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Molecular modifiers can display a wide range of interactions with crystal interfaces to impede their growth. In this work 
we evaluate the efficacy of a naturally derived phosphorous-containing molecule, phytate, as an inhibitor of barite 
crystallization compared to the performance of a commercial organophosphorus standard. We show that both 
compounds inhibit barite nucleation and growth, with phytate demonstrating enhanced potency over the benchmark 
compound. Our findings reveal that phytate operates by a distinct mode of action on multiple crystal facets, imparting 
exceptional efficacy, which combined with its biocompatibility and widespread availability make phytate a potentially 
viable environmentally-friendly alternative to current barite scale treatments.

Introduction 

Mineralization of common inorganic components can have a 
detrimental impact on processes ranging from water 
purification and energy production1-4 to pathological diseases.5-

9 Among the more problematic minerals in commercial 
processes is barium sulfate (barite), a sparingly soluble 
component with few chemical treatment options available to 
suppress scale formation. Typically, the use of compounds such 
as diethylenetriamine pentamethylenephosphonic acid 
(DTPMP) and other analogues are implemented in scale 
prevention formulations.10-12 These molecular additives are 
efficient inhibitors of barite crystallization owing to their 
abundance of strong phosphonate acid groups (-PO3

2-), which 
exhibit a specificity for binding to barite crystal facets and 
impeding growth. Identification of effective modifiers has 
spurred significant interest in understanding their interaction 
with crystal surfaces and mode of action to inhibit barite 
scale,13-19 among a broader range of minerals.20-21 An essential 
component of modifier design is the identification of molecules 
with proximal acid groups,22 which can act cooperatively as 
binding moieties that enable modifier adsorption on crystal 
surfaces to frustrate the incorporation of growth units (i.e. 
solute). 

In this study, we examined the efficacy and mechanism of 
phytic acid (or myo-phytate) as a naturally derived molecular 
inhibitor of barite crystallization. Phytate used in this study is a 
bio-derivative of the naturally occurring sugar molecule, cis-

1,2,3,5-trans-4,6-cyclohexanehexol (i.e. myo-inositol), in which 
the alcohol groups have been substituted by six phosphate 
groups to form the phosphate ester.23 This myo-phytate isomer 
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 in forming insoluble polyphosphate – ion 
complexes.24-29 The efficiency of phytate as a chelating agent 
and its use in commercial scale inhibitor formulations30 
motivated our investigation of its potential to act as a crystal 
growth inhibitor.31-36 Herein we compare the efficacy of phytate 
to that of a benchmark phosphonate, DTPMP. It should be 
noted that organo-phosphonic acids such as DTPMP and 
organo-phosphoric acids such as phytic acid are different 
classes of molecules. For instance, DTPMP is an organo-
phosphonic acid that is effective at both high pH (9.5 – 12) and 
temperature (> 210 ℃), whereas phytates are organo-
phosphate esters of phytic acid that are known to decompose 
at lower temperatures (150 ℃).37 Using a combination of 
microfluidics and scanning probe microscopy, we confirmed 
that both modifiers exhibit dual characteristics as nucleation 
and growth inhibitors, with phytate being a more potent and 
potentially more environmentally friendly alternative to 
commercial analogues. 

Results and Discussion 
We assessed the efficacy of myo-phytate (PA) as an inhibitor of 
barite crystallization using the commercial scale inhibitor 
DTPMP as a benchmark. DTPMP is a polyamine decorated with 
five phosphonic acid substituents (Fig. 1A) and 10 protons with 
acid dissociation constants (pKa) spanning 1.04 to 12.58.38 Full 
deprotonation of DTPMP is achieved under severely caustic 
conditions; however, prior studies have shown that DTPMP is a 
highly effective inhibitor of barite crystallization in its partially 
dissociated state (i.e. maximum of six dissociated hydrogens) 
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Fig. 1. Molecular structures of (A) DTPMP and (B) phytate. (C) Representative optical 
micrograph of barite crystals synthesized in bulk assays under quiescent conditions using 
a supersaturated solution (S = 10) at room temperature (24 h period). (D) Scanning 
electron image of a barite crystal with indexed facets. (E) Number density of crystals at 
the bottom of glass synthesis vials as a function of modifier concentration. Inset: 
representative micrograph of the crystal population in the presence of phytate (see Fig. 
S4† for an image with DTPMP). Symbols are the average of 30 measurements for 3 
experiments. Error bars span two standard deviations (those not shown are smaller than 
the symbol). Dashed lines are interpolated to guide the eye.

around neutral pH.39-40 In comparison, PA is slightly more 
negatively charged at neutral pH with seven dissociated 
hydrogens.41 Notably, PA contains 12 hydrogens capable of 
dissociation (Fig. 1B) where the first four to dissociate are strong 
acids (pKa ~2) and the last 4 protons to dissociate are weak acids 
that require strongly caustic conditions (pH > 10) to achieve full 
deprotonation. Typical operating conditions (pH 2 – 10) for 
processes involving barite scale formation would lead to three 
dominant phytate species: PA6-, PA7-, and PA8-.41 The presence 
of multiple (and proximal) acids enables both PA and DTPMP to 
sequester free barium ions in solution, as well as bind to barite 
crystal surfaces through facet-specific modifier-crystal 
interactions.

