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ABSTRACT

Rapid industrialization and urbanization have led to significant environmental challenges,
particularly the contamination of water bodies by contaminants of emerging concern (CECs)
due to insufficient tertiary treatment in wastewater treatment plants (WWTPSs). Pharmaceuticals
like acetaminophen (ACT) and sulfamethoxazole (SMX), as well as phenolic compounds like
gallic acid (GA), are persist and bioaccumulate, posing risks to water quality. This study
explores the development of permeable reactive barriers (PRBs) using eco-friendly materials:
geopolymers (GP), activated carbon (AC), and carbon nanotubes (CNT), sourced from waste.
Integrating these materials into PRBs aligns with circular economy principles, providing a
sustainable solution to reduce exposure to contaminated water. Elemental analysis revealed that
AC contained 63.0% carbon, while CNT exhibited a higher carbon content of 92.5%. The GP
analysis indicated substantial calcium and silicon content, and structural analysis via X-ray
diffraction (XRD) identified key crystalline phases, predominantly calcite. Functional
characterization using Fourier-transform infrared spectroscopy (FT-IR) confirmed the presence
of hydroxyl and carbonyl groups in AC and notable C—O bonds in CNTs. Additionally, acid-
base characterization demonstrated AC's high basicity (1250 umol/g), enhancing its capacity to
adsorb acidic compounds. Morphological studies using SEM and TEM illustrated the
heterogeneous structure of GP and the arrangement of CNTs, including iron nanoparticles, from
the synthesis process. BET analysis revealed AC’s superior specific surface area (527 m?/g) and
pore volume (0.313 cm?/g) compared to CNT (66 m2/g) and GP (30 m2/g), enhancing its
adsorption capacity. Equilibrium analysis revealed that the Freundlich model effectively
described the adsorption process, indicating favorable conditions and a strong affinity between
adsorbates and adsorbents. The maximum adsorption capacities of AC were determined using
the Langmuir model, with values of 112.19 mg/g for ACT, 40.25 mg/g for SMX, and 314.27
mg/g for GA. Kinetic studies confirmed that all materials followed a pseudo-second-order
model, achieving equilibrium within approximately 50 minutes. Continuous flow experiments
validated the batch adsorption results, showing the effective performance of AC and GP, with
breakthrough capacities of 126.85 mg/g for ACT, 54.93 mg/g for SMX, and 151.53 mg/g for
GA.. Breakthrough times were recorded at 314 minutes for ACT, 66 minutes for SMX, and 68
minutes for GA. The multi-component system exhibited similar behavior, although saturation
occurred earlier.

Keywords: Contaminants of emerging concern; Circular economy; Breakthrough curve;

Permeable reactive barriers; Wastewater treatment.



RESUMO

A rapida industrializacdo e urbanizacdo tém levado a desafios ambientais significativos,
particularmente a contaminagdo dos corpos d'dgua por contaminantes de preocupacéo
emergente (CECs) devido ao tratamento terciario insuficiente em estacGes de tratamento de
aguas residuais (ETARs). Farmacos como paracetamol (ACT) e sulfametoxazol (SMX), assim
como compostos fendlicos como o acido galico (GA), persistem e bioacumulam, representando
riscos a qualidade da agua. Este estudo explora o desenvolvimento de barreiras reativas
permeaveis (BRPs) utilizando materiais ecologicamente corretos: geopolimeros (GP), carvéao
ativado (AC) e nanotubos de carbono (CNT), oriundos de residuos. A caracterizacdo abrangente
confirmou a eficacia dos materiais utilizados. A andlise elementar revelou que o AC continha
63,0% de carbono, enquanto o CNT apresentou um conteldo de carbono mais elevado, de
92,5%. A andlise do GP indicou um contetdo significativo de célcio e silicio, e a anélise
estrutural por meio de DRX identificou fases cristalinas-chave, principalmente calcita. A
caracterizacao funcional por FT-IR confirmou a presenca de grupos hidroxila e carbonila no
AC, além de notaveis ligagdes C—O nos CNTs. Adicionalmente, a caracteriza¢do acido-base
demonstrou a alta basicidade do AC (1250 umol/g), aprimorando sua capacidade de adsorver
compostos acidos. Estudos morfoldgicos utilizando SEM e TEM ilustraram a estrutura
heterogénea do GP e o arranjo dos CNTSs, incluindo nanoparticulas de ferro. A analise BET
revelou a maior area superficial (527 m2/g) do AC em comparacdo ao CNT (66 m#/g) e ao GP
(30 m#/g). A anélise de equilibrio revelou que o modelo de Freundlich descreveu efetivamente
0 processo de adsorcdo, indicando condicbes favoraveis e uma forte afinidade entre os
adsorventes e os adsorvatos. As capacidades maximas de adsorcéo do AC foram determinadas
utilizando o modelo de Langmuir, com valores de 112,19 mg/g para ACT, 40,25 mg/g para
SMX e 314,27 mg/g para GA. Estudos cinéticos confirmaram que todos os materiais seguiram
um modelo de pseudo-segunda ordem, atingindo o equilibrio em aproximadamente 50 minutos.
Experiéncias de fluxo continuo validaram os resultados de adsor¢do em batelada, mostrando o
desempenho eficaz do AC e do GP, com capacidades de ruptura de 126,85 mg/g para ACT,
54,93 mg/g para SMX e 151,53 mg/g para GA. Os tempos de ruptura foram registrados em 314
minutos para ACT, 66 minutos para SMX e 68 minutos para GA. O sistema multicomponente
exibiu comportamento semelhante, embora a saturagéo tenha ocorrido mais cedo.

Palavras-chave: Contaminantes de preocupagdo emergente; Economia circular; Curva de

ruptura; Barreiras reativas permeaveis; Tratamento de efluentes.
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1. INTRODUCTION

Environmental issues are being caused by rapid industrialization, the rising number of
people, expanding urbanization and unrestrained excessive use of natural sources?. In 2022, the
total domestic wastewater collected by downstream (composed of wastewater collection,
drainage and elevation activities) services in Portugal achieved 650x10° m?, equivalent to a
production of 63 m? of wastewater per inhabitant, and 540 million m® was collected by upstream
(composed of wastewater transportation, treatment and rejection activities) services2. Over the
years, the increasing consumption and contamination of natural waters by thousands of
chemical compounds, including organic compounds such as antibiotics, persistent organic
pollutants, pharmaceuticals, personal care products and endocrine-disrupting chemicals?®,
known as contaminants of emerging concern (CECs), has become a concern.

CECs in different aquatic environments mainly come from anthropogenic activities, and
their extensive occurrence, persistence, bioaccumulation, constant circulation, migration and
transformation in environmental media have generated a substantial global concern®. Among
pharmaceutical compounds that are CECs and cause water pollution, paracetamol
(acetaminophen, 4-acetylaminophene-nol) deserves particular attention since it has recently
been identified as a potential pollutant of waters®. Another example of CECs that is a priority
in the four study areas® (soil ecosystem, water ecosystem, humans, and terrestrial predators) is
sulfamethoxazole, a widely used antibiotic.

In addition to the mentioned contaminants, phenolic compounds in wastewater, caused
by pharmaceutical or dye industries, are persistent organic pollutants resistant to
decomposition/degradation and cause harmful severe effects on the human health and the
environmental ecosystem*. The phenolic pollutants and their metabolites in living cells cause
mutagenicity and carcinogenicity’. Furthermore, some phenolic compounds, such as
chlorophenols, nonylphenols and 4-tert-octylphenol, can block normal hormonal functions,
mimic natural hormones, occupy their receptors in different organisms and cause severe
hormone imbalance and health hazards®.

Creating a new approach to environmental protection across different domains involves
using strategies to minimize contaminants in wastewater treatment plants (WWTP), informed
and enhanced by advancements in groundwater remediation techniques. Previous efforts to
remediate polluted groundwater have culminated in the development of permeable reactive
barriers (PRBs). They are subsurface filters filled with appropriate materials to treat through-



flowing polluted waters®. There is still a need to look for filler materials to use appropriately in
permeable reactive barriers, with high efficiency, economy, effectiveness, and manufacturing
with greenways without any adverse side effects on the environment©,

Some materials with good adsorptive characteristics, such as geopolymers (GPs)?,
activated carbons (ACs)*? and carbon nanotubes (CNTs)*3 can be obtained from waste sources.
For example, GPs are attractive mainly because they are environmentally friendly, being
possible to be produced using precursors that would otherwise be discarded, such as waste glass,
municipal solid waste fly ash (FA), sugarcane bagasse ash, among many others**. Furthermore,
ACs are materials with high porosity, which makes them remarkably suited for adsorption
applications, with the main concern being to remove species from the liquid or gas phases so
that the chemical substances are purified or recovered. Environmental questions are included,
and agricultural wastes appear as significant precursors because they are cheap, renewable, safe
and available in large quantities'®>. Due to their attractive characteristics, CNTs have been
largely used as catalysts in many processes. Their attractiveness increases when obtained from
carbon-containing wastes from a circular economy perspective. In this sense, plastic solid waste
can be used as a carbon source!®.

There are numerous papers on PRBs, most of which focus on removing contaminants
in groundwaters with multi-barrier systems so that high concentrations of contaminants are
significantly reduced to a minimum®4-%6, Thus, by implementing the concept of PRBs in the
effluents of WWTP and employing economically efficient reactive materials sourced from
wastes, a connection can be established with the principles of circular economy and sustainable
development. This approach aims to reduce the population's exposure to contaminated water
and contributes to resource efficiency and environmental sustainability.



2. STATE OF ART

2.1. WASTEWATER TREATMENT PLANTS

In Portugal, households and specific industries in 453 urban areas generate 13.0 million
population equivalent of wastewater every day, which is an amount equivalent to 2.59 million
m3. However, urban wastewater must be treated before discharge to avoid environmental
pollution. In Portugal, urban wastewater is treated in 478 plants across the country before it is
discharged’.

Nowadays, it is recognized that many emerging contaminants can be correlated with the
discharge of wastewater effluents, mainly from wastewater treatment plants located in highly
industrialized and urban areas'®. As previously reported®, 52 CECs were detected in
transnational river basins and coastal areas of the North of Portugal and Galicia, and in the
WWTPs discharging on these environments. Indeed, conventional domestic wastewater
treatment plants, often stabilization ponds and activated sludge systems, have not been designed
to treat recalcitrant organic pollutants, including emerging substances®.

Figure 1 shows the proportion of wastewater from households and the service industry
safely treated at the source through centralized wastewater treatment plants before being
discharged into the environment in different countries in 2022, according to the World Health
Organization?!. Furthermore, this does not imply the elimination of persistent contaminants

from wastewater.
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Figure 1: Share of domestic wastewater safely treated in some countries (adapted?!)



According to the Country Report Portugal 2019: Assessment of progress on structural
reforms, prevention and correction of macroeconomic imbalances, and results of in-depth
reviews??, "Despite the progress achieved in recent years in water management, challenges
remain, for instance with water governance and the need to close gaps in water investments,
especially for wastewater and water body rehabilitation?®".

Developing more efficient, cost-effective and environmentally friendly wastewater
treatment processes is an urgent and essential step towards mitigating environmental pollution
and meeting the ever-increasing water demand. With the increasing population growth and
technological and industrial advancements, the amount of human-generated waste that finds its
way to the environment through domestic and industrial wastewater increases?*. The high
concentrations of CECs in WWTP effluents led to an average increase of 50% in downstream
water compared to upstream areas?>.

Table 1 shows the amounts of various pharmaceuticals detected in inlet and outlet waters
of various WWTPs, confirming that many of these substances are not effectively removed by
the treatments. A reduction in concentrations can be observed, however, WWTP may be
potentially polluting the water bodies, as contaminants are still present.

