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Key Points:
e 3D printing was used to create reactive rock samples.
e (Custom reactive filament was made using calcite and HIPS mixtures.

e Accessible calcite surface area in 3D printed samples are comparable to real rock
samples.
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Abstract

Understanding the impacts of porous media properties on geochemical reactions is challenging
due to the highly heterogeneous nature of natural samples. This work explores the use of 3D
printing to create synthetic rock samples with reactive properties mimicking those of natural
samples. Here, X-ray Computed Tomography and 3D printing were used to recreate the pore
network structure and reactive properties of a Paluxy sandstone. Novel, reactive filaments for 3D
printing synthetic rock samples were constructed from mixtures of high impact polystyrene and
calcite. The distribution and accessible calcite surface area of printed samples were evaluated and
compared to values for the real rock sample. Only a small fraction of the total calcite was on the
surface of the printed sample but the accessible calcite surface area was comparable to real samples

such that 3D printing may be a feasible means of fabricating reactive porous media samples.
Plain Language Summary

Geochemical reactions are important part of sub-surface systems. Understanding reactions rates
and impacts in natural systems, however, is challenging given the highly heterogenous nature of
natural samples. Laboratory experiments are often used to examine the impact of variations in
conditions but are extremely challenging due to variations in natural porous media samples. To
resolve this issue, 3D printing is explored here as a means of creating porous media samples with
properties similar to actual samples. Rock samples were 3D printed based on images of a real rock
sample using custom reactive filament made from mixtures of calcite grains and polymer pellets.
The properties of the 3D printed samples were compared with the natural sample. The results
showed that 3D printing can be used to create rock samples with comparable reactive surface areas,
thus providing enhanced experimental capabilities to increase understanding of geochemical

reactions in porous media.

1 Introduction

Contaminant transport (Essaid et al., 2015; Goh & Lim, 2004; Sandhu et al., 2018),
microbiological reactions (Hunter et al., 1998; Jin & Bethke, 2005), acid injection for enhanced
oil recovery (Zhu et al., 2018) and CO; injection into deep saline aquifers (Bachu et al., 1994;
Beckingham et al., 2017; Black et al., 2015; Deng et al., 2015; De Silva et al., 2015; Xiong et al.,

2018) can result in geochemical reactions in subsurface systems. These reactions can have a
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significant impact on the chemical and physical properties of the system, altering formation fluid
chemistry and porosity and permeability (Beckingham et al., 2013; Rathnaweera et al., 2016; Ross
et al., 1982; Shiraki & Dunn, 2000; Yu et al., 2012). Even though there is good understanding of
the changes in porosity due to dissolution/precipitation reactions (Deng et al., 2015; Zou et al.,
2018), there are large imprecisions in estimation of mineral reaction rates in porous media systems
(Bachu et al., 2007; Beckingham et al., 2016; Bourg et al., 2015; Jung & Navarre-Sitchler, 2018;
Wen & Li, 2018), Mineral dissolution rates have been typically estimated from laboratory
experiments that use disaggregated pure mineral phases (Liteanu & Spiers, 2009; Zhang et al.,
2002) that are fundamentally unable to reflect the reaction conditions in real porous media samples.
Reaction rates in porous media have been observed to depend on the pore structure (Pereira Nunes
et al., 2016), accessible mineral surface area (Beckingham et al., 2017), flow paths and
concentration gradients (Molins et al., 2012). 2D microfluidic devices have also emerged as a
promising way of enhancing understanding of reaction rates in porous media (Soulaine et al., 2018;
Yoon et al., 2019) but are often based on simplified geometries. Some laboratory experiments have
estimating rates using physical core or rock samples. However, replicate experiments aimed at
discerning the impacts of individual parameters on rates is challenging as these experiments often
lead to the sample being disturbed or destroyed, thus ceasing its use for another experiment
(Ameloot et al., 2016; Bultreys et al., 2016; Elhami et al., 2016; Josh et al., 2012; Vishal et al.,
2015). Another sample from the same formation can be used, which has similar chemical
properties, but no two samples have identical pore structures (Al-Khulaifi et al., 2018; Liu et al.,

2017).

