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SUMMARY

Keywords
Photocatalysis, membrane filtration, photocatalytic membranes, TiO,, TiO,-Ag, faujasite

zeolite membrane.

Scope

In recent years, along with population growth, an increase in water usage and in the
generation of wastewater have been observed (UNICEF, 2019). Likewise, in water
bodies, pollutants such as dichloroacetic acid (DCA) have been detected, which have
been proven to be harmful (WHO, 2005); as well as emerging pollutants (Geissen, 2015),
which cause different environmental impacts, but are not regulated by legislation, such
as sodium dodecylbenzene sulfonate (DBS) (Li, 2020; UNEP, 2022). For the reasons

described above, it is necessary to study different technologies to address this problem.

Therefore, in this work, filtration and photocatalysis tests were carried out with FAU-
Na/TiO; and FAU-Na/ TiO,-Ag tubular ceramic membranes for the removal of DBS and

DCA; as well as the permeability analysis of faujasite zeolite membranes.

Results
Regarding the results, of FAU 03 membrane a hydraulic permeability of 10.39 L/m?h bar
was obtained, for FAU 06 24.74 L/m?h bar; while for TiO, and TiO,-Ag membranes

hydraulic permeabilities of 745.71 and 683.87 L/m?h bar were obtained, respectively.

In the TiO, and TiO,-Ag membrane filtration tests, the highest percentage of rejection
obtained was 2% in both membranes. In the photocatalysis tests, the TiO; membrane
had a degradation percentage of 16.6% of DBS and 37% of DCA, while the TiO»-Ag
membrane had a degradation percentage of 21% of DBS and 44% of DCA. In coupled
photocatalysis and filtration trials, TiO, had an overall 59% decrease in DCA

concentration, while TiO»-Ag 67%.



Conclusions

Zeolite membranes present a hydraulic permeability similar to that reported with other
authors; while photocatalytic membranes present much higher hydraulic permeabilities.
The photocatalysis data in the photocatalysis alone tests were fitted to a 0-order kinetic
model, while those in the photocatalysis and coupled filtration tests were fitted to a 1-

order kinetic model.

The increase in contaminant degradation with TiO,-Ag membranes is attributed to the
decrease in electron and hole recombination. There is a considerable increase in the
decrease in DCA concentration when pairing filtration and photocatalysis due to the

increase in reactive oxygen species interaction.
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RESUMEN

Palabras clave

Fotocatalisis, filtracion de membrana, Membranas fotocataliticas, TiO,, TiO;-Ag,

membrana de zeolita faujasita.

Planteamiento del problema

En los ultimos afos, junto con el crecimiento de la poblacidn, se ha observado un
incremento en el uso del agua y en la generacion de aguas residuales (UNICEF, 2019).
Asi mismo, en medio acuosos, se han detectado contaminantes como el acido
dicloroacético (DCA), que se ha comprobado que son dafiinos (WHO, 2005); asi como
contaminantes emergentes (Geissen, 2015), los cuales causan diferentes impactos
ambientales, pero que no se encuentran regularizados por la legislacién, como el
dodecilbenceno sulfonato de sodio (DBS) (Li, 2020; UNEP, 2022). Por lo anterior descrito

es necesario el estudio de diversas tecnologias para abordar esta problematica.

Por ello, en este trabajo se realizaron ensayos de filtracién y fotocatdlisis con
membranas ceramicas tubulares FAU-Na/TiO, y FAU-Na/TiO,-Ag para la eliminacion de

DBS y DCA; asi como el andlisis de permeabilidad de membranas de zeolita faujasita.

Resultados

Respecto a los resultados, para la membrana FAU 03 se obtuvo una permeabilidad
hidraulica de 10.39 L/m?h bar, para FAU 06 24.74 L/m?h bar; mientras que para las
membranas de TiO, y TiO,-Ag se obtuvieron permeabilidades hidraulicas de 745.71 y

683.87 L/m?h bar, respectivamente.

En los ensayos de filtracidon de la membrana de TiO; y de TiO,-Ag, el mayor porcentaje
de rechazo obtenido fue del 2%. En los ensayos de fotocatalisis, la membrana de TiO;
tuvo un porcentaje de degradacién del 16.6% del DBS y del 37% del DCA, mientras que
la de TiO2-Ag del 21% del DBS y del 44% del DCA. En la fotocatalisis y la filtracidn
acopladas, el TiO, tuvo una disminucién total del 59% en la concentracion de DCA,

mientras que el TiO»-Ag del 67%.



Vi

Conclusiones

Las membranas de zeolita presentan una permeabilidad hidrdulica similar a la reportada
con otros autores; mientras que las membranas fotocataliticas presentan
permeabilidades hidraulicas mucho mayores. Los datos de fotocatalisis en los ensayos
de fotocatalisis sola se ajustaron a un modelo de cinética de orden 0, mientras que los

de fotocatdlisis y filtracién acoplada, a un modelo de cinética de orden 1.

El incremento en la degradacidon de contaminante con las membranas de TiO;-Ag se le
atribuye a la disminucién de recombinacidn de electrones y huecos. Hay un incremento
considerable de la disminucion de la concentracion de DCA al emparejar la filtracion y la

fotocatdlisis debido al incremento en la interaccion de especies reactivas de oxigeno.
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1. INTRODUCTION

1.1. Water availability

UNICEF (2019) reports that 2.2 billion people around the world do not have easy access
to water, or access only to polluted water, therefore 1 in 3 people in the world do not
have access to safe drinking water; 4.2 billion lack hygienic toilets where the wastes can
be disposed of safely. As the population increases, the use of water for food production,
sanitation and industrial uses has been increasing, in 2000, 3.79 trillion m3 of freshwater
were extracted, which by 2014 increased to 3.99 trillion m3 (Ritchie and Roser, 2017).
Worldwide, in 2018, 71.9% of the water withdrawn was used by the agriculture sector
for activities such as irrigation or those related to livestock and aquaculture, 16.1% for
the industrial sector and 1.2% was used for municipal direct use by the population
(Tiseo, 2022). The National Institute of Statistics (INE) reports that in Spain in 2018,
households consumed 2,271 hm?3 of water, 1.2% less than in 2016, while in the economic
sector 629 hm? were consumed 0.6% less than in 2016; regarding municipal and other
water consumption, a consumption of 288 hm?3 was reported, 63% more compared to
2016; so, the average water consumption in 2018 was 133 liters per inhabitant per day

(Instituto Nacional de Estadistica, 2018).

In Spain in 2014 with a consumption of 32.9 billion m3 of water, 80.4% was extracted
from surface water, 19.2% from groundwater and 0.5% from desalination; from 2012 to
2014, groundwater extraction decreased by 4.3%, surface water by 6.7% and obtaining
water by desalination increased by 24.7% (PWC, 2018). The European Environment
Agency (EEA) reports each year the water exploitation index (WEI+), of the European
Union countries, which indicates the total water use as a percentage of renewable
freshwater resources (groundwater and surface water), as a whole, the European union
countries in 2016 (27 countries) had a WEI+ of 6.8%, which increased to 8.4% for 2017.
However, specifically Spain in 2016 had a WEI+ value of 17.3%, which increased to 23.7%
in 2017; it is worth noting that when you have an index greater than 20% it is considered

an indicator of water scarcity (Eurostat, 2022a).



Worldwide, it is estimated that 360 km3/year of domestic and municipal wastewater are
generated, of which 11.4% is treated in water treatment plants (WWTP) and reused,
while 41.4% is treated and discharged and 47.2% is not treated and discharged directly
to the environment, likewise, in the Middle East, North Africa and Western Europe the
amount of water that is treated and reused is considerable, Middle East and Africa with
a percentage of 15% of water that is treated and reused and Eastern Europe 16% (Ehalt
Macedo et al., 2022). Jones et al. (2021) reports that of the total wastewater generated,
41% comes from 16% of the population living in high-income countries. In 2014 in Spain,
a gain of 2.5 billion euros was achieved by purification and sanitation activities; with
respect to volume, it has gone from sanitizing 2.8 million m3in 2000, to 4.9 million m3in
2014 (Instituto Nacional de Estadistica, 2018; PWC, 2018). Likewise in 2012, 95.6% of
the population in Spain had access to sewerage system, while 0.50% of the population
had access to facilities with primary water treatment, 27.6% secondary treatment and
61.1% to tertiary treatment; in 2018 access to sewerage increased to 96.5%, 1.7% of the
population with access to primary treatment facilities, 29.4% to secondary and 57.2% to

tertiary (Eurostat, 2022b).

In the European Union there are different council directives that address the water
parameters depending the water purpose or even for pollutant type; the urban
wastewater treatment directive (Directive 91/271/EEC) aims to protect the environment
from the effects of industrial and urban wastewater discharges, in this directive, treated
effluent water parameters limits are established, such as, Biochemical oxygen demand
(BODs), Chemical oxygen demand (COD), total suspended solids, total phosphorus, total
nitrogen with values of 25 mg/L O3, 125 mg/L O, 35 mg/L, 2 mg/L P and 15 mg/L N,

respectively.