Table 1: Pharmaceutical concentrations in wastewater of various WWTPs before and after treatment (adapted?6)

Type of pharmaceutical S(;Jebtsetca}(zge WWTP inlet (hg L) WWTP outlet (ng L?)
Analgesics and anti- Acetaminophen 10194 2102
inflammatories

Diclofenac 250 215

Ibuprofen 516 266

Ketoprofen 451 318
Lipid-lowering drugs Bezafibrate 23 10
Clofibrate 72 28

Gemfibrozil 155 120
Antibiotics Azithromycin 152 96
Metronidazole 80 43

Sulfamethoxazole 590 390

Trimethoprim 1172 290

Generally, WWTPs contain two types of processes. Physical treatment processes
comprise the preliminary and primary treatment, such as bar screening and sedimentation
basins to remove most suspended solids. As the secondary treatment, biological treatment
processes include the activated sludge, biological filter and rotating biological contactor
processes. Some WWTPs include tertiary treatment, for example, disinfection, sand filtration,



constructed wetlands and soil aquifer treatment for deeper water purification?’. Figure 2 shows

the conventional sewage treatment flow.
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Figure 2: Flow of the traditional wastewater treatment crafts and some tertiary technologies (adapted?”)

The selection of the treatment method to remove solids, including colloids, organic
matter, nutrients and soluble contaminants from the effluent depends on the characteristics and
source of the water to be treated. Each treatment has its characteristics and is best suited for
each type of situation in terms of cost, viability, efficiency, workability, reliability,
environmental impact, sludge production, operational complexity, pre-treatment demands and
production of potentially toxic by-products?,

2.1.1. TERTIARY TREATMENTS

The activated sludge process is the most widespread sewage treatment method. It
typically consists of a pre-treatment step, a primary settling tank, an aerobic degradation
process and a secondary settling tank?®. Tertiary treatmentis awastewater treatment
process that can be applied after the secondary treatment. This step removes stubborn
contaminants that secondary treatment could not clean up. Wastewater effluents become even
cleaner, due to more robust and advanced treatment systems, making it easier to reuse®.

Unfortunately, traditional tertiary treatments either did not show to be effective or
demonstrated only moderate effectiveness in removing certain contaminants from wastewater
31, Chlorination, typically used as a disinfection step before WWTP effluent disposal or reuse,
is poorly effective in the removal of CECs and in controlling antibiotic resistance®?. UV-C
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disinfection is effective in the inactivation of pathogens when sand filtration is used as pre-
treatment but is poor in removing CECs®3. Treatment by ozonation can inactivate pathogens
and remove CECs, but an additional posttreatment step can be necessary to remove ozonation
by-products (i.e., nitrosodimetylamine and bromate)3. Therefore, removal of contaminants
with a PRB is an alternative tertiary treatment.

The 10" biennial report on Member States' implementation of the Urban Wastewater
Treatment Directive (UWWTD) shows that collection and treatment of urban wastewater have
improved over the last decade in the EU (from 2010 to 2020), with compliance rates of 95%
for collection, 88% for secondary (biological) treatment and 86% for more stringent treatment
(removal of phosphorus and nitrogen)3. However, some member states still have ways to
comply fully with the UWWTD. Table 2 shows the types and percentage of urban wastewater
treatment in some Oslo and Paris Convention (OSPAR) countries in 2016%¢. It's notable to
observe that among the countries mentioned, Portugal stands out with the lowest utilization rate
of tertiary treatment.

Table 2: Urban wastewater collection and treatment in some OSPAR countries (adapted®)

Type of wastewater treatment (%)
Country  None Primary Secondary Tertiary Not specified

Belgium 5 0 8.4 74.6 0
Denmark 0 0.2 1.4 90.4 0
Netherlands 0 0 0.8 98.7 0
Norway 1.9 21.3 3.9 58.9 0
France 0 0 11 69 2
Portugal 0.1 7 46.7 38 0.1
Spain 0.3 1.7 23.9 69 2.3

The distance to target remains significant in some Member States: an amount of urban
wastewater corresponding to 6.6 million p.e. (1%) is not collected, and over 37 million p.e.
(6%) of the wastewater collected are not sufficiently well treated to meet secondary treatment
standards, while nearly 32 million p.e. (8%) do not meet more stringent treatment standards.
This means there are agglomerations in the European Union where infrastructure needs to be
built or improved®®.

2.1.2. CONTAMINANTS OF EMERGING CONCERN

Emerging contaminants are a group of natural and synthetic chemicals and biological
agents that are not or are poorly regulated. These substances are currently of concern because
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they are known or are suspected to have adverse impacts on the environment and human health.
Indeed, emerging contaminants are not necessarily of new use but newly identified, and data
on their presence and fate in the environment and their effects on organisms is not entirely
understood®’. According to research®, 69,526 structures with CAS numbers were aggregated
from various CECs data sources, and simulation of phase I metabolites resulted in 306,279
unique metabolites.

A long list of chemicals with adverse effects on human and environmental health,
including antibiotics, pain relievers, hormones, antidepressants, anti-inflammatory drugs,
disinfectants, sunscreens, fragrances, pesticides and industrial chemicals, are detected in natural
water systems®. Pharmaceuticals and personal care products cover a good part of these
chemicals; for example, acetaminophen, metformin, sulfamethoxazole, oxybenzone®® and the
pesticides acesulfame and diuron can be some examples.

The fate and occurrence of CECs in the water bodies, identifying hot spots and sources,
and associated risks for the aquatic environment are of current interest'°. Introduction routes
into the aquatic environment for CECs consist of point and nonpoint sources. Primary point
sources include WWTPs, industries and hospitals*®. Regarding the level of persistence, some
CECs pass unaltered through WWTPs and, therefore, they are released into different aquatic
environments*'19,

Despite their wide-ranging uses, CECs can harm human health and other animals due
to their high resistance to degradation, a quality attributed to their complex structure and other
factors*2. For example, roxithromycin, used as an antibiotic, can affect the growth inhibition of
algae (Pseudokirchneriellasubcapitata)*® and sulfamethoxazole, a commonly used synthetic
antibiotic from the sulfonamide class, frequently employed in the treatment of venereal, with
yet some uncertainty over their toxic effects. The scientific community and regulatory
authorities have recently become increasingly concerned about the widespread presence of
CECs in surface and groundwater sources due to their extensive use*.

Figure 3 shows the average concentration of two representative CECs, that will be
explored in this work, acetaminophen and sulfamethoxazole, classified as pharmaceuticals and
personal care products®®, with 17 samples collected from raw and treated wastewater from
Spain and Portugal. In a previous report®, acetaminophen was identified as having one of the
highest concentrations of the 52 CECs presented but, after treatment, the concentration was
reduced. Similarly, with sulfamethoxazole, it was still possible to detect the presence of these
contaminants in the treated water.
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Figure 3: Average concentration (log scale) of pharmaceuticals in the analyzed samples of raw and treated
wastewater (adapted™® )

2.1.3. ACETAMINOPHEN

Acetaminophen (ACT) or paracetamol (CsH9NO2, MW 151.163, IUPAC N-4-
hidroxifenil ethanamide) is one of the most popular painkillers used without a prescription for
the relief of headache, backache and rheumatic pains“®. Its molecule is presented in Figure 4.
Continuous exposure to low concentrations of pharmaceutical compounds, such as
paracetamol, and their metabolites, causes chronic diseases and antibiotic-resistant genes in
aquatic organisms®’.

Figure 4: Acetaminophen molecule (adapted?6)

Researchers estimated the global production of ACT to be around 100 tons per year*.
This mass production of ACT increases the leakage opportunity into the environment, which
increases the threats of ACT and its by-products on the ecosystems®.



During the chlorination of water contaminated with ACT, toxic by-products such as 1,4-
benzoquinone and N-acetyl-benzoquinone imine are formed, which can damage the human
liver and kidneys, considering the adverse effects of pharmaceuticals, including ACT on the
environment, such as mortality in fish of the species Orzias latipes when the concentration is
over 160 mg/L or inhibition of algae Scenedesmus subspicatus when the concentration is more
significant than 134 mg/L*°. Effectively eliminating these compounds from contaminated
effluents is a principal environmental concern“®.

Conventional treatments cannot remove paracetamol from water®, such as chlorination,
which consists in the addition of chlorine for water treatment. In this process, a rapid reaction
occurs for the pharmaceutical compounds containing amine, forming more compounds
containing chlorine?®5!, However, other compounds such as cimetidine, diltiazem and
gemfibrozil, when chlorinated, degrade. In a previous work it was demonstrated that
acetaminophen was either more chlorinated or remained unchanged®?. Another way to treat
wastewater is using activated carbons to improve the contaminant removal efficiency by using
adsorption mechanisms; the main advantage of using activated carbons to remove
pharmaceuticals is that it does not generate toxic or pharmacologically active products?.

2.1.4. SULFAMETHOXAZOLE

Sulfamethoxazole (SMX), which molecule is shown in Figure 5, is an antibiotic
inhibiting folic acid synthesis in bacteria with low solubility and permeability®:. It is a
commonly used synthetic antibiotic from the sulfonamide class, frequently employed in the
treatment of venereal infections across various fields, including aquaculture, veterinary
medicine, poultry farming, and human healthcare. Approximately 50% of ingested SMX is
excreted to the aquatic environment without proper modification, resulting in the discharge of
residual SMX into the sewage pipes®.

The presence of such drugs that have significant environmental impact and high toxicity
in WWTP effluents threatens the safety of water bodies®. The long-term effects of antibiotics,
including bioaccumulation in the food chain and the promotion of resistant bacteria, pose a
significant risk to the environment and human health®®,



Figure 5: Sulfamethoxazole molecule (adapted %)

SMX has seen to be present in high concentrations in water effluents in Europe, mainly
in Baltic Sea. SMX is thought to be persistent in the environment due to its capability to avoid
degradation by conventional biological treatments of wastewater. SMX is shown to promote
antibiotic resistance in bacterial populations in river samples (dose 500 ug/L), emphasizing the
importance of reducing the levels in water effluents®’.

2.1.5. PHENOLIC COMPOUNDS

Phenolic compounds have been reported as significant pollutants by various
environmental protection agencies®®: US Environmental Protection Agency (USEPA), Central
Pollution Control Board (CPCB), among others; polyphenols commonly exist in agro-industrial
wastewaters, such as soft drink wastewater, cork wastewater, oil mill wastewater, landfill
leachate, pulp mill wastewater, winery wastewater and tannery wastewater. Polyphenols at high
concentrations tend to suppress or even eliminate the efficiency of biological wastewater
treatment processes®®. These compounds are known for their high persistence in the
environment for an extended period (low biodegradability), making them compounds among
the chemicals of major environmental concern'l. The phenolic micropollutants generally
include chlorine, bromo, nitro and alkyl phenol. Because of their toxicity and persistence in the
environment, these phenolic compounds are considered priority pollutants and appear on a list
of dangerous substances of the USEPA®.

Discharging these compounds without treatment may lead to serious health risks to
animals (carcinogenicity, endocrine disruption and allergies) and aquatic systems. International
regulatory bodies have set strict discharge limits for phenols for a sustainable environment. For

example, the USEPA has set a water purity standard of less than 1 ppb for phenol in surface
10



water®, The toxicity levels usually are in the range of 9-25 mg/L for both humans and aquatic
life®2. Similarly, phenyl phenols and bisphenols are widely used in hospitals and households as
disinfectants. Therefore, extensive research’6163 has been conducted to find effective methods
for their removal. Several treatment approaches have been explored, including chemical
oxidation, membrane retention and adsorption®3,

Gallic acid (GA) is one polyphenolic compound most representative of wastewater.
Moreover, it is one of the simplest models of natural organic compounds and is commonly used
as a standard reference to quantify polyphenols®1L,

This polyphenol, a naturally occurring low molecular weight tri phenolic compound,
has emerged as a potent antioxidant and as an efficient apoptosis-inducing agent; gallic acid
derivatives have also been found in several phytomedicines with diverse biological and
pharmacological activities, including radical scavenging, interfering with the cell signaling
pathways and apoptosis of cancer cells®.

