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Abstract 

Mineral scale occurs in processes ranging from water treatment and purification to 

oil and gas production systems, posing significant challenges to the upstream petroleum 

industry.  Designing effective biodegradable chemical treatments to reduce scale formation 

requires understanding the molecular-scale interactions of inhibitors during nucleation, 

growth, and dissolution of scale. Crystal growth modifiers (or impurities), in the form of 

ions (Na+, Zn2+, Mg2+, etc.), small molecules, or macromolecules such as peptides, 

proteins, or polymers can be introduced to growth or dissolution media to aid in controlled 

crystal growth (inhibition or promotion) or dissolution as demineralizing agents. The 

precise effect of hydrodynamics, which alters modifier-crystal interactions, on inhibitor 

and dissolver efficacy remains elusive. This dissertation has established a robust 

microfluidic platform that systematically characterizes the effects of hydrodynamics on 

crystallization processes for barium sulfate (barite). These studies focused on elucidating 

the effects of small molecules and bio-derived macromolecules on barite crystallization 

and dissolution kinetics. In situ atomic force microscopy (AFM) was used to track surface 

growth and dissolution in real time. Findings in this dissertation provide mechanistic 

insight into the unique modes of barite dissolution via the use of demineralizing agents, 

such as the naturally-derived macromolecule alginate, and the cooperative synergy 

achieved through the use of binary combinations of demineralizing agents with commercial 

scale dissolvers, such as dietheylenetriaminepentaacetic acid (DTPA). An irreversible 

inhibition mechanism is gleaned from these studies in which amorphous surface features 

are formed on barite surfaces in the presence of small polyprotic carboxylate-based 

molecules. In summary, this dissertation details studies using a combination of state-of-
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the-art characterization that elucidate growth, inhibition, and dissolution mechanisms for 

barite scale in media containing molecular modifiers of varying chemistry for the improved 

design of chemical scale treatments. 
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Chapter 1: Introduction to Crystallization 

 Crystallization is a ubiquitous phenomenon that occurs in both natural and synthetic 

processes at varying scales. In general, crystallization is the ordered assembly of repeat 

units that is driven by the oversaturation of the parent solution to form a solid product. The 

properties that govern crystallization include (but are not limited to) temperature, pressure, 

pH, ionic strength, and impurities. This assembly process yields crystalline solid materials 

often with desirable properties (optical, physicochemical, electrical, etc.) that make them 

integral to developments in many industries ranging from pharmaceuticals1-2 to 

semiconductors3-4. On the other hand, crystallization can be quite problematic in biological 

processes (e.g., pathological diseases) and to a number of industries including wastewater 

treatment and energy production (e.g., scale formation).5-7 In each of these cases, 

controlling crystallization of these materials is imperative. For instance, in the 

semiconductor industry, where crystalline materials are integral to the functionality of 

products, it is desirable to tune organic crystallization for the formation of highly ordered 

thin films used for organic electronic devices.8-10 Similarly, controlling the crystallization 

of organic molecules is desirable in the development of active pharmaceutical ingredients 

(APIs).11-13 The buildup of crystalline material in pathological diseases (e.g., kidney stones 

and atherosclerosis) as well as industrial processes (e.g., scale formation in pipelines) 

presents situations where the primary interest of controlling crystallization is suppression 

or reversal (i.e., dissolution).5, 14-21 Controlling crystallization is a topic that has garnered 

significant attention among a wide range of research communities. Inspiration for the use 

of impurities (or more generally “modifiers”) to tailor crystallization has been drawn from 

natural compounds (or their derivatives) that regulate biomineralization.22-27 Evidently, 
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there is a need for understanding crystallization pathways for the design of functional 

materials as well as the design of treatments for crystals associated with human diseases.  

1.1 Crystallization Mechanisms 

Crystallization processes can be characterized by unique sequences of molecule 

attachment to the crystal surface through either classical or nonclassical pathways. 

Classical crystal growth occurs via monomer attachment, whereas nonclassical crystal 

growth can occur through the involvement of diverse growth precursors. In many 

applications it is desirable to understand the precise crystallization pathway materials 

follow with molecular-level resolution in order to optimize the parameters of the growth 

medium to engineer and optimize functional materials. Furthermore, knowledge of 

crystallization mechanisms allows for the design of crystal growth modifiers that can alter 

crystallization pathways or hinder specific steps in the mechanism to suppress 

crystallization. The latter is ideal for systems where crystallization poses a threat to 

functionality, such as scale formation in industrial pipelines.  
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Figure 1. Idealized schematic of a Kossel crystal displaying terrace, step, and kink sites for solute attachment 
during classical layer-by-layer growth.28 

 

1.1.1 Classical Crystal Growth 

In classical crystal growth, solutes (monomer) adsorb to an existing crystal surface 

with the rate of growth determined by the supersaturation of growth media. The Terrace-

Ledge-Kink model describes the thermodynamics governing the formation of a basic 

crystal, referred to as a Kossel crystal. Figure 1 displays a rendering of a Kossel crystal 

featuring common growth sites: kinks, edges, and terraces. In the classical crystal growth 

pathway, monomer attachment can occur at a variety of crystal growth sites, as represented 

in Figure 2, to promote growth by layer generation and spreading.  
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Figure 2. Idealized schematic of surface growth sites for attachment of monomers (classical pathway). 

 

Kinks (site 3 in Figure 2) are growth sites with three neighboring surfaces, namely, 

two stepped surfaces and one terrace surface. Steps (site 4 in Figure 2) feature a series of 

growth units in succession that represent the leading edge of layer growth. A terrace (site 

1 in Figure 2) displays a flat surface where monomers may attach during growth. Crystal 

growth rates, which are proportional to the rates of step propagation, are dependent on kink 

site density.29 Furthermore, monomer attachment may occur by directly incorporating to 

the growth sites, or by adsorbing to the crystal surface and subsequently diffusing to a 

growth site (Figure 3), which has been demonstrated for organic crystallization (e.g., 

hematin).30  
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Figure 3. Surface diffusion of a monomer (depicted as a square basic building unit) adsorbed to the crystal 
surface and attaching to a nearly step edge. 

 

Classical growth mechanisms generally lead to the formation of growth hillocks, 

and/or 2-dimensional single layers that spread laterally. A growth hillock emanates from a 

screw dislocation on the crystal surface, which consists of a single atomic plane rolled into 

a helicoid. This dislocation continually acts as a layer source; therefore, the growing crystal 

simply experiences monomer attachment to the existing layer from the dislocation source 

resulting in a spiral morphology (Figure 4).28, 31-33 In this type of growth, which occurs at 

relatively low supersaturation, step velocity and curvature are proportional to 

supersaturation. By further increasing supersaturation of the growth media, a transition in 

growth mechanism occurs. At higher supersaturation, growth is primarily observed to 

occur via 2-dimensional (2D) nucleation of new layers that follow a birth and spread 

model.29 Growth units continuously attach and detach at rates that are dependent on 

supersaturation.  
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Figure 4. Examples of crystal systems that exhibit classical growth features: (a) 2D nuclei on growing ice 
crystals, and atomic force micrographs of screw dislocations on the following crystals (b) L-cystine 
(001, (c) calcium oxalate (010), (d) calcite {1014}, (e) insulin (100), and (f) ferritin (111).34 

 

Nucleation of 2D layers occurs when the adsorbed molecules on the crystal surface 

generate islands of a critical radius (rc), which decreases concomitantly with increasing 

supersaturation.35 When the critical radius of an emerging layer is greater than rc, there is 

a high probability the layer will continue to spread laterally  (Figure 5) and eventually 

merge with other layers advancing across the crystal surface. In some systems, 2D islands 

and growth hillocks display a morphology dictated by periodic bond chain theory and 

resemble the habit of the larger crystal.33, 36-38 
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Figure 5. Idealized schematic of 2D islands with radii (left) greater than and (right) smaller than the critical 
radius. 

 

1.1.2 Classical Nucleation Theory (CNT) 

The birth phase in classical crystallization known as Classical Nucleation Theory 

(CNT) comprises the emergence of a crystal embryo in solution whereby the growth of the 

nuclei occurs by the addition of one monomer at a time, modeled as spherical droplets with 

uniform densities. The critical radius of embryos represents the point where there are equal 

probabilities of growth and dissolution, indicating crystal nucleation is a stochastic process. 

This model assumes the monomers are highly ordered building blocks, thus the molecular 

arrangement of the crystal embryo resembles that of the grown crystal (Figure 6).39 CNT, 

however, has been reported to predict nucleation rates 1-2 orders of magnitude higher than 

rates determined experimentally.40 It is evident that there are limitations to the CNT model.  

 

Figure 6. Schematic showing the classical nucleation model (CNT). This model involves the ordered 
assembly of monomer units that may grow after approaching a critical size.39 
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Furthermore, CNT assumes the nucleus has a uniform composition; however, it is 

reported that in certain binary phase systems (organic-aqueous) the clusters may have 

varying composition relative to the bulk, owing to the enrichment of the droplet surface.39 

Thus, CNT cannot predict absolute nucleation rates and often may not accurately depict 

the assembly of crystal nuclei for many systems. While classical crystallization and 

nucleation models provide a fundamental framework for our understanding of crystal 

assembly, there are a vast number of systems that deviate from this model and follow more 

complex nonclassical models. 

1.1.3 Nonclassical Crystallization and Two-Step Nucleation 

Many crystal systems have been discovered to assemble via pathways that differ 

from the classical growth mechanism, where growth may occur via the attachment of 

precursors that are not limited to monomers (Figure 7).39-45 One such example is a class of 

crystals known as zeolites, which are porous crystalline aluminosilicates featuring 

inherently complex crystal structures that yield microporous geometries and are often 

found in nature, such as in basalt cavities.46-47  
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Figure 7. Examples of potential crystallization pathways, including classical (monomer addition) and 
nonclassical mechanisms. The latter can involve a diverse set of precursors (depicted here) 
ranging from oligomers to amorphous particles and nanocrystallites.48 

 

The intricate nature of zeolite crystallization has made it challenging to obtain a 

clear understanding of zeolite nucleation and growth pathways, which generally comprises 

the attachment of growth units including (but not limited to) oligomers, amorphous 

particles, and small crystallites.48-54 Significant steps have been taken to elucidate 

nonclassical crystallization mechanisms, including the observation of gel-like particles 

forming on zeolite crystal surfaces that enables further 3-dimensional layered growth.52-53 

Other examples of nonclassical growth include: the non-oriented attachment of amorphous 

primary particles on magnetite (Fe3O4) surfaces, worm-like particles serving as precursors 

of zeolite crystallization, and amorphous calcium carbonate precursors exhibiting liquid-

like properties that feed vaterite crystal growth.34  
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Figure 8. Scheme outlining the two-step nucleation model (dashed red line) with the arrow indicating the 
direction of nucleation. Monomers first form a dense liquid cluster, which then undergoes an 
ordering phase to form a crystal nucleus.42 

 

There have been numerous efforts to understand more clearly how crystal 

nucleation differs from CNT. Research groups have developed a more representative 

model known as the two-step nucleation model.39-40, 42, 44 Contrary to CNT, the two-step 

model first involves the formation of a metastable dense liquid precursor that may lack the 

ordering found in the crystalline phase, followed by a stage(s) involving rearrangement 

into ordered crystalline segments (Figure 8).39-44 This phenomenon is observed for a wide 

range of crystalline materials such as proteins, organic small molecules, polymers, and 

inorganic minerals.55-56 For example, the crystallization of calcium carbonate (CaCO3) has 

been shown to exhibit an amorphous calcium carbonate phase prior to the formation of 

various crystalline forms.56-59 Similar behavior has been shown for other mineral systems 

such as calcium oxalate monohydrate (COM),49 and barium sulfate (BaSO4).50, 60-61 

1.1.2 Crystal Dissolution 

Dissolution is another integral field of crystallization that is driven primarily by the 

solution thermodynamics (i.e., solubility), namely the degree of undersaturation in the 

dissolution media, which is analogous to crystal growth where supersaturation is the 
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driving force for crystallization.31, 62-66 Dissolution often occurs by the formation of shallow 

etch pits that dissolve layer-by-layer or alternatively deep etch pits with less lateral spread. 

Dissolution can be altered by tuning parameters that impact the material’s solubility, such 

as pH, temperature, pressure, ionic strength, and concentration of impurities. Analogous to 

classical growth, mildly undersaturated conditions leads to “spiral dissolution”, and 

depicted by the propagation of a dissolving pit.62, 67-68 Additionally, the kinetics that define 

crystal dissolution are also highly dependent on the crystal’s intrinsic properties, which 

include surface defects, kink sites, and crystal size.62, 68-70 A key distinction between growth 

and dissolution is that crystals in growth media tend to be in conditions much closer to 

equilibrium than crystals in media promoting dissolution. In far from equilibrium 

conditions, the dissolving crystal undergoes significantly more changes in morphology 

owing to the rise in different crystal planes that are exposed.71 Thus, a high degree of 

control over the dissolution process can be quite challenging. Controlling both crystal 

growth and dissolution processes can be facilitated by introducing molecular modifiers to 

respective media.  

1.2 Crystal modifiers 

Additives can be introduced to growth or dissolution media to aid in controlled 

crystal growth (crystal growth modifiers) and dissolution (demineralizing agents).72-76 

These additives may be in the form of ions (Na+, Zn2+, Mg2+, etc.), small molecules, or 

macromolecules such as peptides, proteins, or polymers. Many of these species are either 

derived or inspired from nature (e.g., polysaccharides).77-78 Modifiers can bind to crystal 

surface sites (kinks, step edges, or terraces) where they impede solute attachment via 

distinct modes of action.31, 79 Demineralizing agents are another subset of modifiers that 
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also adsorb or bind to crystal surface sites, however, in undersaturated conditions they elicit 

various modes of solute detachment.   

 

Figure 9. Preferential binding specificity of impurities on different facets of a calcium oxalate monohydrate 
(COM) crystal.80 

 

Modifiers are capable of altering anisotropic rates of growth with concomitant 

impact on crystal shape and size, often demonstrating binding specificity for one or more 

facets (Figure 9).80-81 A key component of a modifier’s ability to induce these interactions 

with crystal surfaces is the abundance of functional groups (motifs) that aid the molecule 

in binding with crystal surface sites to alter the morphology, size, and/or structure of 

crystals. One such example of these interactions involve calcium (Ca2+) bridging, where 

modifiers containing carboxylic acid groups (COO-) can bind to Ca2+ ions near the crystal 

surface to create a bridge interaction between the modifier and crystal (Figure 10).80 There 

is great interest in identifying the mode of action by which select modifiers direct 

crystallization.  
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Figure 10. Schematic showing calcium bridging between carboxylic acid groups on a negatively-charged 
COM surface, Ca2+ ions near the crystal surface, and a carboxylic acid group on a modifier.80 

 

1.2.1 Kink Blocking 

One of the most common crystal inhibition mechanisms is kink blocking (Figure 

11), in which a molecule binds to kinks thereby occupying a potential growth site 

preventing the incorporation of solute and concomitantly impeding layer advancement.15, 

17, 32-33 An increase in modifier concentration generally results in increased coverage 

adsorbed modifier on crystal surfaces, leading to enhanced growth suppression; however, 

owing to the continuous and rapid generation of kink sites, full suppression is often not 

observed for modifiers that operate through this mode of action. In a kink blocking 

mechanism, the inhibitor may or may not permanently suppress step advancement but 

merely reduce the rate of step propagation. Thus, in this mode of action the crystal growth 

inhibitor does not affect the local solubility. Moreover, modifiers acting as kink blockers 

can induce changes to the crystal habit owing to altered anisotropic rates of crystal growth.  
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Figure 11. An idealized schematic of a kink blocking mechanism where a modifier (blue sphere) is occupying 
a kink site in a Kossel crystal. 

 

1.2.2 Step Pinning 

Another common classical inhibition mechanism involves the adsorption of 

additives to terraces on crystal surfaces, which can block the attachment of molecules to 

step edges. When a molecule adsorbs to the surface, two possibilities arise for the 

advancing layer.32-33, 82 If two adsorbed molecules are within a distance, ∆x, and this 

distance is smaller than the critical curvature (rc), which is dependent on the 

supersaturation, the layer will cease growth and become pinned by the inhibitor. If the 

distance between two adsorbed molecules is greater than rc then the layer will continue to 

grow past the bound modifier unimpeded. This step pinning mechanism reduces layer 

advancement based on a thermodynamic effect where the localized supersaturation is 

reduced. For instance, when the radius of curvature of the advancing layer falls below rc, 

the solution becomes locally undersaturated, which is followed by layer dissolution until 

the curvature radius approaches rc.35 
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Figure 12. Step pinning mode of action depicting adsorbed molecules (blue circles) pinning the advancement 
of an unfinished layer. 

  

1.2.3 Demineralizing Agents 

Additives can also be used as demineralization agents to facilitate the dissolution 

of crystals. This approach is of particular interest to industries where regulating crystal 

solubility is essential to product safety and functionality (e.g., active pharmaceutical 

ingredients)1-2, 11-13 or cases where crystallization is harmful to system processes (e.g., 

kidney stone diseases, scale formation, etc.).14-19, 21, 58, 83-87 In the latter case, additives are 

generally introduced to sequester ions (solute) in the bulk solution, which is equivalent to 

increasing crystal solubility. When additive concentrations are sufficiently high to lower 

solute levels below saturation, this induces crystal dissolution. These additives are selected 

on the basis of their ability to chelate solute ions. Generally, a greater degree of chelation 

results in enhanced dissolution.73-74, 78, 88-93  

Crystal dissolution kinetics have been widely investigated in the presence of 

various additives believed to be effective demineralizing agents for ions associated in 

common mineral scales, such as calcium, strontium, and barium.62, 70, 75, 94-99 The simplest 



16 
 

of additives used to enhance mineral dissolution is ions (Ca2+, Mg2+, Na+), which increase 

the ionic strength of the solution and thus increase solubility for many crystal systems. The 

majority of compounds investigated as demineralizing agents are small molecules 

decorated with acid groups (carboxylic, phosphonic, etc.) owing to their ability to 

effectively chelate monovalent and divalent cations.100-104 Due to the polyprotic nature of 

these molecules, special consideration must go into the solution properties, such as ionic 

strength and pH. These properties dictate the speciation of the polyprotic acids and their 

affinity to interact with free ions. Few studies have investigated the effects of larger 

molecules such as polymers and proteins on crystal dissolution.77 The selection criteria for 

macromolecules, however, is similar to that of small molecules. The most effective 

macromolecular demineralizing agents are populated with acid groups, where examples 

include alginate (carboxylic acid) and polyphosphinocarboxylic acid (PPCA, 

polyphosphate chain decorated with carboxylic acid groups).78, 105 Although it is generally 

reported that demineralizing agents enhance dissolution via sequestration of free ions, our 

work78 showcases examples of increased dissolution where the primary mechanism 

involves unique modifier-crystal interactions that deviate from classical dissolution 

mechanisms. 

1.3 Industrial-Scale Crystallization  

Mineralization in the oil and gas industry is pervasive and exemplifies how 

crystallization (scale formation) can have a detrimental effect by significantly hindering 

energy production, which costs industry hundreds of millions of dollars in lost production 

alone.5-7, 106 Scale is the assemblage of minerals that forms as a result of the oversaturation 

of fluid traveling through production pipelines. This oversaturation of fluid is an 
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undesirable byproduct of hydraulic fracturing. The generation of supersaturated fluid, 

accentuated by changes in temperature, pressure, and flow, can result in the precipitation 

of multiple inorganic scale components.107-108 During this process, a fracture fluid (high 

SO42- concentration) is injected into the oil reservoir, which contains formation water high 

in mineral content (Ca2+, Ba2+, Sr2+, Mg2+, etc.), to enhance oil recovery (Table 1).109 

Table 1. Ion concentrations in formation water found in oil reservoirs, and in fracturing fluid that is 
introduced during hydraulic fracturing.109 

Ion Species Formation (ppm) Injection (ppm) 

Sodium 31275 10890 

Potassium 654 460 

Magnesium 379 1368 

Barium 269 0 

Strontium 771 0 

Sulfate 0 2960 

Chloride 60412 19766 

Calcium 5038 428 

 

The mixing of these incompatible fluids leads to the precipitation of many mineral 

systems and results in the formation of scale accumulates within pipelines and downhole 

equipment. Scale treatment can be divided into two categories: (i) preventative methods, 

and (ii) scale removal when preventative methods fail. Inhibitor formulations (e.g., squeeze 

treatments) have been designed to suppress scale formation primarily by using additives 

such as diethylenetriaminepenta(methylene phosphonic acid) (DTPMP) that can sequester 
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ions thereby impeding crystal formation.101-102, 104, 110-113 However, these treatments only 

suppress crystallization at early timescales and eventually are rendered ineffective owing 

to the high degree of supersaturation in the fluid. Thus, the second approach is taken, which 

involves the use of acids or highly alkaline chelating agents to promote dissolution. For 

certain scales (e.g., CaCO3) an abrasive acid wash is often implemented, whereby a mixture 

of abrasive material and acid is jetted into the affected pipeline. The abrasives and high 

pressure of the fluid aid in breaking down the hard scale, while a strong acid (e.g., HCl) is 

used to reverse the crystallization reaction chemistry to promote scale dissolution.114-115 On 

the other hand, scale dissolver formulations make use of polyprotic acids that can chelate 

divalent cations (Ca2+, Ba2+, etc.) and increase the solute saturation limit in the bulk, 

thereby promoting dissolution. Aminopolycarboxylic acids such as 

ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA) 

are used commercially as demineralizing agents for hard scales such as calcium carbonate 

and barite.94, 116-119 Both additives are productive dissolvers of pure mineral systems, 

however, they require high solution pH to be fully deprotonated and thus “active” for 

chelating metal ions. One major drawback of these additives is the caustic nature of the 

solution required for effective demineralization, which poses a threat to the equipment used 

as well as the environment.120 Another shortcoming of chemical demineralization 

treatment is that in practice, these solutions dissolve scale but not with high efficiency, 

which often requires mechanical drilling to remove the scale from the pipelines.5 Thus, 

there is a need for the design of more efficient chemical scale treatments, which 

necessitates efforts to better understand the mechanisms that drive crystallization and 
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dissolution processes as well as the interactions between chemical additives and crystal 

surfaces.  

1.4 Barite Crystallization 

Barite is a commonly encountered, water insoluble scale component (Ksp = 1.08 × 

10-10 at 25 °C) in the oil and gas industry, and poses difficulty for treatment relative to other 

scales.108-109, 121-122 Furthermore, the North American shale boom has highlighted the need 

for new techniques for studying inorganic scale in the pores of tight shales, where porosity 

is high (8 – 10%) while pore size (1 – 100 nm) and permeability (< 0.1 mD) are low.123 A 

lack of available chemical treatments has led the industry to use mechanical means for 

barite scale remediation, including drill-based milling.124 Controlling its formation requires 

a fundamental understanding of growth, inhibition, and dissolution mechanisms in 

dynamic environments. Barite mineralization occurs via classical growth pathways with 

second-order kinetics111, 125-126 and typically results in coffin-shaped crystals bound by 

(001), (210), and (100) facets (Figure 13).  

 

 

Figure 13. Barite crystal lattice with the unit cell outlined (left) and a representative electron micrograph of 
a synthetic barite crystal grown at room temperature. 

 

Co-precipitation of Ba2+ with Sr2+, Ra2+ and other metal ions adds to the complexity 

of barite formation. Suppressing crystal growth requires the use of molecular additives that, 
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through various modes of action, retard barite precipitation. Surprisingly few compounds 

have been successfully used as treatments to dissolve barite. Chelating agents represent 

one class of compounds used to dissolve scale. Indeed, ethylendiaminetetraacetic acid 

(EDTA), diethylenetriaminepentaacetic acid (DTPA), and similar polyprotic acids have 

been commercially employed as scale inhibitors and dissolving agents,109, 113, 127-131 and 

certain 18-membered macrocycles have been shown to be effective chelators of Ba2+ ions.90 

Collectively, studies investigating the effect of additives largely focus on prevention and 

dissolution mechanisms in quiescent conditions. Scale, however, typically forms under 

dynamic flow conditions. Understanding the effects of fluid flow on barite crystallization 

processes is thus expected to improve the design of scale treatments. 

