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Abstract: Coatings for filtration applications based on epoxy resin mixtures with isopropanol were
synthesized using the dip-coating technique. The nanomaterials used were carbon nanospheres
(CNS) synthesized by chemical vapor deposition (CVD) and commercially obtained Vulcan XC-72
(VC). The permeation flux and permeability of the coatings were determined by vacuum filtration of
pure water applying different working pressures obtaining maximum values of 0.5555 cm?/s and
1.19 x 107° m?, respectively, for the CNS6 coating at 26,664 Pa. The minimum values obtained for the
permeation flux and permeability were 0.0011 cm?®/s and 1.21 x 10711 m?, for the coating CNS3 at
39,996 Pa. This study analyzed the effect of nanomaterials and the addition of isopropanol at different
volumes on the permeability of the coatings. The results show that the permeability was influenced
by the number of pores present rather than by their diameter. The number of pores were obtained
between the ranges 1-12 pum for all the coatings. The study of computational fluid dynamics (CFD)
through a free and porous medium, showed that it is possible to accurately determine flow velocities
(m/s) through and inside the composite coatings. Understanding the flow behavior is a practical
strategy to predict the performance of new nanocomposite coatings.

Keywords: composite coatings; carbon nanospheres; Vulcan XC-72; epoxy resin; computational fluid
dynamics; nanomaterials

1. Introduction

Water shortage caused by population growth, industrial activity, and increased energy
demand is one of today’s most important problems [1]. Optimizing existing water treat-
ment technologies is the key to ensuring a sufficient supply of clean water in the future [2,3].
However, the production of plenty and adequate drinking water is a great challenge since
conventional water treatments are not effective enough to remove all contaminants and re-
quire high energy consumption, which represents a high impact on the environment [2,4,5].
Filtration processes are considered one of the most effective and viable technologies to
address today’s challenges related to water treatment. Agriculture is a sector where it
is of great importance to generate water cleaning and reuse systems since it consumes
approximately 70% of the available fresh water [6,7].
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However, one of the biggest problems with filtration technologies is the decreased flow
due to fouling of the membranes which implies a limitation in applying these technologies
in sectors such as agriculture, by causing an increase in costs and energy consumption [8].
To mitigate the above problems in filtration processes, the use of polymeric-based composite
materials has proven to be a very effective alternative to improve permeability, selectivity,
and reduce fouling in techniques such as microfiltration (MF), ultrafiltration (UF) and
nanofiltration (NF). Such filtration technologies work with the application of pressure, and
their selectivity is highly dependent on pore size [9-13]. The high permeability of filter
materials is directly related to their good performance and is also a crucial factor in reducing
energy consumption [14-16]. The selection of the suitable material and manufacturing
process is crucial, as they directly affect the internal structure, porosity, hydrophilic nature,
and charge properties. These properties impact the performance by determining how they
interact with contaminants and whether they require high or low pressures to function
properly [11,17-20].

Recent studies report that CNS has increasingly been used in a wide range of applica-
tions, such as catalysis processes, lithium-ion batteries, oxygen reduction, supercapacitors,
water treatment, corrosion inhibitors and energy storage and conversion [21-26]. CNS
are spherical carbon structures with sizes between 50 nm and 1 um [26,27]. CNS being
simple to synthesize, and relatively inexpensive, also has advantages such as non-toxicity,
chemical stability, and electrical conductivity [22,28]. CNS produced by a hydrothermal
process form a great variety of oxygen-containing functional groups on their surface, which
serve as hydrophilic sites that generate a better affinity with water and a higher facility
for mixing with polymers [29-34]. These characteristics mean that the CNS do not require
chemical activation to increase their hydrophilicity, which avoids high consumption of
chemical reagents and makes them a profitable material for the manufacture of filtration
materials [30,32,33,35].

One polymer used to make homogeneous and stable mixtures with CNS is epoxy
resin [36-38]. Epoxy resin is an insulating material with high mechanical resistance, high
dielectric strength, and can generate a very stable and moldable support [28]. With this
polymer has been possible to obtain mixtures with CNS that present good dispersion and
mechanical resistance. Epoxy resin can adapt to different forms of molding and shows high
chemical resistance without losing the properties of interest of the CNS [22,23,28,39]. In this
study, chemical and mechanical stability properties on materials improved through epoxy
resin mixtures with CNS (Epoxy-CNS) to manufacture thin filtration coatings for water
treatment purposes. These composite coating materials were designed for agricultural
irrigation water cleaning and reuse systems in order to remove suspended solids and fine
particles which are undesirable due to clogging of irrigation systems [40].

To better understand the effect of the CNS on the mixture with the epoxy resin, the
performance of the filtrations through coatings was compared against the performance of
coatings based on the mixture of epoxy resin with carbon Vulcan XC-72. Vulcan XC-72 is
a nanomaterial whose physicochemical characteristics have already been widely studied.
The composite coatings were made on a stainless-steel mesh, which, by covering the mesh
openings with the mixture, allows to produce films with adequate porosity for filtration
applications. The efficiencies of the filtration process for these films were determined by
measuring the total filtration rate of pure water at different applied pressures.

The analysis technique used to study hydrodynamic flow in a non-invasive way was
performed by a computational fluid dynamics study (CFD). This is an analysis technique
used to study hydrodynamic flow in a non-invasive way. CFD is based on mathematical
models for the solution of partial differential equations (PDE) that govern the flow and
transport processes. These are known as the equations of change, conservation of mass
and moment, and the continuity equation for individual chemical species [41-43]. These
PDE:s are coupled to the initial and boundary conditions and are solved using numerical
methods and domain discretization techniques [1,43]. These flows are represented by the
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Darcy and Navier Stokes equations to perform the simulations of the regions of continuous
free flow and porous flow that are analyzed in this study [44].

