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Alginate as a green inhibitor of barite nucleation
and crystal growth†
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Few (macro)molecular inhibitors of inorganic scale can suppress both nucleation and crystal growth. In this

study, we examine a series of potential inhibitors of barium sulfate (barite), which is a common scale that

poses systemic problems owing to its low solubility. We show that alginate (an acidic polysaccharide) is an

anomaly among a diverse set of carboxylate-based modifiers of barite crystallization based on its ability to

completely suppress both nucleation and crystal growth. Bulk crystallization assays reveal that alginate

completely suppresses barite nucleation. Experiments to quantify barite crystal growth kinetics at the

macroscopic level under different flow conditions revealed that alginate is also a potent inhibitor of crystal

growth, with full suppression of crystallization occurring at a modifier concentration of 60 nM. Time-

resolved microfluidics experiments revealed alginate's affinity to interact with all principal crystallographic

faces of barite, which is uncommon among inhibitors of various inorganic crystals reported in literature. In

situ atomic force microscopy experiments to probe the interactions between alginate and barite crystal

surfaces revealed a transition from step bunching to step pinning modes of action at low and high alginate

concentrations, respectively. The findings in this study highlight the dual roles and exceptional performance

of alginate as a barite scale inhibitor. Owing to its natural abundance in brown algae, alginate is a promising

and green alternative to current scale treatments.

Introduction

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.1–3 One of the most stubborn
components of mineral scale is barium sulfate (i.e. barite).4,5

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.1,4,6–10 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+).
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Design, System, Application

A method of inhibiting the formation of inorganic scale was designed wherein alginate, a bio-derived acidic polysaccharide from brown algae, is explored
as an alternative to commercial scale treatments. The system examined in this study is barium sulfate (barite), which is a common scale that poses systemic
problems owing to its low solubility. Our findings reveal that alginate is unique based on its ability to fully suppress both nucleation and crystal growth.
The impact of alginate on barite crystallization was studied at a macroscopic level using time-resolved microfluidics experiments to reveal alginate's affinity
to interact with all principal crystallographic faces of barite, which is uncommon among inhibitors reported in literature. The mechanism of growth
inhibition was explored at a near molecular level using in situ atomic force microscopy to probe the interactions between alginate and barite crystal
surfaces. The immediate application of alginate-based treatment involves the remediation of mineral scale, which is an undesirable and ubiquitous
phenomenon in industrial systems for wastewater treatment, energy production, and manufacturing. The findings in this study highlight the dual roles
and exceptional performance of alginate as a promising and green alternative to current barite scale treatments.
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Examples include ethylenediaminetetraacetic acid (EDTA)
and diethylene-triaminepentaacetic acid (DTPA) owing to
their strong binding affinity for metal ions.11–15 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.16,17 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.18–23 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 inhibit barite crystallization.24

Additional examples include carboxymethylcellulose (CMC)
and carboxymethyl inulin,25–27 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. Alginate is extracted from
brown sea algae and is used commercially as an additive in
consumer goods.28–30 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 scales31 and crystals such as calcite (CaCO3),
hydroxyapatite (Ca10(PO4)6(OH)2), and struvite (NH4-
MgPO4·6H2O), and a mild inhibitor of brushite (CaHPO4·2H2-
O) crystallization.32–39

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 (e.g. HEDP and phosphinopolycarboxylic acid,
PPPC).40–42 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.11,13–15,23,24,41,43 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).44 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.45

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
advancement.46,47 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.47,48 A common attribute of
crystal growth inhibitors is their preference for binding to
select crystallographic surfaces, which alters the anisotropic
kinetics of growth.45,49 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.50–52 Turbulent
rotary flow53 in the presence of modifiers has been shown to
enhance crystal growth inhibition, whereas stirring50 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.4

Microfluidics offers a unique platform to investigate bulk
crystallization kinetics and time-resolved morphological
development of crystals at the macroscopic level,51,52 whereas
in situ atomic force microscopy (AFM) can be used to extract
mechanistic details of surface growth inhibition at near
molecular level.45,54–57

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 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.