Figure 6 exhibits the molecule of GA, a well-known polyphenol. Though this compound
is commonly considered safe for humans®®, other phenolic compounds are not. Adsorption
processes have been identified as the leading technology for removing organic compounds from
different wastewater. Their removal and recovery from wastewater are important from both
environmental and economic points of view. Environmentally, it is a must for reducing the
organic charge in wastewater. At the same time, the extraction and recovery of polyphenols
with essential implications for human health are also attractive from the industrial and
economic points of view.

Figure 6: Gallic acid molecule (adapted®*).
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2.2. PERMEABLE REACTIVE BARRIERS

Remediating contaminated groundwater is essential to ensure the sustainability of this
water source, and both active and passive groundwater remediation technologies have been
implemented with this purpose. Specifically, passive remediation via PRBs has been applied
since 1995°%. Figure 7 is a representation of how PRBs are applied for groundwater remediation.

Source of

contamination

— Sorption
S Precipitation
N B

Degradation
flow —— mm) Treated water
'/, /7
Impermable subsoil / /

Figure 7: Principle of groundwater remediation by PRBs (adapted®)

PRBs appear to be an exciting option since the contaminant plume with various
groundwater pollutants, for example heavy metals and organic and inorganic pollutants®’,
moves through the reactive zone by natural hydraulic gradient, allowing for a passive treatment
with no external energy inputs. For this reason, complete remediation can take many years.
This concept can be expanded for the application of PRBs in the treatment of persistent/priority
pollutants®®, as will be focus on this work.

The benefits and significant limitations of this in situ technology are presented in Table
3. These limitations can be addressed using the efficient barrier design that addresses the plume
and site characteristics®,
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Table 3: Benefits and limitations of Permeable Reactive Barriers (adapted®)

Benefits Limitations

| ] 1
Low energy consumption, which reduces the The depletion of the reactive chemical

carbon footprint of the process and the operating compounds over time due to their
costs reaction with the contaminant
Requires monitoring of its activity with only Clogging of the barrier pores

minimum scheduled maintenance after a
specified period of operation, if needed

Easy installation and removal procedures and low
maintenance costs®’

Provides efficient and targeted remediation,
where these barriers convert specified pollutants
to fewer toxic species and/or retain them

2.2.1. DESIGN AND CONFIGURATION

An appropriate PRB configuration is critical to the engineering design, which should be
selected considering specific hydrogeologic conditions and characteristics of the contaminant
plume. The most common PRB configuration is the continuous permeable reactive barrier (C-
PRB)%, placed perpendicularly to the groundwater flow®®, otherwise known as crossflow.
Another configuration is the funnel and gate, a system consists of permeable gate (as a reactive
media) located between 2 impermeable walls, which direct the polluted plume towards reactive
media®®.

An accurate, adequate, optimized PRB design increases treatment efficiency and
reduces maintenance costs. PRB treatment is more cost-effective than the traditional pump and
treatment technology®®. It is possible to compare the two widely used configurations, the
continuous wall or trench and the funnel and gate, in Figure 8. The decision between the two
configurations is depending on hydrogeological parameters of the site and on the reactive
materials cost®®. The funnel and gate configuration is recommended for designing PRB because
this setup requires less reactive material in the treatment zone.
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Figure 8: Configuration of the PRB designs (adapted®®)

An important condition of successful remediation is the requirement that the
contaminant plume flows through the reactive gate of specified thickness b with a certain
velocity v. That means the contaminant will contact a reactive medium in specified time tres
(residential time). Considering the safety factor SF, it is crucial to design a reactive gate with
sufficient thickness. The thickness of the PRB wall can be estimated according to Eq. 17°.

b=v.t,e .SF (1)

Another essential part is the composition of the barrier. Mixing with several solid
materials such as solid industrial wastes, mineral materials, carbonaceous materials, (reductive)
graphene oxide and biochar in permeable barrier applications is popular in the construction of
reactive materials because of simplicity, cost, environmental benignity and scarce chemical
agent use'®,

This process does not require any bonding formation among various partial materials;
each partial material consisting of a mixed material can jointly achieve higher pollutant removal
rates than a single material, for example via a mixing process with materials having excellent
hydraulic conductivity. Simultaneously, mixed material can have access to the decontamination
of multi-component pollution?S.

The selection and use of PRB materials are based on conditions such as the type of target
contaminants (organic or inorganic), their concentration, mechanisms needed to remove them
(biodegradation, adsorption, etc.), and the cost of materials’. In addition, the considerations
influencing the choice of materials for permeable reactive barriers include®®:
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e Hydraulic conductivity: the barrier should have adequate permeability to allow
the passage of the contaminated groundwater without considerable retardation
in its velocity.

e Environmental compatibility: the used material should not have the potential to
release toxic species into the host environment.

e Long-term physical and chemical stability: the material should have adequate
long-term stability to eliminate the need of maintenance of the barrier during its

service life.

The technology of PRBs can be extended to offer a versatile solution not only for the
remediation of contaminated groundwater but also for the effluent polishing of wastewater
treatment plants, approach envisaged in this work. Implementing PRBs in wastewater treatment
ensures that the water discharged into the environment is treated and free from harmful
contaminants. This proactive approach safeguards local water resources and mitigates the
potential risks of releasing untreated wastewater. As a result, integrating PRBs into wastewater
treatment strategies holds the promise of providing a comprehensive and sustainable solution
to combat water contamination at its source, contributing to the preservation and protection of
vital groundwater supplies.

2.2.2. LOW-COST FILLERS FOR PERMEABLE REACTIVE BARRIERS

Adsorption is a fundamental mass transfer process suitable for the removal of
contaminants, particularly organic contaminants, from wastewater streams’2. According to the
different forces of attraction between substances, adsorption can be divided into chemisorption
and physical adsorption.

In physical adsorption, contaminants accumulate on the adsorbent surface due to
physical forces such as van der Waals forces, hydrogen bonding, hydrophobic interactions,
polarity and space forces”®. The dipole-induced dipole interactions and the chemistry of n—n
interactions also produce adsorption effects’®. The chemisorption of molecular and atomic
species on solid-state material surfaces is a central concept in chemistry, physics, and material
science’®. The main difference is that chemisorption involves strong chemical interactions and
often leads to irreversible binding, while physical adsorption involves weaker, non-chemical
interactions and is usually reversible.

Moreover, adsorbent dosage, temperature, pH, adsorbate concentration and contact

time, among others, constitute some of the factors directly influencing adsorption’®. The
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physical presence of a barrier reduces runoff velocities, which promotes the settling of solids,
while the barrier's permeability allows solid particles to be filtered by the media as runoff passes
through it’’.

PRBs are made of various materials and may be configured in various ways depending
on the treated runoff's location, volume and nature. Some filter media may rely primarily on
physical filtering processes to remove pollutants, while other media, such as compost or
vegetation, may also enhance pollutant removal through chemical and biological reactions
within the media’’. Through a mass transfer process, the barrier will be positioned as a tertiary
treatment stage at the end of the WWTP treatment processes to reach better-treated wastewater
qualities, allowing their reuse in irrigation activities. In the present work it is aimed to explore
the use of low-cost materials derived from waste sources as filler materials in the development
of PRBs.

2.2.2.1. GEOPOLYMERS

Geopolymers (GP) are one of the green cementing materials whose research began in
the 1970s. GP attracts extensive attention for its high-temperature resistance, low permeability,
excellent durability, mechanical performance, among other characteristics”®. GP is an inorganic
aluminosilicate material dominantly composed of tetrahedral silica (SiO4) and alumina (AlOa),
which are formed through polycondensation of a precursor rich in aluminosilicate and an alkali-
activator, resulting in hardened 3-D molecule networks™®°. GP has a wide variety of
applications depending on the Si/Al ratio® used in the synthesis process.

Considering these propositions, an improved structural model based on a previous
model®, was proposed by Rowles et al. (2007)8, as shown in Figure 9, for polymerization and
formation from a NaOH-activated metakaolinite precursor approach. This model is only valid
for incompletely reacted geopolymer. It involves free Al-OH groups that will later, with time
or temperature, perform polycondensation with opposed Si-O-Na, resulting into sialate bonds®.
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Figure 9: A proposed schematic model for GP structure based on a previous original model® (adapted?? )

The innovation of GPs relates to the possibility of hardening at room temperature
without high treatment temperature and consequently reduced CO2%*, representing an eco-
friendly innovative material®®. This process mainly involves dissolution, gelation and
condensation reactions occurring in parallel to form the material of interest**.

One source of alumina silicate material is fly ash (FA)®4, and it is the most used and
suitable waste material in geopolymerization due to the considerable amount produced
worldwide, estimated to be around 780 million tons annually, and its great workability®8, FA
is a by-product derived from the combustion of coal powders and collected by mechanical and
electrostatic separators from the flue gases of the power plants®’.

As a result of its large production, there is a growing need to reduce its accumulation,
improve the way it is disposed, and to focus mainly on how to reuse this material, enabling it
to be put back into the economy and fostering a circular economy?®,

While most GP research focused on the cement and concrete industry, it has recently
gained attention as an alternative material to solve environmental problems in water and
wastewater pollution®. This implies the potential of this new material as an innovative media
in wastewater treatment because these eco-friendly materials have attractive advantages, such
as low cost, high efficiency, simple production and readily scalable characteristics'#°,

GP has a three-dimensional mesh structure that provides the GP with high porosity and
many mesopores that enhance the adsorption capacity by providing more exposed binding sites
with pollutants and impurities on the surface® "3,

Table 4 shows some examples reported in the literature on the application of GP as
adsorbent, their contaminants as adsorbates, and some of the findings from the adsorption tests.
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Table 4: Examples of geopolymer for wastewater treatment application

Contaminant

Findings

Author/year Precursor
Onutai et al.
(2019)%" Porous fly ash-based
Novais et al.
(2016)%2 Porous fly ash-based
Wang et al. Metakaolin based
(2022)% GP microspheres
Barbosa et al. Metakaolin and rice
(2018)% husk ash
Leeetal.
(2017)% Fly ash and slag
Aprilina et al. Metakaolin and
(2021)°¢ biomass ash

Pb, Cu, Cd and
Ni

Pb

Tetracycline
(pharmaceutical
compound)

Methyl violet
10B

Cs*

Cu (1)

The adsorption capacity of heavy
metal ions on geopolymer
composite fiber follows the order of
Pb, Cu, Cd and Ni in removing
heavy metal ions from wastewater.

More porous geopolymers
presented better lead removal
efficiency, while higher pH in the
solution reduced their removal
ability since metal precipitation is
enhanced.

With oleic acid modification
technique the fabricated modified
geopolymer’s surface area and pore
volume was increased. Moreover,
the obtained geopolymer exhibited
a maximum Langmuir uptake
capacity of 645.70 mg/g at 298 K.

Using soybean oil as a
mesostructured directing agent was
essential. The maximum adsorption

capacity of mesoporous
geopolymer was reported to be
276.90 mg/g.

An investigation of the adsorption
isotherms revealed that the
adsorption of Cs* onto mesoporous
geopolymers were favorable and
followed multilayer adsorption.

Adsorption occurred on the
geopolymer surface by forming a
monolayer of adsorbate molecules

with maximum adsorption capacity
of 58.824 mg/g.

2.2.2.2. ACTIVATED CARBONS

Activated carbons (ACs) are non-polar and non-graphitic materials, structurally

heterogenous, with very high surface area, mainly due to microporosity; hence, it offers a very

high adsorption capacity and are widely used as adsorbents®”-8, Due to these characteristics,

from the materials used in adsorption, commercial activated carbons have greater prominence
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since significantly remove several types of contaminants® and is an excellent adsorbent
material for the isolation and recovery of trace materials in the food, beverage, cosmetic,
pharmaceutical and chemical industries®’.