The CFD analysis was carried out to determine the distribution of flow velocities in
the internal zone of the filtration cell, as well as through the nanocomposite coatings. For
these tests, a simple filtration cell design was used, consisting of a vertical cylinder-shaped
filtration zone, secured against leakage. This, so that its design would not intervene in the
characterization of the flow through the synthesized nanocomposite coatings. With the
information obtained by this analysis, we can understand how the characteristics of the
nanocomposite coatings, such as their thickness and percentage of porosity, affect the flow
and the working pressure requirement. Additionally, these studies provide details about the
aspects of the filtration cell design and the structural properties of the coatings that could
be modified to optimize the filtration process and to reduce the required working pressure.

2. Materials and Methods
2.1. Preparation of Materials
2.1.1. Preparation of the Catalyst for the Synthesis of Carbon Nanospheres

Colloidal silica was used as a support to produce the catalyst for the synthesis of
carbon nanobeads. For the colloidal silica preparation, tetraethyl orthosilicate (TEOS) was
used with a 98.0% (Minerales y Reactivos Company, Cuautitlan Izcalli, Mexico). Reagent
grade nitric acid (J. T. Baker, Phillipsburg, NJ, USA) was used as the catalyst for the silica.
Nickel nitrate (Ni(NO3),-6H,0) (J. T. Baker, Phillipsburg, NJ, USA) was used to prepare
the catalyst. Silica was prepared as described in the literature from Brinker and Sherer,
1990 [45].

The catalyst was made with colloidal silica prepared by the sol-gel process as a support,
using a 1:1:4 ratio of tetraethyl orthosilicate (TEOS), ethanol and water. The TEOS had a
purity of 98.0% and was supplied by Minerales y Reactivos Company (Cuautitlan Izcalli,
Mexico). Reagent grade nitric acid from J. T. Baker (Phillipsburg, NJ, USA) was used as
the catalyst for the silica. The catalyst was prepared using nickel nitrate hexahydrate, from
Sigma Aldrich (Darmstadt, Germany). The necessary amount of nickel nitrate hexahydrate
was added to the suspension of silica nanoparticles to obtain the weight fractions (50%) of
silica and (50%) of nickel oxide.

The suspension was placed in a laboratory rotary oven with external heating for 3 h at
350 °C to evaporate the solvent. The reactor rotated at a speed of 100 rpm and a one-inch
diameter rod was introduced to serve as the grinding medium. Once the catalyst powder
was obtained, it was calcinated in an oxidizing atmosphere within a laboratory muffle
furnace at 650 °C. All solutions were prepared using deionized water with a resistivity of
18 MQ) (obtained using a Millipore purification system) [45].

2.1.2. CNS Synthesis

The carbon nanospheres were synthesized using the CVD process [46-48]. The process
was carried out using a 316 L stainless steel reactor, 2” (inches) in external diameter, and
1.6 m long, with external heating. The heating was carried out using electrical resistances.
The NiO nanoparticles supported on the silica were placed inside the reactor. Subsequently,
using a vacuum of 200 mmHg, the oxygen present was evacuated for 1 min. To ensure the
elimination of oxygen, a nitrogen flow of 1.0 L/min was continuously introduced for 30 min.
Inside the reactor, NiO particles were reduced to metallic nickel using a hydrogen/nitrogen
mixture of 90:10 v/v at a flow of 1.0 L/min for 30 min. To start the growth of the CNS,
a flow of acetylene 0.5 L/min was introduced continuously for 30 min. Afterwards, the
reactor was cooled to room temperature and subsequently, the CNS were removed from
the reactor. Finally, the CNS were treated in an oxidizing atmosphere in a muffle furnace at
500 °C for one hour, in order to eliminate the amorphous carbon present on the surface of
the CNS.
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2.1.3. Preparation of the Epoxy Resin-CNS Mixture

We weighed 0.1 g of CNS to which 1 mL of glycerin was added. Epoxy-CNS mixtures
with isopropanol variations were made using volumes of 0, 3 and 6 mL for each 10 g of
epoxy resin, glycerin, and carbon nanomaterial mixture. These mixtures were subjected to
magnetic stirring for 10 min and ultrasonic stirring for 10 min at room temperature. Once
the stirring period was over, 4.26 g of epoxy resin catalyst (diethylenetriamine (DETA))
and 5.7 g of epoxy resin (bisphenol A, Resins—DEGBA) obtained from Recubrimientos y
Resinas de Querétaro Company (Querétaro, México), were added. The resulting mixture
was subjected to mechanical stirring of 5 min and 10 min of ultrasonic stirring.

2.1.4. Elaboration of the Composite Coating on Steel Mesh

For the preparation of the composite coating, a 304 stainless-steel mesh number 80
of the Tyler series was used, which has an opening of 0.178 mm. Pieces with dimensions
of 12 x 4 cm were cut from the mesh to prepare the coating. The steel mesh pieces were
sonicated in acetone (Baker) for 30 min to remove residual contaminants. Subsequently,
the mesh pieces were rinsed with deionized water. Once the resin suspension with the
nanospheres had been prepared, the mesh pieces were coated using an immersion-removal
system. It should be noted that a scraper was added to the system to remove the excess
suspension. Subsequently, the coated pieces were subjected to a heat treatment of 60 °C
for one hour. Coatings with suspensions prepared with Vulcan XC-72 and epoxy resin
were also prepared applying the methodology described in the Sections 2.1.3 and 2.1.4
of Materials and Methods (Section 2.1). This was done to have a standard and make a
comparison with a widely studied nanomaterial.

2.2. Physicochemical Characterization of Materials

The morphological analysis and particle size of the CNS were determined using
the JEOL JSM-7610F brand scanning electron microscope (SEM). The structure of the
materials was determined with Rikagu Dmax2100 X-ray diffractometer, using Cu Ka1.2
(A = 1.5406/1.5442 A). A Keyence microscope model VHX-5000 was also used to determine
the porosity and surface morphology of the membrane. A Mitutoyo micrometer was used
to determine the thickness of the coatings. Three nanocomposite coatings of each treatment
were used for the determination of the mean =+ standard deviation [SD] of the pore counting
and the thickness determination.