Additive manufacturing (AM) or 3D printing has emerged as a powerful tool to create
porous media samples with controlled features and even identical pore structures (Ishutov et al.,
2018; Kong et al., 2019). AM is the process of joining materials to make parts from 3D model data
(International, 2015), usually layer upon layer as in Fused Deposition Modeling (FDM)/fused
filament fabrication (FFF) (Guo & Leu, 2013). 3D printing has been widely used in aerospace,
automotive, biomedical, and art fields (Ligon et al., 2017), and has been recently used for
fabricating microfluidic devices (Bhattacharjee et al., 2016; Mcdonald & Whitesides, 2002;
Rusling, 2018; Watson et al., 2018) and bench scale flow through reactors for water treatment
(Loeb et al., 2019). The potential use of 3D printing for fabricating geological materials for use in

lab experiments has been considered for undisturbed soil samples (Bacher et al., 2015; Dal Ferro
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& Morari, 2015; Otten et al., 2012), and sedimentary rocks (Ishutov et al., 2015; Kong et al., 2019),
where the research was focused on replicating the pore network of natural samples. The
applicability of 3D printed samples to replicate flow properties, namely bulk porosity and
permeability (Head & Vanorio, 2016) and rock mechanics (Hodder et al., 2018; C. Jiang & Zhao,
2015; L. Jiang et al., 2020; Q. Jiang et al., 2016) has also been investigated. Although the use of
3D printing is growing in geoscience applications, the feasibility of 3D printing to be utilized in

geochemically reactive systems has never been considered.

This work explores the utility of FFF technology for 3D printing synthetic porous media
samples with porosity and calcite accessible surface area mimicking natural samples to enhance
understanding of geochemical reactions in porous media. Using this approach, samples with
identical pore structures could be created and used in experiments devised to isolate the role of
individual parameters on mineral reactions and reaction rates in porous media, eliminating
experimental uncertainties that exist even with two samples from the same location. Here, novel
calcite-containing filament with varying weight percentages of calcite are created. Synthetic rock
samples are then printed using these custom filaments based on the pore structure of a sandstone
sample. The distribution and accessible surface area of calcite in the 3D printed samples is then

computed from 2D and 3D images of the printed samples.

2 Materials and Methods
2.1 Filament Preparation

High Impact Polystyrene (HIPS) and Acrylonitrile Butadiene Styrene (ABS) were
considered as the basis for filament construction. To ensure the stability of the printed samples in
acidic reaction conditions, such as those pertinent for acid mine drainage, geologic CO»
sequestration, etc., the stability of these materials in acid solution was first examined. Batch
experiments where 3D printed HIPS and ABS cubes were kept in an HCI solution of pH 3.5 for
up to 7 days were carried out where further details on acid resistance testing are in the SI. While
both cubes were relatively unreactive in acid, smaller changes in pH and weight were observed for

HIPS such that it was selected as the filament base material.
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Reactive filaments were made by mixing known weights of powdered Iceland spar calcite
and HIPS 8 MELT 2 IZOD pellets (3DXTech). Iceland spar calcite has been used in many calcite
dissolution experiments (Molins et al., 2014; Peng et al., 2015; Plummer & Wigley, 1976) because
of its purity. Here, calcite crystals were crushed, powdered and segregated into 63-90 um size
particles using ASTM sieves no. 170 and 230. HIPS pellets and segregated calcite powder were
mixed together to obtain batches with calcite weight fractions of 5%, 10%, 15% and 20%. The
volume fraction of calcite in each batch was also calculated using bulk densities of HIPS and
Iceland spar calcite (Table S1). The bulk density of HIPS used is 1.04 g/cm? and that of Iceland
spar calcite is 2.71g/cm? (Lambkin et al., 2011). Each HIPS/calcite batch was loaded into the
hopper of Filabot EX2 filament extruder and extruded into filament at a temperature of 210°C.
The filament extrusion rate was controlled to achieve a filament thickness of approximately 2.6

mm.
2.2 Mesh generation from 3D X-ray CT image

A sandstone sample from the Paluxy formation in Kemper county, Mississippi considered
in Qin and Beckingham (2019) was selected here as the basis for 3D printing. This sample was
extracted from well MPC 34-1 from a depth of 1541 m. 3D X-ray CT images collected on a 0.5
cm x 0.5 cm x 1 cm cuboid at a resolution of 6.62 microns and segmented in Qin and Beckingham
(2019) were utilized here. The original X-ray CT image stack, with porosity of 0.26, was
subsampled here to extract a 100 x 100 x 100 voxel cube. A wavefront (.obj) mesh, which creates
a mesh using marching cubes, for the grains was then generated with ImageJ, an open source image
processing software. The mesh was then processed in Blender, an open source 3D creation
software, to remove unconnected grains. The resulting mesh was then enlarged by twenty times to
ensure that all the pores could be reproduced properly when printing and then exported as a

stereolithography (.stl) file.
2.3 3D printing of rock samples

To prepare for 3D printing, the mesh files were first converted into a 3D printer supported
format, gcode, using Cura v3.2.27. Before deciding on the final print settings, various printing
conditions were tested. Samples were printed using a Lulbotz Taz4 printer with bed temperature

setat 100°C, 110°C and 120°C, nozzle temperature at 230°C and 240°C, layer thickness and height
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of 0.2 mm, 0.25 mm and 0.3 mm and 40%, 50%, 60% and 100% fan speed with an objective of

printing samples with low internal porosity and avoiding nozzle clogging.