As well, the environmental quality standards directive (Directive 2000/60/CE) enacts the
concentration limit of 33 priority substances presenting a significant risk to the aquatic
environment and most of the substances presented in the list are organic substances;
moreover, a bathing water directive (Directive 2006/7/EC) is also presented in which
microbiological percentile values are shown, such as Intestinal enterococci and

Escherichia coli (Kurrer, 2021). In Spain, 84% of the wastewater generated is treated



according to the regulations imposed by the European Union (EU) legislation, since it
has 1036 plants with biological treatment with nitrogen and/or phosphorus removal,

730 with biological treatment and 33 with primary treatment (UNICEF 2019).

In Mexico, in 2020 national coverage in drinking water reached 96.1% and 95.2% for
sewer system; in urban areas, in that same year, it was reported that 98.5% of sewer
system’s availability was reached whilst in rural areas only an 83.2%. In 2020, 348,480
liters per second of water produced and supplied to the population nationwide, a
339,290 liters per second were disinfected. In that same year, there were 2,786 plants
in operation for municipal wastewater treatment, with an installed capacity of 196.7
m3/s and a treated flow of 144.7 m3/s; thus, a treatment coverage of 67.2% of collected
wastewater; activated sludge is the treatment with the highest treated flow, with 75.2
m3/s, traduced as 52% of the flow treated at the national level. Regarding industrial
wastewater treatment, Mexico has 3,397 industrial wastewater treatment plants; of
these, 3,375 are in operation and generate a treatment flow of 71,638 liters; the most
used level of treatment, at the national level, is secondary treatment, which is applied
in 1,829 plants, followed by primary treatment, applied in 994 plants, and finally tertiary

treatment in 99 plants (Comision Nacional del Agua, 2021)

There are pollutants, called emerging pollutants (EPs), that can enter the environment
and cause adverse effects in humans and marine life but are not regulated; thus, there
are no limits established in the legislation of their emission discharge (Geissen et al.,
2015). These pollutants are mainly organic compounds, such as, hormones, food
additives, personal hygiene products, plasticizers, wood preservatives, pesticides,
disinfectants, antibiotics, drugs, steroids, microplastics, microbeads, laundry
detergents, surfactants and other compounds generated mostly by human activities
(UNEP - UN Environment Programme, 2022; Tang et al., 2019); 700 substances, divided

in 20 categories have been found (Geissen et al., 2015).

As well, another compound of concern is DCA, this is an organochlorine chemical made
up of acetic acid with two chloro substituents at the 2-position (Dichloroacetic acid |

CHCI,COOH — PubChem, 2022). This substance, which is registered under the REACH



Regulation, is produced in or imported into the European Economic Area at a rate of
between 100 and 1000 t/year (Substance Information — ECHA, 2022). Because they block
the activity of the enzyme pyruvate dehydrogenase kinase, DCA salts are used as
medications (Dichloroacetic acid: Uses, Interactions, Mechanism of Action | DrugBank,
2022), also as a potential oral hypoglycemic drug, thus it can be used as treatment of

diabetes (Satheesh Ananda and Mehendale, 2005).

DCA has been found in rainwater, drinking-water, groundwater and surface water
distribution systems and even swimming pools (WHO, 2005); is one of the most common
disinfection byproducts that can be found (Kissling et al., 2009). Nonetheless, in mice,
rats, dogs, and people under DCA treatment, liver damage has been demonstrated by
increases in serum levels of liver enzymes. Mice treated to large doses of DCA frequently
developed hepatic necrosis; also, male rats and mice exposed to DCA develop hepatic
adenomas and adenocarcinomas at higher incidence and in greater numbers (EPA. After
being added to drinking water, DCA enhanced the incidence of cutaneous papilloma in
both males and females of the same strain as well as the bronchioloalveolar adenoma

in female Tg.AC hemizygous mice (IARC, 2014).

Surfactants are substances that when added to a compound, its surface tension is
reduced, thus increasing wetting and spreading properties (Britannica, 2022), this by
generating micelles (self-assembled molecular clusters) and getting absorbed in the
liquid-gas interface, as well in the liquid-liquid interface like oil and water (Assadi et al.,
2012; Nakama, 2017). Surfactants are used as cleansers, emulsifiers, antifogging agents,
deinking agents, defoaming agents and solubilizing agents, but are mostly used as
detergents. The surfactants have an amphiphilic structure, inferring that its molecules
consist in a hydrophilic group, meaning aversion to water, thus, soluble in lipids and
hydrophobic groups, meaning that have affinity to water, therefore, soluble in water

(Nakama, 2017).

Surfactants are classified into ionic and non-ionic surfactants. Additionally, ionic
surfactants are classified into anionic, cationic and amphoteric surfactants; anionic are

the oldest and most common type of surfactant (lvankovié¢ and Hrenovi¢, 2010); this can



be used as detergents, household cleaning, pesticide formulations or pharmaceutical
formulations (lvankovi¢ and Hrenovi¢, 2010; Sumpter, 2000). Anionic surfactants are
characterized by a negatively charged hydrophilic polar group that dissociated into
anions in aqueous solutions (lvankovi¢ and Hrenovié¢, 2010; Nakama, 2017). The anionic
surfactants, including alkylbenzene sulfonates, are the major constituents of synthetic
detergent (Garcia et al., 2008). Among them, DBS, that is also a linear alkylbenzene
sulfonate (LAS) with a chain length of C12 with the benzene connected to the C6, is one
of the most employed anionic surfactants (Mungray and Kumar, 2009; Yu et al., 2006),
and it is used in different chemical, biochemical and industrial applications (Dubey and
Pal, 2012), in food processing, cosmetics and papermaking industries, (Gu et al., 2021)

and in detergents, cleaning products and pesticides (Liu et al., 2010).

The surfactants concentration in wastewaters varies. Those at the highest
concentrations are the anionic surfactants, followed by cationic ones, nevertheless,
these last ones were usually found in conjunction with other anionic surfactants
(Venhuis and Mehrvar, 2004). Clara et al. (2007) analyzed nine municipal WWTPs in
western Australia where they found a LAS influent concentration that varied from 2.4 to
6.7 mg/L whilst effluent concentrations were about 11 to 50 pg/L (Palmer and Hatley,
2018). Zhu et al. (2018) studied in Harbin, China, the influent and effluent of different
surfactants in two typical industrial and domestic WWTPs. They found that the LAS C12
was one of the most predominant surfactants in the influent with a concentration that
varied between 8.02 - 674 pg/L, also that the concentration of effluent was substantially
lower than that of influent, showing that the two WWTPs were very effective at
removing these contaminants. Regardless of the efficiency of LAS removal that some
authors report, it has been found that LAS at concentrations akin in WWTPs outlets
increases the growth rate of intestinal cancer cells (Bradai et al., 2016). Even though a
large number of studies have shown that most commercial surfactants can be degraded
in an aerobic medium at low concentrations, this biodegradability may be hampered in
anaerobic media or when the surfactants are present at high concentrations, as in the
effluent from industrial processes and other technologies using surfactants for recovery
(Bautista-Toledo et al., 2014). Although initial microbial degradation of LAS by the

residential and industrial activated sludge microbial population is efficient, most of the



associated metabolites cannot be mineralized (Bautista-Toledo et al., 2014; Nielsen et

al. 1997).

1.1.1. Remediation Technologies

Surfactants cause many difficulties in WWTP. Therefore, phytoremediation, ultrasonic
irradiation, microwave irradiation, vacuum ultraviolet irradiation, ozonation,
electrochemical oxidation, bioadsorption/biodegradation, coagulation and flocculation,
zerovalent iron, membrane filtration or photocatalysis (Bhandari and Gogate, 2019; Li
et al., 2020; Manousaki et al., 2004; Masoudian et al., 2020; Zhang et al., 2009) have
been tested for their removal. Azolla filiculoides was used for studying DBS
biodegradation, they proved that degradation was possible at certain conditions,
nonetheless, Azolla plant tends to grow in temperate to tropical zones, therefore it may
not be able to withstand all weather conditions (Masoudian et al., 2020). There are also
treatments that are used as a support for the main degradation system, such as
ultrasonic irradiation and microwave irradiation (Bhandari and Gogate, 2019;
Manousaki et al., 2004; Zhang et al., 2009). Similarly, there are treatments as vacuum
ultraviolet irradiation that has reported a degradation of 66.4% for 180 min irradiation
(Li et al., 2020), there are also reports on ozonation that mention that this treatment
can partially remove surfactant and Chemical Oxygen Demand (COD) from municipal
wastewater even under ideal working conditions; but does change the molecular
structures of the organic matter into simpler ones, therefore it is recommended paring
this treatment with another biological one (Beltran et al., 2000), coagulation and
flocculation has also been reported as an effective way to remove DBS from water
systems, even so, this treatment just immobilizes the pollutant yet does not degrade it
(Beltran-Heredia et al., 2009). Adsorption has been another studied treatment. Taffarel
et al. (2010) investigated the adsorption of DBS on natural Chilean zeolite with cetyl
trimethylammonium bromide and achieved a maximum adsorption capacity of 30.7

mg/g (Taffarel and Rubio, 2010).