2.3. Experimental Design
2.3.1. Composite Coating Filtration Process

A filtration system was designed and built to perform the filtration tests. An adjustable
vacuum pump Siemens model Q2-]J14 (Siemens S. A. de C. V, Mexico City, Mexico) was
used for the system, with which the suction pressure was varied from 13,332 to 39,996 Pa.
The system allows measuring the volume of filtrate in a 10 mL cylinder. Figure 1 shows a
filtration system diagram where the tests were carried out, it consists of a filtration zone
and a vacuum zone. The vacuum is adjusted by varying the power of the pump.
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Filtration zone Vacuum zone
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Figure 1. Scheme of the vacuum filtration system.

2.3.2. Filtration Cell Design

The filter cell used in these experiments was manufactured by 3D printing, using
polylactic acid (PLA) as printing material. Figure 2a shows the components of the filtration
cell designed and built to execute the evaluations of the synthesized composite coatings.
The cell is made up of a feeding section for the liquid to be filtered, which contains a
circular hole for the set of the neoprene O-ring as a seal and to delimit the filtering area.
Subsequently, the composite coated mesh to be evaluated is set on the neoprene gasket,
which is fixed between the upper (feed) and lower (filtration) parts using screws tightened
with a torque wrench. Figure 2b shows a diagram of the feeding zone where the liquid is
fed through the upper part of the cell and the filtrate is collected in the lower part.

i
¥

Screws

Feed
Part

Seal
Composite

coating
@ Filtration
— Part

i

|

Nuts & b Water
® ® ® Outlet
(@) (b)

Figure 2. (a) Scheme of the evaluated filtration cell, (b) description of the feeding and outlet of the
filtered liquid.
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2.3.3. Calculation of the Permeation Flux and Permeability of the Coating

The calculation of the permeation flux Q (cm?/s) of the coated meshes was carried out
using Equation (1):
14
Q= M
where V is the volume of the permeate (5 mL) and At is the filtration time. The intrinsic
permeability k (m?) was also calculated using the Darcy equation Equation (2), which is
given by:
QuL -6
k= m-l x 10 2
where y is the viscosity of the liquid to be filtered, in this case, water (0.001 Pa-s), L is the
thickness of the coating (m), A is the evaluated area given by the interior of the O-ring
(0.000178 m?), and AP is the pressure change to evaluate (Pa).

2.4. Computational Modeling
2.4.1. Description of the Simulation Domains

Figure 3 shows the domains used to perform the computational filtering simulation
when applying vacuum. The dimensions of the domain are indicated as the diameter of
the filtering section (Dg) and the feeding section (Dy,). Figure 3 also shows the diameter of
the composite coating (Dp), its thickness (Hp,) the height of the filtration (H¢,) and feeding
(Hg) zones.

D[e, fi

= b

e

v

H

—_— 4

Figure 3. Dimensions of the domains used.

Table 1 shows the symbols and values of the domain dimensions used in the simulation.
As shown in the table, the filtering and feeding sections have the same measurements.

Table 1. Dimensions of the domains evaluated in the filtration process.

Domain Symbol Description Value
Dse Feeding section diameter 12.7 mm

Feeding Hie Feeding section height 25 mm

Section Age Feeding section area 126.68 mm?

Vie Feeding section volume 3167 mm?3
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Table 1. Cont.

Composite coating Dm Composite coating diameter 16.7 mm
Hpn Composite coating height average 0.306 mm
Dy Filtration section diameter 12.7 mm
Filtration Section Hg Filtration section height 25 mm
Ag Filtration section area 126.68 mm?
Vi Filtration section volume 3167 mm?

2.4.2. Formulation of the Numerical Simulation

The Strokes-Brinkman flow function was selected to describe the behavior of the fluid
in the coupled free and porous regimes in the cell.

Porous Medium

In the region of the porous composite coating, the flow is governed by the Brinkman
equations, which is given by Equation (3) [43]:

p(v-Vv) = —VP + uV2v — %v 3)
where p is the density of the fluid, v is the velocity field, P is the pressure of the fluid, y is
the kinematic viscosity of the fluid, and k is the permeability.

Free Medium

On the other hand, the Navier-Stokes equations (Equation (4)) was used to solve the
flow in the free region, which is given by:

pw(v-Vo) = =VP + uV3y (4)

Equation (5). represents the continuity equation for an incomprehensible fluid
(Sahimi 2011).
V=0 ®)

2.4.3. Boundary Conditions

As a limit condition for the simulation, the area of the porosity in relation to the total area
of the composite coating was determined, assuming that the coating is homogeneous. The
temperature and density of the feed were constant. The conditions are time dependent; the
feed stream is laminar, and no chemical reactions occur in the feed stream. Slip conditions
were applied at the inner boundaries within the filtration cell sections.

3. Results and Discussion
3.1. Physicochemical Characterization of Materials
3.1.1. Characterization of Nanostructured Carbon Materials

The synthesized carbon material had a spongy appearance, which consisted of ag-
glomerates of CNS. Figure 4 shows, a micrograph of the Scanning Electron Microscope
(SEM) obtained at 25,000 x with an energy of 3 kV using secondary electrons. With these
conditions, it was possible to obtain high-resolution details of the morphology of the
nanospheres. A round structure of the carbon nanospheres can be seen, with an average
individual diameter of 216 nm. A growth with a linear tendency of agglomerate is ob-
served in the nanospheres, with a uniform growth, greater details of the structure cannot
be achieved by the equipment and the conditions used.

Figure 5a shows the diffractogram of the nanospheres from the CVD reactor with Ni
catalyst traces. This figure shows the diffraction of the characteristic crystalline planes of
carbon materials, in this case of the nanospheres (CNS), at 20 of 26.126° and 43.58°; for nickel at
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20 44.46°,51.75° and 76.36°, which come from the catalyst to obtain the nanospheres [49-52].
On the other hand, Figure 5b shows the diffractogram of the nanospheres, but without Ni
catalyst traces. In this figure, only the crystalline planes of the characteristic graphite of the
nanospheres can be seen at 26 of 26.126° and 43.58° [53,54]. The traces of Ni catalyst were
present because these CNS were taken from the tray where the catalyst was poured before
the CVD synthesis. CNS of both diffractograms were subjected with a thermal treatment at
500 °C for 1 h.

ipm LIDTRA  9/30/2021
X 25,000 3.0kv SEI GB_LOW WD 4.5mm 12:56:07

Figure 4. SEM micrograph of carbon nanospheres.