A majority of barite mineralization studies under quiescent conditions have 

investigated crystallization kinetics using bulk assays or batch processes by tracking solute 

depletion (conductivity, turbidity, or elemental analysis) or characterizing temporal 

changes in crystal size and morphology via ex situ microscopy (optical or scanning 

electron).89, 97, 126, 132-134 These techniques capture crystallization kinetics that may be 

influenced by mass transport limitations or require rigorous and time-consuming 

experimental methods. Kinetic studies relying on the measurement of target ion 

concentration (conductivity or ion selective analysis) may be vulnerable to interference 

from spectator ions. Growth, inhibition, and dissolution mechanisms have also been probed 

in various chemical environments through the use of in situ atomic force microscopy 

(AFM), which provides insight on surface chemistry such as etch pit kinetics, hydration 

structure, and modes of action of modifiers.36-37, 110, 135-140 
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 In this dissertation, we address hydrodynamic effects and crystal growth and 

dissolution pathways in the presence and absence of molecular modifiers. In Chapter 2, the 

development of a novel microfluidic platform for investigating crystallization and crystal 

dissolution, and the effects of hydrodynamics on crystallization processes will be reviewed, 

using the commercial additive diethylenetriaminepentaacetic acid (DTPA) as a benchmark. 

In Chapter 3, we investigate barite dissolution in greater depth and elucidate key 

dissolution mechanisms that result in synergistic cooperativity in barite demineralization 

in the presence of naturally derived macromolecules. In Chapter 4, we screen a library of 

molecular modifiers as putative inhibitors of barite crystallization. Here we examine barite 

growth inhibition kinetics and mechanisms in the presence of a bio-derived macromolecule 

through a cooperative study using bulk assays, in situ microfluidics, and in situ atomic 

force microscopy (AFM). In Chapter 5, we investigate the effects of citrate and two of its 

analogues as molecular modifiers in barite crystallization. We reveal a unique inhibition 

mechanism that irreversibly suppresses barite crystal growth at micromolar concentrations. 

In Chapter 6, we show the inhibition of a naturally derived phosphate-based additive, which 

demonstrates comparable barite inhibition potency relative to the commercial phosphonic 

acid. In Chapter 7, we summarize key findings in this dissertation and provide future 

outlook in this field.  

Chapter 2: Microfluidic Platform for Probing Barite Crystallization 

A majority of barite mineralization studies under quiescent conditions have 

investigated crystallization kinetics using bulk assays or in batch processes by tracking 

solute depletion (conductivity, turbidity, or elemental analysis) or characterizing temporal 

changes in crystal size and morphology via ex situ microscopy (optical, scanning electron, 
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or scanning probe).89, 97, 126, 132-134 These techniques capture crystallization kinetics that may 

be influenced by mass transport limitations or require rigorous and time-consuming 

experimental methods. Kinetic studies relying on the measurement of target ion 

concentration (conductivity or ion selective analysis) may be vulnerable to interference 

from spectator ions. Growth, inhibition, and dissolution mechanisms have also been probed 

in various chemical environments through the use of in situ atomic force microscopy 

(AFM), which provides insight on surface phenomena such as etch pit kinetics, hydration 

structure, and modes of action of modifiers.36-37, 110, 135-140 For growth, interfacial studies 

have been shown to correlate well with bulk (macroscopic) kinetics.141 Although the 

combination of bulk crystallization and crystal surface kinetics provides valuable insight 

into crystallization mechanisms, microscopic studies (AFM) are limited by a specified set 

of parameters per trial, sample size, and flow rate range. Furthermore, in AFM studies the 

flow patterns may be influenced by fluid cell design, and crystallization kinetics can be 

affected by tip interference with solute transport.142-143 There remains a need for non-

pervasive in situ methods that probe crystallization processes under flow while allowing 

for efficient parametric analyses. Microfluidics offers an excellent alternative for 

addressing the limitations of traditional methods by eliminating external interference and 

enabling the sampling of multiple parameters simultaneously under stable flow conditions. 

Droplet microfluidics, as one example, allows single crystal nucleation and growth 

to be decoupled in high-throughput platforms.144-149 Temporal changes in solution 

conditions within the droplets (e.g., supersaturation), however, preclude facile 

measurement of anisotropic crystal growth rates. As a second example, single-phase 

microfluidic platforms used to investigate organic and inorganic crystallization bridge the 
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gap between bulk crystallization measurements and interfacial studies.148, 150-153 These 

studies have demonstrated that flow of adjoining solute streams imposes mass transport 

limitations, which affect local stability of supersaturation within microchannels and thus 

govern crystallization kinetics as well as nucleation and growth mechanisms of minerals 

such as calcium carbonate (CaCO3). These mass transport limitations have been shown to 

influence CaCO3 growth in the presence of inhibitors.57, 148, 154 Microfluidics as a tool for 

mineralization studies has been applied to other forms of scale, such as gypsum 

(CaSO4•2H2O) and CaCO3, and integrated with methods such as synchrotron Fourier 

transform infrared spectroscopy to show that the absence of convection extends the lifetime 

of typically unstable polymorphs of CaCO3 in confinement.153 The emerging use of 

microfluidics for crystallization studies demonstrates the promise for time-resolved 

measurements of individual crystals. Hence microfluidic techniques represent an ideal 

platform to explore the effect of flow velocity on crystallization processes for sparingly 

soluble minerals such as barite.  

In this work we develop a microfluidic platform for rapid screening of barite 

growth, inhibition, and dissolution kinetics under controlled hydrodynamic conditions. 

Under a pseudo-steady-state growth environment, increasing the solution flow rate of 

Ba(aq)
2+  drives a transition in the crystallization kinetics from a transport-limited to a 

reaction-controlled regime, parameterized by a local Péclet number that describes transport 

through the boundary layer adjacent to the crystal surface. Coupling the microfluidic 

platform with optical microscopy enables time-resolved observation of anisotropic crystal 

growth, revealing face-specific inhibition in the presence of commercial chemical 

additives. Finally, we demonstrate the versatility of the microfluidic platform by showing 
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that barite dissolution is promoted under flow of alkaline aqueous solutions. These methods 

provide new insights into the effects of dynamic conditions on mineralization processes. 

Moreover, our approach allows bulk dissolution phenomenon to be systematically 

elucidated in a controlled laminar flow environment using a combination of optical 

microscopy and microfluidics. 

2.1 Experimental Methods 

Materials. The following reagents were purchased from Sigma Aldrich: barium 

chloride dihydrate (99+%), sodium sulfate (>99%), diethylenetriaminepentaacetic acid 

(DTPA) (>99%), sodium hydroxide (>97%), and sodium chloride (>99.5%). 

Polydimethylsiloxane (PDMS, Dow Corning SYLGARD 184) was purchased from Essex 

Brownell. SU-8 2150 photoresist and SU-8 developer were purchased from Microchem. 

All chemicals were used as received without further purification. Silicone tubing was 

purchased from Cole-Parmer. Single side polished 4 in P-type silicon wafers <100> were 

purchased from University Wafer and were cleaned using a piranha solution. Deionized 

(DI) water (18.2 MΩ·cm) filtered with an Aqua Solutions RODI-C-12A purification 

system was used in all experiments.  

Fabrication of microfluidic devices. The microfluidic platform consisted of two 

chips placed in series: a chip with a concentration gradient generator was linked 

downstream with a chip featuring individual straight channels (Fig. 1). The microchannel 

design, which was adapted from gradient generators in the literature,155-157 was drafted 

using AutoCAD software (Autodesk) and fabricated using standard photolithography and 

polymer casting techniques.158 A negative photoresist with 400 µm thick features was 

patterned on a 4-inch silicon wafer using photolithography. Subsequently, a mixture of 
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PDMS prepolymer and curing agent (volume ratio of 10:1) was degassed for 30 min and 

poured over the microchannel molds to 7 mm thickness. PDMS molds were cured at 65 °C 

for 4 h, after which devices were extracted with a razor blade. Inlet and outlet ports were 

created using a 2 mm biopsy punch. PDMS devices were cleaned with scotch tape to 

remove any dust and organic debris. Glass substrates were carefully washed with DI water 

and isopropyl alcohol and dried with N2 gas. PDMS devices were bound onto the glass 

substrates after corona plasma treatment using a BD-10A high-frequency generator.  

 

Figure 14. (a) Three-dimensional rendering of the gradient generator. (b) Optical micrograph of the 
microchannels in the gradient generator (c) A microfluidic device containing barite crystals. (d) 
Optical micrograph of barite seed crystals. 

 

2.2 Bulk crystallization assays  

Barite crystals were synthesized using a protocol modified from procedures 

reported in the literature.96, 113, 126, 141, 159-160 In a typical synthesis, NaCl(aq) was first added 
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into a 20-mL glass vial followed by aliquot addition of 10 mM BaCl2,(aq) and 10 mM 

Na2SO4,(aq) stock solutions under mild agitation for 10 s. Samples containing molecular 

modifier DTPA were prepared by adding aliquots of DTPA(aq) to the reaction mixture prior 

to the addition of Na2SO4. The final growth solutions with a total volume of 10 mL had a 

pH of 7.1 ± 0.3 and a composition of 0.5 mM BaCl2 : 0.5 mM Na2SO4 : 600 mM NaCl : x 

μg mL-1 modifier (0 ≤ x ≤ 10). The pH of growth solutions was measured using an Orion 

3-Star Plus pH benchtop meter equipped with a ROSS Ultra electrode (8102BNUWP). The 

sample vials were left undisturbed at 22 °C for 24 h to allow crystallization of hexagonal 

barite platelets with well-defined (001), (210), and (100) facets (Figure 2a and b). 

2.3 In situ preparation of seed crystals in the microfluidic channels.  

For in situ crystallization studies, the microchannels (Fig. 14) were first flushed 

thoroughly with DI water. Growth solutions were then delivered into the channels using a 

dual syringe pump (CHEMYX Fusion 200) at a rate of 12 mL h-1 for 90 min. A solution 

containing 1.0 mM Ba2+ was mixed through a y-connector with a second solution 

component containing 1.0 mM SO42- and 550 mM NaCl to circumvent interfacial 

crystallization in the microchannel caused by diffusion limitations. 

2.4 Real-time study of growth, inhibition and dissolution kinetics.  

Time-resolved imaging of barite crystal growth, inhibition, and dissolution using 

an inverted optical microscope was performed to quantify the kinetics of barite 

crystallization. For growth, two solution components were prepared in individual syringes. 

One solution contained 0.7 mM BaCl2,(aq) and the second solution contained 0.7 mM 

Na2SO4 and 1.2 M NaCl. The two solutions were mixed using an inline flow configuration 

that produced a final composition of 0.35 mM BaCl2, 0.35 mM Na2SO4, and 600 mM NaCl. 
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The fully mixed growth solution was introduced into seeded PDMS chips using a dual 

syringe pump.  

Inhibition studies required the use of two dual syringe pumps, each containing 

syringes of the same growth solution composition but different quantities of growth 

modifier (DTPA). The first syringe pump contained syringes prepared with no growth 

modifier (control) and the second syringe pump contained syringes prepared with 1 µg mL-

1 DTPA, where DTPA was added to the syringe containing SO42- to minimize formation of 

ion complexes. Growth solution components from each dual syringe pump were mixed via 

silicon tubing and a y-connector and successively fed into the corresponding inlet of the 

concentration gradient generator. Both pumps were programmed with the same flow 

parameters to ensure a linear concentration gradient at the outlet of the microfluidic 

channels (Fig. A1).  

Dissolution studies of barite were performed in an alkaline solution that was 

prepared by adding appropriate amounts of NaOH to DI water. The flow configuration for 

carrying out barite dissolution entailed a dual syringe pump that fed two separate solutions, 

one control and one containing 500 μg mL-1 DTPA(aq) solution, into the respective inlets of 

the concentration gradient generator (Figure 14a). All dissolution cocktails were adjusted 

to pH 9, which is near the upper limit of the environmentally acceptable pH range for 

industrial scale treatment. 

Barite crystal size and morphology were determined using a Leica DMi8 inverted 

optical microscope equipped with HC PL Fluotar 5×, 10×, 20×, and N Plan L 50× 

objectives. At least ten brightfield images of representative areas on the bottom of the glass 

vials were captured in transmittance mode for characterization of crystals grown in the bulk 
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assay. The average [010] length, [100] width, and [001] thickness of crystals in optical 

micrographs were measured from a minimum of 90 crystals per trial and three individual 

trials. An inverted optical microscope equipped with a motorized stage was used to image 

crystals in the bulk crystallization assays as well as time-resolved crystal growth, 

inhibition, and dissolution in the microfluidic assays (Fig. A2 – A4). For in situ time-

resolved studies, LAS X software was used to program a minimum of 10 positions along a 

seeded microchannel, at which images were captured in transmittance mode at 5 min 

intervals for at least 3 h. Crystals observed in situ were analyzed using ImageJ (NIH) (Fig. 

A5). Images were converted to 8-bit followed by a threshold adjustment to outline the 

edges of barite crystals. An ellipse was fit to each crystal to obtain major and minor axis 

dimensions corresponding to the length and width of the crystal. At least 90 crystals located 

in different channels per batch were analyzed over time. Crystal lengths were measured 

every 5 min during inhibition studies. From the change in crystal length over time, a growth 

rate r was determined for each experimental condition. The relative growth rate (RGR) was 

calculated as 

 𝑅𝑅𝑅𝑅𝑅𝑅 =  
𝑟𝑟DTPA

𝑟𝑟control
 Eq. (1) 

where rDTPA and rcontrol represent growth rates in the presence and absence of DTPA, 

respectively. 

For ex situ microscopy measurements, a clean glass slide (1 × 1 cm2) was positioned 

at the bottom of the vials to collect barite crystals. After crystallization, the glass slide was 

removed from its solution, gently rinsed with DI water, and dried in air prior to analysis. 

Crystal size and morphology were investigated using a FEI 235 dual-beam focused ion 

beam scanning electron microscope (SEM). SEM samples were prepared by attaching 
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carbon tape to SEM studs and subsequently attaching glass slides to carbon tape by gently 

pressing the glass slide to the tape using tweezers. SEM samples were coated with 15 – 20 

nm gold to reduce electron beam charging. 

2.5 Barite synthesis in quiescent conditions.  

Barite crystals grown in a bulk batch synthesis formed hexagonal platelets with an 

average length of 15 µm and a length-to-width ([010]/[100]) aspect ratio of 2.2 ± 0.2 (Fig. 

15a and b). Barite crystals grown under quiescent conditions in the microfluidic channels 

also formed hexagonal platelets with a length-to-width aspect ratio of 2.4 ± 0.1 (Fig. A2), 

nearly identical to that for crystals grown in the batch process at larger volume.  

Supersaturation and total reservoir volume govern the solute concentration gradient 

between the bulk solution and crystal surface. The former provides the driving force for 

crystal growth, whereas the latter dictates the total time of crystallization.96, 126  Under 

quiescent conditions, solute transport is dominated by diffusion to the crystal surface 

through a boundary layer, which can be treated as a stagnant film. As solute is depleted 

from the bulk, the chemical potential gradient is reduced due to desupersaturation with a 

concomitant minimization of the driving force for crystal growth. In bulk assays, both 

nucleation and crystal growth consume solute. The effects of growth on solute consumption 

can be isolated using the method of seeding, in which seed crystals are grown at 

supersaturation ratios S in the region of metastability where nucleation does not occur. 

Under these conditions, S dictates the net change in crystal size.   

2.6 Design of the microfluidics device.  

To provide reproducible kinetic data for crystal growth, inhibition, and dissolution 

with time-resolved imaging, we designed a microfluidic platform to efficiently mix two 
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streams with different concentrations of DTPA (at either supersaturated or undersaturated 

conditions) and produce a concentration gradient across the six outlet channels (Fig. 14). 

To ensure complete mixing of two streams, the total length of each serpentine channel was 

set by the time required for small molecules, such as DTPA (with a diffusion coefficient 

approximated as D = 1 × 10-9 m2 s-1),161 to diffuse across a channel of width W = 400 µm 

to obtain a linear concentration gradient of DTPA at the outlet channels. Specifically, we 

used the relation 𝑊𝑊 =  √𝑡𝑡𝑡𝑡, where 𝑡𝑡 =  𝐴𝐴𝐴𝐴 𝑄𝑄⁄  is the minimum residence time of fluid in 

the microchannels based on the channel length L = 2.4 × 10-1 m, cross-sectional area A = 

1.6 × 10-7 m2, and the maximum volumetric flow rate Q = 3.3 × 10-8 m3 s-1 used in this 

study. A linear concentration gradient of Ba2+ was obtained across the outlets (Fig. A1), 

confirming the reliability of the microfluidic concentration gradient generator. This 

experimental design enables simultaneous testing of multiple concentrations of molecular 

modifiers for barite dissolution, thus greatly reducing both screening time and the number 

of individual experiments required. Here we characterized the growth of seed crystals 

within the channels of the microfluidic device. Performing bulk crystallization studies in a 

microfluidic device allows individual crystals to be tracked over time and across a broad 

range of conditions. Thus, microfluidic devices can be used as a platform for rapid 

parametric analyses of anisotropic crystal growth at a macroscopic scale. 
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Figure 15. (a) Barite schematic with crystallographic indices labeled. (b) Barite crystal synthesized at room 
temperature. Scale bar is equal to 15 µm. (c) Barite crystal [010] length over time. The error bars 
for the quiescent experiments are smaller than the symbol size. 

 

2.7 Crystal growth in quiescent and flow conditions.  

During seeded bulk crystallization experiments in supersaturated solution (S = 7) 

under quiescent conditions, the rate of crystal growth decreases over time, leading to the 

emergence of a plateau in crystal size as solute is incorporated into the crystals (blue 

triangles in Fig. 15). Identical experiments at higher solute concentration (S = 10, Fig. S3) 

extend the duration of crystal growth beyond what is achieved in less supersaturated media, 

resulting in larger crystals.  

Seeded growth in the small microchannel volume (ca. 4.5 µL) under quiescent 

conditions reveals a twofold reduction in the growth kinetics of barite compared to 
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measurements in a batch process using larger volume (20 mL) vials. Barite crystals grown 

at S = 7 in the microfluidic channels (grey triangles in Fig. 15c) increase only slightly in 

size over time, commensurate with the rapid depletion of solute from the growth solution 

in a smaller volume. This observation confirms that the relatively small volume of each 

individual microchannel leads to a more rapid reduction of the driving force for crystal 

growth. Furthermore, we observe that the growth rate of crystals is uniform across 

microchannels (Fig. A4). Because concentration gradients in solute would generate 

corresponding gradients in crystal number density and size,57, 148, 154, 162-164 which are not 

observed in these measurements, this result confirms that aqueous solutes are fully mixed 

in our device. 

In addition to enabling in situ imaging during growth, a key advantage of 

microfluidic devices for studies of crystallization is the ability to generate well-defined 

flow conditions. Seeded crystal growth experiments confirm that faceted barite crystals can 

be obtained uniformly across microchannels owing to the complete mixing of inlet 

solutions (Fig. A4), which allows macroscopic growth kinetics to be quantified under 

laminar flow (for Reynolds numbers Re of 0.92 < Re < 92). To identify the transport 

process that controls the delivery of solute, we calculate a macroscopic Péclet number 

Pemacro = 𝑊𝑊𝑊𝑊 𝑡𝑡⁄ , where v is the average fluid velocity across the microchannel, W = 400 

µm is the channel width, and D = 8.47×10-10 m2 s-1 is the diffusivity of Ba2+ ions in water. 

In our experiments Pemacro varies from 103 to 105 and advection governs transport of solute 

across microchannels,164 in accord with the uniformity in crystal size observed across the 

width of the channel. Under flow of supersaturated solution, the driving force for 

crystallization is constant because solute is continuously replenished; therefore, seeded 
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growth in the microfluidic device under continuous flow and the same solute concentration 

(S = 7, red circles in Fig. 15c) results in crystals of sizes much larger than those produced 

via quiescent batch synthesis (S = 7, blue triangles in Fig. 15c). The length of crystals 

grown under flow increases linearly with time, indicating that the constant supersaturation 

produces a steady driving force for crystal growth.  

 

Figure 16. Effect of flow rate on seeded growth of barite. The growth rate (left axis) was measured by linear 
regression of length versus time data sets over 3 h in microchannels. Dashed lines are fits in each 
regime and error bars span two standard deviations. 

 

 The fluid flow rate affects crystal growth kinetics during continuous crystallization 

processes. Microfluidics enables the rate of solute delivery to be tuned via the flow rate in 

the laminar regime. In this regime, the boundary layer thickness δ defined as  

𝛿𝛿 = 5 �D
𝜈𝜈
�
1
3 �W𝑥𝑥

Re
�
1
2      Eq. (2) 

on a crystal of length x in a square channel of width W is proportional to Re-1/2.165-167 
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Increasing the flow rate narrows the boundary layer and thereby reduces the time for solute 

to diffuse to the crystal surface. Thus, increasing the flow rate of barite growth solution is 

anticipated to lead to an increase in crystal growth kinetics until the growth rate is limited 

by the rate at which solute incorporates in the crystal surface. In a reaction-controlled 

regime, the crystal growth kinetics reflect adsorption/desorption of solute ions/molecules 

at the crystal surface established by supersaturation. 

 We investigate the relative importance of transport versus surface kinetics by 

varying the flow rate in the microfluidic device. The rate of crystal growth increases 

monotonically when the flow rate is lower than 12 mL h-1 (Re < 9.2) (Fig. 16). This result 

indicates that the rate of solute delivery to the crystal surface controls the crystal growth 

rate. When flow rates are higher than 12 mL h-1 (Re > 9.2), the barite growth rate plateaus 

at 4 µm h-1 and does not change even when the flow rate is further increased. The 

independence of crystal growth rate from flow rate indicates a transition to a reaction-

controlled regime on the macroscopic scale.  

 The macroscopic Péclet number, describing the diffusion of solute across the 

channel, ranges between 103 < Pemacro < 105. Crystallization typically depends on diffusion 

of solute through the stagnant boundary layer near the crystal surface. We define a local 

Péclet number Pelocal = δ𝑊𝑊 𝑡𝑡⁄ , where the relevant length scale is the boundary layer 

thickness 𝛿𝛿 (Eq. (2)),168 that ranges between 140 < Pelocal < 1400. When flow rates are low 

(Re < 9.2, 140 < Pelocal < 435), crystal growth is controlled by the rate of delivery of solute. 

Pelocal is high in this regime, suggesting that bulk advection still governs solute transport. 

The dependence of growth kinetics on flow rate suggests that crystal growth is under mixed 

transport-surface kinetic control. The well-defined flow conditions in the microfluidic 
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device allow us to identify a flow rate regime where mass transport limitations are 

minimized and crystal growth is predominantly governed by surface kinetics. 

2.8 Inhibition of barite growth using a molecular additive.  

DTPA is a common chelating agent for divalent cations, including barium, and is 

used commercially to treat scale mineralization.122, 133  Introducing this commercial scale 

inhibitor in microfluidic growth experiments retards barite growth preferentially along the 

[010] direction of the crystal, as revealed using time-resolved optical microscopy (Fig. 

17a). The apical tips become blunted over time, suggesting that growth is inhibited along 

the crystal length, b-axis, due to the development of a new facet (Fig. 17a, 3 h image). 

Analysis of optical micrographs (Fig. A6) indicates that the new facet corresponds to the 

(011) plane. This result, coupled with a decrease in aspect ratio (Fig. A6), suggests that 

DTPA preferentially binds to the (011) facet of barite. To understand the effects of DTPA 

on barite growth, we compare to earlier studies using another chelating agent, 

ethylenediaminetetraacetic acid (EDTA), which shares a similar backbone structure with 

DTPA but contains three fewer CH2 groups, one fewer amine moiety, and one fewer 

carboxylic acid group. Carboxylates such as EDTA and DTPA are often assumed to modify 

crystal growth by forming complexes with divalent cations and lowering the 

supersaturation. At low modifier concentration, however, we observe that DTPA 

principally inhibits barite crystallization through adsorption on crystal surfaces, which 

impedes solute incorporation. Adsorption of EDTA was reported to be energetically more 

favorable on the (011) facet of barite.129, 134 This comparison between two crystal growth 

modifiers suggests that both polyprotic acids appear to operate under similar modes of 

action, despite differences in their physicochemical properties. 
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Figure 17. (a) Time-elapsed optical micrographs demonstrating the effects of 1 µg mL-1 DTPA on barite 
growth under solution flow. The scale bar for all images is equal to 10 µm. (b) Relative growth 
rate (RGR) as a function of DTPA concentration.  

