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A B S T R A C T

Fouling processes present significant challenges in many industries; understanding these processes is crucial
for accurate prediction and planning effective mitigation protocols. Composite fouling is prevalent in many
industrial applications, however, studies of these systems are scarce. We present, for the first time, new insights
on the interaction between two common crystallization foulants: BaSO4 and CaCO3. We conducted a series of
crystal growth experiments in a plug flow reactor. We used high resolution X-ray micro-computed tomography
to visualize the crystal formation. In the first set of experiments, crystals (either BaSO4 or CaCO3) were grown
on pristine steel surfaces; these pre-fouled surfaces were then used as substrates for the composite fouling
studies. The chemical compositions of the substrates were different from that of the foulant, i.e., either BaSO4
on CaCO3 or CaCO3 on BaSO4. Growth rates were obtained through gravimetric analysis. We characterized
surface properties, such as the crystal size distribution, surface coverage, and texture parameters through
advanced image analysis. Our results reveal that deposition behaviour depends on complex substrate-foulant
interactions. Whereas the net deposition of CaCO3 on a BaSO4 substrate increased with time, significant
detachment processes were observed for the reverse case. The increased detachment of BaSO4 on a CaCO3
substrate can be attributed to either the weak interaction within the CaCO3 crystal structure or the CaCO3/steel
interface. We also show how substrate properties govern crystal cluster sizes and distribution. The results from
this work provide a basis for the development of more comprehensive prediction models.
. Introduction

Crystallization fouling processes are ubiquitous in many industries
nd present a significant technical and economic challenge [1–6]. The
bility to predict the magnitude and location of crystal formation is
ital to implementing optimal mitigation strategies [7]. Many studies
f crystallization fouling have sought to understand the individual steps
hat constitute the overall formation process including nucleation [8–
0], transport [11–13], attachment [14,15], detachment [16,17], and
ging [18]; these studies were focused on the formation of single crys-
als. However, in many industrial processes, the presence of multiple
oulants, i.e., composite fouling, is prevalent [19–21]. Investigations
f the interplay between foulants are scarce [22–24], and previous
tudies show that directly extending the precipitation rates of sin-
le components to multicomponent systems can result in erroneous
redictions [25].

In previous studies, multicomponent brines have been co-injected
o form composite fouling [20,22,24–26], and the CaCO3-CaSO4 sys-
em have been widely studied [20,22,24,27]. Helalizadeh et al. [22]

∗ Corresponding author.
E-mail address: isacl@kt.dtu.dk (I.A. Løge).

observed that the addition of a different foulant increased deposition
rates, while Sheikholeslami et al. [20] observed that the tenacity of
the deposited crystals decreased when the concentration of the co-
precipitating ion was increased. Suggestions for developing prediction
models based on the effect of the co-ion for deposition of composite
crystallization fouling were proposed by both groups [20,23]. From sys-
tems with multiple foulants, it was found that co-injection influenced
the surface bond strength [24], which can be attributed to the change
in the properties of the crystals deposited on the surface [26]. Wang
et al. [28] reported an increased rate of surface deposition when non-
reacting particles were co-injected with precipitating ions. However,
the attachment strength of the fouling layer was decreased compared
to when only precipitating ions were injected. Foulant interactions
during co-injection are likely different from that observed in pre-
fouled surfaces. Therefore, understanding the role of the substrate in
composite crystallization fouling systems is crucial.

In composite fouling, substrate effects can either be microscopic or
macroscopic. Microscopic effects such as changes in material properties
vailable online 30 May 2022
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and surface structure affect the available nucleation sites. Macroscopic
effects, such as features altering the flow field, can affect the trans-
port of reactive species towards the surface. In a recent study, Løge
et al. [12] investigated the role of hydrodynamics, and surface mor-
phology on attachment and detachment processes. They reported an
increased deposition rate on rough surfaces under turbulent flow: the
surface morphology modulated the flow field and increased the mate-
rial flux to the surface [12]. Material properties of substrates are also
known to affect the deposition rate, as various materials have different
affinities towards crystal growth [29]. However, investigations of crys-
tals formed on pre-fouled surfaces where the substrate is different from
the foulant have, to our knowledge, not been previously investigated.
To improve fouling mitigation, it is vital to identify the impact of pre-
fouled surfaces on crystal deposition and to map how the structural
properties of substrates affect attachment and detachment processes.