B + Nickel metallic
R CNS

(a)

Intensity, U. A.

10 20 30 40 50 60 70 80 90
26, deg

Figure 5. (a) XRD of carbon nanospheres with Ni catalyst traces; (b) XRD of carbon nanospheres
without Ni catalyst traces.

3.1.2. Characterization of Epoxy-Carbon Coatings

To demonstrate the effect of the application of isopropanol for the formation of pores
in the epoxy-CNS and epoxy-VC coatings, microscopic images of the treatments were
obtained with concentrations of 0, 3, and 6 mL of isopropanol per 10 g of epoxy mixture
with nanomaterial (Figure 6). Without applying isopropanol (VCO0), the epoxy-VC coating
presented small surface bubbles of about 2 and 3 um in size, but these were not considered
pores since they did not permeate water after performing the vacuum filtration tests. On
the other hand, there was no water permeation for epoxy-CNS coatings (CNS0), but they
did not show bubbles on the surface. By adding 3 mL of isopropanol, both types of coating,
VC3 and CNS3, formed pores presenting concave shapes like bubbles. These forms are due
to the generation of bubbles from the isopropanol that evaporates and leaves the mixture
during the heat treatment at 60 °C for 1 h.
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The VC3 coatings showed more pore formation than CNS3 coating. The pore distribu-
tion of both types of coating is homogeneous with various sizes. Pore diameter distributions
were divided into two ranges to simplify their analysis. The pore dimensions were between
1-4 and 6-11 pm for VC3 coatings and 1-4 and 5-12.5 um for CNS3 coatings. In the case of
treatments where 6 mL of isopropanol was added, the pore sizes in both types of coatings
were also variable, but the number of pores in the larger diameter range was significantly
less than the number of pores in the smaller range in both cases. For VC6 coatings, the
pores that are part of the larger diameter range were larger and more numerous than those
in CNS6 coatings. The diameter ranges were 1-3 and 4-13 um; and 1-3 and 4-11 um for
VC6 and CNS6, respectively.

Figure 6. Images of the surface of the epoxy-VC and epoxy-CNS coatings with different volumes of
isopropanol, obtained at 4000 magnifications from the Keyence model VHX-5000 digital microscope.

Figure 7 shows the histograms of the pore diameter distribution of the epoxy-VC and
epoxy-CNS coatings. These histograms show that most of the pores are in the 1 to 3 pm
range. For VC3 the smallest diameter pores represent 79.2%, while for VC6 it is 93.6%. In
the case of CNS3 the percentage of smaller diameter pores was 88%, and for CNS6 91.7%.
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In the case of CNS3 the total number of pores was lower than in all other coatings, thus,
low permeability and permeation flux are expected. On the other hand, CNS6 coating
presented the highest number of total pores and the highest percentage of small pores.
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5 1704 |1
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1004 \ 1604 |
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1 N 1404 RN
804 \ 1304 |
N 120 \
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304 50 -
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204 304
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Figure 7. Histograms of the pore diameter distribution in the surface of the epoxy-VC (a,b) and
epoxy-CNS (c,d) coatings with different volumes of isopropanol.
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The pore diameter ranges of the coatings obtained were from 1 to 13 pm for the
epoxy-VC, and from 1 to 12.5 um for the epoxy-CNS coatings.

Table 2 shows the pore count data for the epoxy-CNS and epoxy-VC coatings with
three replicates. The mean =+ standard deviation [SD] for each diameter range is included.

The smallest standard deviation values for epoxy-VC coatings were 0.03 (diameter
range 8 um) and 0.02 (diameter range 6 um) for VC3 and VC6, respectively. The largest
standard deviation values for epoxy-VC coatings were 0.39 (diameter range 4 pm) and
0.34 (diameter range 2 um) for VC3 and VC6, respectively. The smallest standard deviation
values for the epoxy-CNS coatings were 0.06 (diameter range 2 pm) and 0.07 (diameter
range 12 um) for CNS3 and CNS6, respectively. The largest standard deviation values were
0.4 (diameter range 7 pm) and 0.39 (diameter range 4 um) for CNS3 and CNS6, respectively.
As we can see in Table 2, the difference between the standard deviation values was greater
for the epoxy-CNS coatings. This may be related to the difference in the physicochemical
nature of the epoxy-CNS mixture, compared to the epoxy-VC mixture.

Table 2. Diameter pore count and standard deviation of the Epoxy-VC and Epoxy-CNS coatings.

Diameter Pore Count
Range (m) 1 2 3 4 5 6 7 8 9 10 11 12
VC3 1074028 344028 194034 124039 74033 54022 64011 64003 3+032 0 0 0
Coating VC6 182025 74034 0 14000 2+£012 24002 2+£030 34013 1£000 1£000 3£011 14000
Oating N3 964034 33+£006 144014 1+£000 3+029 4+£030 3+040 1+£000 14£000 1£000 1+£000 2£0.12
CNS6 744029  101+027 37402 9+039 34018 2+018 0 0 24007 0 14000 1+007

3.2. Filtration Tests Using Epoxy-Carbon Coatings
Filtration Evaluation of Epoxy-Carbon Coatings

Figure 8 shows the permeation fluxes Q (cm3/s) of epoxy-VC and epoxy-CNS coatings
produced with different concentrations of isopropanol during vacuum filtrations applying
different working pressures. When comparing the permeation flux of the VC3 and VC6
coatings, the VC6 permeation fluxes are higher and increase with increasing working
pressure: 0.1042 cm® /s for 13,332 Pa, 0.1724 cm® /s, 26,664 Pa, and 0.2041 cm® /s, 39,996 Pa.
Meanwhile, for VC3 coatings, a decrease of permeation flux was observed with increasing
applied pressure: 0.0495 cm?3 /s for 13,332 Pa; 0.0403 cm?3 /s for 26,664 Pa, and 0.0177 cm? /s
for 39,996 Pa. This difference is observed despite both coatings having similar physical
characteristics, with porosity percentages of 35% and 33%, and a thickness of 0.307 and
0.305 mm, for VC3 and VC6, respectively. The higher permeation flux obtained in VC6
coatings is explained by these coatings having larger pore diameters, with ranges of
4-13 um, and have a higher quantity of small diameter pores, while for VC3 the pore
diameters are between 6-11 um. When analyzing the effect of the increase in the working
pressure in the epoxy-VC coatings, in VC3, the increase in pressure generates a compaction
in the pores, which results in decreasing the permeation flux [55,56]. However, in the case
of VC6 coatings, the pressure increase does not appear to affect significantly.