Several studies have sought alternative, highly available, renewable, cheap and efficient
materials, some employing waste sources'®. Using activated carbons in industrial processes
implies constantly reducing production costs to maintain competitiveness with other
technologies and materials*?.

There are two steps in the production of AC: carbonization and activation. The
carbonization step is a pyrolysis procedure, but specifically for carbonaceous materialstt. An
essential advantage of ACs is the fact that they can be obtained practically from any carbon-
containing raw material; some of the most often used raw materials to obtain activated carbons
are bituminous coals, bones, coconut shells, wood and waste biomass from agriculture, wastes
from cellulose industry and olive pomace!??. In this work, olive pomace will be considered in
the production of ACs as filer materials for PRBs.

Since the developed porosity is insufficient, an activation step is needed to enlarge the
pores and modify their surface. Activation can be chemical or physical. In chemical activation
processes, the precursor is first treated with a chemical activation agent, often phosphoric acid,
then heated to a temperature of 450 — 700 °C in an activation kiln®. Although chemical
activation produces larger surface areas, requires shorter time and allows for a more careful
control of micro-porosity, it is more expensive and polluting than physical activation. Physical
activation allows more environmentally friendly activations, conducted at elevated
temperatures in an oxidizing agent (steam or CO2) for a controlled time, which can be
considered partial gasification®0Z,

The specific surface area of microporous ACs usually amounts to at least 90% of the
total surface area. Microporous materials are important in water treatment because of their
ability to adsorb a wide variety of contaminants in the aqueous phase'%.

For commercial-grade carbons, surface area values typically vary between 500 and 1500
m?/g or even as high as 3000 m?/g'. The surface area of AC obtained from wastes varies. For
example, an AC based in olive pit with 883 m2/g was obtained by thermal treatment'% or an
AC with 474 m2/g with more conventional physical activation using steam/nitrogen®’,

The quality of AC depends on its structure, as most of these structures have micropores,
macro pores and mesopores. As different pore sizes will adsorb different-sized molecules in
their structure, only a few micropores will align directly toward the outer surface of the carbon
particles®”. Table 5 shows the pore types and their sizes, standardized worldwide by the
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International Union of Pure and Applied Chemistry (IUPAC), and their respective adsorbable

molecules.

Table 5: Pore classification according to the general classification by IUPAC
Pore types Diameter Adsorbable molecules

Small molecules such as gas, small
organic and water molecules, and
ions108

Micropores <2nm

Larger molecules such as organic
compounds, surfactants, and
polymers, large ions'®

Mesopores 2-50 nm

Transport of the molecules,
allowing for the efficient flow of
fluids, larger particles or even cells

Macropores >50 nm

2.2.2.3. CARBON NANOTUBES

Carbon nanotubes (CNTs) are a class of one-dimensional nanomaterials with a
cylindrical structure composed of carbon atoms arranged in a honeycomb lattice!'®. Besides
diamond, graphite and fullerene (Ceo), quasi-one-dimensional nanotubes are another form of
carbon first reported by Ijima in 1991 when he discovered multiwalled carbon nanotubes
(MWCNTS) in carbon soot made by an arc-discharge method. About two years later, he
observed single-walled carbon nanotubes (SWCNTSs)'!. The comparison between these two

types is presented in Table 6.

Table 6: Comparison between SWCNT and MWCNT (adapted!'?)

SWCNT

MWCNT

A single layer of graphene
A catalyst is required for the synthesis

Bulk synthesis is difficult as it requires
proper control overgrowth
and atmospheric condition

Not fully dispersed, and form bundled
structures

Characterization and evaluation are easy

It can be easily twisted and is more pliable

Multiple layers of graphene

Can be produced without a catalyst

Bulk synthesis is easy

Homogeneously dispersed with no
apparent bundled formation

It has a very complex structure

It cannot be easily twisted
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These methods are commonly used to synthesize CNTs: arc discharge, laser ablation
and chemical vapor deposition (CVD). The basic elements to form carbon nanotubes are a
catalyst and a carbon source of sufficient energy*?. CVD has proved to be a preferred route for
large-scale production of carbon nanotubes!'?, and it is a technique in which the vaporized
reactants react chemically and form a nanomaterial product that is deposited on the catalyst!°.

Figure 10 shows the diagram of the CVD method to produce CTNs, with hydrocarbon
gas as a precursor; however, research efforts are exploring the use of solid carbon sources, such
as plastics®®%4, The treatment of plastics to convert them into CNTs by sequential pyrolysis
and CVD is viable at certain temperatures and flows*4,

Furnace 400 - 800 °C

CxHy CxHy

\ — — \ — —_
,

Catalyst  Substrate

Fe(ALO3)

Figure 10: Diagram of the standard chemical vapor deposition (CVD) method for synthesizing CTNs (adapted?*%)

The strength of the sp2 carbon-carbon bonds gives CNTs amazing mechanical
properties. No previous material has displayed the combination of superlative mechanical,
thermal and electronic properties attributed to them**2. They can be used in several applications,
including aerospace, the healthcare field and wearable devices!®®, as catalysts or catalysts
supporting renewable energy (storage and generation) and environmental technologies, such as
oxidation or remediation**6,

Also, the properties of CNTSs, such as high surface area, adsorption capacity and
selectivity, make them potential adsorbents for organic solutes in aqueous solutions!31t7, Their
attractiveness increases when obtained from carbon-containing wastes from a circular economy
perspective. In this sense, plastic solid waste (PSW) can be used as a carbon source®?,
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3. OBJECTIVES

The principal aim of this dissertation is to design PRBs tailored for the purification of
effluents from wastewater treatment plants, specifically targeting the removal of CECs and
incorporating high-added value materials as fillers, including geopolymers derived from fly
ash, activated carbons from exhausted olive pomace, and carbon nanotubes from residual
plastic. The specific objectives envisaged include the following:

e Synthesis of GP from fly ash;

e Production of ACs using exhausted olive pomace;

e Synthesis of CNTs from plastic solid waste;

e Characterize various produced materials, including GP, AC, and CNTs, to
understand their properties and performance.

e Manufacture of PRBs incorporating the developed materials;

e Conduct batch adsorption tests to understand the behavior of both adsorbents
and adsorbates.

e Perform breakthrough curves in continuous systems with individual compounds
and multicomponent systems.

e Apply the PRBs in a model wastewater treatment containing representative

contaminants.
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4. MATERIALS AND METHODS

4.1. REACTANTS

The reactants employed in this investigation are delineated below and classified
according to their specific applications.
Contaminants used in the simulation of wastewater:
e Paracetamol (CsHoNO:z2 - 98%), provided by Alfa Aesar;
e Sulfamethoxazole (Ci0H11N303S - 98%), provided by Supelcow.
e Gallic Acid (CsH2(OH);COOH - 98%), provided by EMD Millipore Corporation.

Production of geopolymers:
e Fly ash, provided by SOGAMA;
e Sodium Hydroxide pearls (NaOH - 98%), provided by Labkem,;
e Sodium Silicate (Na2SiO3 - Na2O = 10.6% and SiO2 = 26.5%), provided by Fisher
Chemical

e Hydrochloric acid (HCI - 37%), provided by VWR Chemicals.

Production of activated carbons:
e Dried olive pomace extract, provided by Mirabaga;
e Carbon dioxide (CO2), provided by AirLiquide;
e Nitrogen (N2), provided by Alphagaz™,;

e Silica wool, provided by Elemental Microanalysis.

Production of carbon nanotubes:
e Low-density polyethylene (LDPE), molecular Weight Distribution 35000 g/mol,
[C2Ha]n, provided by Sigma-Aldrich;
e Nitrogen (N2), provided by Alphagaz™,;
e Aluminum oxide (Al203), provided by BASF;
e Ethanol Absolute (C2HsOH - 99.99%), provided by Fisher Chemical,
e Ethylene glycol (C2HeO2 - 99%), provided by Fisher Chemical;
e Iron (II) chloride tetrahydrate (FeCl2-4H20), provided by Acros Organics;
e Iron (III) chloride hexahydrate (FeCls-6H20), provided by VWR Chemicals.
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4.2. MATERIALS PREPARATION

4.2.1. GEOPOLYMERS

The geopolymerization reaction occurs from a source of aluminosilicates and an alkali-
activating solution; in this case, 10g of FA was used as the basis for calculations. Initially, the
solutions of Naz2SiOs (5.67g) and NaOH (2.27g) are mixed with magnetic stirring for 5 minutes.
Subsequently, the mixture is manually combined with FA and cured for 24 hours at room
temperature. GP was washed multiple times with distilled water and a 0.5 M hydrochloric acid

solution until the pH reached neutrality.

4.2.2. ACTIVATED CARBONS

The process of producing AC is carried out in a slow pyrolysis furnace. This involves
inserting 10g of exhausted olive pomace (EOP) into a quartz cell containing porous ceramic in
the middle. The production occurs under a nitrogen flow of 100 NmL/min; during the initial
two hours, only nitrogen is injected to condition the material, facilitating the gradual
development of porosity in the subsequent hours.

From the third hour onwards, a heating ramp is initiated at a rate of 5°C per minute,
transitioning from ambient to high carbonization temperatures. The process involves three
different temperature stages: 400°C and 600°C for 1 hour each and 800°C for 4 hours, ensuring
the entire production process is completed within 9 hours.

The methodology for producing AC-CO: involved a slow pyrolysis process. The
production of both materials occurred under a nitrogen flow of 100 NmL/min, using a heating
rate of 5 °C/min, transitioning from ambient temperature to high carbonization temperature.
This process involved three different temperature stages: 400 °C and 600 °C for 1 h each and
800 °C for 4 h. For the activation of AC-CO2, Nz injection was replaced by COz injection at
800 °C for 1 h. Following the COz2 injection phase, N2 is recirculated once more until the oven
reaches a cooling temperature. A representative scheme of the programming operation,
including heating ramps and residence time, and a drawing of the laboratory pyrolysis oven are
available in Figure S1 of the supplementary materials.

After cooling the reactor under a nitrogen atmosphere, the materials were removed and

sieved to obtain a particle size of less than 53 um. Subsequently, the carbon materials were
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stored in sealed bags for future use to remove phenolic compounds. Finally, the AC was washed
multiple times with distilled water and a 0.5 M hydrochloric acid solution until the pH reached

neutrality (pH < 7).

4.2.3. CARBON NANOTUBES

The synthesis method was chosen based on Diaz de Tuesta et al. (2023)'. CNTs were
synthesized using CVD on an iron-oxide-based catalyst supported by alumina (10/Al203).

The catalyst was prepared using a sol-gel method. Initially, 10 mmol of FeCl> was
dissolved in 20 mL of ethanol and heated until boiling. Meanwhile, 20 mmol of FeCls was
dissolved in 80 mL of ethylene glycol and maintained at 60 °C for 5 minutes. Both solutions
were then combined in an ice bath to reach thermal equilibrium. Subsequently, the solutions
were mixed with 6.6 g of Al203 in a beaker and heated to 60 °C for 2 hours on a stirring hot
plate. The temperature was then raised to 120 °C until a gel-like consistency was achieved.
Further heating to 200 °C resulted in a powdery texture. The obtained powder underwent
thermal treatment under nitrogen flow at 300 °C for 12 hours and 600 °C for 24 hours, yielding
Fe/Al20:s.

The CVD process was conducted using a vertical oven (TH/TV, Termolab), as shown
in Figure S2, in the supplementary material employing low-density polyethylene (LDPE) as the
carbon source. This oven comprises upper and lower crucibles and has three temperature
control zones (T1, T2, and T3).