Membrane filtration is an advanced separation technology where microporous barriers

made of polymeric, ceramic, or metallic materials are used to separate dissolved



substances (solutes), colloids, or small particulates from solutions (Eccles, 1997).
Membranes can be classified based on the mean membrane pore size and pore type
(Pendergast and Hoek, 2011):

e Microfiltration (MF): ranges a pore of 50-500 nm (macropores). It is used for
insoluble particulate materials, as oil emulsion, yeast, fungi and bacteria.

e Ultrafiltration (UF): it ranges a pore size of 2-50 nm (mesopores) and can
separate colloidal solids, humics/nucleic acids, proteins/polysaccharides and
viruses.

e Nanofiltration (NF): pore sizes <2 nm (micropores); it can separate sugars,
divalent salts and common antibiotics.

e Reverse Osmosis (RO): pore sizes of 0.3-0.6 nm (micropores); it can separate

organic antibiotics and monovalent salts.

Membrane filtration advantages are: lower operating and maintenance costs, simple to
use and provide more consistent results, and most contaminants in the wastewater
stream can be reduced or eliminated in one step, also the permeate can be reused,
resulting in water conservation and a reduction in raw water use (Chen et al., 2006):
Moreover, it does not require chemical additives, it is modular and easy to scale-up
(Buonomenna, 2016). Membranes such as ceramic ultrafiltration membranes,
nanofiltration commercial membranes and ultrafiltration flat membranes, have been
used for studying the filtration of DBS as an alternative of traditional treatment. These
have had different retention percentages, depending on the type of membrane,
transmembrane pressure, concentration, among other parameters (Boussu et al., 2007;

Kim and Park, 2021; Moulai-Mostefa et al., 2007; Tu et al., 2009).

Photocatalysis is a photoinduced process that is facilitated by the presence of a catalyst,
also described as a chemical reaction that occurs when light and the photocatalyst
interact (Madjene et al., 2013; Zhang et al., 2019). These reactions are triggered by the
absorption of a sufficiently energetic photon, meaning equally or higher than the band-
gap energy of the catalyst. This band-gap energy can be expressed as the energy
difference between the valence band and the conduction band. The absorption causes

a charge separation by promoting an electron (e”) from the semiconductor catalyst's



valence band to the conduction band, resulting in a hole (h*) in the valence band (Ameta
et al., 2018; Madjene et al., 2013). This process is shown in Figure 1. An electric field
separates photogenerated electrons and holes, which then migrate to the surface of
semiconductor particles. The electron—hole pairs move to the semiconductor surface
individually and participate in a sequence of oxidation/reduction events with adsorbed
species like water and oxygen to produce highly reactive oxygen species (ROS)
(Chakhtouna et al., 2021). ROS have high oxidizing characteristics and can oxidize
molecules adsorbed on the semiconductor's surface or in its solution (Zhang et al.,
2019). Main advantages of this advanced oxidation process (AOP) are the lack of
addition of extra chemicals, the oxidant agent is not consumed during the oxidation
(Diban et al., 2021), it works at ambient pressure and temperature and it is a very
attractive alternative because, mineralization of organic compound to carbon dioxide is

possible (Zhang et al., 2019).

Organic
pollutants €O, + H,0

H,0

Figure 1. Photocatalytic mechanism.

Even though there are many advantages with membrane filtration and photocatalysis,
both have some issues. In the case of membranes, fouling is the blocking of the
membranes pores due to mechanical action or physical and chemical interactions of the
solute macromolecules onto the membrane (Liu et al., 2019). In photocatalysis one of
the main hindrances is the suspended photocatalyst that makes the handling of the
system difficult, as well as the long degradation times for the pollutants (Geissen et al.,

2001). Because of the drawbacks that photocatalysis and membrane filtration pose, an



approach was made by merging these two treatments, thus immobilizing the

photocatalyst, reducing pollutant removal time and avoiding membrane blocking.

1.2. Photocatalytic membranes

There are many types of membranes depending on their material, and they can be
divided into two main categories, inorganic, and polymeric membranes. There are also
thin layer composite membranes that can be either polymeric or inorganic depending
the support (Pendergast and Hoek, 2011). These composite membranes have been
drawing more attention, and they consist of a thin barrier polymerized over a porous
polymeric support membrane or a ceramic membrane. Therefore, the membrane is
made up of two (or more) layers that serve different functions in the separation: the
active layer, which can be porous or dense depending on the membrane operation, this
is the first layer in contact with the feed solution and is the layer that actually filtrates.
Then there is the porous sublayer(s), that acts as mechanical support and it merely offers
mechanical strength to the membrane allowing high-pressure activities (Buonomenna,
2016). This type of membrane has different advantages, such as independent material
selection for the porous support and thin layer that allows each structural element to
be optimized, and finally, expensive membrane materials can be used because only a

small amount of polymer is required (Pinnau, 2000).

Ceramic membranes have much better performance than polymeric, long service life,
chemical stability, hydrophilicity, temperature and morphological stability, in the
temperature range of 130 to 250°C, as well as non-deformability (Kotobuki et al., 2021;
Kotrotsiou and Kiparissides, 2019), just like the zeolite-coated membranes. Zeolites are
hydrated aluminosilicate assembled via the interlinkage of oxygen atoms of tetrahedral
alumina (AlO4>) and silica (SiO4*) with crystalline formations on the sub-nanometer and
nanometer scales that are very homogeneous. The zeolite primary building unit
structure is formed of center atoms, like Al, Si, or P, and a terminal oxygen atom in a
tetrahedral structure. Thus, the center atom is the vertex that connects four oxygen
atoms. It can also form secondary building units, with shapes such as prisms, rings, and

other shapes (Derbe et al., 2021; Pendergast and Hoek, 2011). Zeolites have a number
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of unique qualities due to their unusual structure, for instance, good shape-selectivity,
that refers to the presence of channels and chambers with well-defined dimensions,
capacity to exchange ions, large volume of free space and low density, adsorbent of

molecules and ions and catalytic potential (Krél, 2020).

The zeolites can be classified into two main groups, natural and synthetic. Natural
zeolites, such as chabazite, clinoptilolite, and mordenite, these are mostly generated
from volcanic and sedimentary rocks but also hydrothermal. Even with their wide
applications, they have limited industrial applications since their qualities are solely
determined by their crystal structure, and their channel diameters tend to be too small.
Natural zeolites do not allow bigger gas molecules and organic compounds to adsorb;
instead, synthetic zeolites, that are synthesized through different methods, compared
to natural zeolites, have a substantially higher adsorption capacity for heavy metal ions,
larger pore size, Al content can be adjusted, higher ionic exchange capacity and larger
specific surface area (Derbe et al., 2021; Krél, 2020) . As well, synthetic zeolites can be
classified into different categories, according to the framework topology, for example,
zeolite A, zeolite P, zeolite N-A, zeolite H, zeolite L, zeolite O, zeolite ZK-4, zeolite ZK-5,
Zeolites Q, zeolite X and zeolite Y (Synthetic zeolites - structure, classification, current
trends in zeolite synthesis review, 2022). This last two are subcategories of faujasite type
framework (FAU), that is an aluminosilicate having 1.3 nm-diameter cavities joined by
0.74 nm-diameter pores, and is divided into zeolite X and zeolite Y depending their Si/Al
molar ratio, X-type have a Si/Al molar ratio of 1.0-1.5 and Y-type have a Si/Al molar ratio
bigger than 1.5 (Reinoso et al., 2018). Because zeolites have a wide range of industrial
applications, such as adsorbent, gas separator, purificator, separation membrane,
catalytic membrane reactor, chemical sensor, electrode, opto-electronic device,
protection or insulation layer; supported zeolite layers have attracted intense research

efforts in the last decade (Caro and Noack, 2008).

FAU zeolite membranes have been used for different purposes. Basumatary et al. (2016)
used FAU zeolite, constructed on a circular shaped porous ceramic support, to remove
Cr(V1) from aqueous solution in a cross flow mode; 82% of removal was achieved at a

pressure of 345 kPa and a 1.11 x 10~ m3/s flow rate; these composite membranes, due
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to the zeolite, have also adsorption features. Therefore, having a dual function of
membrane filtration and adsorption that can help to effectively remove trace levels of
contaminants such as cationic heavy metals, anionic phosphates, and nitrates (Khulbe
and Matsuura, 2018). Nonetheless, there is no much research about surfactant removal
with the use of zeolite membranes, but the work published by Workneh (2008) in which
they used a sodalite octahydrate zeolite-clay composite membrane for the separation
of sodium dodecyl sulfate (SDS). The membrane showed a rejection in the range of 10—

45% having an SDS concentration greater than the critical micelle concentration (CMC).