 

 Quiescent studies confirm that DTPA is an inhibitor of barite crystallization. Given 

that fluid flow also affects barite growth kinetics in the laminar regime, we hypothesize 

that the inhibition mechanism and efficacy of DTPA may be affected by the fluid flow rate. 

To probe the effects of fluid flow on inhibition of barite in the presence of DTPA, we 

conducted in situ microfluidic experiments at flow regimes where growth in the absence 

of DTPA is controlled by either mass transport or surface kinetics. At a low flow rate (1.2 

mL h-1; Re = 0.92; Pelocal = 140) barite growth kinetics are independent of DTPA 

concentration (Fig. 17b, diamonds), although slight blunting of the apical tips is observed 

in optical micrographs (Fig. A8). The lack of dependence of crystal growth on modifier 

concentration at low flow rate is indicative of mass transport limitations (i.e., the organic 
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modifier exhibits a slower rate of diffusion compared to more mobile Ba2+ and SO42- ions). 

The longer diffusion time for DTPA, relative to the mobile ions, suggests that its coverage 

on crystal surfaces at thermodynamic equilibrium may be difficult to achieve even at high 

DTPA concentrations; this idea is consistent with the inability of DTPA to inhibit crystal 

growth at low flow rates. Conversely, time-resolved optical micrographs of barite crystal 

growth acquired at a higher flow rate of 12 mL h-1 reveal that the crystal morphology 

changes with increasing DTPA concentration to generate new {011} facets (Fig. A6), 

suggesting that DTPA preferentially binds to sites located on {210} surfaces.  

Relative growth rate (RGR) and crystal morphology of barite depend more strongly 

on DTPA concentration at higher flow rates. At a flow rate of 12 mL min-1 (Re = 9.2; Pelocal 

= 435), the RGR of barite initially decreases monotonically with increasing DTPA 

concentration and reaches a plateau near 1 µg mL-1 DTPA (Fig. 17b, circles) that 

corresponds to 55% inhibition of crystal growth. The plateau in RGR suggests that inhibitor 

coverage on crystal surfaces approaches thermodynamic equilibrium, and that barite 

growth in this fluid flow regime is kinetically controlled by advection of solute to growth 

sites on the crystal surface (Pelocal = 435). The molar ratio of DTPA/Ba2+ is less than 0.005, 

indicating the effect of modifier sequestration of Ba2+ ions is negligible compared to those 

imposed by DTPA-crystal interactions.  

 Under the highest flow rate condition tested (120 mL h-1; Pelocal = 1400; Re = 92), 

the RGR again decreases with increasing DTPA concentration (Fig. 17b, squares), reaching 

a maximum ca. 60% inhibition of barite growth. An order of magnitude increase in flow 

rate leads to a negligible increase in DTPA efficacy (as the RGRs at 12 and 120 mL h-1 are 

equivalent within the error of measurement). Collectively, these studies indicate that barite 
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crystallization at flow rates of 12 mL h-1 or higher (Re ≥ 9.2) in the laminar regime is 

controlled by surface kinetics. Inhibitor efficacy is influenced by flow, which suggests that 

eliminating mass transport limitations is necessary to maximize barite inhibition. Overall, 

the microfluidic platform allowed us to elucidate preferential binding modes of DTPA on 

barite in real time and confirm that an increase in flow enhances inhibition of barite growth. 

 

Figure 18. Optical micrographs of barite seed crystals (a) in the presence of 500 µg mL-1 DTPA and quiescent 
conditions, (b) in the absence and (c) in the presence of DTPA under the same flow rate. (d) 
Dissolution rate of barite as a function of flow rate. 
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2.9 Barite dissolution in the presence of DTPA.  

Barite dissolution has been widely investigated in the presence and absence of 

organic ligands. In pure water under flow, the basal surface of barite is mostly stable with 

a slow rate of formation of shallow etch pits.92, 135 In ligand-promoted dissolution, the Ba-

DTPA complex is most stable at pH ≥ 12 where DTPA is fully deprotonated. Due to this 

stability, DTPA5- anions chelate surface barium and weaken the Ba-SO4 bonds.92  DTPA 

may coordinate with multiple surface barium atoms and promote dissolution in an aqueous 

environment with desorption of the surface being the rate-limiting step.89, 91, 98, 135, 169-171 

Dissolution ultimately occurs via hydration of surface barium atoms. The effects of flow 

rate, however, have remained elusive and the magnitude of the flow velocity is likely to 

affect dissolution kinetics.  

We investigated the importance of flow and the role of DTPA for the dissolution 

of barite in microchannels using alkaline solutions (10 µM NaOH, pH 9) in the absence of 

barium sulfate. In quiescent conditions, exposure to DTPA for 4 h negligibly affected the 

morphology and size of barite crystals (Fig. 18a). This result is inconsistent with previous 

reports of DTPA-promoted dissolution in quiescent conditions with larger reservoir 

volumes,133 suggesting that the finite volume (4.5 µL) of solution in the microchannels 

under quiescent conditions may not contain sufficient amounts of DTPA to promote 

macroscopic dissolution. Interestingly, barite crystals exposed to flow using the same 

alkaline solution, but without DTPA, did not exhibit macroscopic changes in size or 

morphology (Fig. 18b). This result, however, is consistent with previous reports that 

indicate a low solubility of barite in alkaline solution.98 By contrast, striking differences in 

final barite crystal morphology and size are observed when 500 µg mL-1 DTPA is flowed 
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through the seeded microchannels. Optical micrographs reveal significant deterioration of 

the seed crystal over a 4 h experiment (Fig. 18c and A9). Although DTPA is not fully 

dissociated (DTPA4-) at the pH of our experiments, these results are in accord with bulk 

dissolution experiments in the presence of stirring, which demonstrate deep etch pit 

formation and crystal dissolution  at higher pH where DTPA is fully dissociated and 

DTPA5--Ba2+ chelation is optimal.97 

We characterized the evolution of barite seed crystal length, width, and thickness 

under flow of 500 µg mL-1 DTPA at various rates (0 < Re < 92; 0 < Pelocal < 1400). 

Dissolution occurs fastest along the [010] direction and appears to be nearly independent 

of flow rate. By contrast, barite mass loss along the [100] and [001] directions increases 

with flow rate and plateaus at rates above 3.6 mL h-1 (168 < Pelocal < 1400) indicating 

surface reaction-controlled kinetics (Fig. 18d). These results differ from dissolution 

kinetics reported for barite in a rotating disk, which do not depend on flow rate within the 

laminar regime.172 These differences may be attributed to disparate experimental 

conditions. For barite, fast dissolution along the b-axis is consistent with microscopic 

observations of ligand-promoted dissolution in which etch pits propagate along the [010] 

direction, suggesting these microfluidic experiments may provide insight on microscopic 

surface dissolution. In contrast to reported etch pit formation rates where propagation along 

the b-axis is 2.5 times greater than along the a-axis, dissolution rates along the [010] 

direction are comparable to rates in the [100] direction under flow in microchannels.92 
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Figure 19. Rate of dissolution of barite seeds as a function of (a) DTPA concentration and (b) diffusive flux 
of DTPA to the crystal surface. Error bars represent two standard deviations and dashed curves 
are guides to the eye.  

 

 



42 
 

 In separate experiments, we varied the DTPA concentration of undersaturated 

solutions (S = 0) and measured the extent of barite dissolution at several flow rates (Fig. 

19). The alkalinity of solutions in these experiments was adjusted to pH = 9, the 

approximate upper limit for environmentally acceptable standards,173 such that DTPA is 

not fully deprotonated (i.e., the predominant species is DTPA4-). These conditions are in 

contrast to those of previous DTPA-promoted dissolution experiments that were carried 

out at higher pH (both quiescent and stirred), allowing for full deprotonation.92, 97, 133 

Increasing DTPA concentration enhances the dissolution rate for all flow rates evaluated 

in this study (0 < Pelocal < 1400). At a low flow rate (1.2 mL h-1), the rate of dissolution 

increases monotonically with increasing DTPA concentration. At a higher flow rate (12 

mL h-1), the dissolution rate increases linearly with concentration. Under much higher flow 

rate (120 mL h-1), the rate of barite dissolution initially increases sharply with 

concentration, then increases linearly at higher flow rates. At concentrations below 500 µg 

mL-1 dissolution is enhanced by an increase in flow rate. At higher concentrations, 

dissolution is linearly dependent on DTPA concentration and becomes independent of flow 

rate. While the underlying physics governing the trends in dissolution rates at lower DTPA 

concentrations remains unknown, these results indicate that the dependence of dissolution 

kinetics on DTPA concentration is influenced by changes in flow rate within a finite 

concentration regime.  

 We calculated the boundary layer profiles for barite under each flow rate tested 

experimentally (Fig. A10 – A13) and the diffusive flux of DTPA to the crystal surface (Fig. 

A14), 𝐽𝐽 = 𝑡𝑡𝑐𝑐𝑜𝑜 𝛿𝛿⁄ , to probe the dissolution kinetics of barite. For a fixed flow rate, the 

diffusive flux is dependent on the change in DTPA concentration from the bulk to the 
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crystal surface. Given that an increase in either flow rate or DTPA concentration enhances 

dissolution, we hypothesize that dissolution is controlled by the mass flux of DTPA to the 

surface. In support of this hypothesis, the rate of dissolution for barite is enhanced with 

increasing diffusive flux under all flow rates. A majority of studies in literature91-92, 169 use 

DTPA concentrations that are 10- to 100-times greater than those employed in this study, 

and observe that the dissolution rates of barite first increase and then decrease with 

concentration. The results of our study suggest that there may be different, albeit unknown, 

molecular processes governing DTPA-induced dissolution of barite crystals. Additional 

microscopic studies are needed to fully resolve the physical processes governing the 

behavior in Fig. 19; nevertheless, barite dissolution is markedly enhanced under specific 

flow conditions that depend on DTPA concentration. 

We presented a microfluidic platform for investigating bulk crystallization and 

dissolution kinetics of barite in dynamic flow conditions. We systematically investigate 

hydrodynamic contributions by varying the flow rate during crystallization of barite in the 

presence and absence of the scale inhibitor DTPA, and obtain time-resolved 

characterizations of crystal morphology for each case. Under flow of supersaturated growth 

solution, barite growth undergoes a transition from mass-transport-limited to surface-

reaction-limited kinetics at a local Péclet number of ~250. Growth studies in the presence 

of DTPA reveal that this transport limitation also holds for inhibition of barite at low 

concentrations of DTPA. In a reaction-limited growth environment, DTPA induces the 

formation of a new facet, which remains stable through the duration of experiments. In 

undersaturated conditions, barite dissolution is enhanced with increasing diffusive flux of 

DTPA to the crystal surface. At low DTPA concentrations, however, our results suggest 
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that dissolution may occur via distinct, unique molecular processes that remain to be 

determined. Identifying these processes likely requires the use of methods, such as atomic 

force microscopy experiments or molecular simulation, that are capable of resolving 

dissolution at an atomic level. This microfluidic platform can be extended to characterize 

the kinetics of crystallization in systems in which hydrodynamics may play a significant 

role. Barite was chosen for these studies on the basis of its commercial relevance to 

demonstrate how microfluidics coupled with microscopy could serve as a quantitative 

method for determining crystal growth and inhibition under dynamic flow conditions. As 

one example, these techniques could be used to assess the transient surface area for 

materials for which kinetic parameters are difficult to estimate or determine. Together, 

these techniques offer an opportunity to investigate the crystal growth kinetics for other 

problematic and geochemically relevant biominerals under a controlled flow regime 

environment.   
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Chapter 3: Green Alternatives for Barite Scale Dissolution 

Chemical options for dissolving industrial scale include using chelating agents such 

as diethylenetriaminepentaacetic acid (DTPA), ethylenediaminepentaacetic acid (EDTA), 

and other aminopolycarboxylic acids.94, 99, 118-119 Although many studies have investigated 

the dissolution of barite with commercial additives (termed demineralizing agents),73-76, 91-

93, 97, 133, 135, 169, 174-175 there is very little fundamental knowledge of dissolution mechanisms 

to aid in the rational design of new and improved alternatives. Moreover, commercial 

formulations used to treat barite scale require highly alkaline media (pH > 12)117, 176, which 

has a negative impact on the environment.120 Therefore, it is advantageous to identify a 

new class of green (i.e., biodegradable) demineralizing agents and develop improved 

understanding of their modes of action to establish well-defined guidelines for future 

design of scale dissolvers.177 More broadly, this knowledge may also inform a broader 

spectrum of applications for applying (organic) growth modifiers to control crystallization, 

including (but not limited to) human diseases (e.g., kidney stones, malaria, atherosclerosis) 

and biomineralization (e.g., bone, nacre, coral).48, 178-184  

Most demineralizing agents explored in literature are small molecules. Some 

studies have shown evidence of synergistic cooperativity when combining a newly assayed 

demineralizing agent with either EDTA or DTPA.94, 116, 119 More recently, certain 18-

membered macrocycles have been shown to be effective chelators of Ba2+ ions with 

efficiencies comparable to DTPA.90 Studies have also shown that barite solubility is 

enhanced in the presence of bacteria, which is attributed to their putative generation of 

organic acids to chelate Ba2+ ions.185  
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In contrast to small molecules, polymers potentially offer improved efficacy arising 

from the presence of multiple functional groups along the backbone. The use of polymeric 

demineralization agents has been investigated for calcite, another mineral commonly 

associated with scale formation. Studies of calcite crystallization in the presence of 

polyaspartic acid and alginate found that these polymers are effective demineralizing 

agents.77, 186 By examining macroscopic changes in crystals during bulk dissolution, these 

studies identified polymer specificity for distinct facets of calcite, but were unable to 

provide mechanistic understanding into their mode(s) of action at a molecular level. 

Alginate is of particular interest owing to its abundance in brown algae,187 and its extensive 

use in the food, pharmaceutical, and biomedical industries.188-189 Alginate is composed of 

mannuronic acid and guluronic acid residues, both of which participate in the gelling 

mechanism. Typically, two adjacent guluronic acid residues are reported to bind a single 

divalent cation through the formation of a buckling structure in the polymer, whereas 

mannuronic acid incorporation in the sequence reportedly provides flexibility in the 

polymer chain to facilitate gelation.190  

In this study, we test the hypothesis that multiple functional moieties of 

polysaccharides, including the acid and alcohol side groups of alginate and related 

analogues, are efficient binding groups for barite crystal surfaces. Comparison of seven 

biopolymers (both polysaccharides and their acid derivatives) reveals that alginate 

dissolves barite at rates much greater than other candidates. Moreover, direct comparison 

between alginate and DTPA shows that alginate has greater efficacy in neutral media, 

whereas the combination of both demineralizing agents in alkaline media leads to 

synergistic cooperativity. The efficacy of barite dissolution is quantified at the macroscopic 
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level using a microfluidic device that allows for the analysis of average dissolution kinetics 

in the absence and presence of demineralizing agents, showing that the rates of dissolution 

can be markedly enhanced under flow conditions. These studies are complemented by in 

situ atomic force microscopy to probe specific interactions between demineralizing agents 

and crystal surfaces at a molecular level, and to extract mechanistic details of their modes 

of action. These studies show that alginate is a highly efficient barite scale dissolver. 

Moreover, we uncover new insights for its potential replacement of long-standing 

commercial dissolvers.  

3.1 Screening Biopolymers as Demineralizing Agents 

We examined a wide array of biopolymers (Figure 20) as potential green 

demineralizing agents for barite. The macromolecules selected for this study can be 

subdivided according to their primary functional groups: alcohols (I), carboxylates (II – 

IV), and sulfates (V – VII). Barite dissolution kinetics were assessed by time-resolved 

optical imaging of multiple single crystals under quiescent conditions and in a neutral (pH 

7) medium containing an equal mass of each additive (200 µg mL-1). Crystal dissolvers can 

be grouped into three categories based on their efficacy, as shown in Figure 20. The least 

effective polysaccharides identified in our measurements were carboxymethyl cellulose 

(II, where R = CH2CO2H, H, etc.), κ-carrageenan (V), and ι-carrageenan (VII). Three 

additives exhibited moderate efficacy: agarose (I), polygalacturonic acid (III), and λ-

carrageenan (VI). Each of these molecules is decorated with chemically distinct binding 

groups (-OH, -COO-, -SO3-), indicating that all three functional moieties are influential in 

barite dissolution. Interestingly, only one of the polysaccharides, alginate (IV), was a 

standout in its ability to dissolve barite crystals. Alginate contains similar functional groups 
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as polygalacturonic acid (i.e., alcohols and carboxylates); however, these molecules differ 

in their stereochemistry. Notably, alginate contains two monomers, mannuronic and 

guluronic acids, that alter the spatial distribution and orientation of the carboxylate 

functional groups interacting with barite crystal surfaces. 

 

Figure 20.  (top) List of molecules with (I) alcohol, (II-IV) carboxylate, and (V-VII) sulfate functional 
moieties. (bottom) Rate of barite crystal dissolution in the presence of 200 µg mL-1 of additives 
in pH neutral aqueous media at 21 ±1 °C (quiescent conditions).  
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We examined the effect of alginate on barite dissolution in comparison with a 

commercial dissolver, DTPA, used as a benchmark. The kinetics of barite dissolution in 

the presence of 200 µg mL-1 additive at neutral pH and quiescent conditions was measured 

using elemental analysis (ICP-MS) of the supernatant to track the release of Ba2+ ions over 

time (Figure 21a). The nonlinear dissolution profile of alginate starkly contrasts to the 

nearly flat profile of DTPA. In the presence of alginate, the concentration of free Ba2+ ions 

increases rapidly at early times owing to the high degree of undersaturation, but approaches 

a plateau at later times as the solution becomes saturated (i.e., the solubility product Ksp for 

barite at 25 °C is 1.08 × 10-10).121 The thermodynamic upper limit of free Ba2+ ions can be 

enhanced by the presence of chelating agents. Using a titration technique adapted from a 

reported protocol,90 we confirmed that DTPA sequesters free Ba2+ ions from solution with 

moderately better efficiency than alginate (Figure A15).  

Barite crystals grown in the absence of additives exhibit a coffin-shape habit with 

basal {001}, side {100}, and apical {210} facets (Figure 21b). After exposure to alginate 

at neutral pH, barite dissolution is observed at the intersecting corners of the (100) and 

(210) faces, whereas the (001) surface displays striated etch pits elongated in the [010] 

direction (Figure 21c). Time-resolved optical images acquired during quiescent bulk 

dissolution over a 5-day period reveal anisotropic etching that seemingly originates from 

the corners of the barite crystal (Figure 21d). In the presence of DTPA at pH 7, we observe 

mild dissolution over a 5-day period leading to dissolution features originating from the 

corners (Figure 21e), similar to those observed for alginate.  
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Figure 21. (a) Bulk assays of barite dissolution under quiescent conditions. (b and c) Scanning electron 
micrographs of barite crystals before and after exposure alginate. (d and e) Optical micrographs 
of barite crystals partially dissolved in the presence of additives. 

 

It has been reported that the efficacy of DTPA as a barite dissolver is highly pH 

dependent.76, 92 DTPA is composed of five carboxylic acids (pKa = -0.1, 0.7, 1.6, 2.0, and 

2.6) and three amine groups (pKa = 4.3, 8.6, and 10.5).191 A speciation model (Figure 22a) 

shows that all five of its carboxylates are dissociated and all three of its amines remain in 

free-base form (i.e., DTPA5-) at high pH (> 11). At neutral conditions, however, DTPA is 

zwitterionic. This property may explain its poor efficacy to dissolve barite under these 

conditions. For instance, the presence of positively charged amines can potentially lead to 

the formation of intramolecular hydrogen bonds (C3N⋯H⋯O2C) that render acid groups 
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on DTPA inaccessible for binding to barium sites on crystal surfaces. Alternatively, the 

positive charges on the amines may interact with sulfates on barite crystal surfaces, which 

have a net negative charge in aqueous media, as confirmed by zeta potential measurements 

(Figure A16). 

3.2 Molecular Dynamics Calculations of DTPA-Mediated Barite Dissolution 

  
Figure 22. (a) (top) Molecular structure of DTPA.191 (bottom) Speciation model for DTPAn. (b) – (c) Free 

energy surfaces from USMD simulations of DTPA-assisted detachment of Ba2+ ions from the 
barite (001) surface at pH 11 and 7 (left and right panels, respectively).  

 

To rationalize these observations, we performed umbrella sampling molecular 

dynamics (USMD) simulations192-194 to investigate the mechanism of DTPA-assisted 

detachment of Ba2+ ions from the barite (001) surface. The USMD simulations were used 

to compute the free energy surface (FES) associated with two coordination numbers (CNs), 

{CNBa2+−S , CNBa2+−ODTPA }, characterizing the extent of coordination of a central Ba2+ ion 

by S atoms in the barite crystal and by O atoms on DTPA’s carboxyl groups (Figure 22b), 

respectively. Hence, regions in the FES where the values of CNBa2+−S  and CNBa2+−ODTPA   
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are high and low, respectively, indicate that  Ba2+ is strongly coordinated by sulfur atoms 

in barite and thus still attached to the crystal surface. Conversely, low values of CNBa2+−S  

and high values of  CNBa2+−ODTPA  denote states were  Ba2+ is (partially) detached from the 

barite crystal and predominately coordinated in DTPA’s carboxyl groups. The free energy 

calculations suggest that DTPA promotes detachment through several metastable 

intermediate states. At pH 11, the fully detached state at {0.1, 3.6} is at significantly lower 

free energy than the bound state at {4, 2.75 < }, indicating that detachment is highly 

favorable. The detachment process is facilitated by metastable partially unbound states at 

{1.9, 2.75} and {0.9, 2.75} (Figure 22b, i and ii) that are separated by low energy barriers 

(< 5 𝑘𝑘𝑘𝑘), which can be overcome by thermal fluctuations. At pH 7, the stability of the 

intermediate state at {1.9, 2.75}  (Figure 22b, iv) is enhanced and there are relatively large 

free energy barriers (ca. 15 − 20 𝑘𝑘𝑘𝑘) along the pathways leading to complete detachment, 

implying slower detachment consistent with the slower dissolution rate observed in 

experiments. Inspection of the molecular configurations reveal that the state at {1.9, 2.75} 

is stabilized at pH 7 by the formation of hydrogen (h)-bonds between DTPA’s terminal 

amines and surface sulfate groups that are not present at pH 11 due to the deprotonation of 

the amine groups (Figure 22c, iv). These h-bonds inhibit the carboxylate group on DTPA 

from pulling away from the surface and thus detaching the coordinated Ba2+ ion.  

3.3 Barite Dissolution Under Flow 

Using an in situ microfluidic device, conditions such as solution flow rate, pH, and 

additive concentration were systematically varied to quantify their effect(s) on barite 

dissolution. In these studies, the change in basal surface area (i.e., projected area measured 

normal to the (001) surface) was used to assess the rate of dissolution. First, measurements 
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were performed over a range of flow rates (0 – 120 mL h-1) and in the presence of 200 µg 

mL-1 additive (alginate or DTPA) at neutral pH. Consistent with quiescent conditions, 

measurements with DTPA showed little effect, whereas alginate increased the barite 

dissolution rate by approximately one order of magnitude (Figure 23a). Measurements of 

the crystals in alginate revealed that the rate of barite dissolution increased proportionally 

with flow rate until reaching a plateau at around 12 mL h-1. This plateau indicates the 

transition from transport-limited to reaction-limited dissolution kinetics, similar to our 

previous study of barite growth.195  

Holding the flow rate fixed at 12 mL h-1, the rate of barite dissolution was measured 

in microfluidic channels at varying solution pH (Figure 23b) for both additives. In the 

presence of 200 µg mL-1 DTPA, barite dissolution increased monotonically with increasing 

pH above pH 5. The effect of DTPA becomes noticeable once the pH reaches a value where 

the speciation model (Figure 22a) indicates appreciable quantities of DTPA4- (pH 9) and 

DTPA5- (pH 11). Conversely, alginate dissolves barite over a broader range of alkalinity 

(pH 3 – 7) where both mannuronic and guluronic acid are fully dissociated (pKa = 3.38 

and 3.65, respectively).196 Interestingly, we observed a reduction in barite dissolution at 

pH > 7 that cannot be easily rationalized. For instance, gel permeation chromatography 

(Figure A17) and infrared spectroscopy (Figure A18) do not show any evidence of alginate 

chemical degradation after incubation in highly alkaline media.197-199 Dynamic light 

scattering showed no evidence of alginate aggregation over a broad range of solution pH 

(Figure A19), and bulk dissolution does not give any indication of unfavorable coverage 

effects such as repulsive adsorbate-adsorbate interactions (Figure 23c,d). Thus, the 
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alginate’s maximum efficacy is around pH 5 and the mechanism of its decline at higher pH 

remains elusive. 