Based on visual inspection of the test samples printed with different printing conditions,
the final printing conditions were selected: nozzle temperature of 240°C, bed temperature of 110°C
from 0.5 mm nozzle with 100% infill, 50% fan speed, and a layer thickness and height of 0.25
mm. Three reactive sample sets were then printed using three different custom filaments, those
containing 5%, 10% and 15% calcite. Identical printing conditions were used for printing with
each filament. Each sample set consisted of two replicate cubes where one cube was used for
subsequent Scanning Electron Microscopy (SEM) analysis and the other was used for X-ray CT

analysis.

2.4 Image analysis of 3D printed samples

2.4.1 2D imaging analysis

3D printed samples were imaged using 2D scanning electron microscopy (SEM) operated
in backscatter electron (BSE) mode using a ZEISS EVO 50VP Scanning Electron Microscope at
Auburn University to examine the distribution of calcite on the printed sample. Before imaging,
samples were coated with carbon using an EMS 550X Sputter Coating Device. Images were

collected at a resolution of 3 microns using a beam intensity of 20 kV.

2.4.2 3D imaging analysis

3D X-ray CT images were collected for the 5% and 15% calcite containing samples at a
voxel resolution of 11 microns. Collected images were cropped to obtain a 900 x 900 x 900 voxel
cube and segmented into pores, HIPS and calcite voxels. The voxels were segmented into grains
and pores first and then the grains were segmented into calcite and HIPS. For each segmentation,
the threshold was first calculated using the threshold optimization method in Peters (2009). The
resulting threshold was then manually validated via ImageJ and modified as necessary (+/- 5 of
calculated threshold value). Finally, an error reduction algorithm that flips lone voxels (Peters,
2009) was applied to reduce the misclassified pixels. Calcite voxels were further differentiated
between those present on the surface i.e. in contact with the pores and those present inside the

sample. The total porosity was calculated by counting the number of pore voxels in the segmented



Confidential manuscript submitted to Geophysical Research Letters

image and dividing by the total number of voxels in the cube. The connected porosity was then
determined using a marching cube and burning algorithm modified from Landrot et al. (2012) and
Beckingham et al. (2017). The accessible calcite surface area was determined using the approach
developed in Landrot et al. (2012). This involves first identifying calcite and HIPS voxels in
contact with pore voxels. A mesh, generated from the segmented 3D X-ray images after image
processing in ImagelJ and mesh processing in Blender, was then applied to the pore-bordering
surface of calcite and HIPS voxels and the surface area of the mesh was calculated by adding the
area of individual faces on the mesh. The calcite surface area was calculated by multiplying the
mesh surface area by the proportion of pore-bordering voxels corresponding to calcite. The total
mass of calcite present in the sample was calculated by multiplying the total volume of calcite
voxels by the bulk density of Iceland spar calcite. The normalized accessible calcite surface area

then was determined by dividing the calcite surface area by the mass of calcite present in sample.

3 Results and Discussion
3.1 Filament Preparation

Optical microscope images of four filaments with varying calcite contents prepared for 3D
printing are shown in Figure 1. Filament extrusion was highly influenced by the amount of calcite
mixed with HIPS. As the amount of calcite increased in the mixture, maintaining desired filament
thickness and uniformity became difficult. In addition, an increase in filament stiffness was
observed with increasing calcite content. Maintaining uniform composition of the filament was
also challenging and calcite agglomeration was prevalent in the filament made with 20% calcite.
The 20% filament also had bubbles on its surface, thus it was not of acceptable quality to be used
for 3D printing as the calcite agglomeration would result in nozzle clogging and surface defects in
the filament would result in defects in the printed sample. Deviations in desired thickness were
much less apparent in filaments with 5%, 10% and 15% calcite and they also maintained flexibility.
As such, the 5%, 10%, and 15% calcite filaments were selected for 3D printing. Some deviations
from the desired thickness of 2.6 mm were apparent sporadically in the 15% calcite filament and
a section of the 15% calcite filament that maintained the desired thickness was isolated from the

problematic areas and used for 3D printing.
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Based on observed filament properties, the maximum amount of calcite that can be used
with HIPS to create filament is between 15 - 20% by weight. As the amount of calcite increased
in the filament, maintaining uniformity in the calcite distribution and filament thickness was
increasingly challenging. Similar restrictions have been observed by Hodder et al. (2018) with

respect to the amount of binder material that can be present in the sample.