In this work, we designed a composite crystallization fouling system
to investigate the impact of substrates on net deposition rates. We chose
BaSO4 and CaCO3 as they are common crystallization foulants [30]
nd little to no information exists on their interaction. We grew CaCO3
nd BaSO4 on pristine surfaces and pre-fouled surfaces. We used high-
esolution X-ray micro-computed tomography (CT) to visualize the
rystal formation. We characterized the surface through advanced im-
ge analysis. We extracted the distribution of the shapes, frequencies
f the protuberance, surface coverage, and density of clusters through
custom-written code.

We demonstrate the impact of pre-fouled surfaces on subsequent
eposition processes. Our findings should allow for the development of
ore comprehensive prediction models that account for the complex

rystal–crystal interactions that occur in composite fouling systems.

. Materials and methods

.1. Materials

BaCl2 (99.9%, Sigma Aldrich), Na2SO4 (99.0%, Merck Millipore),
aCl2⋅2H2O (99%, Sigma Aldrich) and NaHCO3 (99.5%, Merck) were
sed as received. Four separate solutions were prepared: 0.2 mmo-
al BaCl2, 0.27 mmolal Na2SO4, 10.0 mmolal CaCl2 and 8.4 mmo-
al NaHCO3. The saturation indices (SI, a measure of the thermody-
amic potential) for the solutions after mixing BaCl2 with Na2SO4
nd CaCl2⋅2H2O with NaHCO3 in a 1:1 ratio were calculated at 60 ◦C
sing the PHREEQC geochemical simulator and implementing Pitzer
arameters [31,32]. The SI is defined as:

I = 𝑙𝑜𝑔10

(𝑎𝑖 ⋅ 𝑎𝑗
𝐾SP

)

(1)

where 𝑎𝑖 and 𝑎𝑗 are the activities of the reactants and 𝐾SP is the
solubility constant. SI values of 1.85 and 2.02 were calculated for
BaSO4 and CaCO3, respectively.

2.2. The experimental procedure

The experimental set-up is identical to the one described by Løge
et al. [12]. The set-up was used in single flow-through mode, with
a deposition cell having an inner diameter of 3 mm and a length
of 3 cm. The cells were fabricated on a CNC machine based on the
deposition cell design from Løge et al. [12]. The reaction temperature
was fixed at 60 ◦C, and the injected flow rate for each brine was 36
mL/min ensuring a Reynolds number of 1080. After each experiment,
the cell was rinsed with de-ionized water and dried in an oven at 120 ◦C
for four hours. In this study four different sets of growth experiments
were conducted: CaCO3 on steel, CaCO3 on BaSO4, BaSO4 on steel, and

aSO4 on CaCO3. Experimental details can be found in Table 1. The
xperimental repeatability is presented in the Supplementary Material.
2

Table 1
Experimental conditions investigated. t = experimental duration.

Name Timestep Foulant Substrate t [min]

Ca1 S1 CaCO3 Steel 30
Ca2 S2 CaCO3 Steel 53
Ca3 S3 CaCO3 Steel 75
CaBa1 S4 CaCO3 BaSO4 30
CaBa2 S5 CaCO3 BaSO4 53
CaBa3 S6 CaCO3 BaSO4 75
Ba1 S1 BaSO4 Steel 97
Ba2 S2 BaSO4 Steel 172
Ba3 S3 BaSO4 Steel 244
BaCa1 S4 BaSO4 CaCO3 97
BaCa2 S5 BaSO4 CaCO3 172
BaCa3 S6 BaSO4 CaCO3 244

2.3. CT scanning and analysis

2.3.1. Image acquisition
X-ray scanning was performed with a Nikon XT H 225 equipped

with a 225 kV reflection target set-up in a cone beam configuration and
a flat panel detector. X-ray projections were acquired with a 0.5 mm
copper filter with a potential of 120 kV. Each tomography consisted of
1572 projections acquired with an exposure time of 1 s.