 

Figure 23. Microfluidic measurements of barite dissolution rate as a function of (a) flow rate and (b) solution 
pH, and (c and d) as a function of total dissolver concentration in microchannels under flow of 
solutions (pH 7 and 9) of alginate, DTPA, and 50/50 (wt%) alginate-DTPA binary mixtures. 

 

Prior studies of crystal growth inhibition have shown that binary combinations of 

additives can result in either synergistic or antagonistic cooperativity.80, 200 Here we 

examine the effect of using binary combinations of alginate and DTPA (50/50 by mass) on 

the rate of barite crystal dissolution at pH 7 (Figure 23c) and pH 9 (Figure 23d). To 

facilitate comparison, the concentration of each additive is reported with respect to the 

number of carboxylate (COO-) groups for each dissolver cocktail. The general shape of 

dissolution curves is characteristic of Langmuir adsorption, where an increase in total 
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additive concentration results in an increased rate of dissolution until reaching a plateau 

(i.e., concentrations corresponding to an approximate monolayer coverage of additive(s) 

on crystal surfaces). Although DTPA has little effect on the rate of dissolution at pH 7, its 

presence nevertheless influences alginate-barite interactions given that the binary 

combination results in an overall lower rate of dissolution compared to alginate as the sole 

dissolver. These results are indicative of a mild antagonistic cooperativity.  

At pH 9 we observed an unusual switch from antagonistic cooperativity at low 

concentration of binary dissolvers to synergistic cooperativity at higher concentrations 

(Figures 23d and A20). This same trend does not hold at higher alkalinity (e.g., pH 12) 

where binary combinations result in extreme antagonistic cooperativity (Figure A21) 

owing to the decreased efficacy of alginate. Although DTPA and alginate exhibited similar 

rates of barite dissolution at pH 9, alginate reaches its maximum efficacy at a much lower 

concentration of COO- groups, indicating that it is a more potent dissolver than the 

commercial DTPA. 

3.4 In Situ Atomic Force Microscopy Study of Barite Dissolution Mechanisms 

Ex situ images of barite crystals that have been partially dissolved in alginate under 

quiescent conditions reveal unique dissolution features. We first focus on the dissolution 

of (210) and (100) side facets, which are often overlooked in studies of barite dissolution 

and growth owing to the anisotropy of barite crystals that makes it difficult to image these 

surfaces. After 24-h exposure to 200 µg mL-1 alginate solution at neutral pH, scanning 

electron microscopy (SEM) images reveal highly rough (210) surfaces with visible 

protrusions (Figure 24a and b). To gain molecular level insight into the mechanism of 

dissolution, we performed in situ atomic force microscopy (AFM) studies on surfaces with 
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exposed (210) surfaces. Time-resolved AFM images of these surfaces reveal highly 

corrugated steps (Figure 24c – e and A24 – A25) with an average height of 3.8 Å, 

corresponding to an approximate single unit cell dimension of barite. During continuous 

imaging, we observe dissolution layer-by-layer with each step receding at a constant rate 

(Figure A22). Conversely, dissolution of the (100) surface occurs by a different 

mechanism. The (100) facet features rectangular etch pits of varying widths and depths 

exceeding 60 nm, as shown in ex situ SEM images (Figure 24b, arrow) and AFM images 

(Figure 24f – h) of barite crystals dissolved in 200 µg mL-1 alginate. The high density of 

etch pits on these surfaces makes in situ AFM measurements of the (100) facet challenging; 

thus, we report ex situ images that seem to indicate that alginate preferentially dissolves 

barite in the a- and c-directions.  
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Figure 24. (a)-(b) Scanning electron micrograph of a partially dissolved barite crystal. (c – e) In situ 
measurements of (210) surface dissolution under a constant flow. (f)-(h) Ex situ AFM deflection 
image of the (100) surface. 

 
 

Using in situ AFM, we measured barite crystal surface dissolution under constant 

flow (12 mL h-1) for both the (001) and (210) surfaces. The results of the latter are described 

in the Supporting Information. Here, we focus on the basal (001) surface, where dissolution 

is more pronounced, and compare our findings for four distinct solutions: (i) a control of 

NaOH(aq) (pH = 9) without additives; (ii) the control modified by the addition of DTPA; 

(iii) an aqueous solution of alginate (pH = 7); and the control modified by the addition of 

alginate and DTPA (binary mixture). Time-resolved measurements of surface dissolution 

for the control revealed the birth and spread of triangular etch pits defined by the [010] and 

〈120〉 directions (Figures 25a,b and A26). A representative height profile of a partially 
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dissolved surface shows etch pits with a depth of ca. 3.6 Å (Figure 25c), which corresponds 

to a one-half unit cell dimension (c/2). In the presence of DTPA, the etch pits exhibit an 

elongated triangular morphology with rounded sides where the fastest rate of dissolution 

occurs in the [010] direction for etch pits bounded by 〈130〉 and [010] edges (Figures 25d,e 

and A26). The height profiles of these etch pits reveal identical depths (ca. 3.6 Å, Figure 

25f), indicating a layer-by-layer mechanism of dissolution. There is an inversion of etch 

pit orientation with each new layer owing to the 21 axis symmetry of barite with alternating 

sulfate group orientation between each half cell (Figure A26).93, 135, 201 

In the presence of alginate, the flat surface of the original barite substrate is 

indistinguishable within 12 min of exposure due to the rapid proliferation of etch pits 

(Figure 25g and h). These etch pits have ill-defined morphologies and do not appear to be 

bound by any crystallographic directions, in contrast to the triangular features observed for 

the control and solution containing DTPA. Moreover, height profiles of these etch pits 

(Figure 25i) reveal depths in excess of 50 Å, corresponding to more than 7 unit cells. Etch 

pits appear randomly on the surface and become more elongated in the [010] direction, 

similar to DTPA. These results reveal that alginate dissolves barite by etching along the b-

direction and into the (001) surface (c-direction). This unique mechanism may be 

facilitated by the ability of the flexible polymeric backbone of alginate and its many 

binding groups to interact with multiple Ba2+ ions in a concerted manner. 
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Figure 25. In situ AFM measurements of barite (001) surface dissolution in different media. Corresponding 
height images after the specified exposure time and height profiles of etch pits along the yellow 
lines of each height mode image are shown in (c), (f), (i), and (l) 

 

We also probed the cooperative synergy between alginate and DTPA for surface 

dissolution in AFM experiments using binary combinations where the solution was 

adjusted to pH 9. Barite crystals exposed to binary combinations of DTPA and alginate 

exhibit a distribution of etch pit depths and diameters (Figure 25j-m and A27). A fraction 

of etch pits exhibit 3.6 Å (c/2) depth profiles (Figure A27), while the majority of etch pits 

are much deeper (10 Å or larger) and tend to have tiered profiles that are composed of 
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macro-steps (Figure 25l). The cooperative synergy appears to be associated with the ability 

of alginate to create newly exposed layers and the preferential dissolution of layers within 

the plane of imaging by DTPA, as illustrated in Figure 25m. This observed dual action of 

cooperative dissolvers leads to an overall rough (001) surface that is more similar to the 

single component solution of alginate compared to that of DTPA.  

The dissolution of barite using natural, biocompatible additives at moderate pH has 

been underexplored. Through screening a series of polysaccharides, we identify alginate 

as an efficient alternative to DTPA. Using a combination of bulk dissolution assays and 

molecular dynamics, we show that DTPA is only active as a barite demineralizing agent at 

high pH owing to lower energetic barriers for its removal of Ba2+ ions from crystal surfaces. 

Microfluidic assays of barite dissolution under flow reveal a marked increase in the rate of 

barite dissolution compared to quiescent conditions. These studies demonstrate a high 

efficacy of alginate over a broad range of solution pH (4 – 9) relative to DTPA (pH ≥ 9). 

In situ atomic force microscopy measurements reveal that alginate and DTPA exhibit 

distinct modes of dissolution, wherein a binary combination of these two demineralizing 

agents in alkaline media results in synergistic cooperativity. On a molecular level, AFM 

imaging of the (001) barite surface reveals alginate induces deep (>50 Å) etch pits in the 

c-direction. Conversely, DTPA promotes layer-by-layer dissolution in the a/b-plane to 

generate shallow etch pits. For binary mixtures of alginate and DTPA, the origin of synergy 

derives from the fact that the two demineralizing agents promote dissolution in orthogonal 

directions, which enhances the overall rate of barite dissolution.  

In many natural and synthetic crystallization processes, organics play a pivotal role 

in regulating crystal growth and dissolution. This is particularly true in biomineralization 
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where materials, such as calcium carbonates and phosphates, grow into exquisite 

hierarchical structures via highly specific organic-crystal interactions. Designing 

molecules to promote dissolution is desirable for cases where mineralization is unwanted 

or detrimental, such as barite (and other scale) formation in confined aqueous flow regimes, 

as well as numerous pathological diseases. Few studies in literature have elucidated 

molecular-level mechanisms of mineral dissolution at the solvent-crystal interface. Here, 

we do so for a newly identified naturally-abundant and environmentally-compatible 

biopolymer. These findings collectively demonstrate alginate’s versatility and efficacy as 

a demineralizing agent, thereby opening new avenues for its use in formulations to treat 

barite (and potentially other scale) formation.  

3.5 Methods of Barite Dissolution Kinetics and Mechanism 

Barite crystallization and characterization. Barite crystals were prepared using 

a previously reported protocol.195 A 5-mL solution of 1.2 M NaCl(aq) was first added into a 

20-mL glass vial followed by 0.5-mL aliquot addition each of 10 mM BaCl2,(aq) and10 mM 

Na2SO4,(aq) stock solutions. To this solution was added 4 mL DI water under mild agitation 

for 10 s to produce a growth solution (10 mL) with a composition of 0.5 mM BaCl2 : 0.5 

mM Na2SO4 : 600 mM NaCl (pH = 7.1 ± 0.3). The pH of growth solutions was measured 

using an Orion 3-Star Plus pH benchtop meter equipped with a ROSS Ultra electrode 

(8102BNUWP). The sample vials were left undisturbed at 22 ± 1 °C for 24 h to allow 

crystallization of hexagonal barite platelets with well-defined (001), (210), and (100) facets 

(see Figure 2b). Natural barite samples were obtained from Amazon. The zeta potential ζ 

of natural and synthetic barite samples was measured with a NICOMP 380/ZLS instrument 

(Particle Sizing Systems, Santa Barbara, CA). 
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Dissolution assays under quiescent conditions. Demineralizing agent stock 

solutions were prepared by the addition of 40 mg reagent to 200 mL of DI water followed 

by pH neutralization with an appropriate amount of 100 mM NaOH(aq). After 24 h 

crystallization, the supernatant was removed via pipette and barite crystals adhered to the 

bottom of the 20 mL glass vials were rinsed in DI water in triplicate. Immediately after 

rinsing the crystals, 20 mL aliquots of demineralizing agents (200 µg mL-1) were 

introduced into the glass vials containing the barite seed crystals and were left undisturbed 

for 7 days.  

In a separate experiment intended for ex situ imaging, a clean glass slide (1 × 1 

cm2) was placed at the bottom of a 20 mL glass vial prior to the addition of reagents used 

for barite crystallization. Immediately after synthesis, the glass slide containing the newly 

formed barite crystals was removed from the supernatant and rinsed thoroughly in DI water 

and dried in air. The slide was then positioned at the bottom of a vial containing 20 mL of 

a selected demineralizing agent solution (200 µg mL-1). Barite crystals were exposed to 

solutions between 1 to 10 days. The glass slide was removed from the solution and rinsed 

in DI water and dried in air.  

Dissolution assays under flow conditions. Details of the microfluidic platform 

and procedures used to measure in situ rates of crystal dissolution under constant flow are 

described in a previous study.195 Dissolution of barite was performed in solutions of 

varying pH that were prepared by adding appropriate amounts of NaOH(aq) or HCl(aq) to DI 

water. The flow configuration for carrying out barite dissolution is described in detail in 

our previous study195 that made use of a dual syringe pump that fed two separate solutions, 
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one containing DI water and one containing 500 μg mL-1 demineralizing agent, into the 

respective inlets of the microchannels. 

Barite crystal size and morphology were determined using a Leica DMi8 inverted 

optical microscope equipped with HC PL Fluotar 5×, 10×, 20×, and N Plan L 50× 

objectives. At least ten brightfield images of representative areas on the bottom of the glass 

vials were captured in transmittance mode for characterization of crystals dissolved in 

polysaccharide solutions. The average basal surface area of barite crystals in optical 

micrographs were measured from a minimum of 100 crystals per batch and three separate 

batches. An inverted optical microscope equipped with a motorized stage was used to 

image crystals in the bulk crystallization assays as well as time-resolved demineralization 

in microfluidics assays. For in situ time-resolved studies, LAS X software was used to 

program a minimum of 15 positions along a seeded microchannel. Images were captured 

in transmittance mode at 5 min intervals for a minimum of 3 h. Crystals observed in situ 

were analyzed using ImageJ (NIH) with a protocol previously reported.195 At least 100 

crystals located in different channels in a single batch were analyzed at 5 min intervals over 

a minimum of 3 h. From the change in crystal basal (001) surface area over time, a 

dissolution rate r was calculated for each experimental condition as rdissolution = ∆SA t-1, 

where ΔSA is the change in (001) surface area and t is the time (in hours). 

Scanning Electron Microscopy. Ex situ microscopy measurements were obtained 

using a FEI 235 dual-beam focused ion beam scanning electron microscope (SEM). For 

SEM imaging, a clean glass slide (1 × 1 cm2) was positioned at the bottom of bulk 

crystallization vials to collect barite crystals. Samples containing either as-synthesized 

crystals or those after dissolution assays were removed from their native solutions, gently 
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rinsed with DI water, and dried in air prior to analysis. SEM samples were prepared by 

attaching glass slides to SEM studs (Ted Pella) using carbon tape and were coated with 15 

– 20 nm gold to reduce electron beam charging. 

Atomic force microscopy. All atomic force microscopy (AFM) measurements 

were performed with a Cypher ES instrument (Asylum Research, Santa Barbara, CA) using 

silicon nitride probes with gold reflex coating and a spring constant of 0.08 

N m−1 (Olympus, PNP-TR). The liquid cell (ES‐CELL‐GAS) contained two ports for inlet 

and outlet flow to maintain constant composition continuous imaging. Barite crystals 

prepared via bulk crystallization (described above) were synthesized directly onto on an 

AFM specimen disk (Ted Pella) covered with a thin layer of thermally curable epoxy 

(Loctite, China). The epoxy was first partially cured in an oven for ca. 5 min at 60 °C prior 

to drying in air overnight to completely cure. AFM specimen disks were placed at the 

bottom of 20 mL glass vials and reagents used for bulk crystallization of barite were 

subsequently introduced to the vials upon which crystals nucleated, sedimented onto the 

epoxy, and grew overnight. The samples were gently rinsed with DI water and dried in air 

for one hour prior to imaging.  

For ex situ imaging of the (100) surface of barite, glass slides containing barite 

crystals used in quiescent dissolution assays were fixed onto an AFM specimen disk using 

epoxy and left undisturbed overnight to allow the epoxy to fully cure. These samples were 

imaged in air at ambient temperature and in contact mode with a scan rate of 2.44 Hz at 

256 lines per scan. In situ AFM measurements of barite dissolution were carried out by 

introducing a growth solution with a composition of 0.06 mM BaCl2 and 0.06 mM Na2SO4 

(supersaturation ratio S = 5.3) in DI water into the fluid cell using an in-line mixing 
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configuration at a flow rate of 12 mL h-1 to obtain a smooth (001) surface with classical 

growth features. Measurements were performed using several concentrations of aqueous 

NaOH, alginate, and DTPA solutions (pH = 7 – 9) that were introduced into the fluid cell 

following a 30-min growth period. Continuous imaging was carried out at ambient 

temperature in contact mode with a scan rate of 9.77 Hz at 256 lines per scan. 

Molecular dynamics simulations. Molecular dynamics (MD) simulations were 

conducted with GROMACS 2016.202-203 Barite was described using the potential of Piana 

et al.,128 DTPA was modeled using GROMOS force field parameters from the Automatic 

Topology Builder (ATB) server,204 and the SPC model205 was used for water. Water-barite 

interactions were described using the force field of Piana et al.,128 and standard geometric 

mixing rules were used to parameterize all other van der Waals interactions, with 

parameters for O and S in barite from ATB and parameters for Ba from Rowley et al.206 

Umbrella sampling molecular dynamics (USMD) simulations were performed using the 

PLUMED 2.4.3207-208 plugin for GROMACS to characterize the DTPA-assisted 

detachment of Ba2+ ions from the barite (001) surface. Additional details of the MD 

simulations are provided in the Supplementary Methods section within the Supporting 

Information. 
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Chapter 4: Green Inhibitors of Barite Nucleation and Growth 

Mineralization of alkaline earth metals and iron-based scale components is an 

undesirable and ubiquitous phenomenon in industrial systems for wastewater treatment, 

energy production, and manufacturing.106, 108-109 One of the most stubborn components of 

mineral scale is barium sulfate (i.e., barite).209,210 Approaches to prevent barite scale 

include treatments with phosphonate-based commercial inhibitors such as 

diethylenetriamine penta(methylene phosphonic acid) (DETPMP), hydroxyethylidene 

diphosphonic acid (HEDP), or related analogues.109, 112-113, 211-213 Carboxylate-based 

compounds are generally less potent, and thus have received less attention as commercial 

scale inhibitors, but are frequently employed as chelating agents of alkaline earth metals 

(e.g., Ba2+ and Ca2+). Examples include ethylenediaminetetraacetic acid (EDTA) and 

diethylene-triaminepentaacetic acid (DTPA) owing to their strong binding affinity for 

metal ions.100-104 Most commercial compounds used to treat barite scale are not easily 

biodegradable. Moreover, one drawback of carboxylate-based compounds is the required 

use of caustic (highly alkaline) solutions to dissociate acid groups for improved efficacy.120, 

214 Thus, there remains a need for environmentally friendly alternatives to effectively 

inhibit mineral scale.   

Inspiration for the design of novel crystal growth inhibitors can be drawn from 

natural compounds (or their derivatives) that regulate biomineralization.22-27 One class of 

natural carboxylate-based compounds with broad appeal are polysaccharides owing to their 

ability to regulate the crystallization of numerous minerals. These species are generally 

referred to as modifiers, but more specifically they are denoted as either promoters or 

inhibitors of crystallization. Polygalacturonic acid is a bioinspired compound reported to 
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inhibit barite crystallization.111 Additional examples include carboxymethylcellulose 

(CMC) and carboxymethyl inulin,215-217 which are effective inhibitors of calcium oxalate 

and calcium carbonate. One polysaccharide that has shown promise is alginate, a linear 

biopolymer constructed from mannuronic acid (M) and guluronic acid (G) monomers, 

which is extracted from brown sea algae and is used commercially as an additive in 

consumer goods.188-190 Although its efficacy has not been tested previously for barite, it 

has been demonstrated that alginate is an effective inhibitor of calcium and magnesium 

based scales218 and crystals such as calcite (CaCO3), hydroxyapatite (Ca10(PO4)6(OH)2), 

and struvite (NH4MgPO4 ∙ 6H2O), and a mild inhibitor of brushite (CaHPO4 ∙ 2H2O) 

crystallization.219-226  

The efficacy of an inhibitor is determined by its ability to suppress nucleation 

and/or crystal growth. It is less common to encounter compounds capable of fully 

suppressing nucleation, and also unusual to find a compound with dual capability to inhibit 

both nucleation and growth. There are a few phosphonate-based compounds that inhibit 

barite nucleation.227-229 To our knowledge there are no examples of barite nucleation 

inhibitors containing only carboxylate moieties; prior studies have instead reported 

exclusively on the efficacy of carboxylate-based compounds as inhibitors of crystal 

growth.27, 100-102, 104, 111, 228, 230 Barite grows via a classical layer-by-layer process involving 

the addition of monomer (solute) from solution to crystal surface sites (i.e., kinks, steps, 

and terraces).231 Growth inhibitors for a variety of systems reduce the rate of solute addition 

to crystal surfaces by two predominant mechanisms: kink blocking and step pinning.17 

Kinks are the most favorable sites for solute incorporation; thus, the adsorption of 

inhibitors to these sites can dramatically reduce (but not fully impede) the rate of step 
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advancement.15, 31 A more effective mechanism of growth inhibition is step pinning 

wherein modifiers adsorb on terraces and suppress step growth by imposing a surface 

tension on advancing layers.15-16 A common attribute of crystal growth inhibitors is their 

preference for binding to select crystallographic surfaces, which alters the anisotropic 

kinetics of growth.17, 80 This binding specificity enables certain facets to grow at the 

expense of others that are either fully or partially inhibited, which can explain why there 

are few inhibitors that are capable of fully suppressing crystallization. 

Hydrodynamics can play an important role in scale treatment. It has been 

demonstrated that higher rates of fluid flow minimize barriers for inhibitor diffusion to 

barite surfaces, thereby improving modifier efficacy.18-19, 195 Turbulent rotary flow232 in the 

presence of modifiers has been shown to enhance crystal growth inhibition, whereas 

stirring19 can reduce an inhibitor’s efficacy relative to quiescent conditions. The effects of 

laminar fluid flow conditions on crystal growth inhibition can be probed at different length 

scales.209 Microfluidics offers a unique platform to investigate bulk crystallization kinetics 

and time-resolved morphological development of crystals at the macroscopic level,18, 195 

whereas in situ atomic force microscopy (AFM) can be used to extract mechanistic details 

of surface growth inhibition at near molecular level.17, 53, 233-235  

In this study, we use a combination of microfluidics, AFM, and other techniques to 

assess a series of polycarboxylates as potential barite scale inhibitors under quiescent and 

flow conditions. Bulk assays reveal a wide disparity in efficacy of polycarboxylates as 

inhibitors of barite crystallization. Among the compounds investigated, we identified two 

macromolecules – alginate and polygalacturonic acid – that are capable of inhibiting barite 

nucleation. Microfluidic assays revealed that alginate was also a potent inhibitor of barite 
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crystal growth, showing that alginate fully suppresses barite crystallization. Furthermore, 

in situ AFM studies reveal two distinct mechanisms of layer growth inhibition on barite 

crystal surfaces that are dependent upon the concentration of alginate. Based on these 

findings, alginate emerges as a sustainable alternative to commercial additives owing to its 

dual role as a nucleation and growth inhibitor. 

4.1 Experimental Methods of Barite Growth Inhibition 

Materials. The following reagents were purchased from Sigma Aldrich: barium 

chloride dihydrate (99+%), sodium sulfate (>99%), sodium hydroxide (>97%), and sodium 

chloride (>99.5%), sodium citrate tribasic dihydrate (≥99.0%), sodium alginate from algae 

brown, succinic acid, tricarballylic acid, 1,2,3,4-butanetetracarboxylic acid, 

ethylenediaminetetraacetic acid (EDTA), and diethylenetriaminepentaacetic acid (DTPA). 

Sodium alginate (Grindsted FD 120) was provided by Danisco. Polydimethylsiloxane 

(PDMS, Dow Corning SYLGARD 184) was purchased from Essex Brownell, and SU-8 

2150 photoresist and SU-8 developer were purchased from Microchem. All chemicals were 

used as received without further purification. Silicone tubing was purchased from Cole-

Parmer. Single-side polished 4-inch P-type silicon wafers <100> were purchased from 

University Wafer and were cleaned using a piranha solution. Deionized (DI) water used in 

all experiments was filtered with an Aqua Solutions RODI-C-12A purification system 

(18.2 MΩ·cm).  