5% calcite 10% calcite

15% calcite 20% calcite

Figure 1. Optical microscope images of calcite-HIPS filaments with different weight fraction of
calcite.

3.2 Mesh generation from 3D X-ray CT image

The thresholded 3D X-ray CT image of the Paluxy sandstone to be utilized as the basis for
mesh generation is shown in Figure 2. The resulting mesh generated from the X-ray CT image
after image and mesh processing is shown in Figure 2b. The mesh has a porosity of 0.2917 while
the porosity of the X-ray CT sub-sample is 0.2652, which is similar to the experimentally measured
porosity of 0.26 of the original sample. The higher porosity in the mesh resulted from removal of

unconnected grains which cannot be printed with 3D printing.
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Figure 2 (a) Thresholded 3D X-ray CT image with grains in white, (b) 3D stereolithography
mesh generated from X-ray CT images corresponding to grains and X-ray CT images of 3D
printed samples made with filament containing (c¢) 5% calcite and (d) 15% calcite.

3.3 3D printing of rock samples
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Figure S4 shows the 3D printed samples using the 5%, 10%, and 15% calcite filament. As
evident in Figure S4, the printed layers in the 5% calcite sample have better overlap and transition
and there are no gaps between printed layers. In the 10% (Fig. S4,b) and 15% (Fig. S4, ¢) calcite
sample, there are periodic gaps in the printed layers and rows and these printing defects increased

with calcite content.

3.4 Image analysis of 3D printed samples

3.4.1 SEM analysis

The SEM BSE images of the 5%, 10% and 15% calcite containing samples are shown in
Figure S8. It should be noted that the images are not from the same section of the three cubes. The
darker areas in these images correspond to pores and the brightest pixels corresponds to calcite.
The remaining areas represent the HIPS. Calcite is easily distinguishable in these images (high
intensity pixels) and is distributed on the surface of the printed structure and adjacent to pores. The
fraction of calcite in to solid HIPs in the SEM images was similar for 10% and 15% sample (Fig.
S8, Table S2). As such, only the 5% and 15% samples were selected for further 3D imaging

analyses.

Also evident in these images are printing defects including incomplete overlap between
layers and between rows in the same layer. These defects were more evident in the 15% sample as
compared to 5% and 10% sample. Different printing temperatures were assessed as a means to
reduce defects where the fewest defects were observed with the chosen printing temperature of

240°C (Figures S5-S7.).

3.4.2 X-ray CT analysis

X-ray CT images of the 5% and 15% calcite sample are shown in Figure 2. Brighter voxels
correspond to calcite, grey to HIPS, and black to pores. As evident in the X-ray CT images, the
amount of calcite is much higher in the 15% sample as compared to 5% sample. Table 1 shows
the volume percentages of each component in 3D printed samples computed by counting voxels
in the segmented X-ray CT images. The porosity of the 5% sample is 0.2812 and closer to that of
the original sample (0.26) as compared to the 15% sample that has a porosity of 0.3371. The higher

orosity in the 15% sample is due to an increase in unintended internal porosity due to printin
p y p p y p g
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defects, which was also evident in the SEM images of the sample. It should also be noted that there
may be micro porosity in the real sandstone sample and thus a similar resolution for the X-ray CT
images of the sandstone and the 3D printed sample was used for better comparison. However,
additional micro porosity was not evident via high-resolution SEM images. As such, this type of

micro porosity it is not anticipated to be prevalent in the sample.

The amount of calcite in the printed samples agrees relatively well with the amount in the
filament (Table 1). However, there is increase in the amount of calcite in the 5% sample as
compared to what was used to make the filament. This is likely due to the non-uniform distribution
of calcite in the filament where additional investigations are needed to determine how and if

clumping can be prevented during filament fabrication.

Paluxy Sandstone

Sample property Swt% calcite sample | 15wt% calcite sample Sample
Calcite in filament (v%) 2.0 6.3 -
HIPS in printed solid (v%) 97.1 93.7 -
Calcite (in solid) (v%) 2.9 6.3 9.63
Inaccessible calcite (%) 99.60 99.83 22.74
Accessible calcite (%) 0.40 0.17 77.26
Total Porosity 0.2812 0.3371 0.2516
Connected Porosity 0.2812 0.3370 0.2338

Total accessible surface

28.41x 10 m? 43.11 x 10* m? -

area
A ible calci f:
ccessible calcite surface 8.03 x 10° m? 6.80 x 10° m? ]
area
Amount of calcite 555x10% g 11.06x10° g -

Normalized accessible

1.45 x 10% m¥/g 0.62 x 10* m%/g 8.13 x 10* m%g

calcite surface area

Table 1. Sample properties calculated from the X-ray CT images of the 5% and 15% calcite 3D
printed samples where accessible calcite refers to calcite adjacent to connected porosity.