To synthesize CNTSs, 1 g of the catalyst was loaded into the lower crucible, while 5 g of
LDPE was placed in the upper crucible. The synthesis took place at a temperature of T3 = 800
°C with a holding time of 1 hour upon reaching the desired temperature under a nitrogen
atmosphere (flow rate of 40 mNL.min).

After the synthesis, the CNT was subjected to acid washing to reduce the quantity of
the metal catalyst attached to the structure (50% v/v H2SOa, 140 °C, 3 h, under reflux). After
cooling down, the material was abundantly washed with distilled water to remove excess acid
and then dried at 60 °C for over 12 h.
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4.3. PROTOTYPE DESIGN FOR PRB

For continuous testing, a prototype support for the materials was designed using 3D
printing. The prototypes were initially sized using AutoCAD 2023 software from AutoDesk,
then designed in SOLIDWORKS 2022 from SolidWorks, and finally printed with polylactic
acid (PLA) filament. The preliminary version is presented in Figure S3 in the supplementary
materials.

The second prototype was created in a cylindrical shape, illustrated in its design in
Figure 11, featuring a sealing system that uses the expansion of the geopolymer, to solve the
problem of preferential pathways. From this perspective, the barriers were assembled using
structured GP as the structural factor, CNTSs as the catalytic medium, and AC as the adsorbent
material functioning as a filler for the barrier. This prototype was used in continuous mode as
a proof of concept.

Figure 11: Cylindrical prototype design, the views are as follows: (a) upper isometric, (b) lower isometric, (c)
top, (d) side, and (e) bottom.
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4.4. CHARACTERIZATION TECHNIQUES

4.4.1. QUANTITATIVE AND QUALITATIVE ANALYSIS OF ELEMENTS

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is an analytical
technique employed to quantify specific elements within a sample. In this context, it was
utilized to analyze the chemical composition of FA. It is based on the excitation of the electron
to a more active layer due to energy absorption from the atom. In ICP-OES, the energy source
to move the electron is the heat of an argon plasma®®. This technique is particularly adept at
identifying and quantifying a diverse array of chemical elements from the sample of interest
using a spectrometer Agilent 5800 with a measurement range from 167 to 758nm.

Elemental analysis of the AC and CNT was performed using a CHNS analyzer Flash
2000 (Thermo Fisher Scientific, Massachusetts, USA), equipped with a thermal conductivity
detector to quantify the carbon, hydrogen, nitrogen, and sulfur contents. The analysis were done
at Rey Juan Carlos University — Spain.

4.4.2. X-RAY DIFFRACTION

This technique involves directing X-rays onto the sample and analyzing the resulting
diffraction patterns, which provide insights into the material's atomic arrangement and
crystallographic properties. X-ray diffraction (XRD) measurements were performed on the
material by depositing it on a glass sample holder and analyzing it using a diffractometer. The
analyses were made at room temperature by a PANalytical X Pert Pro diffractometer, equipped
with an X’Celerator detector and secondary monochromator in 6/260 Bragg-Brentano geometry.
The measurements were carried out using 45 kV and 40 mA, a CuKa radiation (Ao 1 =1.5406
A), 0.017°/ step, 100 s/step, in a 10-80° 26 angular range. Data processing was performed using
the software X’Pert HighScore Plus with reference cards from the Crystallography Open
Database.

4.4.3. FOURIER-TRANSFORM INFRARED SPECTROSCOPY

Infrared spectroscopy analysis is valuable for identifying the molecules present in a
sample. The Fourier-transform infrared (FT-IR) spectra of four distinct samples were recorded
using a Perkin Elmer FT-IR spectrophotometer UATR Two, with a resolution of 4 cm. The

wavenumber range used for analysis ranged from 450 to 4000 cm. All measurements were
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conducted on solid samples at room temperature. This analysis was carried out at the Analytical
Chemistry Laboratory of the Braganca Polytechnic Institute.

4.4.4. ACID-BASE CHARACTERIZATION

Evaluating the acid-base characteristics of the material is a pivotal aspect that can
greatly influence the efficacy of the tree materials as adsorbents. This assessment yields crucial
insights into the adsorption mechanism and the interplay between the adsorbent and the
adsorbate™?.

Analyzing the acid-base properties of the material offers insights into the adsorption
mechanism and the interaction between the adsorbent and the adsorbate, allowing
characterization of its basicity or acidity. The material's acidity was determined by adding 0.2g
of the solid sample into 25 mL of a 0.02 mol/L NaOH solution and mixing on a magnetic stirrer
at 300 rpm for 48 h. The resulting solution was then filtered, and a 20 mL aliquot of the
recovered solution was titrated with 0.01 mol/L HCI solution using phenolphthalein as an
indicator. For basicity, 0.2 g of the solid sample was added to 25 mL of 0.02 mol/L HClI solution
and mixed on a magnetic stirrer at 300 rpm for 48 h. After filtration, 20 mL of the recovered
solution was titrated with 0.01 mol/L NaOH solution, using phenolphthalein as an indicator.

To find the pH at the point of zero charge (pHpzc), six dilutions of 0.01 mol/L NaCl
were prepared in Erlenmeyer flasks. The pH of each solution was adjusted to values 2, 4, 6, 8,
10, and 12 by adding 0.02 mol/L NaOH or HCI. To study the effect of pH on the material's
performance as an adsorbent, 50mg of the solid sample was added to each solution, which was
then stirred on a magnetic stirrer at 300 rpm and 20 °C for 24 h. After filtering the solutions,
their pH was measured. The final pH values were plotted on the y-axis, and the corresponding
initial values on the x-axis. A correlation was established between these two values, and an
identity curve was generated on the graph. The intersection point between the pH value and
identity curves represents the pHpzc.

4.4.5. SCANNING ELECTRON MICROSCOPY AND TRANSMISSION ELECTRON
MICROSCOPY

Scanning electron microscopy (SEM) stands out as one of the most adaptable tools for
scrutinizing and dissecting the microstructural attributes of solid materials. Its notable utility
stems from its capacity to achieve high resolutions, often on the order of 10 nm, particularly
when analyzing bulk objects®. Another significant advantage of SEM imaging lies in its ability
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to present specimens in three dimensions, a feature directly attributable to its considerable depth
of focus; The samples were analyzed using a FEI Quanta 400 SEM with a resolution of 4 nm,
equipped with an Everhart-Thornley detector for backscattered and secondary electron contrast.
This analysis was done at the University of Tras-os-Montes and Alto Douro.

Transmission electron microscope (TEM) type of electron microscope has three
essential systems: an electron gun, which produces the electron beam; the condenser system,
which focuses the beam onto the object; the image-producing system, consisting of the
objective lens, movable specimen stage, and intermediate and projector lenses, which focus the
electrons passing through the specimen to form an accurate, highly magnified image, and the
image-recording system, which converts the electron image into some form perceptible to
the human eye. The image-recording system usually consists of a fluorescent screen for
viewing and focusing the image and a digital camera for permanent records. A JEOL 2100
high-resolution transmission electron microscope (HRTEM) with LaB6 filament operating at
200 kV was used to obtain microphotographs of the CNTs. This analysis was done at the
International Iberian Nanotechnology Laboratory.

4.4.6. TEXTURAL ANALYSIS

Textural analysis was performed by determination of N2 adsorption isotherms at 77 K,
using the BET (Brunauer-Emmett-Teller) method to quantitatively determine the surface area
of porous materials, such as powders and porous solids. Before the analysis, the samples were
degasified for 16 h at 120 °C, following IUPAC recommendation. Total pore volume (V),
Seet, and Langmuir-specific surface areas (Sser and Siangmuir) Were gathered using the
Quantachrome TouchWinTM software, following the procedure used in previous works. The
external surface area (Sext) and the micropore volume (Vmic) were obtained by the t-method
(thickness was calculated by employing ASTM standard D-6556-01). The microporous surface
area (Smic) was determined as the subtraction of Sext from Sger and the average pore width
(Whic) by approximation (Wmic = 4 Vmic.Smic’t). The total pore volume (VTotal) was determined
at p/p0 = 0.98. Calculations of those methods were all done by using TouchWinTM software
v1.21. This analysis was conducted at the Analytical Chemistry Laboratory of the Braganca
Polytechnic Institute (IPB).

The bed voidage, is defined as the fraction of the total volume which is free space
available for the flow of fluids, and thus the fractional volume of the bed occupied by solid
material is (1—¢). Depending upon the nature of the porous medium, the voidage may range
from near zero to almost unity. To conduct the test, we used:
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e Two graduated cylinder;
e 26.90 grams of structured geopolymer in cubic shape;

e 100 ml of water.
Allowing us to calculate the void fraction using the Eq. 2:

V. .
=% 100 (2)
Vbed

Where ¢ is the bed voidage, Vwid is the volume of the voids, that can be calculated using
the Viinat (Ml) final volume and Vinitiar (Ml) initial volume of the bed Viedi before the addition of
the GP.

4.4.7. THERMOGRAVIMETRIC ANALYSIS

Thermogravimetric Analysis (TGA) is a technique that measures the mass variation of
a material as a function of temperature, aiming to assess its thermal stability and decomposition
behavior. It determines the decomposition temperature, quantifies mass loss due to
volatilization or chemical reactions, and analyzes the moisture and volatile content. The TGA
of the materials was conducted under an air atmosphere in a Diamond TG/DTA (TG 209F3,
NETZSCH) apparatus heating from 50 to 850 °C at 10°C min~L. This analysis was done at Rey
Juan Carlos University — Spain.

4.5. MASS TRANSFER

Understanding the dynamics of mass transfer processes is essential for designing
efficient PRBs and predicting their behavior in wastewater treatment. In both batch tests, it was
necessary to calculate the adsorption capacity g (mg/g), which was determined with Eq. 3.

(Co—C) xV ©)
m

q:

Where Co (mg/L) is the initial concentration of the pollutant, Ce (mg/L) is the
concentration in the liquid phase of the pollutant at the equilibrium time, V (L) is the volume of
the pollutant solution, and m (g) is the mass of adsorbent.
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4.5.1 ADSORPTION KINETICS

The study of Kinetics in adsorption processes is essential for understanding the rate at
which contaminants are removed from solutions by adsorbents. Adsorption kinetics describe
the time-dependent interaction between the adsorbate and the adsorbent, providing insights into
the mechanisms of adsorption, the efficiency of the process, and the factors affecting the rate
of adsorption. For the adsorption Kkinetics tests, nine experiments were conducted, each relating
a different adsorbent to a distinct adsorbate, as shown in Table 7.

Table 7: Compilation of the studied adsorbents and adsorbates

Adsorbents Adsorbates
ACT SMX GA
GP ACT with GP SMX with GP GA with GP
AC ACT with AC SMX with AC GA with AC

CNT ACT with CNT  SMX with CNT  GA with CNT

The following series of steps were carried out for each adsorbent-adsorbate pair:

e The solution containing 100 mg/L of each compound was prepared with a volume of 100
mL;

e An adsorbent mass of 0.25 g was added to the solution, resulting in a concentration of 2.5
Zadsorbent/ Lsolution;

e The mixture was agitated on a magnetic stirrer at 300 rpm at room temperature;

e At 13 different time intervals (0, 2, 5, 10, 15, 20, 30, 45, 60, 90, 120, 240, and 360 min)
aliquots of 2 mL were withdrawn from the solution;

e At the final stage, all 2 mL aliquots were collected using a syringe with a solids filter and
analyzed by HPLC.

This work used key models such as the pseudo-first-order, pseudo-second-order Kinetic
models, and intraparticle diffusion to analyze experimental data and determine the rate
constants. Understanding these kinetic behaviors is crucial for optimizing adsorption systems,
scaling up processes for industrial applications, and ensuring the effective removal of pollutants
in environmental remediation. The pseudo-first-order model can be mathematically represented
by Eq. 412°;

qr = q.(1 —e™f) 4
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Where qtis the adsorption capacity (mg/g) at a time t (min), ge is the adsorption capacity
at equilibrium (mg/g), and ki is the adsorption rate kinetic constant of the pseudo-first-order
model (min?).