In bulk crystallization assays, barite was synthesized under 
quiescent conditions using a growth solution with a 
supersaturation ratio of S = 10. This condition yields a large 
number density of crystals (340 ± 90 crystals mm-2), which was 

quantified by counting the number of crystals that sediment to 
the bottom of glass vials per unit area. Barite crystals prepared 
in this way exhibited an elongated hexagonal platelet 
morphology (Fig. 1C) with three dominant facets: basal (001), 
apical (210), and side (100) surfaces (Fig. 1D). Bulk 
crystallization assays in the presence of PA and DTPMP showed 
a sharp decline in crystal number density (Fig. 1E) with 
increasing modifier concentration. Within 24 h of preparing the 
growth solution, we observed complete suppression of barite 
nucleation at low modifier concentration (ca. 50 nM) with no 
difference in the trends for PA and DTPMP. As expected, a lower 
nucleation rate leads to fewer crystals that are larger in size 
(inset of Fig. 1E), with no appreciable difference in crystal aspect 
ratio (Fig. S1 and S2†). Extending the exposure time to 14 days 
using 50 nM modifier revealed only a single crystal with [010] 
length greater than 500 m (Fig. S3†). 

It could be surmised that modifier suppression of barite 
nucleation involves the inhibition of clusters (precursors) if the 
process involves a nonclassical two-step mechanism,42-45 as 
suggested in prior literature for barium sulfate solutions 
containing polymeric additives.46-47 To test for this possibility, 
we performed oblique illumination microscopy (OIM), which is 
a scattering technique used to characterize particles by 
Brownian dynamics.48-49 Solutions prepared at saturation (S = 1) 
did not show any evidence of clusters over a 3-day period (Fig. 
S5†), suggesting nucleation occurs via a classical pathway.45, 50 
Similar experiments were performed in a supersaturated 
solution (S = 10) with various concentrations of each modifier 
(10 – 50 nM). OIM measurements of these solutions after initial 
mixing of reagents (ca. 30 s) revealed particles with sizes 
spanning from 30 to 200 nm (Fig. S6 and Movie S1†). Our 
findings revealed that the population of particles decreased 
with increasing modifier concentration, such that the highest 
concentration tested (50 nM) completely suppressed 
nucleation (Fig. S7†), consistent with observations in bulk 
crystallization assays (Fig. 1E). 

In a previously published study we identified certain 
modifiers (e.g. alginate) with a dual capability of inhibiting 
barite nucleation and growth.51 Here we also observed dual 
inhibitory 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). Using 
a microfluidic setup adapted from a previous study,52 
microchannels were seeded with barite crystals and growth 
solutions with or without modifier were continuously supplied 
(12 mL h-1) to maintain a constant supersaturation (S = 7) slightly 
less than that of bulk crystallization assays to prevent 
homogenous nucleation. The growth solutions supplied to the 
microfluidic device for seeded growth studies were thoroughly 
mixed prior to injection into the microchannels, as described in 
detail in our previous study52 where we systematically assessed 
the effect of flow on the growth of barite in the presence and 
absence of modifiers. Here, time-resolved images (Fig. 2A and 
Movie S2†) showed significant inhibition of barite growth at 40 
nM PA with noticeable changes in crystal habit, 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] dimensions). 
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Microfluidic measurements revealed complete suppression of 
growth once the concentration of PA (or DTPMP) reached 50 
nM, which is identical to the concentration required to suppress 
nucleation. The inhibition of barite growth is evident in Fig. 2B 
by the monotonic reduction in relative growth rate with 
increasing 

Fig. 2. In situ microfluidic assays in the presence of DTPMP and phytate. (A) 
Time-resolved optical images of a crystal growing in a supersaturated solution 
(S = 7) containing 40 nM phytate at room temperature. (B) Relative growth 
rate of barite crystal (001) surface area exposed to flowing aqueous solutions 
of phytate and DTPMP as a function of modifier concentration. Symbols 
represent the average of more than 100 crystals. Error bars span two 
standard deviations (those not shown are smaller than the symbol). Dashed 
lines are interpolated to guide the eye.

modifier concentration. Growth inhibition is primarily 
attributed to modifier interactions with barite crystal surfaces 
rather than modifier sequestration of Ba2+ ions, which requires 
comparable concentrations of both modifier and solute to 
appreciably reduce supersaturation. Indeed, the nearly 103 
differences in solute (0.5 mM) and modifier (0.5 M) 
concentration suggests PA and DTPMP inhibit barite growth via 
a kinetic mechanism. 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 DTPMP shows that the former is a more 
potent growth inhibitor (i.e. suppression of barite crystallization 
occurs at much lower PA concentration).