2.3.2. Image reconstruction
Reconstruction was performed with filtered back projection in X-

Tek CT Pro 3D (Nikon Metrology Inc.). Coefficients for polynomial
reduction of beam hardening were determined to 0.625𝑥1 + 0.375𝑥2 +
0𝑥3 + 0𝑥4. The projections were then reconstructed using filtered back-
rojection into a 3D model of the sample with a voxel size of 8.001 μm
n each direction.

.3.3. Image treatment
Threshold segmentation was performed in Avizo 2019 to segment

he scale and steel from the surrounding air. The segmented images
ere resampled to a pixel size of 16.002 μm. The resampled segmen-

tations were then exported as a stack of binary .tiff image files. The
leading ten images and trailing ten images were trimmed off the stack
to remove reconstruction artefacts that form at the ends of the sample.

2.4. Surface analysis

Surface profile parameters were obtained similar to the methodol-
ogy proposed by Klingaa et al. [33]. The exported stacks of segmented
2D orthoslices were used for extracting surface texture parameters
through an in-house Python code. The surface profile parameters used
in this work are the profile roughness, 𝑃𝑎, calculated as:

𝑃𝑎 = 1
𝑙 ∫

𝑙

0
|𝑍(𝑥)|𝑑𝑥 (2)

here 𝑙 is the length of investigated surface in the flow direction, 𝑥,
nd 𝑍(𝑥) is the surface height. The spikiness, Pku, is defined as:

𝑘𝑢 = 1
𝑃𝑞4

(

1
𝑙 ∫

𝑙

0
𝑍(𝑥)4𝑑𝑥

)

(3)

where Pq is the variation of the surface height:

𝑃 10𝑧 =
|

|

|

|

|

∑

𝑖

Max10𝑍𝑖(𝑥) − Min10𝑍𝑖(𝑥)
10

|

|

|

|

|

(4)

and describes the mean of the 10 largest distances from valley to peak.
This gives an indication of the overall size of the surfaces protuberances
and grooves.
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2.5. Surface coverage and cluster distribution

Surface coverage values were calculated using an in-house MATLAB
code; reconstructed CT images were used as inputs. In each image, the
inner diameter was identified. The perimeter was divided into 3000
points and each point was subject to a line integral from the inner
perimeter and 0.3 radius towards the centre. Through a geometric
transform, the line integrals were used to create a planar surface. The
surface was subjected to a threshold based on the mean value of the line
integrals which divided the surfaces into covered and uncovered sur-
face. Based on the segmented surfaces, a custom-written code was used
for calculating cluster size distribution. The clusters were determined
from interconnected white points on the segmented surface.

3. Results and discussion

3.1. Detachment processes and surface coverage

The rate of fouling formation is an important measure for un-
derstanding crystal growth mechanisms. The rate of fouling on clean
surfaces changes with time: as pristine surfaces are covered, the rates
of subsequent growth are altered. In Fig. 1a)–b), the gravimetric data
are presented relative to their starting point, i.e., normalized with the
initial mass of the cell. On pristine surfaces, we observe that the overall
crystal growth, of both BaSO4 and CaCO3, increased with time.