CNS6 coatings had the highest permeation fluxes compared to all other coatings
at all applied working pressures. For CNS6 it was observed that when going from the
working pressure 13,332 Pa to 26,664 Pa, the permeation flow increased from 0.3571 cm3/s
to 0.5555 cm?3/s. Due to these results, the pressure of 26,664 Pa causes an increase in flow
without deformation of the pores. On the other hand, when the pressure was increased
to 39,996 Pa, the permeation flow decreased to 0.4545 cm3 /s, thus it is possible that
a contraction of the pores is generated at said pressure. The permeation fluxes of the
CNS3 coatings had a similar behavior to those of the CNS6 coatings but with significant
lower permeation fluxes. For CNS3, an increase in permeation flows was observed from
0.0011 cm3/s to 0.0027 cm3 /s for working pressures of 13,332 Pa and 26,664 Pa, respectively.
Likewise, a decrease is observed when the pressure increases to 39,996 Pa, obtaining a
permeation flow of 0.0011 cm?/s. In both epoxy-CNS coatings, the physical characteristics
are very similar, with porosity percentages of 19% and 17%, and thicknesses of 0.307 and
0.305 mm, for CNS3 and CNS6, respectively. The higher permeation flux that was obtained
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in the CNS6 coatings was due to the higher number of pores, although most of them are
pores with smaller diameter (1-3 um) and only a few of the larger size range (4-12 um).
In the case of CNS3, there is a higher number of pores with larger size ranges (3—-12 um)
compared to CNS6, but the number of pores with ranges between (1-3 um) is much lower
than for CNS6. This shows that a higher presence of pores in the polymeric matrix, even at
small ranges, allows the pores to make connections that facilitate the passage of water and
therefore generate an increase in the permeation flux. All the coatings evaluated, epoxy-VC
and epoxy-CNS, are significantly affected by the applied pressure, causing a decrease in
the permeation flow. Therefore, a suitable working pressure must be determined before
handling the coatings for filtration. The only coating in which increasing working pressure
did not decrease permeation flow was VC6. However, to confirm that the increase in the
applied working pressure does not affect the filtration efficiency, it is necessary to evaluate
its permeability when applying different pressures.
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Figure 8. Variation of the permeation flow Q with respect to the working pressure of epoxy-
carbon coatings.

Figure 9 shows the permeabilities k (m?) as a function of the applied working pressures
obtained with the epoxy-VC and epoxy-CNS coatings during vacuum filtrations. In all
cases, epoxy-VC and epoxy-CNS coatings showed a decrease in permeability as working
pressures increased. This was only different in the case of CNS3, where there was a slight
increase in permeability when the pressure went from 13,332 Pa (3.61858 x 1071 m?) to
26,664 Pa (4.44098 x 1071 m?), and a notable decrease at 39,996 Pa (1.20619 x 10716 m?).

The behavior of the permeability values of the CNS3 coating is similar to the behavior
for its permeation fluxes. This can be explained because the permeation fluxes at the applied
pressures were minimal and, therefore, their permeabilities were low as well. Compared
with the other treatments, the CNS6 coatings presented a significant decrease in their
permeability values as the pressure increased, presenting 1.16707 x 1073 m? for 13,332 Pa,
9.07738 x 10~ '* m? for 26,664 Pa and 4.9513 x 10~ m? for 39,996 Pa. VC3 and VC6
coatings show a decrease in permeability with increasing applied pressure, from which VC6
presented a more abrupt decrease than VC3 with increasing pressure (3.4036 x 10~14 m?,
13,332 Pa; 2.8174 x 10~ m?, 26,664 Pa; 2.22325 x 10~'* m?; 39,996 tPa), compared to
VC3 (1.62852 x 1071% m?; 13,332 Pa; 6.63229 x 10~ 15 m?; 26,664 Pa; 1.94078 x 10~ 1> m?;
39,996 Pa). The decrease in permeability observed in all coatings can be explained due to
the contraction of the pore size with increasing working pressure. Based on this evidence,
for all coatings evaluated, the working pressure can affect the size of the pores, which
generates a significant decrease in permeability.
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Figure 9. Variation of permeability k with respect to the working pressure of epoxy-carbon coatings.

According to the permeability results obtained from the composite coatings in the
vacuum filtrations, the permeability in all cases was higher at the lowest applied working
pressure (13,332 Pa) and decreased with increasing pressure due to pore compaction. CNS3
was the only coating that had a different behavior, having the highest permeability at the
working pressure of 26,664 Pa, but it decreased with the increasing pressure of 39,996 Pa.
Since the highest permeability in most coatings was obtained at the lowest pressure, this
indicates that the coatings can filter with good performance at 13,332 Pa. Since the pressure
required for optimal of these coatings is considered low, these composite coatings represent
an option for water filtration that requires low energy expenditure. In the case of CNS3,
requiring a higher working pressure (26,664 Pa) to achieve excellent permeability may
indicate that the internal pores of the coating are probably smaller in diameter than the
pores of the other coatings. Another option may be that the number of pores is not sufficient
to impregnate enough water. In the case of having smaller diameter pores, CNS3 could be
used to eliminate smaller pollutants.

Table 3 shows the relation of the permeation fluxes (cm®/s) and permeabilities (m?)
obtained according to the thickness (mm) and percentage of porosity (¢) of the epoxy-VC
and epoxy-CNS coatings produced with different concentrations of isopropanol during
vacuum filtrations applying different working pressures.