We conducted in situ AFM measurements to glean 
microscopic insight on the growth mechanisms of barite under 
flow and in the presence of PA. In a previous study51 we 
confirmed that barite surfaces in the absence of modifier 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 

geometrical transition from triangular to rounded islands in the 
presence of PA (Fig. 3A). Time-resolved images extracted from 
Movie S3† reveal that PA significantly reduces the rate of step 
advancement, thereby creating fixed terrace surface area for 
island nucleation. Over the course of continuous imaging we 
observed an increased density of 2D islands populating the 
surface; however, the presence of PA prevents further growth 
of newly generated layers, leading to a rough surface where 
island generation and spreading are both fully suppressed after 
15 min.

Fig. 3. (A) Temporal images from in situ AFM showing suppressed growth of a 
barite (001) surface after exposure to a supersaturated solution (S = 7) 
containing 500 nM phytate. (B) Relative step velocities of 2D layers measured 
in the [010] direction in the presence of phytate (yellow diamonds) and 
DTPMP (blue squares). Symbols represent an average of 60 islands measured 
in the absence and presence of modifier to calculate v and vo, respectively. 
Error bars span two standard deviations, where those not visible are smaller 
than the symbol. Dashed lines are interpolated to guide the eye.

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. The  
monotonic reduction in v/vo to zero with increasing modifier 
concentration (Fig. 3B) indicates a step pinning mechanism of 
surface growth inhibition.53-54 Comparison of step velocity 
profiles for PA and DTPMP reveals a sharp decrease in relative 
step velocities of 2D layers in the presence of PA, whereas 
increasing DTPMP concentration results in a non-parabolic 
monotonic decrease in step velocity. The velocity of layer 
advancement on basal surfaces impacts out-of-plane growth (c-
direction), which is difficult to assess by AFM owing to the 
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challenge of mounting crystals with (100) surfaces oriented 
normal to the plane of imaging. In contrast, seeding of 
microchannels results in a small population of a-oriented 
crystals (Fig. S8†) for which time-resolved imaging by 
microfluidics shows growth along the [001] direction at 
concentrations where growth along both b- and a-directions are 
fully suppressed. These observations indicate PA and DTPMP 
are more potent inhibitors of growth along [100] and [010] 
directions (i.e. which exhibit the fastest rates of growth in barite 
crystals); a desirable outcome from the standpoint of optimizing 
anti-scaling agents.

The ability to seed microchannels with different barite crystal 
orientations relative to the viewing area enables analysis of 
growth and its inhibition along all principal crystallization 
directions.52 Similar crystal orientations are achieved in AFM 
sample preparation; however, measurements of barite (100) 
surface growth reveal topographies devoid of distinct layers 
(Fig. 4A), which makes in situ analysis of step velocity 
impossible. Interestingly, distinct features appear on barite 
(100) surfaces in solutions containing PA but not in identical 
experiments with DTPMP. The presence of PA generates

Fig. 4. (A) Ex situ AFM image of a barite (100) surface on a crystal grown in 
supersaturated solution (S = 10) without modifier (control). (B) Tile-stitched 
ex situ images of multiple areas on a barite (100) surface for a crystal grown 
in 40 nM phytate. The surface contains large macrosteps arranged in the form 
of hillocks. (C) Height profile of a macrostep hillock measured along the yellow 
dashed line in panel B.

pyramidal macrosteps where edges along the [001] direction 
are less defined, leading to an asymmetric surface topography 
(Fig. 4B). A representative height profile measured along one of 
the pyramids (Fig. 4C) shows that steps vary in height with sizes 
well exceeding single layers (i.e. macrosteps comprising more 
than 1000 unit cells). The exact mechanism by which PA 
generates pyramidal features on (100) surfaces is not well 

understood, nor is its relation (if any) to the enhanced efficacy 
of PA over DTPMP as an inhibitor of barite crystallization. To our 
knowledge, hillocks on barite (100) surfaces are not observed in 
previous studies.

Conclusions
In summary, we have shown that phytate functions as a dual 
action inhibitor of barite nucleation and crystal growth. At 
nanomolar concentrations of both phytate and DTPMP, we 
observed complete suppression of barite nucleation. 
Microfluidic studies of barite crystal growth revealed that 
phytate suppresses crystallization at concentrations nearly one-
third those of DTPMP (Fig. 2B), indicating phytate is a more 
potent growth inhibitor. Time-resolved atomic force 
microscopy revealed that both phytate and DTPMP operate by 
an efficient step pinning mode of action, which fully suppresses 
layer nucleation and advancement. Given that phytate is a 
natural compound derived from food sources (e.g. grains and 
nuts), it has potential as a green alternative to commercial scale 
treatments, such as DTPMP.
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