Bulk crystallization assays. Barite crystals were synthesized using a protocol 

modified from procedures reported in the literature.96, 113, 126, 141, 159-160 In a typical synthesis, 

NaCl(aq) was first added into a 20-mL glass vial followed by aliquot addition of 10 mM 

BaCl2,(aq) and 10 mM Na2SO4,(aq) stock solutions under mild agitation for 10 s. Samples 
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prepared in the presence of molecular modifiers were carried out by adding aliquots of 

molecular modifiers (aq) to the reaction mixture prior to the addition of Na2SO4. The final 

growth solutions with a total volume of 10 mL had a pH of 7.1 ± 0.3 and a composition of 

0.5 mM BaCl2 : 0.5 mM Na2SO4 : 600 mM NaCl : x μg mL-1 modifier (0 ≤ x ≤ 10). The 

sample vials were left undisturbed at 22 °C for 24 h to allow crystallization of hexagonal 

barite platelets with well-defined (001), (210), and (100) facets. 

Microfluidic assays in the presence of inhibitors. To quantify the inhibition 

efficacy, the seeded growth of barite crystals was imaged over time using an inverted 

optical microscope. Microfluidic devices were assembled and seeded with barite crystals 

using a previously reported method.195 Two solutions were prepared and transferred into 

separate syringes. One solution contained 0.5 mM BaCl2 and the second solution contained 

0.5 mM Na2SO4, 1.2 M NaCl and various quantities of growth modifiers (0 – 20 µg mL-1). 

The two solutions were mixed using an inline flow configuration that produced a final 

composition of 0.35 mM BaCl2, 0.35 mM Na2SO4, 600 mM NaCl and inhibitors at varied 

concentration. The fully mixed growth solution was introduced into seeded PDMS chips 

using a dual syringe pump where inhibitors were added to the syringe containing SO42- to 

minimize formation of ion complexes. Growth solutions were mixed through silicon tubing 

attached to a y-connector, and then successively fed into the corresponding inlet of the 

concentration gradient generator. 

Materials characterization and Instrumentation. Powder X-ray diffraction 

(PXRD) patterns of natural and as-synthesized samples were collected on a Rigaku Smart 

Lab X-ray diffractometer using a Cu-Kα radiation source (λ = 1.5406 Å, 40 kV, 30 mA). 

Reference PXRD patterns were selected from the ICDD PDF-2 2013 database.236 Dual star 
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benchtop pH/ISE meters (Orion) equipped with a ROSS Ultra electrode (8102BNUWP) 

was used for adjusting pH with 10 mM solutions of NaOH and HCl. Conductivity 

measurements were carried out to assess the crystallization kinetics in the presence of 

crystal modifiers. Conductivity probe (VWR, 515 conductivity dip cell coated with Au) 

was vertically immersed into the growth solution under magnetic stirring (600 rpm) and 

the readings were recorded by the conductivity meter (VWR EC meter, model 2052). The 

conductivity probe was calibrated with 0.005 M KCl standard solutions prior to the 

experiments.  

For ex situ microscopy measurements, a clean glass slide (1 cm2) was positioned at 

the bottom of the vials to collect barite crystals. After crystallization, the glass slide was 

removed from its solution, gently rinsed with de-ionized (DI) water, and dried in air prior 

to analysis. SEM samples were prepared by attaching carbon tape to SEM studs and 

subsequently attaching glass slides to carbon tape by gently pressing the glass slide to the 

tape using tweezers. Scanning electron microscope (SEM) images were obtained on a FEI 

235 dual-beam (focused ion-beam) system operated at an accelerating voltage of 15 kV 

and a working distance of 5 mm. As-synthesized samples were prepared by gently pressing 

the glass slide containing crystals onto the carbon tape. All the samples were coated with 

a thin layer of gold (ca. 5 – 10 nm) prior to imaging.  

The size and morphology of barite crystals were examined using Leica DM2500-

M optical microscope in transmittance mode, and in situ imaging of crystal growth was 

performed on the Leica DMi8 inverted optical microscope using transmittance mode 

equipped with HC PL Fluotar 5×, 10×, 20×, and N Plan L 50× objectives. To characterize 

crystals grown in the quiescent bulk assay, at least ten brightfield images of representative 
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areas on the bottom of the glass vials were captured in transmittance mode. The average 

[010] length, [100] width, and [001] thickness of crystals in optical micrographs were 

measured from a minimum of 100 crystals per trial and three separate trials. In situ time-

resolved studies were evaluated using a Leica DMi8 inverted optical microscope equipped 

with a motorized stage and LAS X software. Images were captured in transmittance mode 

along a minimum of 20 positions throughout a seeded microchannel at 10 – 30 min 

intervals for at least 3 h. Crystals observed in situ were analyzed using ImageJ (NIH) and 

the detailed analytical protocol is described in our previous work.195 From the change in 

crystal length over time, a growth rate r was determined for each experimental condition. 

The relative growth rate (RGR) was calculated as 

𝑅𝑅𝐴𝐴𝑅𝑅 =  𝐿𝐿m
𝐿𝐿c

     Eq. (3) 

and 

𝑅𝑅𝑅𝑅𝑅𝑅 =  𝑟𝑟m
𝑟𝑟c

      Eq. (4) 

where Lm and Lc represent the length of crystals grown in the presence of a modifier (m) 

and in the absence of any additive (c, control). The parameters rm and rc represent growth 

rates in the presence and absence of a growth modifier, respectively. 

Atomic force microscopy. In situ atomic force microscopy (AFM) was performed 

to examine the temporal changes in topographical features on barite crystal surfaces. Barite 

crystals prepared via the bulk crystallization method described previously were synthesized 

directly onto an AFM specimen disk (Ted Pella) covered with a thin layer of thermally 

curable epoxy (Loctite, China). The AFM specimen disks were placed at the bottom of 20 

mL glass vials and reagents used for bulk crystallization of barite were subsequently 

introduced to the vials upon which crystals nucleated, sedimented onto the epoxy, and grew 
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overnight. The samples were then rinsed in DI water and exposed to a growth solution 

(supersaturation ratio of S = 4.4) containing only Ba2+ and SO42- ions for 1 hour prior to 

imaging. All AFM measurements were performed in a Cypher ES instrument (Asylum 

Research, Santa Barbara, CA) using silicon nitride probes with fold reflex coating and a 

spring constant of 0.15 N/m (Olympus, TR800PSA). The liquid cell (ES-CELL-GAS) 

contained two ports for inlet and outlet flow to maintain constant supersaturation during 

AFM measurements. Growth solutions containing different concentrations of solute 

(BaCl2, Na2SO4) and inhibitors were delivered to the liquid cell using a y-connector mixing 

configuration where both solute solutions were combined immediately before entering the 

cell (analogous to the microfluidics configuration). Continuous imaging was performed at 

ambient temperature in contact mode with a scan rate of 2.44 Hz at 256 lines per scan. 

4.2 Identifying Potent Inhibitors of Barite Crystallization 

We selected nine different polyprotic acids (Figure 26, molecules I – IX) as 

potential inhibitors of barite crystallization. These molecules include polycarboxylic acids 

(I – IV), aminopolycarboxylic acids (V and VI), and biomacromolecules such as alginate 

(VIII) that is composed of two different monomers, D-glucuronic acid (VII) and 

mannuronic acid, and lastly polygalacturonic acid (IX), which has a ring structure and 

chemical functionality similar to both monomers of alginate. The library of modifiers was 

screened in bulk crystallization assays under quiescent conditions to evaluate their efficacy 

ex situ, as determined from changes in the size, morphology, and number density of crystal 

populations. Growth solutions used for these bulk assays were prepared with a 

supersaturation ratio of S = 10 (pKsp of barite = 9.97 at 25 °C).121  
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Barite crystals obtained from bulk assays in the absence of a modifier (control) 

exhibit a hexagonal coffin-shaped morphology (Figure 27a,e). At low modifier 

concentration (1 μg mL-1), we observed no apparent change in barite crystal morphology 

(Figure A28) when using the following molecules: succinic acid (I), tricarballylic acid (II), 

tetracarboxylic acid (IV), and D-guluronic acid (VII). Conversely, the addition of 1 μg mL-

1 of citrate (Figure 27b,f), EDTA (Figure A28), or DTPA (Figure 27c,g) had a pronounced 

impact on barite morphology. The latter two directed the formation of barite crystals with 

irregular features, whereas citrate preferentially binds to the apical tips of barite crystals to 

elongate them along the a-direction (Figure A28). Except for citrate, molecules containing 

fewer than 4 carboxylates had a moderate effect on barite crystal morphology. 

Interestingly, there were almost no crystals detected in bulk assays with 1 μg mL-1 of 

alginate (Figure 27d) in the timeframe of measurement (ca. 24 h). Trace particles with a 

globular, unidentifiable morphology (Figures 27h and A29) were observed at a lower 

alginate concentration.  

 

Figure 26. Chemical structures of molecules tested as putative growth modifiers of barite crystallization.  
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A ten-fold increase in a given modifier concentration (10 μg mL-1) resulted in more 

pronounced changes to barite crystal morphology (Figure A30), apart from succinic acid, 

tricarballylic acid, and D-guluronic acid. Growth solutions containing 10 μg mL-1 of citrate 

produced crystals with spheroidal features. Tetracarboxylic acid produced crystals with 

shapes similar to those observed with EDTA at lower concentration (Figure A28), whereas 

EDTA at higher concentration resulted in thin, needle-like crystals that were often observed 

to form aggregates in a spherulitic conformation (Figure A30). Bulk assays in the presence 

of DTPA generated crystals with round edges (i.e., lack of distinct facets). Similarly, assays 

with 10 μg mL-1 polygalacturonic acid resulted in aggregates of spherical crystals, similar 

to those in the presence of alginate at much lower concentrations (Figure A29). Powder 

XRD patterns of all crystals confirmed the formation of crystalline barium sulfate (Figure 

A31); however, crystals synthesized in the presence of macromolecules resulted in number 

densities too low to determine crystallinity via powder XRD.  

 

Figure 27. Optical (a – d) and scanning electron (e – h) micrographs of barite crystals synthesized in the 
absence of modifiers (a and e) and in the presence of (b and f) 1 μg mL-1 citrate, (c and g) 1 μg 
mL-1 DTPA, (d) 1 μg mL-1 alginate, and (h) 0.5 μg mL-1 alginate.  
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Crystal growth inhibition resulting from specific interactions between modifiers 

and crystal surfaces can be gleaned from changes in relative crystal dimensions (e.g., the 

length measured along the fastest growth direction, [010]). The effect of modifiers on 

crystal habit were grouped into one of two general categories, (i) well-defined 

morphologies and (ii) irregular particles, and quantified with respect to the control (i.e., no 

modifier) using a relative length ratio (RLR, Eq. 3). At the highest modifier concentration 

tested (10 μg mL-1), only a subset of molecules resulted in more than 50% reduction in 

barite crystal length. These include citrate (III), tetracarboxylate (IV), EDTA (V), DTPA 

(VI), and alginate (VIII) (Figure 28a). The latter three stand out as exemplary inhibitors 

(i.e., >80% reduction in RLR). At the lowest modifier concentration tested (1 μg mL-1), the 

impact of alginate on RLR is almost unchanged whereas the other molecules are far less 

effective (Figure 28b).  
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Figure 28. Histograms comparing the efficacy of modifiers based on their alteration of the relative length 
ratio (RLR), as defined in Eq. 3, at two different modifier concentrations: (a) 10 μg mL-1 and (b) 
1 μg mL-1.  
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Table 2. Number density of barite crystals in bulk crystallization assays.a 

 Polycarboxylate Sample 
Number density (mm-2) b 

1 μg mL-1 10 μg mL-1 

Succinic acid I 7.9 ± 0.4 4.8 ± 0.3 

Tricarballylic acid II 9 ± 1 11 ± 1 

Citrate III 7.1 ± 0.6 16 ± 1 

Tetracarboxylic acid IV 8.5 ± 0.4 4.9 ± 0.3 

EDTA V 4.0 ± 0.5 3.9 ± 0.2 

DTPA VI 13 ± 1 38 ± 2 

D-Guluronic acid VII 9.2 ± 0.7 3.0 ± 0.5 

Polygalacturonic acid IX 2.5 ± 0.1 1.0 ± 0.1 

Alginate VIII 0 0 

a. measurements in supersaturated solutions (S = 10) under 

quiescent conditions; b. number density of the control is 5.2 ± 

0.7 mm-2 

 

4.3 Impact of Inhibitors on Barite Nucleation 

The effect of modifiers on barite nucleation was inferred by measuring changes in 

the number density of barite crystals as an indicator of a modifier’s mode of action. 

Promotion of nucleation generally results in a larger population of crystals, whereas 

inhibition of nucleation yields the opposite effect. To assess the impact of each modifier, 

the average number density of crystals after bulk crystallization assays (Table 2) was 

compared against a control sample (5.2 ± 0.7 crystals mm-2) synthesized at the same 
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supersaturation (S = 10) in the absence of any modifier. Within the error of measurement, 

most modifiers had negligible effect on nucleation. At the highest modifier concentration 

tested, three compounds appear to promote nucleation. DTPA produced the highest number 

density of crystals (nearly 8-fold higher than the control), and citrate and tricarballylic acid 

resulted in 4- and 2-fold increases, respectively. Conversely, both macromolecules 

(polygalacturonic acid and alginate) were the only modifiers that inhibit nucleation. 

Notably, alginate is unique among the modifiers tested based on its ability to prevent 

nucleation at both low and high concentration. To our knowledge, this is the first evidence 

that a single modifier is capable of fully suppressing barite nucleation at environmentally 

friendly conditions (pH = 7) without the use of Ba2+ sequestering agents. 

4.4 Impact of Inhibitors on the Kinetics of Barite Crystallization 

The kinetics of barite crystallization were evaluated by tracking the temporal 

depletion of Ba2+ and SO42- ions from a supersaturated barite growth solution in the absence 

and presence of each modifier using ionic conductivity. Unlike the previous bulk 

crystallization assays, these studies were conducted under stirring (at 400 rpm) to reduce 

the induction period and overall time of crystallization. These measurements cannot fully 

decouple the effects of nucleation from crystal growth, but do allow for direct assessment 

of modifier efficacy. We determined the rate of crystallization from the initial 

(approximately linear) decrease in conductivity with time from de-supersaturation curves 

(Figure A32), and report the relative growth rate (RGR, Eq. 4) using as a reference the 

value obtained from a supersaturated growth solution (control) in the absence of modifier 

(Figure 29). A value of RGR = 1 signifies no change in the rate of growth, whereas RGR 

< 1 indicates crystal growth inhibition.  
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Figure 29. (a) Relative growth rate (RGR) determined from the linear slope of de-supersaturation curves 
(Figure S5) of growth solutions (S = 10) containing 1 µg mL-1 of each modifier. (b) Percent 
inhibition of barite growth as a function of alginate concentration.  

 

The modifiers can be grouped in general categories based on their relative efficacy: 

weak inhibitors (I and II), moderate inhibitors with RGR ≈ 0.5 (IV and V), and strong 

inhibitors with RGR < 0.25 (III, VI, and VIII). These results contrast with those from the 

bulk assays under quiescent conditions (Figure 28b), in which alginate significantly 

outperforms all other modifiers. This comparison indicates that agitation (or stirring) 

reduces alginate’s efficacy, leading to a maximum 80% inhibition of barite crystallization 

(Figure 29b) compared to the complete suppression of nucleation observed under quiescent 
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conditions (Table 2). These results are analogous to other mineral systems, such as struvite, 

in which a transition from stirring to quiescent conditions enhances the efficacy of crystal 

growth inhibitors.19 

4.5 Effect of Potent Inhibitors on Anisotropic Crystal Growth  

To evaluate the effects of alginate on the anisotropic rates of barite crystallization, 

we used a microfluidic platform to track temporal changes in the macroscopic dimensions 

of crystals under controlled flow rates (i.e., fixed Reynolds number Re = 9.2). Benefits of 

using microfluidics include the ability to (i) maintain a constant supersaturation, (ii) 

decouple the effect of modifiers on crystal growth relative to nucleation, and (iii) quantify 

the anisotropic rates of growth for all relevant crystal facets at a macroscopic level. For 

these studies we prepared seeded microfluidic devices and slightly reduced the 

supersaturation of the growth medium (S = 7.0) to prevent the formation of new nuclei. 

Seed crystals in the microchannels that are exposed to growth solutions without inhibitors 

grow anisotropically with a fixed aspect ratio. To account for alginate inhibition of growth, 

we monitored the basal (001) surface and tracked temporal changes in the length and width 

of crystals along the b- and a-directions, respectively. The growth rates in the presence of 

each additive (Figure 30) are compared against the control to calculate relative growth rates 

(RGR) for alginate as well as two additional compounds, DTPA and citrate, which were 

identified as moderately effective inhibitors (Figure 29a).  
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Figure 30. Relative growth rate (RGR) of barite crystallization based on (a) crystal width and (b) length 
dimensions as a function of modifier concentration. All experiments use conditions where 
molecules are mostly deprotonated: pH 7 for alginate and citrate196, 237, and pH 9 for DTPA.195  

 

Barite crystal growth is completely inhibited under low-Re (Re = 9.2) flow in the 

presence of 0.2 µg mL-1 alginate, which is similar to the results obtained under quiescent 

conditions (Figure 27) at higher alginate concentrations (Figure 30). This result highlights 

the potency of alginate in comparison with DTPA and citrate, which do not exceed 60% 

inhibition (where percent inhibition is defined as (1 – RGR) × 100%). The inhibition 

profiles for DTPA and citrate are similar, although the latter is slightly more effective at 

suppressing growth along the length of the crystal (Figure 30a). DTPA and citrate are 
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similarly effective at inhibiting barite growth along the width of crystals (Figure 30b). 

These observations indicate that DTPA has a minor preference for binding to barite (100) 

surfaces at lower concentrations (< 0.6 µg mL-1), whereas citrate exhibits non-preferential 

interactions between (100) and (010) surfaces. 

Prior studies of barite crystal growth inhibitors have predominantly assessed their 

impact on the kinetics of crystallization without examining specific influences on the 

physical properties of crystals (e.g., size and morphology).27, 96, 104, 111, 126, 238-240 Here, we 

use in situ optical microscopy to track temporal changes in crystal morphology of barite 

seed crystals in microfluidic channels under the flow of supersaturated solutions containing 

alginate (Figures 31a and A35). Time-resolved images reveal that seed crystals grow 

disproportionately at the apical tips (i.e., {210} facets) and a fraction of crystals exhibit 

orientation-dependent anisotropic growth. These effects are observed for a minor 

population of crystals (labelled as “crystals affected by flow”). The asymmetric geometry 

develops after exposure to growth solutions containing alginate (indicated by white arrows 

in Figures 31a and A35), leading to crystals with aspect ratios that are much smaller than 

the average value measured in bulk crystallization assays (i.e., a higher percentage of 

length-to-width ratios L/W ≤ 2; see Figure A36). Analysis of crystals affected by flow for 

different alginate concentrations reveals that asymmetric growth inhibition is more 

pronounced at lower alginate content (<0.05 µg mL-1). Notably, the {210} facets oriented 

against the direction of flow grow at a slower rate than those on the opposite sides of the 

crystal, resulting in abnormal morphologies with longer imaging time. The percentage of 

crystals affected by flow monotonically decreases from 35% to less than 5% with 

increasing alginate concentration (Figure 31b). These features are consistent with faster 
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transport of alginate to facets directly facing oncoming solution flow. Previous literature 

has shown that laminar streams that encounter immobile crystals can generate different 

secondary flows depending on the crystal orientation.241 Specifically, these secondary 

flows produce wakes near the trailing facets where solute transport to the crystal is reduced. 

These changes in flow surrounding the crystals can result in morphological instabilities, 

macrostep formation, and liquid inclusion.    

 

Figure 31. (a) Optical micrographs after 1 and 3 h of continuous imaging show asymmetric inhibition of 
barite {210}. Scale bar equals 20 µm. (b) Percentage of the crystal population in microchannels 
that demonstrate asymmetric growth as a function of alginate concentration.  
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4.6 Mechanism of Barite Growth Inhibition 

Prior studies have used in situ AFM to show that barite surfaces grow classically 

(i.e., layer-by-layer).38, 137-138, 242-243 This technique has also been used to examine 

conditions of barite surface dissolution89, 137, 169 and with respect to the impact of select 

inhibitors on surface topography (e.g., layer morphology).101, 110 To the best of our 

knowledge, AFM has not been used to elucidate the mechanism(s) of barite growth 

inhibition in the presence of carboxylate based modifiers. Here, we visualize the growth of 

barite (001) surfaces at near molecular level using in situ AFM to elucidate the mode of 

action by which alginate fully suppresses layer advancement. At low supersaturation (S = 

4.4) barite growth is primarily governed by the formation of rhombohedral growth hillocks 

that emanate from screw dislocations (Figure 32a). In the presence of alginate, step 

velocities were measured and compared against step velocities in a pure growth solution. 

Step advancement is suppressed (Figure A37) with increasing inhibitor concentration 

(Figure 32b) via a step pinning mechanism (see Figure A38).32, 244 The morphology of the 

growth hillock, however, remains largely unchanged after exposure to alginate. Barite 

growth at slightly higher supersaturation (S = 5.3) occurs by the birth and spread of 2-

dimensional (2D) islands with a triangular morphology bound by the 〈120〉 and 〈010〉 

directions (Figure 32c). These 2D nuclei have an average height of 3.6 Å (Figure 32d), 

which is equal to one-half the barite unit cell dimension (c/2). There is a 180-degree 

inversion of 2D island orientation with each new layer (Figure A39) owing to the 21 axis 

symmetry of barite with alternating sulfate group orientation between each half unit cell.93, 

135, 201  
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At high alginate concentration (≥ 1 μg mL-1), we observe complete suppression of 

layer advancement (Figure A40). At lower alginate concentration (e.g., 0.05 μg mL-1), 

however, we observe bimodal behavior: One fraction of step edges advance at slower rates 

compared to layer growth in the control, whereas a second fraction of step edges at random 

orientations are fully suppressed (as indicated by the solid yellow lines in Figure 32e). 

Sequential images from in situ AFM show that islands growing on the upper terrace of 

immobilized layers advance until reaching the step edge where growth ceases, leading to 

the onset of step bunching. This finding is consistent with scanning electron micrographs 

(Figure A29) showing the presence of macrosteps on different surfaces of barite crystals 

obtained from bulk assays at quiescent conditions. Collectively, these results demonstrate 

a disconnect in modifier efficacy determined by microfluidic assays compared to in situ 

AFM studies.  

Alginate demonstrates a greater inhibition potency in macroscopic (microfluidic) 

studies compared to molecular level studies (in situ AFM). Complete barite growth 

inhibition is observed at alginate concentrations > 0.2 µg mL-1 in microfluidic assays, while 

in situ AFM studies require modifier concentrations of 1.5 µg mL-1 or greater to achieve 

the same result. This discrepancy is attributed to the significant differences in fluid cell 

geometry, which influences flow patterns and mass transport, between rectangular 

microchannels in the microfluidic device and the AFM fluid cell. Simple geometries such 

as rectangular microchannels allow for controlled laminar and axial flow at the flow rate 

investigated (Re = 9.2, 12 mL h-1), whereas the AFM fluid cell design generates a thin film 

of liquid with a primarily radial flow pattern owing to the perpendicular inlet and outlet 

relative to the sample. The radial flow pattern combined with the interference of the 
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cantilever probe in AFM studies poses a challenge in accurately mimicking macroscopic 

flow conditions, which results in mass transport limitations in the growth inhibition studies 

particularly with bulky modifiers such as alginate.142 

 

 

Figure 32. (a) Deflection mode image showing spiral growth from a screw dislocation. (b) Step velocity in 
the 〈120〉 direction. (c) Newly formed 2D growth layers. (d) a representative height profile along 
the dashed yellow line in panel c). (e) Snapshots of 2D layer nucleation and advancement. 

 

In this article, we systematically evaluated diverse carboxylate-based molecules as 

inhibitors of barite crystallization under quiescent and flow conditions. A combination of 

microfluidics and atomic force microscopy was used to assess growth inhibition from the 

molecular to macroscopic scale. These findings demonstrated that alginate outperforms 
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other crystal growth modifiers, including common commercial scale treatments such as 

EDTA and DTPA. One of the unique observations is the full suppression of both nucleation 

and growth of barite crystals at relatively low alginate concentration (i.e., 0.2 µg mL-1). 