The formation of pores in the epoxy-VC and epoxy-CNS, was attributed to the applied
isopropanol, which evaporates and leaves the mixture during the heat treatment. Another
effect that isopropanol has in the epoxy resin, is the property of making the coatings more
flexible, and therefore, more likely to modify their pore size when pressure is applied.
According to the literature, isopropanol causes a partial decomposition by breaking chem-
ical bonds in the epoxy resin, causing the increase in flexibility [57,58]. A study where a
similar behavior is observed is that of Qiu et al. (2021). In this study they reported that the
presence of solvent in the composite mixture of cellulose nanocrystal (CNC) with epoxy
resin may have lowered the crosslinking density and it also proved to be essential for the
preparation of a well-dispersed CNC phase to form homogenous composite mixtures. It
was shown that the CNC component reversed the solvent plasticizing effect through its
superior mechanical reinforcing effects [59].
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Table 3. Thickness, percentage of porosity, permeability, and permeate flux of epoxy-carbon coatings.

Coating Name Thickness (mm) € (%) Pressure Operation (Pa)  Permeated Flux (cm3/s)  Permeability (m?)

13,332

VCo 0.316 + 0.003 1% 26,664 0 0
39,996
13,332 0.0495 1.63 x 107

VC3 0.307 + 0.002 35% 26,664 0.0403 6.63 x 10710
39,996 0.0177 1.94 x 1010
13,332 0.1042 3.40 x 107?

VC6 0.305 + 0.003 33% 26,664 0.1724 2.82 x 10710
39,996 0.2041 222 x 1077
13,332

CNSO 0.312 + 0.003 0.3% 26,664 0 0
39,996
13,332 0.0011 3.62 x 10~ 1

CNS3 0.307 + 0.002 19% 26,664 0.0027 444 x 1071
39,996 0.0011 1.21 x 10711
13,332 0.3571 1.17 x 1078

CNS6 0.305 + 0.005 17% 26,664 0.5555 9.08 x 107
39,996 0.4545 495 x 10~10

Through the evaluation of the relation between the pore sizes of the epoxy-CNS and
epoxy-VC composite coatings with the permeation fluxes obtained through experimental
filtrations, it was deduced that the number of pores in the coatings has a higher impact on
permeation flow than the pore size.

Also, due to the differences observed in the number and size of pores obtained from
epoxy-VC and epoxy-CNS coatings, prepared with different concentrations of isopropanol,
it was verified that the physicochemical properties of each nanomaterial are another im-
portant factor that intervene in the pore morphology. The particle diameter of VC was
reported to be between 20-50 nm, while the diameters of the CNS synthesized are around
216 nm. In the case of CNS, having a greater surface area improves the bonding perfor-
mance with the epoxy resin, reducing the crack propagation and lengthening its durability
of the coatings [21-26]. The specific surface area of CNS and pore volume is considerably
greater than VC. This counteracts the effect of the partial decomposition of epoxy resin
caused by the isopropanol [59-62].

An example of the effect of the surface area of nanoparticles in improving the durabil-
ity of epoxy resin composites is the study of Reyhani et al. (2021). In this study, CNT-doped
carbon aerogel (CNT-CA) and carbon aerogel (CA) were used in different weight ratios (0.1,
0.3, and 0.5 wt%) to reinforce epoxy (Ep) nanocomposites. The fabricated nanocomposites
showed enhanced properties compared to the neat epoxy which is attributed to the pene-
tration of polymer chains into the porous three-dimensional structure of the distributed
aerogels. This phenomenon resulted in a high filler/matrix interaction, resulted in a better
load transfer [63].

Another example is the study of Ravindran et al. (2021), where the structural properties
of carbon fiber reinforced epoxy composite T-joints containing a small weight fraction (1%)
of carbon nanotubes (CNTs), carbon nanofibers (CNFs) or graphene nanoplatelets (GNPs)
within the polymer matrix phase was analyzed. Their experimental testing revealed that
the strengthening effect depends on the nanoparticle type, with (CNFs) being the most
effective at increasing the failure initiation load (~68%), ultimate failure load (46%) and
absorbed energy capacity (~200%) of the T-joint [64].
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A related study is that of Ning et al. (2022). They examined the effect of nanoparticles
(NP) on the toughening of epoxy resins and analyzed how well the improvement in matrix
toughness transfers to its carbon fiber reinforced composites. The NPs used contained the
same percentage of soft and hard polymer composition, but the particles had different
morphology, being homogenous versus core/shell structures. Their results showed that the
core/shell particles, especially when the soft polymer is the core and the rigid polymer is
the shell, give 851%, 185%, and 43% enhancement in Gyc (epoxy), Gic (composite) and Gyc
(composite), respectively, compared to the control specimen. Homogeneous particles were
much less effective. Their study also suggests that the effective toughening of composite
requires the combination of well dispersed and strong particle-resin and resin matrix-fiber
interfaces [60].

These physicochemical differences in both nanomaterials affect the viscosity and
chemical properties of the mixture with epoxy resin and isopropanol, due to their sizes,
and the difference in the number of oxygen-containing functional groups present on its
surface [30,65,66].