For inducing a series of reductive and oxidative processes on its surface, the
semiconductor TiO; has been widely used as a photocatalyst (Madjene et al., 2013). This
photocatalyst has also been recognized as one with the best performances (Moura and
Picdo, 2022). Rutile, brookite, and anatase are the three crystal forms of TiO,. Anatase
and rutile-type TiO, are the most often employed photocatalysts among these three
crystal forms (Huang et al., 2015; Zhang et al., 2019). And because the band-gap of
anatase TiO; is 3.2 eV for anatase and 3.0 eV for rutile, a photonic band-gap in the mid-
to-high UV wavelength region (280—380 nm) is required for the e to move to the
conduction band (Duan et al., 2019; Nakata and Fujishima, 2012). Unfortunately, when
compared to visible light that accounts 45% of the solar spectrum, UV only accounts for
5% (Chakhtouna et al., 2021). TiO, photocatalysis is a well-known photocatalytic
environmental cleaner, particularly for water purification (Ochiai and Fujishima, 2012),
nonetheless it has disadvantages, including a wide band-gap and a high rate of
photogenerated electron and hole recombination, and in its powder form makes the
handling more difficult, and it diminishes as well its cost-effectiveness separation,
because of the requirement of a recovery step for photocatalyst reuse (Duan et al., 2019;
Ochiai and Fujishima, 2012). Therefore, come solutions proposed for these issues have
been addressed with the photocatalyst immobilization, as in ceramic membranes (Zhang
et al., 2006), and by doping or depositing other materials like zeolites (Diban et al., 2021)
or metals, like silver (Ag) (Abbad et al., 2020).

Silver can trap excited electrons from TiO, and leave holes for the organic species

degradation reactions; it can also reduce the band-gap energy, thus extending the
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absorption to the visible range (Abbad et al., 2020; Seery et al., 2007), it also enhances
the anatase to rutile transformation increasing the specific surface area (Chao et al.,
2003). Diban et al. (2021) mixed TiO, and Ag deposited in TiO; with zeolites (ZY) and
reported that the TiO2-ZY composite does maintain photocatalytic activity, whilst TiO»-
Ag-ZY do not contribute to the enhancement of photocatalytic activity more than that
already possessed by TiO,. The viability of photocatalytic membranes is reaffirmed due

to the handling challenges and cost-effectiveness that powdered photocatalysts face to.

Photocatalytic membranes (PMs) are those where a semiconductor-based reactive
surface (e.g., titania, zinc oxide, ferric oxide) is applied to the membrane (Pendergast
and Hoek, 2011). Due to its dual action over pollutants, retention/rejection/repulsion
and photodegradation, PMs can provide extensive wastewater treatment, though,
antifouling, lower concentration in retentate effluent, higher flux, and typically a more
hydrophilic character are still issues to be considered (Pastrana-Martinez et al., 2021).
PMs address two main concerns when working with membrane filtration, one of them
is that the membrane filtering procedure merely concentrates contaminants to high
concentrations, requiring additional treatment before discharge, and the other is the
pore blockage, causing pollutant concentration in permeate. Therefore, under UV light
irradiation, PMs breakdown pollutants and generate oxygen-reactive radicals, which
prevents cake layer formation on the membrane surface and, as a result, reduces pore

plugging hence, superior permeate quality (Riaz, 2020).

1.3. Background

The photocatalyst can be immobilized in the membrane by coating, blending into the
polymeric membrane matrix, or using a free-standing membrane consisting of pure
photocatalyst (Pastrana-Martinez et al., 2021). Different paths of photocatalyst
synthesis and active layer deposition have been explored, such as secondary growth
method (Kumakiri et al., 2014) and sol-gel synthesis method, with a dip-coating

deposition technique (Zhang et al., 2006).



Table 1. State of the art of composite membranes.
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Active layer Support material/ | Photocatalyst | Deposition/ | Compound Reference
material membrane type Synthesis embedding | to degrade/
method technique retain
TiO2/ Polyvinylidene Solid-state Outer dope | Reactive (Dzinun et al.,
clinoptilolite difluoride (PVDF)/ dispersion asa Black 5 2019)
dual layer hollow mixture of
fiber (DLHF) PVDF and
active
material
TiO2 y-alumina UF tubular | Chemical Layer-by- Azo dye (Athanasekou
membranes vapour layer etal., 2012)
deposition deposition
N,Pd co-doped | Polysulfone (PSf) Sol-gel Phase Eosin Yellow | (Kuvarega et
TiO2 inversion (EY) al., 2018)
N-TiO2 y-alumina UF tubular | Sol-gel Dip-coating | methylene (Athanasekou
membrane blue (MB); et al., 2015)
substrates methyl
orange (MO)
Nanostructured | Alumina Sol—gel Spin-coated | Congo red (Ahmad et
TiO2 dye al., 2017a)
TiO2/Zr0O> a-alumina supported | Sol-gel Dip-coating n.a. (Guoetal,,
mesoporous y- 2018)
alumina
nanofiltration
membranes
TiO2 Anodized aluminum Atomic layer deposition. MB (Berger et al.,
oxide 2020)
TiO2 Home-made porous | Sol—gel Dip-coating | Polyethylene | (Choietal.,
alumina substrate glycol 2006)
TiO2 Home-made ceramic | Commercial Dip-coating | Humic acid (Alias et al.,
flat sheet membrane | P25 2018)
Silica/titania Alumina Sol—gel Dip-coating | DBS (zhang et al.,
nanorods/nanotubes 2006)
Organized Porous alumina Sol—gel Spin-coated | Congo Red (Ahmad et
mesoporous support dye al., 2017b)
TiO2

n.a. Not available

For the treatment of industrial wastewater, polymeric membranes are the most often

utilized membrane. The material instability of these membranes, limits their uses.

Nonetheless, ceramic membranes, particularly alumina (Al;03) membranes, have been

extensively explored as supports and, due to their excellent chemical and thermal

durability, are the best feasible replacements to these unstable polymeric membranes

(Leong et al., 2014; Pastrana-Martinez et al., 2021; Riaz and Park, 2020). Because of its
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low cost, non-toxicity, and chemical stability, TiO; is the most often utilized material for
PMs manufacturing, and usually polymer and ceramic membranes are utilized as
supports for these PMs; thus, combining the titania photocatalytic layers and ceramic
supports, the features of these two materials can be exploited to generate an efficient

treatment system (Leong et al., 2014). Table 1 shows a summary of TiO2 PMs.

Zhang et al. (2006) published experimental data on the elimination of DBS utilizing a
photocatalytic silica/titania nanorods/nanotubes composite membrane, in which they
tested the membranes with different approaches. One experiment was only testing the
surfactant removal with filtration, another one the photocatalytic capacity and lastly the
photocatalytic and filtration capacity altogether. The results showed that although
photocatalysis did not entirely decomposed DBS, the degradation of the DBS
contributed in enhancing composite membrane flow and preventing membrane fouling,
that is the plugging of the pores that causes a decrease in membrane flux. Hence, these
results suggest that photocatalytic membranes are a good approach for addressing
membrane fouling and achieving higher removal rates of pollutants. Alias et al. (2018)
worked with flat sheet porous ceramic membranes coated with TiO2 nanoparticles and
characterized them. They dip coated the membranes at different titania concentrations
and also tested them with and without thermal treatment and as a result, they found
that by increasing the coating concentration of TiO; particles the antifouling properties
of the membrane increased. Zeolite and titania composites membranes have also been
studied but mostly for oil-water emulsion separation (Peyravi et al., 2021), or sheets for
adsorption paired with photocatalysis for pollutants removal (Fukahori et al., 2003;
Xiang et al., 2017). There are many studies that report pollutant removal with zeolite
membranes (Workneh, 2008), titania membranes (Zhang et al., 2006), titania coupled
with metallic elements membranes (Shareef, 2020) and zeolite/titania/titania-metallic
element composites (Diban et al., 2021). Nonetheless, there are no many studies in
pollutant removal with zeolite/titania/titania-metallic element composite membranes;
Dzinun et al. (2019) synthetized TiO2/clinoptilolite photocatalyst and implanted it at the
outer layer of dual layer hollow fiber; this resulted in 86% of Reactive Black 5

photocatalytic degradation obtained within 60 minutes.
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Therefore, the lack of investigation in surfactant removal with zeolite/TiO; and
zeolite/TiO2-Ag composite membranes open a new path of research. Therefore, in this
work, experiments of filtration and photocatalysis with FAU-Na/TiO2 and FAU-Na/TiO»-

Ag tubular ceramic membranes were carried out for DBS and DCA removal.

This work was carried out in the Department of Chemical and Biomolecular Engineering
in the UC. The research group has previous experience on membrane technologies
(Diban et al., 2008a; Diban et al., 2008b; Diban et al., 2013a; Diban et al., 2013b; Diban
et al., 2021; Sanchez-Gonzalez et al., 2018; Romay et al., 2020; Mantecdén-Oria et al.,
2020) and photocatalytic treatment (Diban et al., 2021; Dominguez et al., 2015; Ferreiro
et al., 2019; Ribao et al., 2017; Ribao et al., 2018; Ribao et al., 2019; Rivero et al., 2020;
Romay et al., 2020; Sanchez et al., 2011).