Eq. 5'%° represents the mathematical formulation of the pseudo-second-order model.

_ qékat
de

=—° 5
1+q.k,t ©)

Where kz is the adsorption rate kinetic constant of the pseudo-second-order model (g
mg* min't). The intraparticle diffusion model is expressed mathematically in Eq. 6%2°

q: = kidtl/2 +1 (6)

Where kid is the intraparticle diffusion rate constant (mg/(g-min®®)), and I (mg/g) is the
intercept, which represents the initial adsorption stage (boundary layer effect) before
intraparticle diffusion becomes the rate-limiting step.

4.5.2 EQUILIBRIUM ISOTHERMS

Equilibrium isotherms describe the relationship between the concentration of adsorbate
in solution and its concentration on the surface of the adsorbent at equilibrium. These isotherms
are essential to understand how adsorbents interact with pollutants in environmental and
industrial processes, providing insights into adsorption capacity, affinity, and the effectiveness
of adsorption systems.

The adsorbent that demonstrated the best performance in the adsorption Kinetics tests,
activated carbon, was selected to construct the equilibrium isotherms. The following steps were
then carried out:

e Preparation of 10 mL solutions of each contaminant with 8 different concentrations: 15,
25,50, 75, 100, 150, 200, 400 mg/L;

e A AC mass of 0.025 g was added to the solution, resulting in a concentration of 2.5
Zadsorbent/ Lsolution;

e The mixture was agitated on a magnetic stirrer at 300 rpm at room temperature for 24
hours;

e At the final stage, a 2 mL aliquot was withdrawn with a solids filter syringe for analysis

by HPLC.
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Similarly, adjustments were made using mathematical models for the equilibrium
isotherms. In this study, the most used models in liquid-solid, such as Langmuir and Freundlich,
were applied.

The Langmuir adsorption isotherm assumes that monolayer adsorption exists at all
surface sites that are homogeneous, with the ability to have no interaction of adsorbed
molecules with the neighboring adsorption sites*?’. The Langmuir equation is represented in
Eq. 722

_ ImaxKiCeq 7

Tea = 11K, C.q

Where (eq is the adsorption capacity at equilibrium (mg/g), Qmax is the maximum
adsorption capacity of the adsorbent (mg/g), Ceq is the equilibrium concentration (mg/L), and
KL is the Langmuir adsorption constant (L/mg).

The Langmuir isotherm parameter (Kr) was used to calculate the affinity between the
adsorbent and adsorbate via dimensionless separation factor, Co is the initial concentration, the
RL is the indicator of the affinity of the solute, determined using Eq. 8?*:

1

R =17%.c ®

When R = 0, the adsorption process is considered irreversible. If 0 < RL < 1, the process
Is considered favorable to adsorption. RL = 1 signifies a linear process, while RL > 1 indicates
an unfavorable adsorption process.

The empirical Freundlich isotherm model describes adsorption on a non-uniform
(heterogeneous) surface with the interaction between adsorbed molecules in the reversible and
non-ideal adsorption process. The Freundlich model is expressed mathematically in Eq. 912

1
Qeq = KFCe(gnF ©)

The physical meanings of the constants in this model are as follows: 1/nr represents the
intensity of the adsorption process or the surface heterogeneity. A 1/nr value less than 1
indicates that the adsorption is favorable; the adsorbate is preferentially adsorbed at higher
concentrations, while a 1/nr value greater than 1 suggests that adsorption is less favorable. The
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physical meaning of Kr, the Freundlich constant (L/g), is an approximate measure of the
adsorbent's adsorption capacity; the higher the Kr value, the greater the adsorption capacity*?2,

4.5.3 BREAKTHROUGH CURVES

Breakthrough curves are important in adsorption processes because they provide
quantitative data on adsorbents’ performance, efficiency, and kinetics related to continuous
processes. This information is essential for designing effective adsorption systems, optimizing
process parameters, validating theoretical models, and ensuring environmental and economic
sustainability in various applications.

Barros et al. 2 explains that at the beginning of the run, most of the mass transfer occurs
near the inlet of the bed, where the fluid initially contacts the sorbent. If the solid initially
contains no sorbate, the fluid concentration decreases exponentially to zero before reaching the
end of the bed. This concentration profile and the breakthrough curve are illustrated in Figure
12.

As the run proceeds and the solid near the inlet becomes nearly saturated, most of the
mass transfer shifts further down the bed, creating an S-shaped concentration gradient. The
region where most concentration change occurs is known as the mass-transfer zone. This
progression accurately represents the mass transfer process in fixed beds.
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Figure 12: Concentration profile and breakthrough curve (adapted from*%)
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Regarding design, PRB will not follow traditional designs as they overly emphasize

certain factors such as: the suitability of a site for PRB application, site characteristics affecting

barrier design, location, configuration, barrier dimensions, and monitoring strategy*?*. So, for

a tertiary treatment application, the sizing can be approximated to that of a fixed-bed column.

These operations are conducted under non-steady-state conditions, where the adsorbate

concentrations in both the fluid phase and the solid phase vary with time and position within

the bed. The adsorption column was used to conduct this test, while the prototype was employed

for comparison. The following steps were required:

3D printing of the prototype, which will serve as the skeleton of the barrier;

Addition of the GP made with 20g of FA inside the prototype;

Washing with 2M hydrochloric acid to neutralize the GP;

Adsorption column, Labbox 150mm.

Addition of 0,5 grams of AC powder;

Addition of glass beads;

Circulation of the contaminated solution using an HPLC pump Cole-Parmer at a flow
rate of 1 mL/min;

Analysis of contaminants using HPLC.

Based on the results obtained from the experiment, it is possible to theoretically

calculate some parameters; these will be presented below. The time equivalent to the usable

capacity of the bed (tu) and the time equivalent to the total stoichiometric capacity of the

packed-bed tower (t:), if the entire bed reaches equilibrium, are provided by a mass balance in

the column, and they are determined by Eq. 10 and Eq. 11%%:

tp C
t, = f (1 ——A> dt (10)
0 CAO
ts C
te = f (1-52) (1)
0 CAO

Where ty is the breakpoint, defined as the time when C/Co exceeds the limit established

by legislation, ts is the time corresponding to the saturation of the bed, Ca is the concentration

in the liquid phase at a given time, and Cao is the initial concentration.

If total operation time (t:) is assumed to be the time equivalent to the usable capacity of

the bed (tu) up to tn, parameter T may be simplified to tu/t:. This ratio is the fraction of the total
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bed capacity or length used to the breakpoint!?°12%6, Hence, the length of the unused bed (Hung)
is the unused fraction times the total length (H), given by Eq. 12:

t
Hyng = (1 - _u> H, (12)
t;
From the mass balance in the column, it is possible to determine the total adsorption
capacity ga (mg/g), as shown in Eq. 13, as well as the useful adsorption capacity q» (mg/g), as

exhibited in Eq. 14:

QCyo fts ( Cy )
_ 1S g (13
1a Mggs 0 CAO
QCyo ftb< Ca
b = 1 ——) dt (14)
b Maas Jo Cao

In which, Q is the volumetric flow rate (L/min) and mags is the mass of adsorbent to be
used in the barrier. The efficiency of the column can be calculated with Eq. 15:

dp
n= —

0 (15)

4.6. ANALYTICAL METHODS

The HPLC (High-Performance Liquid Chromatography) measurements encompassed
two distinct analyses equipped with a UV-VIS detector (UV-2075 Plus) and a quaternary
gradient pump (PU-2089 Plus). HPLC was employed to analyze the three contaminants under
investigation (SMX, ACT, and GA). An Ultra BiPh 5 um column (150 mm x 2.1 mm) was used
for this analysis. The mobile phases consisted of 95% ultrapure water with 0.1% formic acid
and 5% acetonitrile with 0.1% formic acid for SMX and PCM, which share a detection
wavelength of 254 nm, in an isocratic system operating at a flow rate of 0.5 mL/min. For GA,
the mobile phase consisted of 5% acetonitrile and 95% ultrapure water with 0.1% phosphoric
acid. The isocratic system for GA operated at a flow rate of 0.3 mL/min, with the compounds'
absorbance peaks measured at a wavelength of 277 nm.

However, to conduct the tests in the multi-component system, it was necessary to adjust
other methodologies to separate the peaks of each contaminant. A new methodology was
developed specifically for SMX, using a mobile phase of 75% ultrapure water with 0.1% formic

acid and 25% acetonitrile with 0.1% formic acid at a flow rate of 0.5 mL/min and a wavelength
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of 254 nm. For ACT and GA, a different methodology was applied, with a flow rate of 0.3
mL/min and mobile phases consisting of 95% ultrapure water with 0.1% formic acid and 5%
acetonitrile with 0.1% formic acid, maintaining a wavelength of 277 nm.

Calibration curves must be constructed for each component to convert the areas of the
integrals of electrochemical signal peaks into concentration units. These curves were generated
and demonstrated high accuracy, with all curves exhibiting an R2 value of 0.99. Figure S4 in

the supplementary material presents the graphical representation of these calibration curves.

5. RESULTS AND DISCUSSION

5.1 PROTOTYPE DESIGN FOR PRB

The PRB was mainly produced with the materials obtained from wastes that have
already proven their capacity to adsorb'3, Following several design iterations and
optimizations, the prototype for supporting the adsorbent layers was created and 3D printed.
This prototype enabled continuous mode testing, as illustrated in Figure 13. A prototype was
developed in which the GP structure is cured within the support. This approach takes advantage
of the GP's ability to expand, thereby mitigating preferential pathways that do not contact the
adsorbent materials.

a)

Figure 13: a) Prototype design modeled using SolidWorks software; b) Final prototype after 3D printing, filled
with the target material.
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5.2 CHARACTERIZATION OF MATERIALS

5.2.1 TEXTURAL PROPERTIES

The analysis results are summarized in Table 8, which compares the three materials
based on surface area, average pore width, and total pore volume. The N2 adsorption-desorption
isotherms at 77 K for all the materials are available in Figure S5 in the supplementary material.

All materials exhibit noteworthy surface area values; however, AC stands out with
significantly higher values than the other materials.

Table 8: Textural properties analysis for the materials

Sample SBET SLangmuir Sext Smic Vmic Wmic Vtotal

PP (mgY) (m’gh) (m’ghH (m’ghH (mm’g) (m) (mm’g?
AC 527 782 33 494 269 2.2 313
CNT 66 68 66 0 0 0 212
GP 30 42 30 0 0 0 68

The detailed analysis of the surface area of AC demonstrated that CO2 injection is an
effective activation method, revealing noteworthy characteristics that emphasize its
effectiveness as an adsorbent. A material with an area of 527 m2/g signifies the presence of
numerous active sites available for chemical interactions. The surface area of the AC produced
in this work can be compared to the AC found in the work of Labied et al.*?” in which a BET
surface area of 608 m2/g was found.

The average pore width is approximately 2.2 nm, close to 2 nm, which indicates a high
presence of micropores. According to Dubinin® microporous ACs offer enhanced adsorption
capacity due to their high surface area and strong van der Waals forces within the confined
pores. This structure selectively adsorbs small molecules, making it effective for gas separation,
air purification, and water treatment.

The BET surface area of the CNT developed in this work was 66 m2/g. In Birch et al.'s
work?*?8, the highly graphitized multi-walled CNT had a surface area of 74 m?/g, consistent with
the decreased specific surface areas reported for such graphitized materials, which is related to
the lower residual ash and total metal content.

Although the GP does not surpass the other two materials in this comparison, it remains
interesting since its surface area triples compared to its precursor'!. The surface area results for
GP are comparable to those shown by Syial et al.*?°, where a geopolymer was produced using
the same precursor. The surface area obtained in that study was 31 m#/g, while in this study, it
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was found to be 30 m?/g. In addition, by checking the SEM images, it is also possible to see
that the material tends to have a more macroporous profile.