The gravimetric data of composite crystallization fouling are pre-
sented in Fig. 1a)–b). Overall, the growth rate of CaCO3 on a BaSO4
substrate increased by a factor of 1.7 compared to its growth on a
steel surface (Fig. 1a)). Remarkably, this increase in the growth rate of
CaCO3 on a BaSO4 substrate occurs even though the surface coverage
of BaSO4 is estimated to be 4% (Fig. 1c)). These observations are
consistent with previous studies that show that fouled and corroded
surfaces promote increased growth rates [12,34–36].
3

Detachment processes are more pronounced in BaSO4 on CaCO3
systems (Fig. 1b)). While we observe an increase in growth rate at
the first timestep, this trend is reversed in subsequent timesteps. The
negative growth rates observed in the last two timesteps are indicative
of detachment processes. The observations from the surface coverage
further support the presence of detachment processes. While the surface
coverages are similar for the formation of CaCO3 and BaSO4 on a
steel surface (Fig. 1c)), there is a 2% lower surface coverage for
BaSO4 on CaCO3, which suggests that previously deposited crystals
have detached.

Crystal breakage can occur at the following points: the CaCO3/
BaSO4 interface, steel/CaCO3 interface, and within the CaCO3 struc-
ture. Detachment processes can originate from microstructural insta-
bilities in the formed crystals. Breakage in the CaCO3/BaSO4 interface
is unlikely as barite is difficult to remove by mechanical means [37]
and resistant to weathering [38]. The tensile strength of CaCO3 de-
creases over time due to increased internal repulsive forces originating
from hydration [39,40]. The decreased tensile strength of the CaCO3
structure increases the probability of breakage to occurring internally in
the CaCO3 crystals. Furthermore, the adhesion strength between CaCO3
and steel is lower than that of CaCO3 and other substrates [41], this
suggests that detachment of CaCO3 from a steel substrate is likely.

3.2. Crystal morphology of composite fouling systems

The crystal morphology of the two composite systems is
markedly different (Fig. 2). We observe that CaCO3 crystals on a BaSO4
substrate form clusters that closely adhere to the edges of the cell and
or on itself (Fig. 2a)). In the BaSO4 on CaCO3 system, we observe crystal
clusters bridging over an apparent void (Fig. 2b)). The magnified area
shows BaSO4 that has formed around a material that has a low X-ray
attenuation coefficient that is consistent with CaCO .
3
Fig. 1. Crystal growth on steel and pre-fouled surfaces. The gravimetric data are presented as a function of injected reactive ionic species. (a) CaCO3. Blue and brown denotes
CaCO3 on steel and CaCO3 on BaSO4, respectively. (b) BaSO4. Orange and purple denotes BaSO4 on steel and BaSO4 on CaCO3, respectively. (c) Surface coverage as a function of
experimental duration. The surface coverage plotted against the elapsed time is presented in the Supplementary Material. The images to the right show the surface coverage of
BaSO4 at S3 (bottom) and S6 (top).
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Fig. 2. Orthoslices of composite crystallization fouling systems. (a) CaCO3 on BaSO4. (b) BaSO4 on CaCO3. The magnified areas are modified to emphasize how BaSO4 form around
existing clusters. The color blue represent CaCO3 and orange represent BaSO4.
The distribution and morphology of the cluster for the composite
systems are presented in Fig. 3. A significant portion of the growth
is located at the centre of the clusters in CaCO3 on BaSO4 systems
(Fig. 3a)). In BaSO4 on CaCO3, the most growth occurred around the
edges (Fig. 3b)). The preference for growth on top or on the edge
of clusters is quantified and shown in Fig. 3c)–d). Here, the cluster
size distribution of BaSO4 on CaCO3 is shifted towards larger clusters,
while the opposite is true in CaCO3 on BaSO4. Fig. 3e)–f) show the
cumulative volume of growth plotted against the cluster size. Clusters
grow to a larger size in BaSO4 on CaCO3 systems than the reverse,
indicating a change in growth behaviour (Fig. 3a)–b)). The formation of
larger clusters suggests an increased attachment of incoming ions on the
boundary between the pre-fouled areas and pristine steel. Detachment
of smaller clusters could also attribute to the behaviour of the cluster
size distribution.