3.3. CED Analysis of the Filtration Process
Evaluation of the Domains of the Filtration Process

Figure 10 shows the flow velocities obtained from the hydrodynamic simulations that
consider the domains governed by the physics of free flow and porous flow that represents
the composite coating when applying different working pressures. The simulated images
are represented on the same speed scale, shown on the right side of the figure, showing
ranges between 8.09 x 1078 m/s and 0.00269 m/s. Flow velocities (m/s) obtained at
different pressures applied to VC3 coatings show a decrease as higher working pressures
are applied. Figure 10a—c shows a uniform dark blue color that completely covers the
dimension of the domains that represent the free-flow zone, and the coating. The decrease
in flow velocity corresponds to the stress adsorbed by the porous coating, which is a
consequence of the applied formulations of the Navier-Stokes and Brinkman equations.
The flow velocities for VC3 obtained were 3.9 x 10~% m/s for 13,332 Pa; 3.19 x 10~% m/s
for 26,664 Pa and 14 x 10~ m/s for 39,996 Pa. Figure 10d—f shows the flow velocities
of the VC6 coating at different applied pressures which have considerably higher flow
rates than VC3. This is distinguished by observing the colors that represent higher flow
velocities, being on average 8.25 x 10~% m/s for 13,332 Pa; 0.0014 m/s for 26,664 Pa and
0.0016 m/s for 39,996 Pa for the domains that represent the free-flow zones. Here, from the
applied pressure of 13,332 Pa to 26,664 Pa, the flow increases approximately 69.7%, and
from 13,332 Pa at the pressure of 39,996 Pa, the flow rates increase by 93.9% for VC6.
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Figure 10. Flow velocity analysis of all domains of the filtration process for epoxy-VC. (a,d) 13,332 Pa,
(b,e) 26,664 Pa, (c,f) 39,996 Pa.

It is noticeable that in the area where the composite coating is located, the flow rates
behave considerably slower than in the free-flow areas, as they appear in dark blue color,
which is related to the resistance to the permeation flow produced by the porosity of
the material. Figure 11 shows the flow rates in the domain of the epoxy-VC composite
coatings obtained from the results of the simulations of the filtration process at different
working pressures. The central and perimeter flow rates of the VC3 and VC6 coatings
were obtained. Figure 11a—c shows VC3 coating perimeter velocities calculated by CFD
which were 5.22 x 107% m/s, 13,332 Pa; 2.66 x 10~° m/s at 26,664 Paand 7.22 x 1077 m/s,
39,996 Pa, while the central velocities were 3.63 x 10~% m/s, 13,332 Pa; 2.95 x 10~* m/s at
26,664 Pa and 1.29 x 10~% m/s at 39,996 Pa respectively. Figure 11d—f shows VC6 coatings,
the perimeter flow velocities obtained were 2.30 x 10~%m/s, 13,332 Pa; 4.39 x 10 ® m/s;
26,664 Pa; 7.89 x 107 m/s, 39,996 Pa and the central velocities were 7.64 x 10~% m/s,
13,332 Pa; 0.0012 m/s, 26,664 Pa; 0.0015 m/s, 39,996 Pa. It is noticeable that the central flow
rates in the VC6 coatings are higher than for the VC3 coatings.
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Figure 11. Flow velocity analysis in the epoxy-VC composite coating domain during the filtration
process. (a,d) 13,332 Pa; (b,e) 26,664 Pa; (c,f) 39,996 Pa.

Figure 12 shows the results of the simulations for the analysis of the velocity of the
filtration process in all the domains for the coatings CNS3 and CNS6. Figure 12a—c shows
the CNS3 coatings with a dark blue color, without changes at the different applied pressures,
which confirms that these are at the lowest speed value of the speed range showing average
speeds of 8.7 x 107® m/s. In Figure 12d—f CNS6 coatings showed much higher flow
rates than those obtained from the CNS3 coatings: 0.0028 m /s at 13,332 Pa; 0.0044 m/s at
26,664 Pa and 0.0036 m/s at 39,996 Pa. For CNS3, from the applied pressure of 13,332 Pa to
26,664 Pa, the flow velocity increased approximately 57.1%, and from 13,332 Pa at pressure
39,996 Pa, the flow rate only increased 28.6% for VC6.

The images of the flow velocities of the epoxy-CNS composite coatings domain
(Figure 13) obtained by simulation, are represented on a scale between the ranges
1.92 x 1072 m/s to 0.00481 m/s. Figure 13a—c shows the average perimeter speeds of
CNSS3 coatings, being, 1.17 x 10~7 m/s, and average central velocity of 8.07 x 107® m/s.
In Figure 13d—f CNS6, showed perimeter coating speeds of 6.65 x 10~° m/s at 13,332 Pa;
2.04 x 107° m/s at 26,664 Pa and 6.31 x 107 m/s at 39,996 Pa and central velocities of
0.0026 m/s at 13,332 Pa; 0.004 m/s at 26,664 Pa and 0.0033 m/s at 39,996 Pa.
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Figure 12. Flow velocity analysis of all domains of the filtration process for epoxy-CNS coatings.
(a,d) 13,332 Pa, (b,e) 26,664 Pa, (c,f) 39,996 Pa.

The crossflow rates through the composite coatings during the filtration of pure
water were determined by CFD modeling. With this information we can compare the
filtration performance of epoxy-VC and epoxy-CNS coatings with the performance of MF
membranes. The permeation flux velocities obtained by MF can be obtained between
10741072 m/s for deionized (DI) water filtration through membranes without fouling.
These filtrations are operated at transmembrane pressures of 10,000-350,000 Pa [67-69]. The
flow velocities obtained with the highest permeabilities, and therefore the best performance,
for the epoxy-VC coatings were 3.9 x 10~% m/s for VC3 at 13,332 Pa; and 8.25 x 10~* m/s
for VC6 at 13,332 Pa. While for the epoxy-CNS coatings, the flow rates with the best
performance were 8.7 x 10~ m/s for CNS3 at 26,664 Pa; and 2.8 x 1073 m/s for CNS6 at
13,332 Pa.

The flow velocities previously reported for MF filtration, are close to the flow velocities
obtained with the epoxy-VC and epoxy-CNS coatings, at applied pressures near to 10,000 Pa.
However, MF membranes present pore sizes with ranges between 0.05 and 0.5 pm, with
which suspended colloids and particles in the approximate size range of 100 nm to 10 um
can be retained. These pressures can be considered relatively low if we compare them with
the pressures necessary for ultrafiltration (UF) (2 x 10°-1 x 107 Pa), nanofiltration (NF)
(5 x 102 x 10° Pa), and reverse osmosis (RO) (5 x 10°-12 x 10° Pa) [69]. To have a better
understanding of the performance of commercial MF membranes, some examples of their
use are shown below.
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Figure 13. Flow velocity analysis in the epoxy-CNS composite coating domain during the filtration
process. (a,d) 13,332 Pa, (b,e) 26,664 Pa, (c,f) 39,996 Pa.