This work was carried out in the frame of an international project XMEM (Outperforming
Functionality: Composite/Mixed Matrix Porous Materials in Membrane-based
Processes), in collaboration with professor Izumi Kumakiri from University of Yamaguchi

(Japan).
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2. OBIJECTIVES

Membranes are a technology with a high feasibility of use for the treatment of water
contaminated with organic compounds. Coupling this technology with photocatalysis is
a proposal for an innovative system for the mitigation of pollutants. Therefore, the
objective of this work is the evaluation of the performance of novel photocatalytic
tubular membranes FAU-Na/TiO; and FAU-Na/TiO>-Ag for the filtration and
photocatalytic degradation of dodecylbenzene sulfonate (DBS), which is a surfactant
frequently used in detergents, and dichloroacetic acid (DCA) which can be also

considered as an emerging pollutant as model organic contaminants in waters.
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3. METHODOLOGY

3.1. Materials

The four membranes object of the present work were manufactured by the research
group of Dr. Izumi Kumakiri, from Environmental Science and Engineering, Graduate

School of Science and Engineering, Yamaguchi University.

The membrane's supports were porous ceramic tubes, porous a-Al,0s tubes with an
outer diameter of 12 mm, inner diameter of 9 mm; porosity 33%, mean pore size 1.0
pm. The membranes have hydrophilic properties. Two of the membranes had a zeolite
active layer, while the other two had a composite photocatalyst/zeolite active layer. The
active layers material of the characterized membranes are shown in table 2. The samples
TiO2 and TiO,-Ag are the photocatalytic membranes. A scheme with the membrane
layers composition is shown in Figure 2. The details of the membrane synthesis method

are out of the scope of this project.

Table 2. Active layer material of tested membranes

Sample name Active layer material
FAU 03 Na-FAU

FAU 06 Na-FAU

TiO2 Na-FAU and TiO;
TiO-Ag Na-FAU and TiO,-Ag

@—»Porous support
u—w—\ctive layer

N~

Figure 2. Composition of membrane materials.
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The membrane area varied throughout the experiments, due to the fragility of the
membranes that broke frequently during the connection and disconnection to the
filtration system fittings. For the permeability and filtration assays, the change in
membrane area does not affect the flux result, since it is taken into account for the
calculations. However, for the photocatalysis and adsorption assays, the change in
membrane area could affect the percentage degradation of the pollutants. Therefore,

the membrane area is specified in these assays.

Model pollutants DBS and DCA were used in photocatalytic membrane filtration,
adsorption and photocatalysis assays. DBS and DCA were acquired from Sigma-Aldrich
Chemie GmbH (Buchs, Switzerland) and Acros Organics (ThermoFisher Scientific, Geel,

Belgium) respectively.

Table 3. Physical and chemical properties of DBS and DCA (Dichloroacetic acid | CHCI,COOH -
PubChem no date), (Registration Dossier - ECHA no date).

Property/Model DBS DCA

contaminant

Molecular formula CH3(CH2)11CsHaSO3Na CHCI,COOH

Molecular weight 348.48 128.94

(g/mol)

Water solubility 100 mg/L (at 25°C) 1000000 mg/L (at 20 °C)
(mg/L)

Chemical structure 0 O

e Cl

OH

CHS(CHE)lUCHZ

Cl

3.2.  Analytical method for pollutant monitoring
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DBS was determined by UV spectrophotometry (UV-1800, Shimadzu Europe, Duisburg,
Germany) at a wavelength of 223 nm. For UV spectrophotometry, a calibration curve
was made by preparing DBS standard solutions with concentrations ranging from 0 to
60 mg/L. (Figure 1A). The concentration of DCA was determined using an AS9-HC column
in an ICS-5000 (Dionex, ThermoFisher Scientific, Waltham, MA, USA) ion chromatograph
with a 9 mM Na,COs solution as the eluent, at a flow rate of 1 mL/min and a pressure of

around 2000 psi.

3.3. Experimental methodology

3.3.1. Permeability tests

Filtration properties of the membranes of water and DBS model solutions were
evaluated. For the permeability assays, it was used a system consisting of a vacuum
pump (Millivac Maxi SD1P014M04, Millipore) connected to a vacuum trap, which in turn
was connected to the membrane and submerged under ultrapure water (MilliQ,
Millipore). The vacuum trap was also placed on a balance (PS 6000.R2, RADWAG Wagi
Elektroniczn). The system is presented in Figure 3. With this system, when the vacuum
was pumped, the water was sucked through the pores of the membrane and caught in
the vacuum trap. As well, the permeability was operated through two different systems,
one of them was performed using tube plugs and teflon tape. Nonetheless, afterwards,
customized fittings were manufactured through SERTO enterprise to fit in the
membrane sides (Fig. 4); one of the sides was connected to the tubes that connected to

the vacuum trap, while the other side was covered with a plug.

Figure 3. Permeability trials system. a) membrane, b) solution container, c) balance, d) vacuum trap, e)
vacuum pump.
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Figure 4. TiO2 membrane with fittings.

The assays were carried out at a water temperature of 22+1 °C and at different levels of
vacuum pressures. The pump did not allow establishing a fixed vacuum pressure, since
it was regulated through a valve; therefore, over time the pressure varied slightly due
to the movement of this valve. Thus, the pressure displayed on the pump was taken
every 10 minutes for the zeolite membrane samples, while for the photocatalytic
membranes the pressure was recorded every minute. This was done to obtain an
average pressure for each assay; the permeability trials were carried out for one hour
for the zeolite membrane samples and 52 minutes for the TiO2 sample, while for the
TiO2-Ag sample the assays were carried out for 62 minutes, depending on the vacuum
pressure at which they were performed. In the photocatalytic membranes the vacuum
trap was filled quickly, since the permeability of the water turned out to be high, this
caused the permeability trials in these membranes to be much shorter than the
membranes with pure zeolite, and also to a more complicated handling in terms of
control of the experimental time between assays. Therefore, the average pressure

obtained was used to calculate the pressure difference (AP) in the membrane.

Having a reference pressure (P;) of 1070 mbar, AP was calculated as shown in the
equation (1). Three AP ranges were proposed, taking into account the conditions that

the system allowed; in table 4 the pressure range is presented.
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AP= P,.—-P, (eq. 1)

Where P, is the Pressure reference and P, is the vacuum pressure (Fig.3).

Table 4. Range of AP that were used in the permeability trials

Pressure level AP (bar)

Low 0.944-0.974
Medium 0.997-1.022
High 1.037-1.067

The permeate flux of water through the membranes (Ju) was first computed to
determine the hydraulic permeability (Kw). The water mass data (W) was registered
throughout time, the data was recorded in a program (Pomiar Win) coupled with the
balance; W was plotted with time at each set pressure value, thus with the slope
obtained through a linear regression of the change in mass through time (eq. 2), the
water density conversion and the membrane area, the different permeate fluxes were
obtained (eq. 3). The value of the slope of the graph that corresponds to the hydraulic
permeability of each membrane was extracted (eq. 4) by plotting the permeate fluxes
obtained at each pressure setting versus AP and performing a linear regression. The
linear regression is calculated using Microsoft Excel, that uses the least squares method.
The square of the Pearson (R?) was calculated through excel formula RSQ that uses the
square of equation (5). Likewise, permeability data was also treated by equaling the

predictor variables in the model to zero (when data intercepts 0).

W(g) = m(g-h™)-At(h) (eq. 2)

m (gh™1)

. 2,51\ —
JwLeom® R = o) g i)

(eq. 3)

Jo(L-m?-h™ )= Kw(L-m™2-h ! bar~1) - AP (bar) (eq. 4)

2(x-%)(y-¥)
== Y—Y— eq. 5
VE@E=X)?(y-y)? (eq.5)
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3.3.2. Model compound filtration

For the assays of DBS filtration with the photocatalytic membranes the same system as
in the hydraulic permeability assays was used (Fig. 3). The feed solution was
continuously filled with a new DBS solution with a concentration of 50 mg/L, for the
solution to always cover the membrane. That being the case, the membrane filtration
process was carried through two different systems; both had the same system
connection between the membrane and the vacuum pump, nonetheless, one was
automated monitored, and the other was not; accordingly, for non-automated
monitoring assays the permeate flux was calculated through equation (6); for non-
automated assays the volume (V) and time (At) at the end of the experiment were
monitored. In the automated monitored ones, change in mass was continuously
monitored, thus, the permeate flux was calculated as in the hydraulic permeability tests,

following equations (2-4).

_ V(L)
J= Ae (m2)At(h) (eq. 6)

For the filtration assays of DBS, the rejection percentage was calculated as shown in
equation (7).

R(%) = [1—=2] x 100 (eq. 7)
Three types of assays were performed for the filtration of DBS with the photocatalytic
membranes. One assay, called filtration evaluation, was performed to observe the
rejection of DBS over a period of 5 cycles, which was repeated 3 times with the two
photocatalytic membranes. Between each cycle no washing was performed. However,
between each assay, a superficial wash of the membrane was performed by pouring

MilliQ water from a wash bottle for one minute. These assays were non-automated

monitored. A scheme of the process is shown in Figure 5.
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Memb
5 cycles of DBS smurane

filtration

washing with
water

Figure 5. Scheme of the filtration evaluation assay.