Fig. 3. Distribution of cluster formation. Surface plot of a single cluster for (a) CaCO3
on BaSO4 and (b) BaSO4 on CaCO3. Histograms of cluster size distribution at S5 for (c)
CaCO3 on BaSO4 and (d) BaSO4 on CaCO3. Accumulated volume of deposted crystals
as a function of cluster size for (f) CaCO3 growth and (e) BaSO4 growth. The solid,
dashed and dotted lines represent S4, S5 and S6, respectively.
4

Detachment is inherent to the process of net crystal build-up [42],
and the importance of hydrodynamics and surface morphology on
detachment processes was recently discussed [12]. Since the initial
hydrodynamic conditions are kept similar during all experiments, its
influence is not an important factor. In addition to the chemical prop-
erties of the substraten another important variable to consider is the
structural integrity of the substrate.

3.3. Detachment processes and structural properties of the substrate

Deconstructing tomographic data allows for the characterization
of surfaces and the energetic competition between various modes of
surface growth. In this work, a method based on texture parameters,
which gives a range of texture parameters describing the height dis-
tribution of crystals is adopted [33]. One such parameter is 𝑃𝑎 which
is a measure of the average height of the surface protuberances and is
often used to describe roughness. The 𝑃𝑎 values during single crystal
growth studies remain within the typical values of lathed steel, which is
between 5-12 μm [43] (Fig. 4a)). Increased roughness has been reported
to contribute to increased crystal growth rates [44–48]. However, it is
unlikely that the increased growth rates stem from the roughness, if
simply defined as the arithmetic average height deviation, but rather
derived properties such as available nucleation sites [14]. Crystals with
multiple anchor points are known to have a strong attachment [49].
Sensitive parameters include the height of the ten highest clusters
(𝑃10𝑧) and the spikiness of the grown crystals (𝑃𝑘𝑢).

The evaluated texture parameters are presented in Fig. 4a)–c), while
the height deviation used for calculating the texture parameters is
shown in Fig. 4d)–g). The internal surface of the deposition cell is
shown through a view down through the deposition cell. In BaSO4 on
CaCO3, we observe a continous increase in the surface roughness (𝑃𝑎),
spikiness (𝑃𝑘𝑢) and the height of the most prominent peaks (𝑃10𝑧)
(Fig. 4a)–c)). In contrast, the for the CaCO3 on BaSO4 system flatten
out after the second growth step. For BaSO4 on CaCO3 𝑃 10𝑧 increase
from 20 μm at S4 to 90 μm at S6, while in the CaCO3 peaks increase
from 75 μm to 100 μm (Fig. 4b)). At S3 (single crystal systems) CaCO3
have formed in a more localized manner than BaSO4, since 𝑃𝑘𝑢CaCO3
> 𝑃𝑘𝑢BaSO4

(Fig. 4c)). The morphology of CaCO3 on BaSO4 (at S6)
is characterised by small local features (Fig. 4d)–g)). Small clusters
could arise from an initial thin and porous layer being formed, and
as more ions are supplied, clusters of higher density are formed on
top. This suggests that CaCO3 binds more strongly to itself and is
more likely to detach at the steel interface. Furthermore, as the shear
strength of deposited crystal decrease with decreasing size [50], the
local formations that make up the CaCO3 substrate provide a more

fragile structural template.
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Fig. 4. Texture parameters as a function of experimental timesteps. (a) 𝑃𝑎, (b) 𝑃 10𝑧, (c) 𝑃𝑘𝑢. 𝑃𝑎, 𝑃 10𝑧, and 𝑃𝑘𝑢 are plotted against elapsed experimental time in the Supplementary

Material. Perspective views of the height deviation plots for (d) CaCO3 on steel at S3, (e) BaSO4 on steel at S3, (f) BaSO4 on CaCO3 at S6, (g) CaCO3 on BaSO4 at S6.

