dimension  when compared to neat suspensions in the weak-link regime (2.56 (𝜙<), 2.82 (𝜙>) and 2.83). A lower  value suggests a more open fractal network structure in the suspensions,52 while a higher  value can be attributed to the more crowded and denser structure of the flocs.53 Hence, the PCE-dosed suspensions can be inferred to comprise relatively smaller flocs across all  with weak inter-floc links. Even in the weak-link regime, the PCE dosed suspensions exhibited a significantly lower  than the neat portlandite suspensions, corroborating the more dispersed state of the PCE dosed suspensions. Notably, when compared at optimal dosage, and hence, analogous flocculation state, the side chain length of the PCEs does not significantly affect the microstructural evolution in these suspensions.
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	Figure 4. Yield stress of neat and PCE-dosed portlandite suspensions as a function of solid volume fraction . The yield stress data features a coefficient of variation of <15% based on three replicate measurements. The dashed lines indicate the power-law scaling,  and the numbers indicate the fractal dimension  estimated from the power-law exponent, The maximum estimated uncertainty in the  calculations are ±0.03.



Mitigation of the temperature-induced aggregation by PCEs 
The diminution of electrostatic repulsive interparticle interactions with increasing temperature enhances particle aggregation and can induce an anomalous increase in a suspension’s viscosity.10 These temperature-induced alterations in rheology can impact a suspension’s processability. Here, the rheological responses of PCE-dosed portlandite suspensions were probed at varied temperatures to investigate the thermal response of PCE-induced stabilization of suspension rheology (Figure 5). Optimally dosed suspensions (i.e., estimated for 25 °C) exhibited an increase in viscosity with an increase in temperature (i.e., represented by an unphysical ‘negative’ activation energy,  ), suggesting temperature-induced particle aggregation. In contrast, suspensions with an excess PCE dosage (i.e., ) exhibited a moderate decrease in their apparent viscosity at high shear rates (i.e., positive ), suggesting an improved dispersion state of portlandite particulates in these suspensions.
[bookmark: _Hlk103101570]
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	Figure 5. Arrhenius plots of apparent viscosity (, measured at  1 Hz) for portlandite suspensions (0.4 at 1 s−1) dosed with an optimal () and excess () amount of PCEs. The data were fitted using an Arrhenius-like equation,  with , , and being the exponential prefactor, gas constant, apparent activation energy and thermodynamic temperature, respectively.54 Table S1 in the Supporting Information lists the estimated values for PCE dosed suspensions. The green and red shades in the plot are provided to illustrate the distict temperature-dependent rheological responses of optimal and excess PCE-dosed suspensions. An uncertainty of ≤15% was observed in the apparent viscosity data based on three replicate measurements



[bookmark: _Hlk103116447]The coupling between temperature-induced aggregation and the PCE dosage in electrosterically stabilized portlandite suspensions indicates that temperature significantly affects PCE adsorption on the surfaces of portlandite particulates. The adsorption of PCEs is often known to increase with temperature, increasing the adsorption saturation limit.55–57 Thus, an optimally dosed suspension at room temperature may become undersaturated at higher temperatures, requiring additional PCE molecules to reach a new equilibrium level of adsorption.57 Thus, these suspensions with insufficient PCE dosage and empty surface-active sites induce bridging attraction and flocculation, presenting an increasing viscosity with temperature. In contrast, when there is an excess PCE in the suspension, the enhanced adsorption at elevated temperature would lead to a rise in the total energy barrier for particle aggregation resulting in an improved dispersion state of particles and a reduction in suspension viscosity. Notably, all four PCEs exhibited similar trends in the temperature-dependent rheology of portlandite suspensions. We note that comprehensive adsorption studies at different temperatures are essential to gain further insights into the role of side chain length in controlling the temperature-dependent PCE confirmation and adsorption characteristics onto portlandite surfaces. Nevertheless, it is obvious that the temperature-dependent rheology of portlandite suspensions can be tailored by adjusting the PCE dosage to meet the specific processing requirements of the engineering application.

SUMMARY AND CONCLUSIONS
This study defines the correlations between the PCE characteristics and the macroscopic rheological characteristics of portlandite suspensions. PCEs with longer side chains show lower fractional adsorption and adsorption saturation limits due to higher steric repulsion from the PCE chains that are already adsorbed on the particle surfaces. However, the longer side chain PCEs induced a transition from a strong shear-thinning to a nearly Newtonian flow behavior with substantially subdued yielding at lower dosages, suggesting their better efficacy in mitigating particle aggregation. Thus, the longer side chain PCEs were more effective in moderating the viscosity and yield stress of portlandite suspensions, despite offering lower surface coverage. The superior steric hindrance (i.e., longer-range geometrical particle-particle exclusion steric hindrance) introduced by the longer-side chain PCEs makes them a more effective dispersant than the shorter-side chain counterparts.

[bookmark: _Hlk126154004][bookmark: _Hlk103117543]Regardless of the side chain length, PCE-dosed portlandite suspensions exhibit identical yield stress and apparent viscosity when dosed at the optimum dosage (i.e., dosage that induces a dynamically equilibrated dispersion state of portlandite particle aggregates). Optimally dosed portlandite suspensions exhibit an equivalent maximum achievable volume fraction , and a single power law dependence across the entire  range, and identical fractal dimension, pointing towards a similar fractal structuring and flocculation state in the PCE-dosed suspensions. On the other hand, the neat portlandite suspensions exhibited a two-step yielding (as opposed to a single-step yielding in PCE-dosed suspensions), suggesting the transition from an attractive to repulsive gel transition in PCE-dosed suspensions with optimal dosing. Furthermore, the temperature-dependent rheological responses of portlandite suspensions can be tailored by adjusting the PCE dosage. Optimally dosed suspensions did not change the temperature-induced aggregation while excess PCE dosing did, due to the increased PCE adsorption at higher temperatures. Thus, an excess PCE dosing in portlandite suspensions can effectively mitigate temperature-induced aggregation and the consequent increase in suspension viscosity. 

[bookmark: _Hlk103117569]The outcomes of this work provide key insights for controlling and tailoring the rheology of portlandite suspensions across different processing conditions. These essential understandings can be extended in general to a wide range of colloidal suspension with high ionic strength and strong charge screening behavior, providing valuable guidance for choosing an efficient dispersant and its dosage for an array of engineering applications.
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