Non-automated fouling evaluation assay consisted of performing a trial to verify the
water flux prior to filtration with DBS, to later verify the filtration with DBS; hence, assays
with the DBS filtration with the membrane were performed, followed by a washing and
finally the water flux was tested again, to test the membrane washing efficiency (Fig. 6).
These assays were not automated monitored. The system was employed with vacuum
pressure, because the film of zeolite/photocatalyst was placed on the outer surface of
the ceramic support membrane. Therefore, by operating the system through vacuum, if
a cake layer formed on the outside of the membrane, causing fouling, the photocatalyst
that is in the surface would help by degrading the pollutant on the membrane exterior
in filtration/photocatalysis paired systems. Likewise, placing the photocatalyst on the

exterior surface allows more easily and efficiently the light irradiation.

Membrane
washing with
water

1 cycle of DBS

1 cycle of

filtration water filtration

Figure 6. Scheme of the non-automated fouling evaluation

Finally, automated fouling evaluation assays were performed. W was measured over
time for 5 cycles of 6 minutes for TiO; and 8 minutes for TiO-Ag, to obtain the permeate
flux; then the change in mass through time was monitored during 7 min. per cycle for
TiOz and 11 min. per cycle for TiOz-Ag with DBS, thus recording the permeate flux and
the change in concentration; after the DBS assays the membrane was washed.
Afterwards, 5 cycles with water were performed again and finally the DBS assays were
repeated as described above (Fig. 7). Membrane model compound filtration trials

conditions were as presented in table 5.
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Figure 7. Scheme of the automated fouling evaluation assays

Table 5. Experimental conditions set during the different fouling evaluation and DBS rejection tests.

Sample/Assay AP (mbar) Water DBS Temperature
Temperature (°C) (°C)

TiO2 DBS cycle 0.973+0.003 n.m. 21+1

TiO»-Ag DBS cycle 0.973+0.007 n.m. 21+1

TiO, DBS/Water 0.966+0.003 22.7+0.2 2210

TiO,-Ag DBS/Water 0.970+0.001 231+0.9 21.84+0.6

TiO, 5 DBS/5 Water 0.972+0.002 22.5+0.9 21+0.1

TiO,-Ag 5 DBS/5 Water 0.967.5+0.004 23.510.6 22.6+1.1

n.m. Not monitored.

3.3.3. Adsorption evaluation

Organic adsorption assays in the photocatalytic membranes were carried out in a

photocatalytic reactor of the APRIA SYSTEMS company, under constant stirring under

dark conditions. The equipment consisted of UV-A technology that emits at a fixed

wavelength of 365 nm. It consists of a dark PVC housing (height 415 mm, diameter 210

mm) with a cylindrical Pyrex glass reactor of 1 L capacity (height 250 mm, diameter 74

mm) inside; the housing has 10 strips with 3 LEDs LZ1-00UVOO (LED ENGIN). The

membrane was placed in the middle of the container inside the reactor. A cover was

placed so that the membrane remained in the center of the container (Figure 8).
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Figure 8. Schematic of the membrane position in the reactor.

The assays lasted 2 hours. DBS adsorption assays were performed with the TiO,-Ag and
TiO2 membrane, with an initial concentration of 50 mg/L. Regarding DCA adsorption,
assays were performed with the two membranes with an initial concentration of 50
mg/L. For the assays, aliquots were taken for the analysis of the change in concentration
at established times. It is imperative to note that the volume of the solution should not
vary by more than 20% in order for the data to be representative, i.e., the volume to be
collected from the samples cannot exceed 200 mL, accordingly, the DBS aliquots had a
volume of approximately 2 mL, while in the DCA assays, samples were taken at the same
established times as the DBS trials, however, with aliquots of approximately 5 mL.

Adsorption conditions are shown in table 6.

Table 6. Conditions of DBS adsorption assays.

Sample Temperature (°C) pHo | Membrane area (cm?)
TiO2/DBS 22.4+0.9 5.6 29.03
TiO,-Ag/DBS n.m. n.m. 30.16
TiO2/DCA 251+0.9 3.42 24.12
TiO2-Ag/DCA 24.611.4 3.44 26.77

n.m. Not monitored

3.3.4. Photocatalytic evaluation

For the membranes photocatalysis performance of the two pollutants, DBS and DCA,
were analyzed using the same APRIA SYSTEMS photocatalytic reactor used during the
adsorption tests. The 10 strips with 3 LEDs LZ1-00UV0O0 (LED ENGIN) distributed on its

inner wall in the housing of the reactor, are placed at a distance of 1.50 cm from the
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solution, with an irradiance of the LEDs of 2143 W/m?2. The reactor was placed on a

stirrer to constantly stir the solution. A schematic of the system is shown in Figure 9.

VOLTAGE POWER
dh

TEMP. CURRENT a

Figure 9. Schematic of photocatalytic assay’s system. a) sample collection, b) magnetic stirring plate, c)
cylindrical photocatalytic reactor of 1 L of capacity, d) control board

The membranes were placed with the support as in Figure 8. This support, in some
photocatalysis assays, did not have proper ventilation due to the lack of holes for
ventilation, since the lid of the glass reactor was completely closed, however, when
performing other assays already with the definitive support, it was corroborated that

there was no alteration of the results with the previous assays.

For the membrane containing TiO»-Ag, assays were performed with DBS with an initial
concentration of 50 mg/L and 20 mg/L in order to analyze the degradation kinetics of
the photocatalyst with respect to the concentration of the contaminant, as well as to
see the influence of the reuse of the membrane; with respect to the one containing TiO;,
assays were only performed with an initial concentration of 50 mg/L; likewise, they were
also performed with DCA at an initial concentration of 50 mg/L. The duration of the
assays was 6 hours, for which samples were taken at established times with a volume as
described in the description of the adsorption methodology. The assays were carried out

under the conditions shown in the table 7.



Table 7. Conditions of photocatalysis assays of model pollutants.

Sample Model Temperature pHo Membrane area

contaminant/ (°C) (cm?)

Co mg/L

TiO; DBS/50 31.9 5.58 29.03
TiO2-Ag DBS/50 28.1 5.58 30.16
TiOz-Ag DBS/20 28.3 5.85 30.16
TiO, DCA/50 28.8 3.30 24.12
TiO2-Ag DCA/50 30 3.38 26.77

3.3.5. Coupled photocatalysis and filtration evaluation
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This system is comprised of a combination of photocatalysis and filtration. Therefore, it

consists of the membrane placed inside the reactor which in turn is connected to the

vacuum trap, and the latter to the vacuum pump (Figure 10). This system was not carried

out in automated monitoring; therefore, the flow was calculated according to equation

(6). The membrane was placed inside the reactor which contained DCA with a

concentration of 50 mg/L; with a temperature of 26.9+1.5 °C and initial pH of 3.38 for

the assays with the TiO; membrane, whilst the TiO2-Ag membrane 27.3+1.5 °C and initial

pH of 3.50. For this trials, TiO2 membrane had a membrane area of 24.50 cm? and the

TiO-Ag membrane 24.13 cm?.

APRIA
SYSTEMS

VOITAGE ~ POWER

TEMP. CURRENT|

Figure 10. Photocatalysis paired with filtration system. a) sample collection, b) magnetic stirring plate, c)
cylindrical photocatalytic reactor of 1 L of capacity, d) control board, e) vacuum trap, f) vacuum pump.
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For the operation of this system, a filtration cycle of about 4 minutes for the TiO;
membrane and 5 minutes for TiO,-Ag were performed, because the vacuum trap was
filled. After this cycle, the vacuum was broken to take the concentration samples of the
contaminant in the permeate, that was in the vacuum trap, and in the reactor tank. Once
these samples were taken, the permeate collected in the trap were returned to the tank
inside the reactor. These assays had a duration of 6 hours; in which UV light did not stop

irradiating (Fig. 11). Volume sampling was taken at determined times.

. Solution samplin Recirculation of
Lighting of the 1 cycle of DCA (B
\ of permeate and permeate back to
LEDs filtration
reactor tank the reactor tank

Figure 11. Scheme of the photocatalysis and filtration paired assays
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4. RESULTS AND DISCUSSION

Regarding the results, first the water permeability results will be shown, as well as the
permeability and filtration of DBS; then the adsorption results will be shown, followed
by the photocatalysis experiments and finally the photocatalysis tests coupled with the

filtration.

4.1. Permeability tests

In the permeability tests, in the case of zeolite membranes, 2 pieces of membrane
belonging to the same sample were tested, so the water flux experiments belonging to
the FAU 03 and FAU 06 samples were performed with 2 pieces of different membrane
(FAU 03 1, FAU 03 2, FAU 06 1, FAU 06 2); nevertheless, these two pieces were
considered as the same sample for the hydraulic permeability calculation. For the
hydraulic permeability, the trials at different pressures and the water flux were plotted

with a trend line and intercepting the origin.

Regarding the behavior of water flux with increasing differential pressure, the highest
flux found for the FAU 03 zeolite membrane is 19.41 L/m?h at a pressure of 1.04 bar,
while the lowest flux 2.19 L/m?h at the same pressure. The FAU 06 zeolite membrane
has its highest flux with a value of 49.76 L/m?h at a pressure of 0.99 bar; while the lowest
is 7.65 L/m?h at 1.046 bar. In spite of the tests at different pressures (Fig. 12), the
membranes show a flat trend and taking into account that the range of pressures in
which they worked was not so wide apart, it can be assumed that in this range of

pressures there is no significant influence on the change in flux.
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Figure 12. Water flow behavior with increase of AP in zeolite membranes.