Experimental methods
Materials

The following reagents were purchased from Sigma Aldrich:
barium chloride dihydrate (99+%), sodium sulfate (>99%),
sodium hydroxide (>97%), 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-
82150 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
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<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.7,58–62 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 prepared in the presence of molecular modifiers
were carried out by adding aliquots of 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 Na2-
SO4: 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 (Fig. S1†)
and seeded with barite crystals using a previously reported
method.52 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 modifiers at
varied concentration. The fully mixed growth solution was
introduced into seeded PDMS chips using a dual syringe
pump where modifiers were added to the syringe containing
SO4

2− 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-22013 database.63 Dual star 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
modifiers. The 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 ECmeter, 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 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 a Leica DM2500-M optical microscope in transmittance
mode, and in situ imaging of crystal growth was performed
on a 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 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.52 From the change in crystal length over time, a growth
rate r was determined for each experimental condition. The
relative length ratio (RLR) and relative growth rate (RGR)
were calculated as

RLR ¼ Lm
Lc

(1)

RGR ¼ rm
rc

(2)

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 growthmodifier, 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
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directly onto 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 the
epoxy. 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
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 SO4

2− 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−1 (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 modifiers 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.

Results and discussion
Identifying potent inhibitors of barite crystallization

We selected nine different polyprotic acids (Fig. 1, molecules
labelled by I–IX) as potential inhibitors of barite
crystallization. These molecules include polycarboxylic acids
(I–IV); aminopolycarboxylic acids (V and VI);
biomacromolecules such as alginate (VIII), which is
composed of the 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).64

Barite crystals obtained from bulk assays in the absence of
a modifier (control) exhibit a hexagonal coffin-shaped
morphology (Fig. 2a and e). At low modifier concentration (1
μg mL−1), we observed no apparent change in barite crystal
morphology (Fig. S2†) 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 (Fig. 2b and f), EDTA (Fig. S2†), or DTPA
(Fig. 2c and 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 (Fig. S2†). 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
(VIII) (Fig. 2d) in the standard timeframe of measurement
(ca. 24 h) as well as extended analysis over a 10 day period.
Trace particles with a globular, unidentifiable morphology
(Fig. 2h and S3†) were observed at a lower alginate
concentration.

A ten-fold increase in a given modifier concentration (10
μg mL−1) resulted in more pronounced changes to barite
crystal morphology (Fig. S4†), apart from succinic acid,
tricarballylic acid, and D-guluronic acid. Growth solutions
containing 10 μg mL−1 of citrate (III) produced crystals with
spheroidal features. Tetracarboxylic acid produced crystals
with shapes similar to those observed with EDTA at lower

Fig. 1 Chemical structures of molecules tested as putative growth modifiers of barite crystallization: (I) succinic acid; (II) tricarballylic acid; (III)
citric acid; (IV) 1,2,3,4-butanetetracarboxylic acid; (V) ethylenediaminetetraacetic acid (EDTA); (VI) diethylenetriamine pentaacetate (DTPA); (VII)
D-glucuronic acid; (VIII) alginic acid (or alginate); and (IX) polygalacturonic acid (PA). Note that mannuronic acid was not included in the list due to
commercial availability constraints.

MSDE Paper

Pu
bl

is
he

d 
on

 1
3 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
on

 7
/2

6/
20

21
 2

:4
0:

15
 P

M
. 

View Article Online

https://doi.org/10.1039/d1me00010a


512 | Mol. Syst. Des. Eng., 2021, 6, 508–519 This journal is © The Royal Society of Chemistry and IChemE 2021

concentration (Fig. S2†), whereas EDTA at higher concentration
resulted in thin, needle-like crystals that were often observed to
form aggregates in a spherulitic conformation (Fig. S4†). 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 (Fig. S3†). Powder XRD patterns of all
crystals confirmed the formation of crystalline barium sulfate
(Fig. S5†); however, crystals synthesized in the presence of
macromolecules resulted in yields (ca. μg per batch) too low to
determine crystallinity via PXRD.

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,
eqn (1)). 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)
(Fig. 3a). 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 exemplary
molecules are far less effective (Fig. 3b).