A study that illustrates the performance of commercial microfiltration membranes
is the work by Yuan et al. (2002). In this study, they filtrate DI water using polycarbon-
ate MF membranes (obtained from Osmonics (Livermore, CA, USA) with a pore size of
0.22 um. The transmembrane pressure applied was 69,000 Pa, obtaining flow rates between
9.0 x 107*and 9.5 x 10~* m/s [70]. In the study by Abid et al. (2018), Millipore PVDF
membranes with a pore size of 0.22 pym were used, with a pressure of 50,000 Pa was applied.
A pure water flow of 4177.05 (L/m? h) was obtained, which converted to velocity yields to
1.2 x 1073 m/s [71]. Lastly, in the study by Song et al. (2006) carried out filtrations through
carbon membranes with a pore size of 1.0 um under operating conditions of 1 x 10° Pa of
pressure, for which they obtained a cross-flow velocity of 0.1 m/s [72].

The thickness of commercial MF membranes ranges between 10-20 pm [73]. While the
thickness of the epoxy-VC and epoxy-CNS coatings obtained in this study ranged between
305 um and 316 um. This is what generates of flow rates similar to those obtained by the
MF membranes, mentioned above. A greater thickness of the epoxy-CV and epoxy-CNS
coatings represents an advantage since it increases its capacity to retain contaminants and
gives greater mechanical resistance. Additionally, epoxy resin, being highly resistant, is a
viable option for producing filtration materials that withstand chemical cleaning methods
when plugged with contaminants. It has been reported that carbon nanoparticles had been
used as reinforcements showing potential to improve strength, toughness, thermal stability,
and electrical /thermal conductivities of the epoxy composites [16,61,63,74].

One example of this effect is the study of Starkova et al. (2021). In this study, amino-
functionalized graphene oxide (mGO) nanoparticles were incorporated into the epoxy,
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adding a weight fraction up to 1.72%, to enable the cross-linking reactions and to provide
high interfacial adhesion, superior reinforcement efficiency and enhanced resistance to
hydrothermal ageing of nanocomposites. This amine cured epoxy adhesive is widely used
in automotive, aerospace, construction, and marine industries [75].

Studies have been reported where the corrosion resistance of mild steel and wet adhe-
sion strength of epoxy resin coatings improves when blending with carbon nanocomposite
materials. This may result in the decrease of the risk of the polymeric matrix becoming
detached from the stainless-steel mesh is reduced [22,34,64,76,77]. With these advances, the
continuous reuse of these coatings for the treatment of agricultural irrigation water can be
made possible.

Since the synthesized epoxy-VC and epoxy-CNS composite coatings presented pore
diameters between 1 to 13 um, these show to be adequate for the removal of fine particles
in suspension. Due to the pore diameters obtained, the type of filtration carried out by
these coatings is conventional filtration [68,78]. These coatings can be useful in agriculture
to remove suspended organic solids and particles formed by the precipitation of salts and
minerals in irrigation water.

By using CFD modeling, it was confirmed that simulation studies are adequate to
better understand the flow behavior through the synthesized epoxy-VC and epoxy-CNS
composite coatings during the filtration of pure water, as to determine the crossflow rates
inside the filtration cell. These types of studies are important since the development of new
filtration materials based on polymer blends with nanomaterials generate composites with
structural and physical properties that are very different from the properties of existing
MF membranes. The challenges related to the architecture and the firm structure of new
filtration materials like nanofibers and nanocomposites is an obstacle to study the filtration
properties in dynamic systems [79-81].

Therefore, creating specialized filtration systems and determining the ideal filtration
conditions for new filtration composites is necessary to characterize their filtration be-
havior correctly, without wasting energy related to the applied pressures and chemical
reagents. These studies are essential before carrying out filtration tests for the removal of
contaminants, as well as, for the planning to scale up filtration processes using this type of
composite coatings.

4. Conclusions

By determining the permeabilities of the composite coatings with different working
pressures, it was deduced that the decrease in permeability is due to the contraction of the
pores generated by the increase in the working pressure, and the number of pores in the
coatings has a higher impact on permeation flow, than the pore size.

The pressure with which the highest performance of filtration is obtained in VC3,
VC6 and CNS6, is 13,332 Pa. This is convenient due to its low energy consumption. Only
for CNS3, the working pressure that generated the highest permeability was 26,664 Pa.
Epoxy-VC and epoxy-CNS coatings present pore diameters with adequate sizes to remove
fine particles and suspended solids in water, which will be evaluated in future studies for
the cleaning of irrigation water.

Conducting permeability and permeation flux studies combined with CFD modeling
analysis, represents a suitable option to predict the filtration performance of nanocom-
posite coating material before performing contaminant removal tests. This is because the
production on a large scale of porous nanocomposite materials presents obstacles such
as the high consumption of reagents and energy. For this reason, determining the ideal
filtration conditions of a new nanocomposite coating, such as the working pressure and
the configuration of the filtration system is necessary to optimize the contaminant removal
test processes.

According to the recent reported studies, there is evidence showing that nanocompos-
ite materials based on mixtures of carbon nanoparticles with epoxy resin and isopropanol
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have important advantages for their use in the synthesis of new filtration materials for the
removal of contaminants.

Studies mentioned in this work have suggested that solvents can increase the disper-
sion of nanomaterials to form homogeneous mixtures, also increasing the flexibility of the
epoxy-based composites. Other studies show that the surface area of the nanoparticles
has a reinforcing effect on the epoxy mixtures, which is due to the penetration of the
polymeric chains in the three-dimensional porous structure of the distributed material. The
factors found to be the most important in determining the reinforcing effects in epoxy resin
compounds are the architecture of the nanoparticles, their porosity and surface area, as
well as their rigidity and chemical composition. Therefore, it must be emphasized that the
type of nanomaterial used greatly influences the characteristics of epoxy resin composites.

These findings suggest that a complete characterization of the physicochemical and
structural properties of the filler nanoparticles to be used is essential to understand their
behavior in the nanocomposite coating during filtration.
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