On the other hand, bed voidage is a critical parameter in PRBs because it directly
influences the hydraulic conductivity, contaminant transport, and reaction kinetics within the
barrier. Proper voidage optimizes the distribution of contaminants across the reactive surface,
enhancing treatment efficiency. Since GP is the structuring material of the barrier, the empty
bed test was performed exclusively with it.

In Table 9, the volumes of distilled water before and after contact and saturation with
GP are represented as Vo and Viinal, respectively. The difference between these values
corresponds to the volume of adsorbed water. Additionally, the bed was the structured GP itself,
which has a defined volume (Vred). Using this information, Eq. 2 was applied to calculate the
bed voidage percentage, reaching 43%.

Table 9: Bed voidage for structured GP

GP
Parameter
structured
Vo (mL) 150.0
Vinal (ML) 128.0
Vo- Viinal (ML) 22.0
Vbed (ML) 385
Bed voidage 43.0%

According to the Eurokin'® report, the typical value of the bed porosity or bulk void
fraction is 0.38 - 0.40. Higher porosities occur if the particle size is less than one order of
magnitude smaller than the bed diameter.

5.2.2. PROXIMATE AND ULTIMATE ANALYSIS

This section delves into two prominent techniques used for quantitative and qualitative
analysis: Elemental analysis, also known as CHNS (carbon, hydrogen, nitrogen, sulfur)
analysis, and ICP-OES.

CHNS analysis was used to determine the organic materials’ composition and ash
content, including biomass, specifically EOP for AC production, AC, and CNT. The obtained
values are presented in Table 10 .
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Table 10: Proximate and ultimate (CHNS-elemental analysis) analysis for AC and CNT

Proximate analysis Ultimate analysis
Sample TG, M FEC Ashes  C N H S Remaining*
EOP 3.7 789 13.2 4.2 47 2 8 <0.1 39
AC 8.9 16.2 58.5 16.4 63 1.7 0.8 <0.1 18
CNT - - - 6 925 * 0.2 * 13

*N and S-contents are negligible; *The remaining was determined as the difference: O (wt.%) = 100 — N (wt.%) - C (wt.%) - H
(Wt.%) - S (wt.%) — Ashes (wt.%).

As expected, the carbon percentage is predominant in all materials. In the work of
Elmaguana et al.'3, optimal conditions to produce AC were developed, resultidng in a carbon
content of 67% and oxygen content of 17%. These values are like those obtained in Table 10,
where the activated carbon shows 63% carbon and 18% oxygen.

Furthermore, Tuesta et al.*3! demonstrated that the carbon content increased when using
washed CNTs due to the significant removal of metals because of treatment with sulfuric acid for
purification. Consequently, the ash content in the washed CNTs is substantially lower than in the
non-washed CNTSs.

In Table 11, the ICP-OES analysis of the inorganic material FA, which serves as
precursor for the GP, is presented. This analysis is crucial for assessing the reactivity of the
components, such as the Si/Al ratio, which in this case is 1.27. Additionally, it is useful to
identify the crystalline phases present.

Table 11: Chemical composition of FA (dried basis)

Sample .
(%) Ca Si Al K Fe Mg Zn Cu Mn

FA 27.47 1217 9.60 292 2.10 1.87 0.43 0.15 0.08

5.2.3. X-RAY DIFFRACTION

In the context of the present study, XRD analysis was conducted on the metallic catalyst
used in the synthesis of CNT and on the GP, both of which are inorganic in nature, these
materials usually possess well-defined crystalline structures, which allow for precise
identification of phases and characterization of crystallographic properties. The XRD analysis
of the metallic catalyst was essential to determine the phases present, ensuring the catalytic
process's effectiveness in synthesizing CNT. Similarly, XRD was used for the GP to identify
the crystalline phases present within the matrix, providing critical insights into its structural

composition and potential performance characteristics.
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Figure 14 presents the XRD pattern of the GP. Several crystalline phases are discernible
using the software X' Pert HighScore Plus in the diffractogram, including calcite, silicate, and
aluminum-based phases, based on reference cards 96-901-6707, 96-710-3015, and 96-901-
1603 respectively (data obtained from Crystallography Open Database). The identification of
these phases aligns with the elemental composition results obtained from the ICP-EQS analysis,
as discussed earlier. This correlation between the XRD and ICP-EOS data reinforces the

reliability of the structural and compositional characterization of the GP.
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Figure 14: X-ray diffractogram of GP

Calcite, a key crystalline phase found in geopolymeric materials, comprises calcium
carbonate. Known for its impressive adsorption properties, calcium carbonate has been the
subject of extensive research, particularly for its effectiveness in the pharmaceutical**? and
heavy metals!3® removal process.

The presence of silicates is likely attributed to their precursor, sodium silicate, which
may contain some unreacted molecules. In the work of Chao et al.'**, the results of the XRD
analysis showed the presence of a quartz phase (crystalline mineral composed of silica) and
mullite phase (an intermediate phase of the binary alumina-silica system) in the composite
material, which has proven to be effective in the removal of lead from wastewater.

In the study conducted by Benavent et al.'®, it was observed that intentionally
increasing the concentration of aluminum had notable effects on the geopolymeric system.
Specifically, introducing NaAlO. as an additive reduced the average size of oligomers in
solution, a shortened setting time for the geopolymer, and significant alterations in porosity. As
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the concentration of sodium aluminate in the solution increased, there was a marked decrease
in the porosity accessible to nitrogen, suggesting a transition towards either a more closed
porous network or a more macroporous structure.

The analysis was also performed on the catalyst used for CNT synthesis to determine
its crystalline composition, as shown in Figure 15. The analysis of 10/Al.Os using the X'Pert
HighScore Plus software enabled the identification of phases such as alumina, hematite, and
magnetite, corresponding to reference cards 96-152-8248, 96-900-9783, and 96-900-6248,
respectively (data sourced from the Crystallography Open Database).
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Figure 15: X-ray diffractogram of 10/Al,O3

The XRD peaks confirm that the material was synthesized correctly, with the presence
of iron and alumina evident. The most prominent peak, occurring around 34°, likely represents
the combination of these three phases. Confirming that the catalyst synthesis was performed
efficiently.

On the other hand, XRD analysis was not performed on AC, due to the inherent
challenges associated with their structural characterization using this technique. Carbon
materials often exhibit a high degree of structural complexity and low crystallinity*. These
characteristics result in diffuse and less well-defined diffraction patterns, making obtaining

meaningful insights from XRD data difficult.
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5.2.4. SURFACE CHEMISTRY

Functional groups in AC, CNT, and GP were analyzed using the FT-IR method. The
spectra of AC in Figure 16 (a) shows the four main peaks. Bands at frequency values attributed
to OH stretching in hydroxyl groups (in 3431 cm?), to the presence of carbonyl groups (C=0)
at 1636 cm™, which indicates the presence of oxygen-containing functional groups on the
surface of the materials, these groups acting as active sites for adsorption and reaction
processes, participating in acid-base reactions and hydrogen bonding, as previously assigned in
the work'?”. Hydroxyl groups can influence the adsorption behavior of AC by affecting its
interaction with water and other molecules; they can increase the affinity of the adsorbent to
water, which may impact the adsorption of target contaminants®3’.

The C=0 stretching vibration at 1636 cm™ signifies chemical stability, bolsters the
carbon material’s overall robustness and longevity. The C-H deformation vibration at 1383
cm™! reveals the presence of aliphatic hydrocarbons or other organic functional groups on the
adsorbent surface. These functional groups may facilitate adsorption through interactions with
adsorbates mediated by van der Waals or other intermolecular forces. Moreover, the C-O-C
vibration at 1022 cm™ attests to the incorporation of aromatic rings within the molecular
framework.

In Figure 16 (b), the spectrum of the CNTSs is depicted. This spectrum also displays a
hydroxyl group band at 3433 cm!, as well as a C-O stretching vibration at 1636 cm™! that
typically signifies the presence of carbonyl groups and can also indicate the bending vibration
of adsorbed water or arising from the absorption of atmospheric CO2 on the surface of CNTs!%,
Like the AC spectrum, these results can be supported by the data obtained by elemental analysis.

In addition, the sharp band at 1380 cm~ ! confirmed the existence of a C-O bond on raw
CNTs, reinforcing the interaction with carboxylate groups®. Furthermore, a band at 780 cm™!
is attributed to graphitic sp? domains3,

In Figure 16 (c), the FT-IR spectra for the GP are presented. The characteristic bands of
GPs are commonly located at a wavelength range of 1300-900 cm™*. The existing bands in this
range are credited to asymmetric stretching vibrations of Al-O-T and Si-O-T, according to He

et al.140,
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Figure 16: FT-IR spectra of a) AC; b) CNT, and c) GP.

44



The narrow band observed at 1637 cm™ is attributed to the bending vibration of H-O-
H, indicating the presence of hydroxyl groups from water molecules. A peak around 1600 cm™
followed by a weaker band near 815 cm™ suggests C-O bending vibrations, characteristic of
the carbonate ion (COs*). These bands are likely the result of surface carbonation caused by
atmospheric CO: interacting with the geopolymer.

The peak observed at 1014 cm™ in the GP spectrum corresponds to the asymmetric
stretching vibrations of Si-O-T (T-tetrahedral Al or Si); the reduction in the intensity of this
band in the geopolymer spectrum suggests a characteristic change associated with
geopolymerization. The other characteristic peaks for the calcite form of CaCOs, which occurs
with wave number 870 cm™', corresponding to the asymmetric COsband (out-of-plane
vibration), also found in the work of Zielinska et al.3?, confirming the XRD results.

Still, in surface chemistry, pHpz, acidity, and basicity are crucial parameters for
understanding the surface properties of materials. These parameters dictate how a material
interacts with its environment, particularly in adsorption and catalysis; the pHpzc shows that the
surface may be positively charged, negatively charged, or have no charge at specific pH values,
the acidity and basicity of a material are quantified by the concentration of acidic and basic
sites on its surface, usually expressed in micromoles per gram (umol/g). These parameters are
shown in Table 12 for each material studied, and they are crucial for understanding the
material’s ability to interact with acidic or basic species in its environment.

Table 12: Values of pHpzc, basicity, and acidity of the materials

Basicity Acidity

GP PHPZC (umollg)  (umolig)

AC 9.8 1250 0
CNT 6.9 820 1360
GP-6 7.6 1925 865

The AC exhibits a relatively high pHpzc of 9.86, close to 9.0 found in Labied et. al*?’
where the AC was obtained from lignocellulosic material, indicative of a predominantly basic
surface character and AC has a basicity of 1250 pmol/g and an acidity of 0 umol/g, indicating
a surface that is entirely basic with no detectable acidic sites. This lack of acidic sites, combined
with its high basicity, reinforces AC's strong preference for interacting with acidic
substances'®.

At a pH below 9.86, the surface would attract anions, while above this pH, the surface
would be negatively charged and more likely to interact with cations. The high basicity and the
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pHpzc of 9.86 suggest that AC is particularly effective in adsorbing acidic pollutants and can
be used in applications where strong basic interactions are required.

CNTs exhibit a pHpzc of 6.9, which is slightly acidic. In the study by Abdel-Ghani et
al.1®, the pHpzc of MWCNTSs was reported as 6.0, further supporting that the observed value
is consistent with the literature. This value indicates a surface generally less basic than AC and
GP, with a higher tendency to acquire a positive charge at neutral to mildly acidic pH levels.
The acidity of CNTs is notably higher, at 1360 umol/g, while the basicity is lower, at 820
pmol/g, reinforcing the characterization of a surface with a predominantly acidic nature. The
slightly acidic and balanced nature of CNTs enhances their effectiveness in catalytic processes
and environments where interaction with basic species is essential.