As for the trials of the change in water flux over time with the TiO, and TiO;-Ag
membranes, in Figure 13 and 14, and the trend line data were fitted to when at a AP =
0, the water flow was also 0; which is in accordance with actual physical behavior. The
trend line of both membranes has a slightly positive behavior, even so, it has actually a
flat response; thus, reflecting that there is no much influence of the change in pressure

in that range.
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Figure 13. TiO2 membrane water flow behavior with increase of AP.
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Figure 14. TiO2-Ag membrane water flow behavior with increase of AP.

Table 8 shows the permeabilities of the membranes with their corresponding R?,
Basumatary et al. (2016); synthetized a macroporous ceramic support and a FAU zeolite;
to develop a composite membrane that 21.9 L/m?h bar; as well Workneh, (2008)
manufactured a composite membrane with a homemade clay support and a zeolite
active layer; they reported a hydraulic permeability of 270 L/m?h bar; also, Vinoth Kumar
et al. (2017) made a membrane by coating FAU zeolite on a tubular ceramic support that
showed a hydraulic permeability of 58.32 L/m?h bar. Comparing the hydraulic
permeabilities of the zeolite membranes obtained in this project with those reported by
other authors, it can be noted that they are in a similar range; at least for those reported
by the authors afore mentioned; it is also important to note that the zeolite membrane
FAU 06, which has a higher permeability than FAU 03, has a permeability very close to

those reported by the aforementioned authors.

As for the TiO2 and TiO2-Ag membranes, the hydraulic permeability (Table 13) is very
high, compared to the zeolite’s one; the TiO, membrane has a hydraulic permeability 30
times higher than the FAU 06, whilst the TiO,-Ag membrane 28 times higher;
nonetheless, between the both photocatalytic membranes, there is not a big gap in the
permeability values. Song et al. (2016) synthetized TiO, nanofiltration membranes flat
supported by anodic aluminum oxide membranes; with this membrane, they obtained

a water permeance of 48 L/m?h bar. Ahmad et al. (2017b) developed a composite
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membrane of organized mesoporous TiO; coated on a porous alumina support, in which
they observed a permeability of 20.5 L/m?h bar. Ahmad et al. (2017a) tested a
photocatalytic TiO2 membrane on a flat a-alumina support and reported a 9.9 L/m?h bar
hydraulic permeability. In this work, the tested TiO, membrane has a hydraulic
permeability of 745.71 L/m?h bar and a R? of 0.98, thus, showing a high reliability in the
data behavior. Comparing the hydraulic permeability with those reported by other
authors, there is a huge gap between the values reported; nonetheless, the
permeabilities of the authors mentioned are from type of membranes that are not the
same membranes as the ones used in this work, so this may be the reason for the
difference; as well, the experimental permeability system of these authors was different
from the one used in this work, in the sense that for this project a vacuum pressure was
used for the water to permeate through the membrane, while they increased the flow

pressure to carry out the filtration.

Ma et al. (2010) developed a membrane with porous a-Al,O3 ceramic disk supports
embedded with a hydroxyapatite (HPA) and TiO;-Ag layer, this resulted with an 844.9
L/m?h bar permeability; whilst in this work the TiO>-Ag membrane has a value of 638.87

L/m?h, and also represents a high fit of the model to the data.

Table 8. Permeability summary.

Sample Hydraulic permeability R?
L/m?-h-bar
FAU 03 10.39 0.83
FAU 06 24.74 0.75
TiOy 745.71 0.98
TiO2-Ag 683.87 0.91

4.1.1. Model compound filtration

In Figure 15 is shown the behavior of the flux of water and DBS over time. In Figure 14a,
it can be observed that the TiO; membrane in the first water cycles has flux values
between 565-657 L/m?h bar, to later, with the DBS filtration, obtain fluxes in ranges

between 363-489 L/m?h bar; in the experiment after the DBS, which is the water



33

experiment, permeabilities between 388-492 L/m?h bar were obtained. In these
experiments, it can be observed that after the DBS cycle, in this membrane, the fluxes
of the initial water experiment were not recovered. The values of the initial water flux
are within the water flux ranges already reported according to the corresponding
pressures, nonetheless, the post-DBS water flux experiment is a bit below the lowest
hydraulic permeability reported, but this is considered part of experimental error. As for
the DBS assays, they slightly fall below the lowest water flux, however, when comparing
it to the behavior in Figure 16 and of the membrane TiO,-Ag, it can also be considered
an experimental error. With respect to the TiO;-Ag membrane, there is a clearer
tendency in flux decreasing when DBS is filtered and then increases again when water is
permeated. In TiO2-Ag membrane, practically, all the fluxes are withing the range of

water flux reported.

1400
1200

1000

800

________________________________________ Water

600 | ——— DBS

400

Flux (L/m?2-h)

200

0 20 40 60 80 100 120 140 160
Time (min)



34

1400

1200
1000
800

600

400 _|—|_|_' —_ |

200

Water

DBS

Flux (L/m2-h)

0 20 40 60 80 100 120 140 160
b Time (min)

Figure 15. Permeate flux change in 5 filtration cycles; each cycle duration: a) 7 min. TiO2 membrane, b) 11
min. TiOz2-Ag membrane. Flux calculated with permeate mass through time. First 5 cycles with water were
performed, followed by DBS cycles and so on (washing in between).

Figure 16 shows the comparison of the permeate fluxes by performing a single water
cycle to later evaluate a DBS cycle; in the TiO2, membrane experiments (Fig. 16a) it can
be observed that the DBS fluxes are actually within the range of the water permeabilities
of the preliminary tests, which can be translated that there is really no significant change
in the permeate flux when DBS is filtered to when water is filtered. Also, it can be
observed that in the last water cycle a higher water flux is observed than the water flux
obtained in the preliminary water permeability tests; however, this can be attributed to

some experimental error.

In the TiO,-Ag tests (Fig. 16b) a slight decrease in DBS fluxes is observed after the water
filtration cycles; however, the DBS fluxes are also within the ranges of the hydraulic
water permeation tests; therefore, it can be assumed that this membrane also does not
have a significant change in flux when water or DBS is permeated; thus, no fouling is

present.
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Figure 16. Comparison of permeation flux; interspersed with water and DBS trials. W: Water. (Flux
calculated with final volume and time). a) TiO2 membrane, b) TiO2-Ag membrane.

Figure 17 shows the changes in DBS concentration due to the filtration of the
contaminant; several peaks that go down and up can be observed; this is because the
experiments were carried out in cycles, due to limitations with the vacuum trap, so at
the beginning and end of each cycle, samples of the DBS concentration were taken to
observe its filtration. In Figure 17a it can be observed that in the TiO2 membrane the
change in concentration remained relatively constant; however, the highest percentage
of rejection obtained was 2%; the same trend in the graph can be observed for the TiO»-
Ag membrane, also with the highest percentage of rejection of 2%. Thus, it can be
assumed, that filtration by itself, for both photocatalytic membranes, do not have a
significant impact in DBS decrease of concentration. Workneh, (2008b) showed a
rejection of SDS in a range of 10-45% and a hydraulic permeability of 270 L/m?h bar.
Zhang et al. (2006) reported a rejection of 60-70% of DBS with silica/titania
nanorods/nanotubes composite membrane and a DBS flux of 47 L/m?h at 0.5 bar AP.
Taking into account the hydraulic permeabilities of TiO, and TiO2-Ag membranes; and
their average DBS flux of 696 and 403 L/m?h, respectively, at 0.97 bar, it can be noted
that the evaluated membranes follow the usual membrane behavior reported, that is
when the flux rises, the rejection capacity decreases (Bae, 2020). Thus, these
membranes, with filtration itself, do not present enough rejection capacity for their

implementation in water polluted with these substances.
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Figure 17. DBS change in concentration through 5 filtration cycles a) each cycle duration: 9 min.; TiO:
membrane. b) each cycle duration: 17 min.; TiO2-Ag membrane. (Flux calculated with final volume and
time).

4.2. Adsorption evaluation

In the membrane adsorption tests, at the end of the 120 minutes of testing, a final pH
of 6.24 was recorded for the DBS tests with the TiO, membrane and 6.20 for the tests
with the same contaminant, but with the TiO,-Ag membrane; in the case of DCA trials,
in the experiments with the TiO, membrane a final pH of 3.41 was obtained, while for
the TiO2-Ag membrane a final pH of 3.43 was obtained; so, comparing the initial pH with
the final pH, there was really no significant change between them. Adsorption tests were
performed considering that since the membranes are composites of the photocatalyst
layer with the zeolite, adsorption could have occurred due to the presence of the
zeolites, nonetheless, it was found that the photocatalytic membranes do not adsorb
DBS or DCA (Fig. 18). Since the membranes do not adsorb the model contaminants
studied, it is assumed that the 2% of rejection in the filtration tests were due to the

sieving effect of the membranes due to the presence of zeolites in the membranes.
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Figure 18. Adsorption of DBS and DCA with TiOz and TiO2-Ag membranes.