The superior performance of alginate relative to other carboxylate-based compounds lies 

in its ability to interact with all principal surfaces of barite crystals. Time-resolved imaging 

of (001) surface growth during in situ AFM measurements reveals that alginate inhibits the 

advancement of layers via a step pinning mechanism at relatively low supersaturation (S = 

4.4). At higher supersaturation (S = 5.3), we observe a transition in the dominant 

mechanism of inhibition to a step bunching mechanism, which is consistent with macro-

step formation observed in bulk assays.  

In addition to its dual role as an inhibitor of barite nucleation and crystal growth, 

there may be practical advantages for replacing current commercial scale inhibitors with 

alginate. The smaller acid dissociation constants of carboxylate moieties in alginate relative 

to more widely used analogues (e.g., DTPA) allow for alginate to be used at neutral pH, 

thus avoiding caustics (i.e., corrosive media) required in many commercial scale 

treatments. Moreover, the fact that alginate is readily available in nature and is 

biodegradable makes it an environmentally friendly alternative to products currently used 

to suppress the formation of barite scale. 
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Chapter 5: Irreversible Mechanism of Barite Growth Inhibition 

Crystallization is a ubiquitous phenomenon in natural, biological, and synthetic 

processes that include (but are not limited to) biomineralization,22-25, 48, 178-184, 245 

pathological or infectious human diseases,15-19, 237, 246 and scale formation in industrial 

pipelines.21, 104, 106, 174, 218, 238, 240, 247-248 The latter two examples are cases where crystal 

growth is problematic and research efforts are focused on development economic, facile 

routes to inhibit crystallization. In this study we examine methods to curtail the formation 

of barium sulfate (barite), which is a persistent inorganic scale component with a sparing 

solubility that forms during energy production.109, 121, 176 One of the most common methods 

of controlling crystallization is the use of molecular modifiers, which either promote or 

inhibit rates of crystal nucleation and/or growth.  

Nucleation of a crystalline phase is a stochastic process that relies primarily on the 

supersaturation of the parent solution. Foreign additives can be introduced into growth 

media as a means of inhibiting crystal nucleation via sequestration of solutes (i.e., reducing 

supersaturation), disrupting the formation of a critical nucleus (within the context of 

classical nucleation theory), or altering self-assembly of clusters that participate in 

nonclassical mechanisms of crystallization.55, 59, 249-251 Most common industrial modifiers 

of barite and other scale are rich in phosphate moieties (e.g., hydroxyethylidene 

diphosphonic acid or diethylenetriamine penta(methylene phosphonic acid)).112-113, 211-213 

Most of these commercial compounds are not easily biodegradable. Moreover, it is difficult 

to identify (macro)molecules that function as dual inhibitors of crystal growth and 

nucleation. 
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5.1 Citrate and Analogues as Crystal Growth Modifiers 

Crystal growth modifiers are generally capable of altering the morphology, size, 

and/or structure of crystals, often through preferential interaction with different 

crystallographic facets.80-81 Modifiers are typically decorated with functional groups 

(motifs) that have a strong binding affinity to crystal surface sites (kinks, step edges, or 

terraces) where they impede solute attachment via distinct modes of action31, 79 that alter 

anisotropic rates of growth with concomitant impact on crystal shape.81 Citric acid is a 

common modifier of numerous minerals, such as calcium oxalate monohydrate and 

calcium carbonate,81, 252-256 and is an active component in formulations used to prevent pipe 

corrosion.14, 83-87 Citrate is also commonly used as a capping agent for materials such as 

silver (Ag) and gold (Au) nanoparticles to elicit tailored crystal morphologies.257-259 An 

analogue of citrate, hydroxycitrate (HCA), has also been found to be an effective inhibitor 

of calcium-based crystallization through a unique stain-induced mechanism.260-264  

 Here we implement a cooperative approach to investigate barite crystallization and 

inhibition pathways using bulk crystallization assays, microfluidics, and atomic force 

microscopy (AFM). These collective experiments reveal HCA to be the most effective 

inhibitor among molecules tested in this study. Through time-resolved microfluidic assays 

we identified that HCA exhibits a preferential binding to barite (010) and (100) facets. 

Using oblique illumination microscopy (OIM), we investigate barite nucleation events and 

observe a decrease in barium sulfate particles in the presence of 1 mM HCA suggesting 

that HCA acts as a potent barite nucleation inhibitor. Moreover, in situ AFM studies reveal 

a unique mechanism of irreversible (001) barite surface growth inhibition in the presence 

of HCA, thus identifying this naturally-derived molecule as a potent barite nucleation and 
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growth inhibitor that is capable under certain conditions to irreversible inhibit barite (001) 

surface growth.  

5.2 Methods of Investigating Barite Nucleation and Growth 

Materials. The following reagents were purchased from Sigma Aldrich: barium 

chloride dihydrate (99+%), sodium sulfate (>99%), sodium hydroxide (>97%), and sodium 

chloride (>99.5%), sodium citrate tribasic dihydrate (≥99.0%), DL-isocitric acid disodium 

hydrate (93%), potassium hydroxycitrate tribasic monohydrate (≥95%), sodium hydroxide 

(>97%), hydrochloric acid (37%). Polydimethylsiloxane (PDMS, Dow Corning 

SYLGARD 184) was purchased from Essex Brownell. SU-8 2150 photoresist and SU-8 

developer were purchased from Microchem. All chemicals were used as received without 

further purification. Silicone tubing was purchased from Cole-Parmer. Deionized (DI) 

water (18.2 MΩ·cm) filtered with an Aqua Solutions RODI-C-12A purification system was 

used in all experiments.  

Bulk crystallization assays. Barite crystals were synthesized using a protocol 

established in previous work.195 Barite crystals are synthesized by adding NaCl(aq) into a 

20-mL glass vial followed by aliquot addition of 10 mM BaCl2,(aq) and 10 mM Na2SO4,(aq) 

stock solutions under mild agitation for 10 s. Samples prepared in the presence of inhibitors 

were carried out by adding aliquots of aqueous stock solutions of inhibitors to the reaction 

mixture prior to the addition of Na2SO4. The final growth solutions with a total volume of 

10 mL had a pH of 7.1 ± 0.3 and a composition of 0.5 mM BaCl2 : 0.5 mM Na2SO4 : 600 

mM NaCl : x µM modifier (0 ≤ x ≤ 5). The sample vials were left undisturbed at 21 ± 1.0 

°C for 24 h to allow crystallization of hexagonal barite crystals exhibiting (001), (210), and 
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(100) facets (Figure 1C). Natural barite samples were obtained from Amazon and purity 

has been determined in previous work.78 

Barite crystallization kinetics in bulk assays. Conductivity measurements were 

carried out to assess the crystallization kinetics in the absence and presence of inhibitors 

under stirred conditions (300 rpm). The conductivity cell (Thermo Scientific Orion 

DuraProbe), was vertically immersed into the growth solution and the readings are 

recorded by a conductivity meter (Thermo Scientific Orion Star A112 benchtop 

conductivity meter). The conductivity probe was calibrated with Orion conductivity 

standard 100 µS prior to each experiment. A linear fit was performed on the initial linear 

portion (30 min) of conductivity values over time, which represents the rate of solute 

consumption (i.e., crystallization) and is representative of the crystallization growth rate. 

Growth rates in the presence of inhibitors were divided by the growth rate in the absence 

of inhibitors were used to calculate percent inhibition as follows: % Inhibition = (1-

RGR)×100%, where RGR represents the relative growth rate.  

In situ microfluidic assays.  The microfluidic platform used was adapted from 

previous work, in which a chip featuring individual straight channels houses barite seed 

crystals. To grow barite crystals without additional nucleation, a growth solution with 

lower supersaturation (S =7) was delivered into the microchannels using a dual syringe 

pump (CHEMYX Fusion 200) at a rate of 12 mL h-1 for 90 min. For growth, two solution 

components were prepared in individual syringes. One solution contained 0.5 mM 

BaCl2,(aq) and the second solution contained 0.5 mM Na2SO4 and 1.2 M NaCl. The two 

solutions were mixed using an inline flow configuration that produced a final composition 

of 0.35 mM BaCl2, 0.35 mM Na2SO4, and 600 mM NaCl. Inhibition studies required the 
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use of two dual syringe pumps, each containing syringes of the same growth solution 

composition but different quantities of growth modifiers. Time-resolved imaging of barite 

crystal growth and inhibition using an inverted optical microscope was performed to 

quantify the kinetics of barite crystallization.  

Materials characterization and Instrumentation. Dual star benchtop pH/ISE 

meters (Orion) equipped with a ROSS Ultra electrode (8102BNUWP). was used for 

adjusting pH as well as minoring pH change during crystallization. Speciation curves were 

plotted using Hyperquad Simulation and Speciation (HySS2009),265 with pka values 

obtained from literature.246, 266 For ex situ microscopy measurements, a clean glass slide 

(0.5 × 0.5 cm2) was placed at the bottom of the glass vials to collect barite crystals. After 

crystallization, the glass slide was removed from its solution, thoroughly rinsed with DI 

water, and dried in air prior to further analysis. Scanning electron microscope (SEM) 

samples were prepared by attaching carbon tape to SEM studs and subsequently attaching 

glass slides to carbon tape by gently pressing the glass slide to the tape using tweezers. 

Scanning electron microscope (SEM) images were obtained on a FEI 235 dual-beam 

(focused ion-beam) system operated at an accelerating voltage of 15 kV and a working 

distance of 5 mm. as-synthesized samples were prepared by gently pressing the glass slide 

containing crystals onto the carbon tape. All the samples are coated with a thin layer of 

gold (ca. 5-10 nm) prior to imaging.  

The size and morphology of barite crystals were examined using Leica DM2500-M 

optical microscope in transmittance mode, while in situ imaging of crystal growth was 

performed on the Leica DMi8 inverted optical microscope using transmittance mode 

equipped with HC PL Fluotar 5×, 10×, 20×, and N Plan L 50× objectives. At least fifteen 
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brightfield images of representative areas on the bottom of the glass vials were captured in 

transmittance mode for characterization of crystals grown in the bulk assay. The average 

[010] length, [100] width, and [001] thickness of crystals in optical micrographs were 

measured from a minimum of 100 crystals per trial and three separate trials. For in situ 

time-resolved studies, LAS X software was used to program a minimum of 30 positions 

along a seeded microchannel, at which images were captured in transmittance mode at 5 

min intervals for at least 3 h. Crystals observed in situ were analyzed using ImageJ (NIH) 

using a procedure previously reported.195 At least 90 crystals located in different channels 

per batch were analyzed at 5 min intervals over a minimum of 3 h. Crystal lengths were 

measured every 5 min during inhibition studies. From the change in crystal length over 

time, a growth rate r was determined for each experimental condition, which can be written 

as percent inhibition using the relative growth rate described previously.  

 

 Surface characterization by in situ atomic force microscopy. In situ atomic 

force microscopy (AFM) was performed to examine the temporal changes in topographical 

features on the (001) surface of barite. An AFM specimen disk (Ted Pella) covered with a 

thin layer of thermally curable epoxy (Loctite, China) was placed at the bottom of glass 

vials during barite synthesis in the bulk assay procedure outlined above. The epoxy was 

first partially cured in an oven for approximately 6 min at 60 °C and then dried in air 

overnight to completely cure the epoxy. All AFM measurements were performed in a 

Cypher ES instrument (Asylum Research, Santa Barbara, CA) using silicon nitride probes 

with a spring constant of 0.08 N m-1 (Oxford Instruments, PNP-TR 1). The liquid cell (ES-

CELL-GAS) contained two ports for inlet and outlet flow to maintain constant 
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supersaturation during AFM measurements. Several concentrations of citrate (CA), 

isocitrate (ICA), and hydroxycitrate (HCA) were tested in growth solutions with 

supersaturation ratio S = 5.3. The growth solution was delivered to the liquid cell using an 

in-line mixing configuration where the two solute solutions (Ba2+, and SO42-) were 

combined immediately before being introduced into the cell (similar to the microfluidics 

configuration). Freshly prepared growth solutions were used for each experiment (within 

2 hours of their preparation). Continuous imaging was performed at ambient temperature 

in contact mode with a scan rate of 2.44 Hz and 9.77 Hz at 256 lines per scan. For extended 

time experiments (>4 hours), images were taken in contact mode at 30 min intervals. 

Relative step velocities were determined by measuring the temporal change in 2D island 

length in the [010] direction for a minimum of 50 2D islands in the presence of inhibitors 

(v) and in the absence of inhibitors (v0).  

 Nucleation: The onset of nucleation and aggregation of particles was characterized 

by using Nanosight LM10-HS oblique illumination microscopy (OIM) equipped with a 

green laser (532 nm) illuminating a solution film with a thickness of 500 µm at an oblique 

angle. This method relies on light scattered at wavevectors of order μm-1 and probes length 

scales in the range 10−3 to 10 µm. 1 mL samples of supersaturated solution (S = 10) in the 

absence and presence of inhibitors are injected into the OIM chamber, creating the 500 µm 

film between two glass substrates, at varying times of solution incubation at room 

temperature 21 ± 1.0 °C. The Brownian trajectory, and the average number density of the 

particles can be determined through OIM analysis.267 A minimum of 10 regions within the 

liquid film were recorded and at least 50 particles were analyzed to obtain particle number 

density for each inhibitor concentration.  
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5.3 Evaluating the efficacy of citrate analogues  

Here we compare three polyprotic acids of similar structure (Figure 33A): citrate 

(CA), its isomer isocitrate (ICA), and its derivative hydroxycitrate (HCA). Bulk 

crystallization assays were performed in the presence and absence of each modifier using 

optical and electron microscopy to evaluate changes in crystal size, morphology, and 

population, while solution conductivity measurements were used to assess crystallization 

kinetics. For all studies reported herein, solution pH of the growth medium was adjusted 

to 7 in order to evaluate the effects of CA, ICA, and HCA in their fully deprotonated states 

(Figure A41). Optical micrographs of glass slides placed at the bottom of crystallization 

vials were analyzed after 24 h under quiescent conditions to assess the number density of 

crystals. Our findings reveal that CA has no observable effect on crystal number density 

relative to the control (i.e., absence of modifier), whereas a monotonic reduction in barite 

crystal number density is observed with increasing ICA concentration (Figure A42). In 

contrast, we observed a sharp decline in crystal number density for solutions containing 

HCA at concentrations above 1.2 µM (Figure A42), which indicates HCA impedes barite 

nucleation (as will be discussed later).  

Scanning electron microscopy (SEM) images revealed distinct changes in barite 

crystal morphology with each polyprotic acid. Citrate produces a barite morphology with 

a reduced length [010] to width [100] aspect ratio (Figure 34B) compared with that of the 

control (Figure A43), suggesting a preferential binding that influences growth along the 

[010] direction. In media containing ICA, growth is also affected along the [010] direction 

to yield a distinct crystal habit (Figures 33C and A43). Bulk assays in solutions containing 

HCA required significantly less modifier to inhibit crystal growth, and also resulted in the 
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generation of two uncommon crystal facets: (011) and (010) faces (Figures 33D and A43). 

The ability of all three modifiers to impart different crystal morphologies is indicative of 

their unique binding specificities to barite crystal surfaces, consistent with prior studies 

showing the unique effects of these homologous polyprotic acids as modifiers of other 

minerals.237, 246, 268  

 

Figure 33. (A) Chemical structures of citrate (CA), isocitrate (ICA), and hydroxycitrate (HCA). (B-D) SEM 
images of representative barite crystals synthesized in the presence of 3 µM CA, 3 µM ICA, and 
0.3 µM HCA. (E) Percent inhibition of barite crystallization as a function of supersaturation ratio.  

  

Ionic conductivity has proven to be an effective method of screening the efficacy 

of crystal growth modifiers. Monotonic reduction in conductivity during the course of 
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crystallization allows for the quantification of desupersaturation rate (i.e., a surrogate for 

the kinetic rate of crystallization) in the presence and absence of modifiers (Figure A44). 

These experiments were performed over a range of barium sulfate supersaturation (S = 8 – 

14) to assess the degree to which each modifier inhibits solute depletion over time (reported 

as a percent inhibition relative to the control) (Figures A45 and A46). At the lowest 

modifier concentration tested, all three inhibitors have similar trends (Figure 33E). General 

trends in percent inhibition for CA and ICA are nearly identical across all modifier 

concentrations; however, at concentrations of 5 µM HCA we observe a significant 

departure from these trends with HCA becoming a more potent crystallization inhibitor. 

Another unique characteristic of HCA is its ability to completely suppress barite 

crystallization over the entire range of supersaturation compared to CA and ICA, neither 

of which exceed 80% inhibition at the highest supersaturation tested.  

5.4 Microfluidic analysis of barite growth inhibition.  

Here we employ a previously developed microfluidic platform195 to investigate the 

effects of CA, ICA, and HCA on the macroscopic rates of barite growth in all three 

principal crystallographic directions. In these experiments, growth solutions are supplied 

at a constant flow rate to maintain a fixed supersaturation under kinetically-controlled 

growth conditions.195, 269 Optical micrographs taken at periodic time intervals capture the 

growth of individual barite crystals (Figure 34A and B), wherein it is possible to measure 

changes in crystal length, width, and thickness owing to orthogonal orientations of seed 

crystals deposited within the microchannel. In Figure 34C we compare the effects of each 

modifier on anisotropic rates of barite crystal growth. In the presence of 5 µM CA we 

observed a 75% reduction in growth rate along the crystal length (𝑏𝑏�⃑  direction), a 68% 
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reduction of growth along the thickness (𝑐𝑐 direction), and virtually no inhibition along the 

width (�⃑�𝑎 direction). These results are consistent with quiescent bulk assays (Figure A43) 

showing CA binding specificity for the barite (010) surface.  

 

Figure 34. Optical micrographs of barite crystals growing in a microchannel. (C) Growth rate of barite 
crystals for all three principal crystallographic directions in the absence and presence of 5 µM 
CA, ICA, and HCA. (D) Percent inhibition of barite growth as a function of HCA concentrations.  
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Microfluidic assays of growth solutions containing ICA reveal similar specificity, 

but lower efficacy (i.e., growth inhibition of 50, 19, and 49% in length, width, and 

thickness, respectively).Analogous to quiescent bulk assays (Figure 33E), solutions 

containing 5 µM HCA result in nearly complete inhibition of all crystallographic 

directions; thus, studies conducted under both quiescent and flow conditions consistently 

show HCA to be a more potent growth inhibitor.  

The specificity of HCA for barite crystal facets was more clearly differentiated by 

lowering modifier concentration below 2 µM (Figure 34D). Under these conditions, we 

observed that HCA preferentially impedes growth along the [010] and [100] directions 

(Figure A47) with complete suppression occurring around 0.5 µM HCA. On the contrary, 

time-resolved microfluidic assays reveal that HCA’s impact on barite growth along the 

[001] direction is less effective. Indeed, our study reveals that a four-fold higher 

concentration of HCA is required to completely suppress growth along the [001] direction. 

To this end, these results demonstrate that HCA preferentially interacts with barite (010) 

and (100) surfaces. 

5.5 Hydroxycitrate as a barite nucleation inhibitor.  

Having identified HCA as a potent inhibitor of barite growth, we expanded bulk 

crystallization assays (Figure A43) to systematically assess the effects of HCA on barite 

nucleation. We conducted quiescent bulk assays using oblique illumination microscopy 

(OIM), which uses scattered laser light to track the Brownian motion of particles suspended 

in liquid. For these studies we compared supersaturated solutions of barium sulfate in the 

absence and presence of HCA (at fixed S = 10). In solutions without modifier, we measured 

65 ± 6 particles µm-2 immediately after mixing all components and injecting the sample 
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into the OIM chamber. This observation is consistent with conductivity measurements 

(Figure A44) where there is an immediate reduction in the ion concentration upon mixing 

of reagents, which suggests an initial period of rapid precipitation.  

The OIM measurement was repeated in the presence of HCA where we observed a 

monotonic reduction in particle number density with increasing HCA concentration 

(Figure 33A). In supersaturated growth solutions containing HCA at concentrations ≥ 1.75 

µM, we did not observe particles in the OIM sample chamber, which indicates that HCA 

functions as an inhibitor of nucleation. Still frame images from time-resolved OIM 

measurements revealed that supersaturated solution (S = 10) in the absence of HCA 

contains large (mostly immobile) particles that have precipitated to the bottom of the 

sample chamber (Figure 35B). Conversely, the same experiment using a solution 

containing 3 µM HCA shows only trace particles (Figure 35C), consistent with bulk 

crystallization assays showing the absence of crystals after 24 h (Figure A44).  
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Figure 35. (A) Number density of barite particles decreasing as a function of HCA concentration in oblique 
illumination microscopy (OIM) assays.(B and C) OIM images of a supersaturated barium sulfate 
solution (S = 10) in a liquid sample chamber at 21 ± 1 °C.  

 

OIM measurements of barium sulfate solutions at thermodynamic equilibrium (i.e., 

solubility) or at concentrations below saturation both show no evidence of particles or 

clusters with sizes that fall within the detection limit of the instrument (≥ 20 nm). As such, 

there is no evidence to suggest that barite nucleation involves a nonclassical two-step 

mechanism,35, 39-43 but rather appears to abide by classical nucleation theory. Interestingly, 

nucleation can be fully suppressed using only a small quantity of HCA (i.e., 1 mol HCA: 

250 mol Ba2+). Using a reported potentiometric titration method in literature to assess ion 

chelation, there is no appreciable sequestration of free Ba2+ ions in solution by HCA 
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(Figure A48). This suggests that HCA suppresses barite crystallization, not by sequestering 

solute ions, but through processes that disrupt the formation of a critical nucleus.  

5.6 Microscopic Assessment of Barite Growth Inhibition.  

In situ atomic force microscopy (AFM) has proven to be a valuable technique for 

probing the dynamics of surface growth and its inhibition at near molecular level. Here, we 

use in situ AFM to compare the modes of action of CA, ICA, and HCA as inhibitors of 

barite surface growth, focusing on the (001) crystal surface. We selected a supersaturation 

(S = 5.3) within a range previously shown269 to promote surface growth via 2-dimensional 

birth and spreading. Each single layer has an average height of 3.6 Å (equivalent to a c/2 

unit cell dimension) and a triangular morphology bound by [010] and [120] steps (Figure 

36A). Step velocity in the [010] direction was measured from sequential images during 

continuous scanning (Figures 36B and A49). Here we report a relative step velocity v/vo 

where measurements in the presence of each modifier, v, are scaled by the value in the 

absence of modifier, vo. Comparison of all three modifiers reveal a similar trend of 

decreasing relative step velocity with increasing modifier concentration (Figure 36C). 

Among the molecules tested, HCA is more potent and results in complete suppression of 

step advancement above 2 µM HCA. Further analysis of the HCA step velocity profile 

reveals a linear scaling relation between v0(v0-v)-1 and c-1 (where c is the concentration of 

modifier), which is indicative of a kink blocking mechanism (Figure A50).15, 270 The same 

analysis for CA and ICA reveal a superlinear scaling relation that seems to suggest a 

combination of two mechanisms, with the second likely to be that of step pinning (one of 

the most common mechanisms of surface growth inhibition).15, 17 
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Figure 36. In situ AFM images of (001) surface growth (C) Step velocities of layers on the (001) barite 
surface and (D) the rate of 2D/particle nucleation of new layers J2D relative to that in the absence 
of inhibitors J2D,0, with increasing inhibitor concentration.  

 

Previous examples of kink blockers have shown that layered growth by continuous 

generation of kink sites at step edges15 leads to a plateau in the velocity profile (ca. 50% 

inhibition) with increasing modifier concentration whereby step advancement is not fully 

suppressed.16 This seems to suggest that the mechanism(s) of growth inhibition for all three 

modifiers in Figure 36C may not be exclusively a kink blocking or step pinning mode of 

action. To test this hypothesis, we also measured the rate of 2D island generation J2D 

(number of islands per surface area)82 from time-resolved in situ AFM images. It is 

expected that the rate of layer generation decreases with increasing modifier 

concentration;16 however, our measurements show an opposite trend for all three growth 

modifiers (Figure 36D). We report these results as a relative 2D nucleation rate J2D/J2D,0 
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where measurements in the presence of modifier are scaled by the value in the absence of 

modifier (J2D,0 = 1.24 µm-2).  