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

Fig. 2 Optical (a–d) and scanning electron (e–h) micrographs of barite crystals synthesized under quiescent conditions at S = 10 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.
Scale bars equal 100 μm and 10 μm for the top and bottom rows, respectively. Insets: Crystal habit with Lc and Lm labelled as the average length
of barite in the absence or presence of inhibitors, respectively.

Fig. 3 Histograms comparing the efficacy of modifiers based on their
alteration of the relative length ratio (RLR), as defined in eqn (1), at two
different modifier concentrations: (a) 10 μg mL−1 and (b) 1 μg mL−1.
Bulk crystallization assays were performed in growth solutions of
constant supersaturation (S = 10) under quiescent conditions. Average
measurements of crystal dimensions from optical micrographs are
reported for 3 separate trials with more than 100 measurements per
trial. Error bars equal one standard deviation. The vertical dashed line
separates modifiers leading to well-defined (left) and irregular (right)
barite crystal morphologies whereas the horizontal dashed line
indicates no change in length relative to the control.
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nucleation generally results in a larger population of crystals,
whereas inhibition of nucleation yields fewer crystals. To
assess the impact of each modifier, the average number
density of crystals after bulk crystallization assays (Table 1)
was compared against a control sample (5.2 ± 0.7 crystals
mm−2) synthesized at the same 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 (VI)
produced the highest number density of crystals (nearly
8-fold higher than the control), and citrate (III) and
tricarballylic acid (II) resulted in 4- and 2-fold increases,
respectively. Conversely, both macromolecules
(polygalacturonic acid (IX) and alginate (VIII)) were the only
modifiers that inhibited 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.

Impact of inhibitors on the kinetics of barite crystallization

The kinetics of barite crystallization were evaluated by
tracking the temporal depletion of Ba2+ and SO4

2− 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 (Fig.
S6†), and report the relative growth rate (RGR, eqn (2)) using
as a reference the value obtained from a supersaturated
growth solution (control) in the absence of modifier (Fig. 4).

A value of RGR = 1 signifies no change in the rate of growth,
whereas RGR < 1 indicates crystal growth inhibition.

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
(Fig. 3b), in which alginate (VIII) 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 (Fig. 4b) compared to
the complete suppression of nucleation observed under
quiescent conditions (Table 1). These results are analogous
to other mineral systems, such as struvite, in which a
transition from quiescent to stirring conditions reduces the
efficacy of crystal growth inhibitors.50

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

Table 1 Number density of barite crystals in bulk crystallization assaysa

Polycarboxylate Sample

Number densityb (mm−2)

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.

Fig. 4 (a) Relative growth rate (RGR) determined from the linear slope
of de-supersaturation curves (Fig. S6†) measured under constant
stirring in growth solutions (S = 10) containing 1 μg mL−1 of each
modifier. Histograms are the average of at least three separate
experiments. Error bars equal one standard deviation. (b) Percent
inhibition of barite growth as a function of alginate concentration.
Corresponding de-supersaturation curves are provided in Fig. S7.†
Percent inhibition was calculated as (1 − RGR) × 100%. Symbols are the
average from at least three separate experiments. Error bars span two
standard deviations and the dashed line is interpolated to guide the
eye.
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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 were exposed to growth solutions without
modifiers grew 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 (Fig. 5) were 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 strong inhibitors (Fig. 4a).

Barite crystal growth is completely inhibited under low-Re
(Re = 9.2) flow in the presence of 0.2 μg mL−1 alginate (Fig.

5), which is similar to the results obtained under quiescent
conditions (Fig. 2) at higher alginate concentrations. 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 (Fig. 5a). DTPA and citrate are similarly
effective at inhibiting barite growth along the width of crystals
(Fig. 5b). 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).11,23,24,60,61,67–69 Here, we used 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 (Fig. 6a
and S8†). Time-resolved images revealed that seed crystals
grow disproportionately at the apical tips (i.e. {210} facets)
and a fraction of crystals exhibit orientation-dependent

Fig. 5 Relative growth rate (RGR) of barite crystallization based on (a)
crystal length and (b) crystal width dimensions as a function of
modifier concentration. Measurements were performed at room
temperature in the microfluidic device at a constant inlet flow rate of
12 mL h−1 of growth solution (S = 7.0). RGR values below unity indicate
growth inhibition. Each data point represents the average of at least
three individual experiments. Error bars span two standard deviations
(those not shown are smaller than the symbol). All experiments use
conditions where molecules were predominantly deprotonated: pH 7
for alginate and citrate,65,66 and pH 9 for DTPA.52 Dashed lines are
interpolated to guide the eye.