The distribution of calcite between the printed surface and the internal printed volume in
the 5% and 15% sample are also given in Table 1 where the calcite on the printed surface would
be accessible for reactions. In both samples, the percentage of calcite present on the surface is less

than 0.5%. The 5% calcite sample has 0.4% calcite on the surface while the 15% calcite sample
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has 0.17% calcite on the surface. This may, however, reflect the accessibility of calcite in real
samples where clay coatings may restrict surface accessibility (Landrot et al., 2012; Waldmann et

al., 2014).

The total porosity, connected porosity, total accessible surface area, accessible calcite
surface area and normalized accessible calcite surface area calculated from X-ray CT images of
the 3D printed samples are given in Table 1. The connected porosity of the 5% sample and 15%
samples are 0.2812 and 0.3370 respectively. There is not much decrease in connected porosity as
compared to total porosity for both samples which indicates that the unintended internal pore space
in the 15% sample is connected to the macro pore space. The total accessible surface area of the
5% and 15% samples are 28.41 x 10* m? and 43.11 x 10** m?. The increase in total accessible
surface area in the 15% calcite sample is due to the increased connected porosity in the sample.
The accessible calcite surface area for the 5% and 15% samples is 8.03 x 10° m? and 6.80 x 10
m? respectively. Although the 15% sample has a higher porosity and almost 50% more total
accessible surface area as compared to 5% sample, the accessible calcite surface area is higher in
the 5% sample. This is due to the higher amount of calcite present on the surface in the 5% sample
as compared to the 15% sample. The normalized accessible calcite area of the 5% and 15% sample
are 1.45 x 10 m?/g and 0.62 x 10* m?/g respectively. In comparison with accessible calcite surface
areas for real samples, the normalized accessible calcite surface area calculated here is within the
values for natural samples but is an order of magnitude lower than those calculated for the Paluxy
sandstone in Qin and Beckingham (2019) where the accessible calcite area was 8.13 x 10 m?/g
for a calcite volume fraction of 9%. The normalized accessible calcite surface areas for the 3D
printed samples are higher as compared to values computed for a volcanogenic sandstone from the
Haizume formation reported in Beckingham et al. (2017) where the sample contained 0.03%
calcite by volume and the calcite accessible surface area was 2.14 x 10 m?/g. Lower mineral
accessible surface area in their sample was due to the presence of clay coatings on the mineral

grains which reduced the accessibility of calcite.
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4 Conclusions

This work explores the feasibility of 3D printing samples containing reactive minerals and
properties reflecting those of natural samples. Rock structures with pore networks based on natural
samples can be easily extracted from 3D X-ray CT images and serve as the basis for printed
samples. Custom filaments containing mineral phases can be readily created in the laboratory using
common materials with a maximum fraction of the reactive minerals of ~15%. Polymers suitable
for 3D printing were tested for their compatibility to be used in acidic conditions typically found
in environmental systems with geochemical reactions where neither polymer test exhibited
significant signs of degradation. Created filaments can be utilized in FFF printing where these
printers are low-cost and widely available. However, it should be noted that currently the
distribution of reactive mineral within the printed structure can’t be controlled and additional
efforts are needed to increase uniformity of the mineral phase in the created filament. In addition,
there can be problems associated with printing samples, such as generation of unintended internal
porosity due to incomplete overlap between layers or within the same layer in the sample,
particularly as the amount of mineral in the filament increases. In spite of these challenges,
however, the properties of the printed porous media samples reflected those of real porous media.
In particular, accessible calcite surface area was explored here as a reflection of the reactivity of
the samples. The accessible calcite surface area of 3D printed samples agreed well with measured
accessible calcite surface areas in other sandstone samples. As such, 3D printing may be a viable
means of fabricating samples with representative accessible mineral surface areas. Further work,
however, is needed to understand the surface properties of the printed samples in comparison to

real samples.

This study made use of FFF technology for 3D printing. The possibility of achieving the
same objective with other methods of 3D printing has yet to be explored and may offer some
additional benefits and challenges to successful fabrication of synthetic reactive rocks. Further
studies using FFF 3D printing are also needed to improve our understanding of the parameters
affecting mineral distribution in the 3D printed rock samples and facilitate better control over

mineral distribution.
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