At modifier concentrations below 2 µM (shaded grey region I in Figure 36D), we 

observe increases in the rate of 2D nucleation as high as 2.5-times that of the control. 

Interestingly, concentrations above 2 µM (labelled region II in Figure 36D) lead to further 

increases in the population of 2D features; however, there are several distinctions between 

the features observed in regions I and II. First, the 2D features observed in region II neither 

grow nor dissolve with imaging time. Second, the features in region II have much smaller 

heights (e.g., 1.8 Å, Figure A49) compared to the height of a single step (3.6 Å) on the 

barite (001) surface. The exact structure of these features is unknown, but we posit they 

are disordered islands (i.e., amorphous or possessing high defect density). The deposition 

of smaller features increases with increasing modifier concentration, with HCA producing 

the largest increase in the rate of appearance of surface protrusions, which we label JP 

(Figure 36D, region II) to distinguish this phenomenon from layer nucleation J2D. Time-

resolved in situ AFM reveals that the (001) surface becomes covered in small features 

(Figure A51), which suppresses layer advancement once concentrations reach 5 µM for 

CA (Figure 36E) and ICA (Figure 36G). Experiments were performed to assess potential 

regeneration of layered growth upon removal of the modifier and reintroduction of fresh 

(modifier-free) supersaturated growth solution (S = 5.3) to the AFM liquid cell. Time-

resolved images of barite (001) surfaces reveal that layered growth is recovered within one 

hour for surfaces that had been exposed to CA (Figure 36F) and ICA (Figure 36H); thus, 

the effects of CA and ICA on barite growth are reversible. In contrast, surfaces exposed to 
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5 µM HCA were not observed to recover within 10 h of intermittent AFM imaging, 

highlighting a unique mechanism of irreversible growth inhibition. 

5.7 Irreversible Inhibition of Barite Growth.  

We further investigated the effects of barite (001) surface exposure to HCA as a 

means of better understanding the mechanism governing irreversible inhibition of layered 

growth. In the presence of HCA, barite crystal surfaces become laden with small features 

(protrusions) that suppress step advancement. Here we present snapshots from in situ AFM 

studies where the layer growth on the barite surface is fully arrested within 8 min of 

imaging (Figure 37A) with no evidence of continued formation of surface features after 35 

min. Attempts to recover surface growth via the introduction of a supersaturated barium 

sulfate solution resulted in no visible changes to surface features (Figure 37A, 90 min). 

The experiment was continued over 12-h period of time with continuous supply of fresh 

growth solution to the AFM sample cell. After 6 h of intermittent imaging we observed 

transient features with heights smaller than a single step and modes of feature changes that 

did not resemble classical island or layered surface growth (Figure A55). After 12-h of 

imaging, we observed only minor changes in surface topography, such as large features 

with highly corrugated steps resembling a barite growth hillock (Figure A55). This 

indicates that the effects of HCA are reversible only after a long period of regeneration. 

Additional tests showed that this timeframe for growth recovery can be reduced to ca. 1 h 

when the supersaturation ratio of the regenerating solution is increased from 5.3 to 6.5 

(Figure A56).  
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Figure 37. In situ AFM imaging, force measurements, and particle heigh distributions in the presence and 
absence of HCA.  

 

Topographical analysis of barite (001) surfaces grown in the absence of modifier 

and in the presence of 5 µM HCA revealed distinct differences in the distributions of 

surface feature heights. Nucleation of islands in leads to a population of single layers with 

a Gaussian distribution centered around a step height of 3.2 Å (approximately c/2) and a 

small population of double layers (Figure 37B). The height distribution for protrusions 

observed on barite surfaces exposed to HCA is much broader with an average height nearly 

one-half that of the control (Figures 37C and A44). To test whether these small protrusions 

on barite (001) are either gel-or solid-like in structure, we performed chemical force 

microscopy (CFM)30, 53 where AFM tip-crystal approach and retraction profiles are 
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characteristic of hard surfaces where we observe no appreciable difference between 

surfaces exposed to a pure growth solution (Figure 37D, top) and those exposed to HCA 

(Figure 37D, bottom). For instance, interfaces with soft or gel-like properties exhibit 

nonlinear profiles,53 which is not observed in CFM profiles for barite. 

All three modifiers promote the formation of disordered (or amorphous) protrusions 

on barite crystals to suppress growth; however, this effect is reversible for ICA and CA 

within a short period of time during regeneration. To quantify the degree of reversibility, 

we measured the solubility of natural barite crystals in the presence of varying 

concentrations of HCA, CA, and ICA. A fixed mass of crystals (ca. 50 mg) was placed in 

an aqueous solution, leading to dissolution until equilibrium was reached. This was 

determined by monitoring Ba2+ ion concentration in the solution during 14 days of 

incubation at room temperature. In the absence of modifiers (control), saturation occurs 

around 1.3 µg Ba2+ mL-1 (Figure 37E). Introduction of modifiers decreases the solubility 

with no apparent trends for increasing concentrations of ICA and CA; however, there is a 

monotonic reduction in Ba2+ ion concentration with increasing HCA concentration (orange 

diamonds in Figure 37E). This suggests that HCA adsorption on barite surfaces impedes 

dissolution, leading to an undersaturated (metastable) solution with respect to Ba2+ ion 

concentration. These results are consistent with AFM measurements showing irreversible 

inhibition of barite (001) surfaces. The irreversible effect of HCA, however, is only 

observed at moderately low supersaturation (S < 6), which was required to adjust step 

velocities within a range that was measurable by in situ AFM. Conversely, bulk 

crystallization and microfluidic assays required higher supersaturation (e.g., S ≥ 7) to 

observe appreciable growth within a reasonable timeframe (i.e., order of hours). Under 
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conditions of higher supersaturation, we observed partial recovery of barite growth (Figure 

A57) where a regeneration procedure restored growth rates to 60 – 70% of their original 

value prior to exposing barite crystals to HCA. 

In summary, we have compared the performance of citrate and two homologous 

analogues to assess their relative effect on barite crystallization. Our findings reveal that 

hydroxycitrate, a molecule differing from others by the presence of one additional alcohol 

group, is the most effective crystallization inhibitor with a distinct mode of action relative 

to citrate and isocitrate. We provide evidence that barite nucleation occurs through a 

classical mechanism, seemingly in accordance with the Szilard postulate stating that 

solutes from a supersaturated medium join a nucleus or a growing crystal individually.271 

We also observed that HCA completely suppresses solute assembly into pre-nucleation 

clusters, which is surprising given that nucleation is a stochastic process. Indeed, there are 

few examples of modifiers capable of blocking nucleation. In this study, we showed that 

HCA also has the ability to fully suppress barite crystal growth. This dual action of crystal 

nucleation and growth inhibition is rare, especially for barite crystallization where we are 

only aware of one previous example – a recent study by our group showing the 

macromolecule alginate having similar inhibitory effects on barite nucleation and 

growth.269 

The exact mechanism by which HCA fully suppresses barite crystallization is not fully 

understood. Specifically, the structure and composition of protrusions that form on the 

surface of barite crystals in the presence of HCA is unknown. Using AFM, we showed 

these features are solid-like with heights much smaller than single layers of barite crystals. 

The fact that these features persist during periods of regeneration to impart sustained 
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(irreversible) inhibition suggests the crystal lattice is strained, possibly by incorporation of 

HCA and/or amorphous protrusions into barite crystals during growth regeneration. In 

general, crystal growth regeneration after exposure to a modifier is not widely tested in 

literature. Furthermore, among the few studies that have conducted regeneration assays,272 

the effects of modifiers tend to be reversible: specifically, the rate of crystal growth is 

restored to its original value once residual modifier is desorbed from the crystal surfaces. 

Factors differentiating whether a modifier has a reversible or irreversible effect on 

crystallization remain elusive; however, it is evident that the sustained inhibition of crystal 

growth after removing HCA from the supersaturated medium is a distinct characteristic 

among known modifiers of barite crystallization. Our findings indicate that HCA is a 

versatile disruptor of barite crystallization owing to its dual mode of action as a potent 

inhibitor of nucleation and growth. The ability of HCA to suppress nucleation has the 

potential to delay scale formation, making this naturally-derived compound a promising 

alternative to commercial compounds used for scale prevention. Moreover, the irreversible 

action of HCA on barite crystal growth indicates that this modifier may not have to be 

continuously supplied to the site of scale formation, which can potentially reduce operating 

costs associated with scale prevention. 
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Chapter 6: Suppressing Barite Crystallization with Organophosphorus Compounds 

In this study we examine the efficacy and mechanism of phytic acid (or phytate) as 

a naturally-derived small molecule inhibitor of barite crystallization. Phytate is decorated 

with six phosphates and has been widely investigated for its application in the food industry 

due to its ability to chelate alkaline earth metals (e.g., Ca2+ ions) and form insoluble 

polyphosphate – ion complexes.273-278 This reported functionality of phytate as a chelating 

agent and its use in commercial scale inhibitor formulations279 motivated our investigation 

of its potential capacity to act as a crystal growth inhibitor.56, 280-284 Here we compare the 

efficacy of phytate to that of DTPMP, which was used as a benchmark. Using a 

combination of microfluidics and scanning probe microscopy, we confirm that both 

modifiers exhibit dual characteristics as nucleation and growth inhibitors, with phytate 

being a more potent and potentially more cost-effective and environmentally friendly 

alternative to DTPMP. 

Here we assess the efficacy of phytic acid (PA) as an inhibitor of barite 

crystallization using the commercial scale inhibitor diethylenetriamine penta(methylene 

phosphonic acid), or DTPMP, as a benchmark. DTPMP is a polyamine decorated with five 

phosphonic acids (Figure 38A) with 10 protons having pKa values that span from 1.04 to 

12.58.285 Full deprotonation of this molecule is only achieved in severely caustic 

conditions; however, prior studies have shown that DTPMP is a highly effective inhibitor 

of barite crystallization in a partially dissociated state at near neutral pH.286-287 PA 

comprises 12 protons (Figure 38B) where the first four to dissociate are strong acids (pKa 

~2) and the last 4 to dissociate are weak acids that require caustic conditions of pH > 10. 

Common operating conditions (pH 2 – 10) result in three dominant phytic acid speciations: 
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PA6-, PA7-, and PA8-.288 The presence of multiple acids decorating both molecules enables 

PA and DTPMP to sequester free barium ions in solution, as well as efficiently bind to 

barite crystal surfaces through proximal modifier-crystal interactions. 

In bulk crystallization assays, barite is synthesized under quiescent conditions using 

a growth solution with supersaturation ratio S = 10. This nominal condition yields a large 

population of crystals (335 ± 86 crystals mm-2), which is quantified by counting the number 

of crystals that sediment to the bottom of glass vials per unit area. Barite crystals exhibit 

an elongated hexagonal platelet morphology (Figure 38C) displaying three prominent 

facets: basal (001), apical (210), and side (100) surfaces (Figure 38D). Bulk crystallization 

assays in the presence of PA and DTPMP result in a sharp decline in crystal number density 

(Figure 38E) with increasing modifier concentration. Within 24 h of analysis, we observe 

complete suppression of barite nucleation at surprisingly low modifier concentration (ca. 

50 nM) with little difference in trends for PA and DTPMP. As expected, the inhibition of 

nucleation rates leads to fewer crystals that are larger in size (inset of Figure 38E), but do 

not show any difference in aspect ratio (Figures A58 and A59). Extending the time of 

analysis to 14 days at 50 nM modifier reveals only a single crystal with [010] length greater 

than 500 µm (Figure A60).  



113 
 

 

Figure 38. (A) Molecular structures of DTPMP and (B) phytate. (C) Representative optical micrograph of 
barite crystals. (D) Scanning electron image of a synthetic barite crystal displaying the three 
principal facets. (E) Crystal number density as a function of concentration.  

 

It could be surmised that PA and DTPMP suppression of barite nucleation involves 

the inhibition of clusters (precursors) if the process were to involve a nonclassical two-step 

mechanism,39-42 as has been suggested in prior literature for solutions containing polymeric 

additives.50, 60 To test for this possibility, we also performed oblique illumination 

microscopy (OIM), which is a scattering technique used to identify particles by Brownian 

dynamics.289-290 Solutions prepared at saturation (S = 1) did not show any evidence of 

clusters over a 3-day period (Figure A61), suggesting nucleation occurs via a classical 

pathway.35, 39 Similar experiments were performed in a supersaturated solution (S = 10) 
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with various concentrations (10 – 50 nM) of each modifier. OIM measurements of these 

solutions over a much shorter timeframe (ca. 30 s) revealed nucleation and growth of 

crystals with sizes spanning from 30 to 200 nm (Figure A62). Our findings revealed that 

the population of particles decreased with increasing modifier concentration, such that the 

highest concentration (50 nM) completely suppressed nucleation (Figure A63), consistent 

with observations in bulk crystallization assays (Figure 38E).  

In a recent study we have shown that certain modifiers (e.g., alginate) have the dual 

capability of inhibiting barite nucleation and growth.269 Here we observe an identical 

behavior for both PA and DTPMP. Studies of crystal growth inhibition were performed 

using a combination of microfluidics and in situ atomic force microscopy (AFM). The 

microfluidics platform used in this study was adapted from a previous study195 where 

microchannels are seeded with barite crystals and growth solutions with or without 

modifier are continuously flowing (12 mL h-1) to maintain a constant supersaturation (S = 

7) that is slightly less than that of bulk crystallization assays to prevent homogenous 

nucleation. Time-resolved microfluidic images show significant inhibition of barite growth 

at 40 nM PA with noticeable changes in crystal habit (Figure 39A), i.e., a blunting of apical 

tips to generate new (010) facets and a reduction in the length-to-width aspect ratio (or 

[010]/[100]). Microfluidic measurements reveal complete suppression of growth once the 

concentration of PA (or DTPMP) reaches 50 nM, which is identical to the concentration 

required to suppress nucleation. The inhibition of barite growth is evident in Figure 39B 

by the monotonic reduction in relative growth rate with increasing modifier concentration. 

Here we report the relative growth rate as the temporal change in (001) surface area in the 

presence of modifier scaled by its value in the absence of modifier. Comparison of PA and 
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DTPMP shows that the former is a more potent growth inhibitor (i.e., suppression of barite 

crystallization occurs at much lower PA concentration). 

 

 

Figure 39. In situ microfluidic assays in the presence of DTPMP and PA. (A) optical images of a crystal 
growing in the presence of 40 nM phytate. (B) Relative growth rate of barite crystals exposed to 
flowing aqueous solutions of phytate and DTPMP as a function of inhibitor concentration.  

 

In a previous study269 we confirmed that barite surfaces grow by 2-dimensional 

layer generation and spreading to yield surfaces with triangular-shaped islands. Here we 

used in situ AFM to show that islands on barite (001) surfaces undergo a transition in 

geometry from triangular to rounded islands in the presence of PA (Figure 40A). Time-

resolved images extracted from in situ AFM studies reveal that PA significantly reduces 

the rate of step advancement, thereby creating terraces with fixed surface area for 

subsequent island nucleation. Over the course of continuous imaging we observe an 

increased density of 2D islands populating the surface; however, the presence of PA 



116 
 

prevents further growth of newly generated layers, leading to a rough surface where growth 

is fully suppressed after 15 min. 

. 

Figure 40. (A) Temporal in situ AFM images of growth suppression of the (001) barite surface upon exposure 
to growth solution (S = 7) containing 500 nM phytate. (B) Relative step velocities of 2D layers 
measured in the [010] direction in the presence of phytate and DTPMP.  

 

Sequential AFM images were used to measure temporal advancement of layers in 

the [010] direction. From this data we extracted step velocity v in the presence of modifier, 

which was scaled by its value vo in the absence of modifier. Plots of v/vo as a function of 

modifier concentration (Figure 40B) reveal trends that are characteristic of the common 

step pinning mechanism of surface growth inhibition.32, 291 Comparison of step velocity 

profiles for PA and DTPMP reveal subtle differences, with PA once again reaching 

complete suppression of growth at a lower concentration (500 vs. 700 nM). Interestingly, 
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the concentrations required to suppress growth on the basal (001) surface are nearly an 

order of magnitude higher than those required to impede growth along orthogonal [100] 

and [010] directions. Microfluidics measurements of barite crystals in Figure 39 show c-

oriented crystals where temporal changes in thickness are not discernable (i.e., out of 

plane). Seeding of microchannels does result in a small population of a-oriented crystals 

(Figure A64) where time-resolved imaging shows growth along the [001] direction (i.e., 

increasing thickness) at low modifier concentrations where growth along the b- and a-

directions is fully suppressed. These observations indicate PA and DTPMP inhibition is 

most effective on barite surfaces with the fastest growth rates, which is desirable from the 

standpoint of optimizing anti-scaling agents. 

 

 

Figure 41. (A) Ex situ AFM image of the (100) surface of a barite crystal grown in the absence of any 
inhibitor (S = 10). (B) Tile-stitched ex situ images of the (100) surface of a barite crystal grown 
in the presence of 40 nM phytate in bulk assays. (C) Height profile of the macrostep. 
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The ability to seed microchannels with barite crystals with different orientations 

relative to the viewing area enables facile analysis of growth inhibition along all principle 

crystallization directions.195 Although similar crystal orientations are achieved in AFM 

sample preparation, measurements of barite (100) surfaces typically result in topographies 

devoid of distinct layers (Figure 41A), which makes in situ analysis of step velocity 

impossible. Interestingly, we observe the appearance of distinct surface features on barite 

(100) surfaces when imaging in solutions containing PA whereas identical experiments 

with DTPMP do not produce the same effect. As shown in Figure 41B, the presence of PA 

generates pyramidal macrosteps where edges oriented along the [001] direction appear to 

be less defined, leading to asymmetric surface topography. A representative height profile 

measured along one of the pyramids (Figure 41C) shows that steps vary in height with sizes 

well exceeding single layers (i.e., macrosteps comprising close to 1000 unit cells). The 

exact mechanism of pyramidal feature generation on the (100) surface is not understood, 

nor is its relation (if any) to the enhanced efficacy of PA relative to DTPMP. 
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Chapter 7: Conclusions and Future Outlook  

We designed a microfluidic platform for investigating bulk crystallization and 

dissolution kinetics of barite under dynamic flow conditions. This microfluidic setup 

allowed us to investigate hydrodynamic contributions to these processes by varying the 

flow rate during crystallization of barite in the presence and absence of the scale inhibitors 

(e.g., DTPA) and obtain time-resolved characterizations of crystal morphology. This work 

established the transition from mass-transport-limited to surface-reaction-limited kinetics 

for barite growth, inhibition, and dissolution processes. In a reaction-limited growth 

environment the presence of DTPA, used as a benchmark crystal growth modifier, causes 

the formation of a new facet, which remains stable through the duration of experiments. 

Our findings show that barite dissolution is enhanced with increasing diffusive flux of 

DTPA to the crystal surface. This microfluidic platform has been adapted to evaluate 

crystallization kinetics for other crystal systems.18-19  

The dissolution of barite was further evaluated using natural, biocompatible 

additives by screening a series of polysaccharides with a combination of bulk dissolution 

assays, molecular dynamics, and in situ atomic force microscopy. From a list of 

biologically-derived polysaccharides we showed that alginate emerges as a clear standout 

in dissolving barium sulfate crystals. In comparison, the benchmark DTPA was shown to 

only dissolve barite effectively at high pH owing to lower energetic barriers for its removal 

of Ba2+ ions from crystal surfaces. Microfluidic assays of barite dissolution revealed an 

increase in barite dissolution kinetics compared to quiescent conditions. Alginate 

demonstrated a high efficacy over a broad range of solution pH (4 – 9) relative to DTPA 

(pH ≥ 9). In situ AFM imaging revealed that alginate and DTPA exhibit distinct modes of 
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dissolution, wherein a binary combination of these two demineralizing agents in alkaline 

media results in synergistic cooperativity. On a molecular level, AFM imaging of the (001) 

barite surface revealed alginate induces deep (>50 Å) etch pits in the c-direction. 

Conversely, DTPA promotes layer-by-layer dissolution in the a/b-plane to generate 

shallow etch pits. For binary mixtures of alginate and DTPA, the origin of synergy derives 

from the fact that the two demineralizing agents promote dissolution in orthogonal 

directions, which enhances the overall rate of barite dissolution. Limited studies in 

literature have elucidated molecular-level mechanisms of mineral dissolution at the 

solvent-crystal interface. In this dissertation, we presented a mechanistic interpretation of 

a newly identified naturally-abundant and environmentally-compatible biopolymer. Our 

findings demonstrated alginate’s versatility and efficacy as a demineralizing agent, thereby 

opening new avenues for its use in formulations to treat barite (and potentially other scale) 

formation.  

The versatility of alginate as a molecular modifier for barite crystallization was 

further unraveled through systematic evaluation of carboxylate-based molecules as 

inhibitors of surface growth. These findings demonstrated that alginate outperforms other 

crystal growth modifiers, including common commercial scale treatments such as EDTA 

and DTPA. One of the unique observations in this dissertation is the full suppression of 

both nucleation and growth of barite crystals at relatively low alginate concentration (i.e., 

0.2 µg mL-1). Time-resolved imaging of barite (001) surface growth during in situ AFM 

measurements revealed that alginate inhibits the advancement of layers via a step pinning 

mechanism at relatively low supersaturation (S = 4.4). At higher supersaturation (S = 5.3), 

we observed a transition in the dominant mechanism of inhibition to a step bunching 
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mechanism, which is consistent with macrostep formation observed in bulk crystallization 

assays. Ultimately, the fact that alginate is readily available in nature and is biodegradable 

makes it an environmentally friendly alternative to products currently used to suppress the 

formation of barite scale. 

Few studies of crystal growth modifiers have tested recovery after exposure to 

inhibitors. Prior examples of inorganic crystallization (e.g., calcium oxalate 

monohydrate)272 have reported instances where crystal surfaces that become pinned in the 

presence of macromolecules can be fully recovered within 30 min of introducing fresh 

growth solution absent of any inhibitor. Scanning probe microscopy studies revealed that 

citrate (CA) and its analogues ICA and HCA promote 2D layer generation on barite (001) 

surfaces with reduced step velocities (or rate of layer advancement). Moreover, above a 

threshold concentration, these additives induce the formation of surface features with 

heights smaller than classical barite layers (i.e., half unit cell height). Among the three 

citrates tested, HCA elicits a unique mechanism of barite inhibition, whereby the (001) 

surface of barite is irreversibly suppressed.  

In this dissertation we also evaluated the efficacy of organophosphorus molecules 

as barite crystallization inhibitors. A cooperative study was conducted to identify the effect 

of dilute quantities of phytate on crystal habit, kinetics, and topology during growth, while 

using commercial DTPMP as a benchmark. Both inhibitors demonstrated comparable 

effects on crystal size and population in quiescent bulk crystallization assays, producing 

small populations of barite crystals larger than the control. These modifiers, however, 

induced negligible changes to barite crystal morphology. Microfluidic assays revealed that 

phytate emerges as a more potent growth inhibitor against DTPMP. From in situ AFM 
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studies we glean that phytate operates through a step pinning mechanism on the barite (001) 

surface and induces the formation of macrosteps on the (100) surface. The versatility that 

phytate exhibits as a barium sulfate inhibitor makes this naturally-derived molecule a 

potentially promising alternative to current commercial treatments.  

 Collectively, the studies in this body of work systematically evaluated the effects 

of small molecules and macromolecules of varying functionality (carboxylic acids, 

alcohols, phosphonic acids, and phosphoric acids). An array of microscopy techniques 

allowed us to measure crystal growth and dissolution kinetics, which provided mechanistic 

insight into modifier-mediated crystal inhibition mechanisms. In situ atomic force 

microscopy revealed unique dissolution and irreversible inhibition mechanisms in the 

presence of select molecular modifiers. These findings established a framework for new 

crystallization pathways and identified potentially viable alternatives to commercial barite 

scale treatments.  