Fig. 6 (a) Optical micrographs extracted from Movie S1† after 1 and 3
h of continuous imaging show asymmetric inhibition of barite {210}
facets (indicated by white arrows) oriented against the flow of
solution. Images show a section of the microchannel where crystal
growth is monitored at 21 °C under constant flow (12 mL h−1) of
supersaturated growth (S = 7.0) solution containing 0.03 μg mL−1

alginate. Scale bar equals 20 μm. (b) Percentage of the crystal
population in microchannels that demonstrate asymmetric growth as a
function of alginate concentration. Data are the averages from a
minimum of 3 separate experiments (at least 50 crystals per
experiment). Error bars span two standard deviations. Inset: Indexed
barite crystal.
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anisotropic growth. These effects are observed for a minor
population of crystals (labelled as “crystals affected by flow”).
The asymmetric geometry developed after exposure to growth
solutions containing alginate (indicated by white arrows in
Fig. 6a and S8), 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 Fig. S9†). Analysis of crystals
affected by flow for different alginate concentrations revealed
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 (Fig. 6b). These features are consistent with

faster 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.70 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.

Mechanism of barite growth inhibition

Prior studies have used in situ AFM to show that barite
surfaces grow classically (i.e. layer-by-layer).71–75 This
technique has also been used to examine conditions of barite
surface dissolution75–77 and with respect to the impact of
select inhibitors on surface topography (e.g. layer

Fig. 7 Time-resolved AFM analysis of barite (001) surface growth. (a) Deflection mode image showing spiral growth from a screw dislocation
under the flow of growth solution (S = 4.4) containing 1 μg mL−1 alginate. (b) Step velocity in the [120] direction for growth solutions containing
alginate relative to those without any additive (control) as a function of increasing alginate concentration. Data points are the average of at least 3
separate experiments. Error bars span two standard deviations and the dashed line is interpolated to guide the eye. (c) Representative image of
newly formed 2D layers under flow of growth solution at higher supersaturation (S = 5.3). Barite (001) layers exhibit characteristic geometric
features with (d) a representative height profile (measured along the dashed yellow line in panel c) indicating single layers with step height h = 3.6
Å. (e) Snapshots from Movie S3† of 2D layer nucleation and advancement in a growth solution (S = 5.3, flow rate = 12 mL h−1) containing 0.05 μg
mL−1 alginate. Solid yellow lines indicate step edges that are arrested and become sites for the generation of step bunches.
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morphology).14,78 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 (Fig. 7a and Movie S2†).
In the presence of alginate, step velocities were measured and
compared against step velocities in a pure growth solution.
Step advancement is suppressed (Fig. S10†) with increasing
inhibitor concentration (Fig. 7b) via a step pinning mechanism
(see Fig. S11†).79,80 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
(Fig. 7c). These 2D nuclei have an average height of 3.6 Å
(Fig. 7d), 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 (Fig. S12†) owing to the 21 axis
symmetry of barite with alternating sulfate group orientation
between each half unit cell.81–83

At high alginate concentration (≥1 μg mL−1), we observe
complete suppression of layer advancement (Fig. S13†). 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 Fig. 7e). Sequential images from Movie S3†
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 (Fig. S3†) 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 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.84

Conclusions

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 macroscopic to molecular scale. 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 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 (pKaI = 3.38)65 relative to
more widely used analogues (e.g. DTPA, pKav = 10.5)85 allow
for alginate to be used at neutral pH, thus avoiding caustic
chemicals (i.e. metal hydroxides) 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. Use in
practical settings requires further studies to assess the effects
of real-world environmental conditions, particularly
temperature and higher solute concentration, on alginate's
efficacy as a dual inhibitor of barite nucleation and growth.
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