4.3. Photocatalytic evaluation

In the photocatalysis tests, the final pH data were recorded; in the DBS tests with the
TiO2 membrane, a pH of 3.98 was obtained, while in the TiO2-Ag membrane in the DBS
tests with an initial concentration of 50 mg/L, a final pH of 4.48 was obtained, while in
the tests with initial concentration of 20 mg/L a pH of 4.3. This pH reduction can be
attributed to the formation of intermediate organic compounds such as short chain
organic acids. With respect to the DCA test with the TiO; membrane, a final pH of 3.22
was obtained and with the TiO,-Ag membrane a pH of 3.25. Therefore, pH variation is

negligible.

Photocatalysis tests (Fig. 19) show that the TiO,-Ag membrane, for both pollutants, has
a higher percentage of degradation than TiO,. The TiO, membrane had a degradation
percentage of 16.6% of DBS, 37% of DCA, while TiO2-Ag 21% of DBS and 44% of DCA.
Other authors, like Zhang et al. (2006) report DBS degradation percentages of
approximately 50% when using a silica/titania nanorods/nanotubes composite
membrane. Although the membrane areas varied between the two membranes and
between tests with the two contaminants, the same linear degradation trend can be
seen for both contaminants. The increase in pollutant degradation with the TiO;-Ag
membrane may be due to the fact that Ag decreases the rate of electron/hole

recombination (Shi et al., 2017).
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In Figure 19 it can also be observed that the experimental data follow very closely the
simulation data. Therefore, the experimental data are in agreement with the
degradation data according to the proposed kinetic model. Data was adjusted to a O-
order kinetic model. It was also proven the independence of the degradation speed from
the initial concentration of the pollutants (Fig. 20). Therefore, it can be deduced that the

degradation rate is not affected by the concentration of the pollutant, in the conditions

of this work.
1.1
1 igiln“§‘
N S TiO, DBS
0.9 ~Gs<
| SN U .
. S TiO,-Ag DBS
Los ~ee .
O ‘¥\~:5C‘\ X TiO, DCA
@ TXl ;
0.7 \\."‘:X\\x ® TiO,-Ag DCA
\.\\‘“‘\)_Q_ % Simulated
0.6 \“.\ T - Simulated
~~9
0.5
30 O 30 60 90 120 150 180 210 240 270 300 330 360 390
Time (min)

Figure 19. Experimental photocatalytic degradation and simulation of DBS and DCA with TiO:z and TiO>-
Ag membranes. Simulated data with zero-order kinetic model.
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Figure 20. Experimental photocatalytic degradation and simulation of DBS at an initial concentration of
20 mg/L and 50 mg/L with TiO2-Ag membrane.

Although usually in photocatalysis there are pseudo first order kinetics, the data

obtained experimentally showed that the data fitted a kinetic model of order 0. The R?
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of each experiment shows that this model represents very accurately the kinetics in this
work (Table 9). Likewise, the highest kinetic rate constant (k) is that of the TiO,-Ag

membrane with the DCA assays.

Table 9. Kinetic constant of different trials and its correspondent coefficient of determination

Trial Compound | k (mg/L-min) R?

Ti0, DBS 0.024 0.995
DCA 0.052 0.996
DBS 50 0.029 0.981

TiO2 -Ag DBS 20 0.009 0.952
DCA 0.062 1.000

4.4. Coupled photocatalysis and filtration evaluation.

In the coupled photocatalysis and filtration tests, the trend of the fluxes was observed,
as well as the DCA concentrations in the permeate and in the reactor (Fig. 21). The TiO»-
Ag membrane was found to have a slightly higher percentage of degradation and
retention. However, the flux does have a slight decay; while in the TiO2, membrane the
flux remains relatively constant TiO, membrane; also, it has a total decrease of 59% in
DCA concentration, while the TiO,-Ag of 67%. Unlike the photocatalysis alone tests, the
trend in the decrease of DCA concentration is more curved. The reactor and permeate
concentrations were taken separately to observe the individual influence of both
processes when coupled. It can be observed that in these tests the filtration did not have
an influence on the decrease in DCA concentration. The reason why in the permeate
there is more DCA concentration than in the reactor tank at the same sampling time, is
because while filtering, the solution that remains inside the tank, which has a minor
guantity than the initial one, is still irradiated by light, whereas the filtered one is not.
Thus, permeate data would be the average of the concentration data from the prior and

final time points.
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Figure 21. Photocatalysis paired with filtration of DCA with TiO: and TiO>-Ag membranes. Photo:
Concentration of DCA at reactor tank, Filt: Concentration of DCA at permeate.

Figures 22 and 23 show the results obtained in the coupled photocatalysis and filtration
experiments compared to the degradation results obtained without the combination of
both techniques for TiO, and TiO,-Ag membranes, respectively. The graphs show the
simulation of the concentration behavior according to the kinetics. While in the
photocatalysis alone tests, the data were fitted to a 0-order kinetics model, in the case
of the coupled photocatalysis and filtration tests, the data were adjusted to a 1-order
kinetics model. In the TiO>, membrane, a k of 0.0027 1/min with an R? of 0.99 was
obtained. The TiO,-Ag membrane had a k of 0.003 1/min and R? of 1. In the TiO;
membrane the percentage of degradation with both systems coupled is 1.6 times
greater than that of photocatalysis alone; while that of the TiO;-Ag membrane is 1.5

times greater.
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Figure 22. Comparison of change in concentration of photocatalysis trial and photocatalysis paired with
filtration trial of DCA with TiO2 membrane. Photo/Filt reactor C: change in concentration of DCA at reactor
tank, Photo/Filt permeate C: change in concentration of DCA at permeate.
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Figure 23. Comparison of change in concentration of photocatalysis trial and photocatalysis paired with
filtration trial of DCA with TiO2-Ag membrane. Photo/Filt reactor C: change in concentration of DCA at
reactor thank, Photo/Filt permeate C: change in concentration of DCA at permeate.

As for the results presented, it can be observed that that there is synergy in coupled
filtration photocatalysis, that favors DCA degradation. It should also be noted that in all
the photocatalysis tests there was an improvement in the degradation of the model
pollutants with the TiO,-Ag membrane. This trend was not present with the filtration

tests, since the results of the two membranes were practically the same.
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The decrease in concentration in the photocatalysis and coupled filtration system
cannot be attributed to the rejection of DCA by the membrane because in the DBS
filtration tests practically no rejection was observed. Therefore, since DCA is a smaller
molecule than DBS, it will not be rejected by the membrane either. The increase in the
degradation of DCA can be attributed to the fact that there are oxidizing species that in
the photocatalysis system alone do not interact with the pollutant. When coupling
photocatalysis and filtration, by forcing the contaminant through the membrane, it may
interact with oxidant species that have formed in the inner layers of the membrane. This
is because there may be photocatalyst within the zeolite structure, which being UV
transparent, causes oxidative species to be generated within the zeolite structure, which
are not available for contaminant degradation unless the contaminant passes through
the zeolite structure. The deposition of the photocatalyst inside the zeolite structure
depends on the concentration of the photocatalyst with which the membrane has been
prepared, since if a very large amount is used, it is difficult for the particles to enter the
zeolite structure (Lavorato et al., 2017). However, this study is outside the scope of this
project, so it would be interesting to evaluate it in the future. The increase in DCA
degradation performance, can also be due to the fact that when h* are generated (that
do not diffuse in the solution), these can either directly react with organic compounds
(Fujishima et al., 2008) or react with adsorbed water or adsorbed hydroxides (OH"), thus
forming adsorbed (OH ags) (Vital-Grappin et al., 2021). These OH .45 could be close to the
membranes, thus, only available when the pollutant passes through the membrane, and

has contact with these reactive species.



43

5. CONCLUSIONS

According to the results obtained and already discussed, it can be concluded that:

Zeolite membranes exhibit a hydraulic permeability similar to that reported with
other authors; and photocatalytic membranes present about 30-fold more
hydraulic permeability.

Regarding filtration as a separate treatment, DBS is not removed by the
membranes used in this work, and photocatalytic membranes have no
adsorption properties for DBS and DCA.

After 6h photocatalytic DCA degradation reached 37% with TiO; and 44% with
TiO»-Ag, and DBS removal of 16% and 21%, was achieved with both catalysts
respectively. Therefore, the presence of Ag in the PMs does improve the DCA
and DBS degradation, due to the decrease in electron/hole recombination rate.
When coupling filtration and photocatalysis, after 6h DCA removal was 59% for
TiO2 and 67% for TiO»-Ag due to higher contact between the contaminants and
the oxidative reactive species.

The experimental results fitted to a 0-order kinetic model of photocatalysis when
embedded into the membrane. When coupling photocatalysis and filtration,
data fitted to a 1-order kinetics model. Therefore, due to the pollutant's excess
at the evaluated concentrations and the lack of any constraints on the pollutant's
diffusion near the catalyst surface, the system is limited by the production of

reactive oxygen species.

Further work should also consider the evaluation of DBS concentration change with

coupled photocatalysis and filtration. As well, it would be of interest to assess the

filtration and degradation of contaminants with bigger molecules, such as, humic acids.
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Figure 1A. DBS calibration curve
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