 Crystallization and dissolution mechanisms still lack molecular clarity that is 

essential for controlling solute attachment/detachment from crystal interfaces and 

engineering modifiers to tailor crystal properties. An avenue that remains underexplored is 

the computational exploration of molecular modifiers and the dynamics between 

inhibitors/dissolvers and crystal facets. In particular, advances in molecular dynamics 

(MD) can aid in the understanding of the conformations and inter/intramolecular 

interactions that may occur with (macro)molecules. On the other hand, experimental 

techniques can benefit from temperature-dependent studies to identify thermal limitations 

to the inhibition and demineralization capabilities of molecular additives.  
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Appendix 

Supplementary Figures 

 

Figure A1: Ion concentration profile of Ba2+ (conductivity) of microchannel effluent. Conductivity 
measurements of the ion flux of BaCl2 (aq) in each channel effluent are represented by the pink 
and blue data points. 

 
Characterization of the gradient generator. The accuracy of the microfluidic 

gradient generator was examined by collecting and characterizing the six outlet effluents 

after flowing aqueous BaCl2 in one inlet and DI water in the second inlet. Inlets were 

flowed into the microfluidic device using a dual syringe pump at a total flow rate of 720 

mL h-1 to produce a flow rate of 120 mL h-1 in each outlet stream. The mass of effluents 

was measured after 10 min of collection using a Mettler Toledo balance. The effective flow 

rate, determined for each outlet was close to the theoretical value (120 mL h-1) (Figure A1). 

The accuracy of the concentration gradient generator was determined by comparing the 

measured ion flux (mS) in each effluent against individually prepared BaCl2 aqueous 

solutions within the concentration range tested. Conductivity measurements were obtained 

using a VWR International conductivity meter. The conductivity of effluents from each 
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channel are the same within experimental error as the conductivity of solutions prepared at 

several concentrations within the expected range, suggesting the gradient generator can 

successfully mix and split streams to obtain effluents corresponding to a linear 

concentration gradient.  

 
 

 

Figure A2: Optical micrographs of barite crystals grown (left) in vials and (right) in microchannels exhibit 
identical morphologies. Scale bars indicate 100 µm. 

 

 

Figure A3: Growth kinetics for bulk crystallization assays under quiescent conditions and supersaturation 
ratio S = 10.  

 
Growth kinetics for bulk crystallization. The length of barite crystals synthesized 

in 20 mL glass vials was captured from the earliest observable point of nucleation, by 
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optical microscopy, for a 15-h period during which equilibrium appears to be established 

between the crystals and bulk medium. The growth rate was greater within the first 5 h, 

after which the length begins to approach a plateau at ~60 µm due to the depletion of solute.  

 

Figure A4: Growth kinetics as a function of position across the microchannel. (top) Representative optical 
micrograph of barite seed crystals in the microchannel.  (bottom) Single crystal growth kinetics 
of barite seed crystals in the micrograph.  

 
 
Homogeneous growth within microfluidic channels. The synthesis of seed crystals 

and growth rates in subsequent experiments were homogeneous across the width of the 

microchannels (Figure S3), consistent with the advection dominance at the flow rates used 

in all experiments. The optical micrograph in Figure S3 depicts a representative region of 

a seeded microchannel. Crystal growth rates across the width of the microchannel 

demonstrate no observable trend as a function of horizontal position in the microchannel, 
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indicating there is complete mixing of growth solution within the channel and no diffusion 

limitations.  

 

 

Figure A5: Optical micrographs of barite crystals at 0 h (left column) and 4 h (right column) under 1.2 mL 
h-1 flow of growth solutions (S=7) in the absence (top row) and presence (bottom row) of DTPA. 
Scale bars indicate 10 µm. 

 

 

Figure A6: (a) Aspect ratio of the basal surface as a function of increasing concentration of DTPA. (b) Aspect 
ratio of the (001) basal surface in the presence of 0.5 µg mL-1 DTPA. (c) Optical micrograph 
analysis of {011} facets through measurements of dihedral angles. 
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Transformation of barite morphology. Barite inhibition in the presence of DTPA 

resulted in crystals with a morphology differing from the control. The measured aspect 

ratio decreased as a function of either DTPA concentration or time (Figure S6a and b), 

suggesting binding specificity near the apex of the crystals. Optical micrographs in which 

the (100) face of barite crystals was exposed suggest the apex is not completely blunted. 

Furthermore, a new facet develops, which intersects the (010) and (001) planes. The angle 

of the newly developed facet with respect to the (001) plane was measured to be ~45° 

(Figure S6c), suggesting the new facet corresponds to the (011) surface. The transformation 

of the morphology is illustrated schematically in Figure S6d. 

 

 

Figure A7: Large area field of view micrographs showing time elapsed growth of barite seed crystals in the 
microchannel under flow of a supersaturated growth solution (12 mL h-1, S = 7). Scale bar 
indicates 100 µm for all images unless otherwise stated.  
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Figure A8: Large area field of view micrographs showing time elapsed growth of barite seed crystals in the 
microchannel under flow of a supersaturated growth solution (12 mL h-1, S = 7) in the presence 
of 1 µg mL-1 DTPA. Scale bar indicates 100 µm for all images unless otherwise stated. 

 
 

 

Figure A9: Large area field of view micrographs showing time elapsed dissolution of barite seed crystals in 
the microchannel under flow of alkaline solution (12 mL h-1, pH = 9) in the presence of 200 µg 
mL-1 DTPA. Scale bar indicates 100 µm for all images unless otherwise stated.  
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Boundary layer analysis. The Schmidt number (Sc) represents the ratio of the rates 

of viscous diffusion to molecular diffusion. For Sc ≫ 1, the diffusion boundary layer is 

much thinner than the hydrodynamic boundary layer. For DTPA(aq), D ≈ 1 × 10-9 m2 s-1 and 

𝜈𝜈 ≈ 9.06 × 10-7 m2 s-1, and the dimensionless quantity Sc ≈ 850. Thus, the diffusion 

boundary layer thickness can be approximated by 𝛿𝛿 ≈ 5 �D
ν
�
1
3 �𝑊𝑊𝑥𝑥

Re
�
1
2 (eq. 2 in the main 

text), where x is the average length of the crystals and U0 is the maximum fluid velocity. 

 

 

Figure A10: Velocity profiles through the microchannels. From the von Kármán momentum balance, 

velocity profiles can be approximated as 𝑣𝑣𝑥𝑥
𝑣𝑣∞

= 3
2
�𝑦𝑦
𝛿𝛿
� − 1

2
�𝑦𝑦
𝛿𝛿
�
3
, where y is the dimension along 

the channel height and 𝛿𝛿 = 4.64�
𝜈𝜈𝑥𝑥
𝑈𝑈0

. U0 is the maximum fluid velocity in the microchannel. 
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Crystal length 
(µm) 

Concentration boundary 
layer thickness (µm) 

Boundary layer 
velocity (µm s-1) 

0 0.0 0.00 
5 18 180 
10 26 250 
15 31 310 
20 36 360 
25 41 400 
30 44 430 

 

Figure A11: (a) Velocity profile for aqueous DTPA flowing through the microchannel at 1.2 mL h-1. (b) 
Concentration diffusion boundary layer thickness as a function of crystal length for 1.2 mL h-1. 
(c) Fluid velocity at the outer edge of the boundary layer. 

 

 

 

 

c 
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Crystal length 
(µm) 

Concentration boundary 
layer thickness (µm) 

Boundary layer 
velocity (µm s-1) 

0 0.0 0.00 
5 5.7 570 
10 8.1 810 
15 9.9 990 
20 12 1100 
25 13 1300 
30 14 1400 

 

Figure A12: (a) Velocity profile for aqueous DTPA flowing through the microchannel at 12 mL h-1. (b) 
Concentration diffusion boundary layer thickness as a function of crystal length for 12 mL h-1. 
(c) Fluid velocity at the outer edge of the boundary layer for different locations along the crystal 
length. 

 
  

c 
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Crystal length 
(µm) 

Concentration boundary 
layer thickness (µm) 

Boundary layer 
velocity (µm s-1) 

0 0.0 0.00 
5 1.8 1800 
10 2.6 2600 
15 3.1 3100 
20 3.6 3600 
25 4.1 4000 
30 4.4 4400 

 
Figure A13: (a) Velocity profile for aqueous DTPA flowing through the microchannel at 120 mL h-1. (b) 

Concentration diffusion boundary layer thickness as a function of crystal length for 120 mL h-

1. (c) Fluid velocity at the outer edge of the boundary. 
 

 

 

 

c 
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Figure A14: Diffusive flux of DTPA as a function of the DTPA mass flow rate. The molecular diffusional 
flux is of the order of magnitude 𝐽𝐽 = 𝐷𝐷𝑐𝑐0

𝛿𝛿
. The diffusional flux was calculated for each 

combination of flow rate and concentration, using the boundary layer based on the flow rate.  
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Figure A15. Titration of (a) 1 mM DTPA and (b) 400 µg mL-1 alginate with the addition of 0.1 M NaOH in 
25 µL incremements in the absence and presence of 1 mM Ba2+.  

 

 

Figure A16. Zeta potential ζ measurements were performed using solutions that were prepared by adding 
0.5 mg of barite crystals (seeds) to 10 mL of a saturated barium sulfate solution (0.011 mM 
BaSO4). The electrophoretic mobility was calculated using the Smoluchowski equation. 
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Figure A17. Results of gel permeation chromatography. (a) Retention volume, weight- and number-averaged 
molecular weights, and polydispersity index. (b) Gel permeation chromatography profiles of a 
2% aqueous alginate solution by volume at pH 7 (orange) and pH 11 (blue). 

 

 

Figure A18. Infrared spectra of aliquots of 20 mg mL-1 aqueous alginate solutions (100 µL) adjusted to pH 
7 (orange) and pH 11 (blue) with appropriate amounts of NaOH were placed on the ATR stage 
covering the diamond crystal detector.  
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Figure A19. Representative dynamic light scattering (DLS) reporting the autocorrelation function, C(τ), as 
a function of delay time, τ, for aqueous solutions containing 500 µg mL-1 at pH 7 and pH 11.  

 

 

Figure A20. Barite dissolution in microfluidic channels under constant flow (12 mL h-1) of alkaline solutions 
(pH 9) containing: (a) binary combination of 100 µg mL-1 DTPA and 100 µg mL-1 alginate, (b) 
200 µg mL-1 alginate, and (c) 200 µg mL-1 DTPA.  
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Figure A21. Effect of binary combinations of alginate and DTPA. The dissolution rate of barite as a function 
of total dissolver concentration in microchannels was measured under constant flow (12 mL h-

1) of a 50/50 (wt%) alginate-DTPA binary mixture at pH 7, 9, and 12.  

 

 

Figure A22. In situ AFM measurements of a (210) surface dissolving under a constant flow (12 mL h-1) of 
an aqueous solution at pH 7 (without barium sulfate) containing 20 µg mL-1 alginate.  

 

In situ AFM images of the (210) surface during barite dissolution show similar 

topological features in the presence of DTPA, alginate, and their binary combination (100 

µg mL-1 alginate and 100 µg mL-1 DTPA in the absence of barium sulfate). In the presence 

of alginate, corrugated layers elongated in the [120] direction recede over time in a layer 

by layer fashion (Figure S8). Upon introducing 200 µg mL-1 DTPA, we observe the 

immediate presence of deposits on the surface (Figure S9). The deposits have an average 

height of 1.1 nm, which does not correspond to any unit cell dimension of barite. Moreover, 
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these features have no apparent orientation or morphology. Continuous imaging reveals 

the progressive removal of deposits with concomitant formation of 2-dimensional 

rectangular etch pits on the barite (210) surface. The latter are elongated in the [120] 

direction, and dissolve in a layer by layer fashion. Over time we observe rectangular etch 

pits with depths on the order of 1 nm (Figure S10). Similar observations are made when 

dissolving barite with a binary combination of DTPA-alginate (Figure S11). Interestingly, 

we observe a more rapid disappearance of deposits on the (210) surface compared to 

measurements with only DTPA.  

 

Figure A23. AFM images at t = 0 min corresponding to the introduction of demineralizing agents: (a) 200 
µg mL-1 DTPA on the (001) surface; (b) binary combinations of alginate and DTPA (100 µg 
mL-1 each) on the (210) surface; and (c) 200 µg mL-1 DTPA on the (210) surface.  



178 
 

 

Figure A24. (a) In situ AFM deflection mode images of a barite (210) surface dissolving in an aqueous 
solution (pH 7) containing 200 µg mL-1 DTPA (without barium sulfate).  (b) Height mode image 
of a partially dissolved (210) surface after 42 min. (c) Corresponding height profile. 

 

 

Figure A25. (a) In situ AFM deflection mode images of a barite (210) surface dissolving in an aqueous 
solution (pH 7) containing 100 µg mL-1 alginate and 100 µg mL-1 DTPA. (b) Height mode 
image of a partially dissolved (210) surface after 42 min. (c) Corresponding height profile. 
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Figure A26. (a) Idealized [001] zone axis of barite with a single unit cell (black dashed box). Representative 
AFM height mode images of a barite (001) surface partially dissolved in (b) NaOH and (c) 
DTPA with etch pit morphologies identified along labelled crystallographic orientations. 

 

 

Figure A27. (a) In situ AFM deflection mode images of a barite (001) surface dissolving in an aqueous 
solution (pH 7) containing 100 µg mL-1 alginate and 100 µg mL-1 DTPA. (b) Height mode 
image of a partially dissolved (001) surface after 30 min. (c) Corresponding height profile. 
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Figure A28. Representative optical images of barite crystals synthesized in the presence of 1 µg mL-1 of each 
additive with an initial supersaturation S = 10 under quiescent conditions at room temperature 
(21.0 ± 0.5 °C) for 24 h. Scale bar equals 100 µm. 

 
 
 
 

 

Figure A29. (a) SEM images of barite crystals synthesized under quiescent conditions in the presence of (a) 
0.2, (b) 0.4, and (c) 0.8 μg mL-1 alginate with an initial supersaturation S = 10 under quiescent 
conditions at room temperature (21.0 ± 0.5 °C) for 24 h. Scale bars equal 10 µm. 
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Figure A30. Representative optical images of barite crystals synthesized in the presence of 10 µg mL-1 of 
each additive with an initial supersaturation ratio S = 10 under quiescent conditions at room 
temperature (21.0 ± 0.5 °C) for 24 h. Scale bar equals 100 µm. 

 
 

 

Figure A31. Powder XRD patterns of as-synthesized barite crystals from bulk assays in the presence and 
absence of 10 mg mL-1 DTPA and a reference sample from the ICDD PDF-2 2013 database.  
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Figure A32. Representative desupersaturation curves tracking the conductivity of barite growth solutions (S 
= 10) at ambient temperature (21.0 ± 0.5 °C) during bulk assay synthesis while stirring (400 
rpm).  

 
 
 
 
 

 

Figure A33. Representative desupersaturation curves tracking the conductivity of barite growth solutions (S 
= 10) at ambient temperature (21.0 ± 0.5 °C) during bulk assay synthesis in the presence of 
various alginate concentrations.  
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Figure A34. Elemental analysis (ICP-OES) of free Ba2+ ion concentration in the supernatant after a 24 
synthesis. The grey dashed line indicates initial Ba2+ ion concentration (S = 10). The red 
dashed line corresponds to the solubility, Ce, of barite at 25 °C.121  

 

 

Figure A35. Time-resolved optical micrographs of seed crystals exposed to flow (12 mL h-1) of 
supersaturated growth solutions (S = 7) in: (a) the absence of alginate, (b) the presence of 0.03 
µg mL-1 alginate, and (c) 0.1 µg mL-1 alginate.  
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Figure A36. Aspect ratio measurements for crystals grown in microchannels under flow (12 mL h-1) of 
supersaturated solutions (S = 7) containing Ba2+ and SO4

2- ions and alginate concentrations of 
(a) 0 (b) 0.03 (c) 0.05, and (d) 1.0 µg mL-1 at pH 7.  

 

 

Figure A37. (a) - (b) In situ atomic force microscopy images (S = 4.4) in the presence of 1 µg mL-1 alginate. 
Scale bar equals 500 nm. (c) Measurements of single step advancement in the absence and 
presence of 1 µg mL-1 alginate. 
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Figure A38. (a) Theoretical Cabrera-Vermilyea (CV) curves32, 244 for inhibitors that follow a step-pinning 
mode of action. (b) Step velocity in the 〈120〉 direction for growth solutions containing alginate 
relative to those without any additive (control) as a function of increasing concentration.  

 

 

Figure A39. In situ atomic force microscopy deflection mode image extracted from Movie S3 showing the 
birth and spread of 2D nuclei on the (001) barite surface.  
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Figure A40. Time-resolved in situ atomic force microscopy images showing the suppression of step 
advancement of 2D layers on a (001) barite surface under flow of a growth solution (S = 5.3) 
containing Ba2+, SO4

2-, and 1 µg mL-1 alginate. Scale bar equals 500 nm.  

 

 

Figure A41. Speciation model for modifiers CA3-, ICA3-, and HCA3- corresponding to fully dissociated 
carboxylic acids as a function of increasing solution pH. Data were produced with the software 
package HySS2009.265 
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Figure A42. (left) Barite crystal number density obtained from bulk crystallization assays at 21.0 ± 0.5 °C 
in the presence of hydroxycitrate (HCA), isocitrate (ICA), and citrate (CA). (right) Enlarged 
region showing the effect of HCA at low modifier concentration.  

 

 

Figure A43. Length to width aspect ratio of barite crystals synthesized in the in presence and absence of 3 
µM CA, ICA, and 0.3 µM HCA. Error bars equal one standard deviation. 
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Figure A44. Temporal decrease in solution ionic conductivity during barite crystallization. Experiments were 
performed at room temperature 20 ± 1 °C under continuous stirring (300 rpm).  

 

 

Figure A45. Temporal decrease in solution conductivity during barite crystallization at varying 
supersaturation performed at 20 ± 1 °C under continuous stirring (300 rpm). 
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Figure A46. Desupersaturation rate as a function of supersaturation ratio measured from temporal changes 
in ionic conductivity during bulk crystallization assays.  

 

 

Figure A47. Brightfield optical micrographs of barite crystals growing in a microfluidic channel under flow 
(12 ml h-1) of supersaturated growth solution (S = 7) containing 0.5 µM HCA. 
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Figure A48. Titration of 1 mM HCA with the addition of 0.1 M NaOH in 25 µL incremements in the absence 
(grey triangles) and presence (green triangles) of 1 mM Ba2+.  

 

 

Figure A49. Representative images from in situ AFM measurements taken in contact mode displaying (A) 
2D islands and (B) disordered protrusions. Insets: corresponding height profiles of the regions 
highlighted by yellow circles.  
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Figure A50. Scaling relationship between step velocity and inverse modifier concentration in accordance 
with previous literature.15, 270  

 

 

Figure A51. Time-elapsed AFM images of barite growth suppression in the presence of 5 µM HCA, CA, 
and ICA. The far right column shows surfaces after 55 min of surface growth recovery in 
supersaturated solutions (S = 5.3) without additives.  
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Figure A52. Height distribution for surface features in the presence of ICA at (left) 2 µM and (right) 5 µM. 
Measurements were obtained from multiple features during a single in situ AFM experiment. 

 

 

Figure A53. Height distribution for new growth features in the presence of CA at (left) 2 µM and (right) 5 
µM. Measurements were obtained from multiple features during a single in situ AFM 
experiment. 

 

 

Figure A54. Height distribution for new growth features in the presence of HCA at (left) 2 µM and (right) 5 
µM. Measurements were obtained from multiple features during a single in situ AFM 
experiment. 
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Figure A55. Time-elapsed in situ AFM images of (001) barite surface growth inhibition (top) in the presence 
of 5 µM HCA, followed by surface recovery (bottom) using supersaturated growth solution (S 
= 5.3) containing only Ba2+ and SO4

2- ions. Scale bar equals 1 µm. 

 

 

Figure A56. Time elapsed in situ AFM images of (001) barite surface growth inhibition in the presence of 5 
mM HCA, followed by surface recovery using supersaturated growth solution (S = 6.5)  
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Figure A57. Growth rate of untreated barite crystals and crystals treated with 2 µM HCA in the [010] and 
[100] crystallographic directions under flow (12 ml h-1) of supersaturated (S = 7) barium sulfate 
solution. Data are the average of at least 100 crystals from a single experiment. 

 

 

Figure A58. Length to width aspect ratio measurements for barite crystals grown in 24-h bulk assays in 
supersaturated growth media (S = 10) at room temperature in the presence and absence (gray 
bar) of inhibitors. Error bar equals one standard deviation. 
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Figure A59. Barite (001) basal surface area measurements of crystals synthesized in quiescent bulk 
crystallization assays after 24 h using a supersaturated growth solution (S = 10) containing 
either phytate (orange symbols) or DTPMP (purple symbols) at various concentrations.  

 

 

Figure A60. Representative optical micrograph of a barite crystal after a 14 day synthesis at room 
temperature in supersaturated growth solution (S = 10) containing 50 nM phytate.  
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Figure A61. (A) Schematic of the oblique illumination microscopy (OIM) setup.289 (B) Image of the thin 
film chamber filled with a saturated  barium sulfate solution. (C) Snapshot of a supersaturated 
barite solution (S = 10). (D) Introduction of 30 nM phytate into the growth solution. 

 

 

Figure A62. Barium sulfate particle size measured by OIM. Symbols are the average measurements of a 
minimum of 50 particles (single experiment) for modifier concentrations ≤ 20 nM.  
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Figure A63. Particle number density of solutions assess using OIM. Symbols are the average of three 
individual experiments. Dashed lines are interpolated to guide the eye. Error bar spans two 
standard deviations and those not shown are smaller than the symbol size.  

 

 

Figure A64. Brightfield optical micrographs of barite crystals in the a-orientation (A) before and (B) after 
exposure to a supersaturated growth solution (S = 7) containing 50 nM PA.  

 


	Dedication
	Acknowledgements
	Abstract
	List of Tables
	List of Figures
	Chapter 1: Introduction to Crystallization
	1.1 Crystallization Mechanisms
	1.1.1 Classical Crystal Growth
	1.1.2 Classical Nucleation Theory (CNT)
	1.1.3 Nonclassical Crystallization and Two-Step Nucleation
	1.1.2 Crystal Dissolution

	1.2 Crystal modifiers
	1.2.1 Kink Blocking
	1.2.2 Step Pinning
	1.2.3 Demineralizing Agents

	1.3 Industrial-Scale Crystallization
	1.4 Barite Crystallization

	Chapter 2: Microfluidic Platform for Probing Barite Crystallization
	2.1 Experimental Methods
	2.2 Bulk crystallization assays
	2.3 In situ preparation of seed crystals in the microfluidic channels.
	2.4 Real-time study of growth, inhibition and dissolution kinetics.
	2.5 Barite synthesis in quiescent conditions.
	2.6 Design of the microfluidics device.
	2.7 Crystal growth in quiescent and flow conditions.
	2.8 Inhibition of barite growth using a molecular additive.
	2.9 Barite dissolution in the presence of DTPA.

	Chapter 3: Green Alternatives for Barite Scale Dissolution
	3.1 Screening Biopolymers as Demineralizing Agents
	3.2 Molecular Dynamics Calculations of DTPA-Mediated Barite Dissolution
	3.3 Barite Dissolution Under Flow
	3.4 In Situ Atomic Force Microscopy Study of Barite Dissolution Mechanisms
	3.5 Methods of Barite Dissolution Kinetics and Mechanism

	Chapter 4: Green Inhibitors of Barite Nucleation and Growth
	4.1 Experimental Methods of Barite Growth Inhibition
	4.2 Identifying Potent Inhibitors of Barite Crystallization
	4.3 Impact of Inhibitors on Barite Nucleation
	4.4 Impact of Inhibitors on the Kinetics of Barite Crystallization
	4.5 Effect of Potent Inhibitors on Anisotropic Crystal Growth
	4.6 Mechanism of Barite Growth Inhibition

	Chapter 5: Irreversible Mechanism of Barite Growth Inhibition
	5.1 Citrate and Analogues as Crystal Growth Modifiers
	5.2 Methods of Investigating Barite Nucleation and Growth
	5.3 Evaluating the efficacy of citrate analogues
	5.4 Microfluidic analysis of barite growth inhibition.
	5.5 Hydroxycitrate as a barite nucleation inhibitor.
	5.6 Microscopic Assessment of Barite Growth Inhibition.
	5.7 Irreversible Inhibition of Barite Growth.

	Chapter 6: Suppressing Barite Crystallization with Organophosphorus Compounds
	Chapter 7: Conclusions and Future Outlook
	References
	Appendix
	Supplementary Figures