)

Surface growth modes are determined by the most energetically

favourable points. Layer-by-layer growth (Frank–Van der Merwe growth
is promoted by high substrate preference, while the case of cluster
formation (Volmer–Weber growth) originates from strong binding be-
tween new precipitating species and previously formed clusters [51].
Crystal formation where layer and cluster formation compete is charac-
teristic of Stranki–Krastonov growth [49]. CaCO3 has previously been
reported to follow a Volmer–Weber growth scheme [52], which is in
line with our observations of CaCO3 forming spiky asperities. This
mechanism results in the identification of CaCO3 as small protuber-
ances. These spots are also detected in the differences between the
texture parameters from Fig. 4b) and d) as an increase of both 𝑃 10𝑧
an 𝑃𝑘𝑢 when CaCO3 is formed on BaSO4.

3.4. Growth mechanism of composite crystallization fouling systems

Understanding detachment rates is crucial for obtaining accurate net
surface growth rates. The frequency of detachment events depends on
the interaction between the substrate and the fouling agent [42]. In soft
matter systems (biofouling, lipid membranes), detachment dynamics
are crucial [53–55], as external forces easily influence these. For lipid
membranes, multiple studies have investigated the role of substrate-
binding strength on detachment dynamics [56,57], and shown how
weak surface attachment strength favours partitioned detachment [58].
The attachment strength of crystallization fouling is much higher than
in soft matter.

We suggest an overall substrate-dependent growth mechanism to
transfer these principles from soft matter fouling to crystallization
fouling. Crystal detachment is dependent on the surface attachment
strength [14], and CaCO3 is known to be a weakly adhering mineral
due to repulsive hydration effects [48], while BaSO4 is known for
its resilience to mechanical removal and is harder than CaCO3 [59].
Growth of CaCO3 on either a steel surface or a surface pre-fouled
with BaSO4 will persist on the surface. The surface coverage increases
rapidly as crystal growth occurs both at the boundary between pre-
fouled areas and pristine steel, and on new nucleation sites. BaSO4
creates a strong surface attachment on CaCO3 crystals. Initially, crystals
will attach to the pre-fouled surface at an increased rate. As they create
a strong surface attachment, the BaSO /CaCO interface will be bound
5

4 3
stronger than the CaCO3/steel interface. Therefore, over time, breakage
in the CaCO3/steel interface is most likely. Detachment will result in a
retarded rate of surface coverage. These perspectives are illustrated in
Fig. 5.

4. Conclusions

We show that in composite systems the properties of the substrates
play a major role in the growth rates and crystal distribution. The
growth rate of CaCO3 was nearly doubled on surfaces covered with 4%
BaSO4. On the contrary, significant detachment of BaSO4 was observed
when CaCO3 was the substrate; we attribute this behaviour to the
strength of the BaSO4/CaCO3 interface relative to the CaCO3/steel
interface. We also observe that while there is a uniform growth in
CaCO3 systems on BaSO4 substrate, the reverse order produced both
different surface morphologies and crystal cluster size distributions. We
show that in single crystal systems, surface coverage values were com-
parable, irrespective of the crystallization agent. In composite systems,
differences in substrates affected the detachment rates and surface

Fig. 5. Summary of observations on the role of substrates on detachment processes.
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coverage. CaCO3 on BaSO4 formed larger clusters when compared to
the reverse case: this suggests that BaSO4 preferentially grew on top
of CaCO3 instead of on the edges between CaCO3 and steel. Lastly, the
exture parameters revealed a large difference in the growth behaviours
n the two systems.

Predicting fouling formation without a careful consideration of the
ubstrate properties will likely result in errors in the growth rate. Our
esults show that substrates play a major role in the net growth rates in
omposite systems where crystallization agents interact. These results
hould allow for the development of new rigorous prediction models
hat account for the complex crystal–crystal interactions in composite
ouling systems.
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