The pHpzc of 7.6 for GP indicates a surface near neutral to slightly basic. This value
suggests that at pH above 7.6, the GP surface will predominantly carry a negative charge,
enhancing its effectiveness in adsorbing cationic species. For instance, in the study by Chao et
al.'3 an FA-based GP was used successfully as an adsorbent for Pb** ions, while Lee et al. %
made adsorption of Cs*. Conversely, at pH below 7.6, the surface becomes positively charged,
favoring the adsorption of anionic species. Ali Siyal et al.}** demonstrated this effect using an
FA-based GP to adsorb anionic surfactants from aqueous solutions.

The intermediate pHpzc value of GP reflects its balanced surface chemistry, allowing
interaction with a broad range of ionic species. The GP exhibits an acidity of 865 umol/g and
a basicity of 1925 umol/g, with a predominance of basic sites. This balance between acidic and
basic functionalities enables the GP surface to effectively interact with both acidic and basic
species, making it versatile for various adsorption applications!?9142-144,

Consequently, based on previous characterizations, such as the presence of functional
groups and the affinity for acidic molecules, along with the high surface area, the AC will serve
as the primary adsorbent in the barrier.

5.2.5. SCANNING ELECTRON MICROSCOPY AND TRANSMISSION ELECTRON
MICROSCOPY

A SEM analysis was conducted to visualize the morphology and surface structure of the
GP. A TEM analysis was performed to examine the internal structure and distribution of the
CNTs.

Figure 17 displays the SEM analysis of GP which has a Si/Al ratio of 2. The image
reveals a heterogeneous appearance with unreacted FA particles and relatively larger formed
structures. The geopolymerization process results in the transformation of the surface material,
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rendering it more gel-like and porous. This change can be attributed to the alkaline activation
process, which transforms the FA spherical particles into a geopolymer with an amorphous and
porous structure#s,

The synthesized GPs exhibit an amorphous structure, meaning they have a random
arrangement of molecules. These characteristic benefits adsorbent materials by providing large
active sites, which can enhance adsorption. According to Zhu et al. 246 the amorphous structure
of GPs allows for increased accessibility and availability of active sites, contributing to their

effectiveness as adsorbents.

=

igure 17: GP SEM images at a) 300x and b) 10000x

The morphology of the CNTs, which is presented in Figure 18 belong to a type of multi-
walled fibrous structures with hollow cavities, allowing us to conclude the feasibility of
employing the magnetic substrate as a catalyst for the growth of CNTs from LDPE*!, The outer
diameters observed among all the micrographs taken were determined as 37 + 12 nm. In the
same order, the thickness of the CNT was found to be 28 + 3 nm.
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Figure 18: TEM micrographs of the CNTSs at 320kx: a) elemental mapping and b) bright field

Elemental mapping shows that the CNTs are composed of carbon, while the dots in the
image represent iron nanoparticles trapped within the nanotubes. This occurs because, in the
CVD method, the tubes grow from the catalyst particles on the substrate. Notably, these iron
nanoparticles remain even after the purification step with H2SO4, which was meant to remove
metal residues from the CVD process. In the work of Wulan and Wijardono!#’ it was also
observed that the CNT possesses a buckling growth structure due to the interaction between
CNT with CNT and CNT with catalyst during the agglomeration process.

5.2.6. THERMOGRAVIMETRIC ANALYSIS

TGA was conducted in air atmosphere for the three materials under investigation. All
samples exhibited expected thermal behavior. AC demonstrated moderate thermal stability
among the carbon-based materials, while CNT displayed high thermal stability. The GP, being
inorganic, remained thermally stable even at elevated temperatures. Figure 19 (a) shows the
TGA results and the first-order derivative thermogravimetric analysis (DTG) for AC.

The AC showed an initial mass reduction of 13% compared to its original state due to
water evaporation. However, a more rapid mass loss occurs within the 300 to 450°C

temperature range, where the highest DTG peaks are observed. In this range, the oxidation of
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organic matter begins, but complete combustion only takes place after 500°C, resulting in a
residual mass of 17% in the form of ash.

Similarly, Salgado et al.'*® found that activated carbons produced at 800°C experienced
a mass reduction at approximately 100°C (due to water loss), with thermal decomposition
starting around 340°C and stabilizing at 600°C. Therefore, it can be assumed that the activated
carbon produced exhibits similar thermal stability. Figure 19 (b) displays the TGA and DTG
curves of CNT, another carbon-based material; however, this one contains graphitic carbon.

DTG analysis shows that the primary mass loss occurs solely around 650°C, signifying
a strong resistance to oxidation due to the material's robust architecture. This oxidation
resistance aligns with the proposed structural models of these nanoscale materials characterized
by dominant aromatic bonds and a minimal presence of dangling bonds. The CNTs experience
oxidation at this point, leading to a substantial mass decrease.

Complete combustion is achieved only beyond 700°C, leaving behind 7.9% residual
ash, which can be attributed to iron nanoparticles, as confirmed by the TEM images in Figure
18. The TGA and DTG for the GP, the only inorganic material, are present in Figure 19 (c).

The DTG analysis reveals a significant mass loss at around 100°C, attributed to water
evaporation, which is expected and consistent with the findings in the literature*°%0, The rapid
decrease in mass before 150°C is indicative of the evaporation of both chemically bound water
within the geopolymer structure and free water. Following this, there is a gradual but minor
mass loss due to the elimination of hydroxyl groups (-OH) and chemically bonded water.

However, around 655°C, another peak in mass loss is observed. According to He et
al.}*, this second weight loss, typically occurring between 300 and 650°C, is related to the
dehydroxylation of Si-OH, Al-OH, and Ca-OH groups. The final stage of mass loss, often
appearing above 750°C and associated with the decomposition of carbonate species, was not
observed in this GP. Ultimately, the residual mass stands at 86.3%, which is close to the 79.8%
found in fly ash-based geopolymers in the study by Abdulkareem et al.1*,
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5.3 MASS TRANSFER

5.3.1 ADSORPTION KINETICS

This study conducted nine Kinetic experiments, for each contaminant, the three different
materials were tested to evaluate the rate and efficiency of the adsorption process.

The mathematical adjustments presented are important because they enable a deeper
understanding of the adsorption process, optimization of processes, performance prediction,
and comparison of different adsorbents, making the modeling more accurate and useful for
practical applications. To achieve this, Eq. 4, 5, and 6, corresponding to the pseudo-first order,
pseudo-second order, and intraparticle diffusion adjustments, respectively, were used, with the
resulting kinetic fitting data presented in Table 13.

Table 13; Parameters of kinetic models.

Pseudo-first order Pseudo-second order Intraparticle diffusion
Compd. Mater.  Qexp e K1 R;2 e Ks R22 | Kid
(mg/g) (mg/g) (min™) (mg/g) (g/mg.min) (mg/g) (mg/g.min'?) Rg?
AC 40429 37.720 0.234 0.966 39.766 0.009 0.997 20.065 1.497 0.530
ACT CNT 12.005 9.364 0.358 0.829 9.859 0.055 0.885 5.163 0.388 0.552
GP 0.663  0.592 0.138 0944 0.633 0.325 0.973 0.263 0.026 0.608
AC 36.229 29598 0.030 0.835 33.326 0.0012 0912 6.251 1.659 0.829
SMX  CNT 25514 24547 0375 0.945 25.497 0.025 0.923 16.650 0.662 0.285
GP 4078 4912 1.382 0.489 4.886 0.005 0.487 3.373 0.155 0.239
AC 35895 34.847 0558 0.977 36.013 0.029 0.997 24.467 0.964 0.296
GA CNT 28.608 25.641 0508 0.864 27.028 0.026 0.992 16.206 0.955 0.474
GP 17566 17.435 0.259 0.990 18.355 0.023 0.971 10.837 0.569 0.341

Upon analysis of Table 13, interesting observations can be made, including the absence
of intraparticle diffusion and the predominance of the pseudo-second-order model. As
described by Wang and Guo®?, internal diffusion models assume that the diffusion of the
adsorbate within the adsorbent is the rate-limiting step. In this context, the diffusion of the
adsorbate in the liquid film surrounding the adsorbent and the adsorption onto active sites are
not instantaneous. Furthermore, while the pseudo-first order and pseudo-second order models
yielded high R2 values in the fitting process, the pseudo-second-order model provided the best
fit, suggesting an abundance of active sites on the adsorbent.
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Considering the parameter ge, which represents the equilibrium adsorption amount, and
comparing it with gexp, the experimental adsorption capacity, it is evident that the values are
closely aligned, thereby validating its applicability in describing the adsorption kinetics data.
Furthermore, when assessing the adsorption capacity of the materials across the three different
contaminants, AC performed the best in pseudo-second order and achieved values of 39.76
mg/g, 33.32 mg/g, and 36.01 mg/g for ACT, SMX, and GA, respectively.

Parameters K1 and K: are frequently used to describe how fast the adsorption
equilibrium is achieved, and higher values indicate a quicker attainment of equilibrium?®>, It is
noteworthy that the highest value of K1 was obtained for GP with SMX; however, the low R?
value renders this result invalid.

Consequently, adsorption equilibrium is reached more quickly for AC and GA in the
pseudo-first-order model, with a K1 of 0.558, and for GP with ACT in the pseudo-second-order
model, with a K2 of 0.325. In the work of Pérez et al.'>?, where the adsorption of GA onto AC
was studied, the adsorption kinetics were also fitted to the pseudo-first-order equation, with a
K1 of 1.19.

Further on, Figure 20 presents the experimental points for each kinetic study across the
different adsorbent/adsorbate groups and the previously mentioned fittings. As indicated by the
R2 values, the intraparticle diffusion fitting is unsuitable for this analysis and, therefore, will
not be included in the graphs to avoid visual clutter.
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Figure 21: Fitting the kinetic models to the experimental data for a) ACT; b) SMX; c) GA.

In Figure 20 (a), AC demonstrated the best kinetics, reaching 64% of its adsorption
capacity within 5 minutes, a value comparable to that found in the work of Nguyen et al.*%3,
where approximately 52% of ACT in solution was removed within the first 5 minutes of contact
with their AC, and the Elovich model provided the best fit for their experimental data. The best
fit for this study was achieved using the pseudo-second order model. Additionally, it is possible
to notice that GP is not an effective material, whereas CNT exhibits some adsorption capacity.

In the work of Gémez-Avilés et al.'>*, the best fit for the AC with ACT was also the
pseudo-second-order model, with a K2 value of 0.009. Additionally, the study observed that
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changing the water matrix from distilled to tap water significantly reduced the amount
adsorbed. This is likely due to the competitive adsorption of substances present in tap water
with ACT molecules, leading to a slight decrease in the ACT adsorption capacity of the AC.

A similar behavior is observed for GA in Figure 20 (c); however, GP was more efficient
in this case, fitting pseudo-first order better, possibly due to its reaction with basic sites and
proven performance in Natal’s et al.'* work. CNT remains an intermediate material, while AC
exhibits the highest capacity, with the pseudo-second order adjustment being the most suitable
for this case. It is also noticeable that the rate at which all three materials reach equilibrium is
quite similar; in the initial minutes, all materials can achieve maximum adsorption.

Regarding SMX, GP remains the least effective among the materials, while CNT is the
quickest reaching equilibrium. However, once again, AC demonstrated the best results
regarding adsorption capacity; once again, the pseudo-second-order model was the best fit.

Gutiérres et al.'% investigated the adsorption of three pharmaceuticals, including SMX,
onto powdered AC, in various water and wastewater matrices. The adsorption Kkinetics also
followed a pseudo-second-order model, indicating that the number of available active sites
primarily controls the sorption rate. Furthermore, the boundary layer effect appears to slow the
adsorption rate as the compounds gradually reach the active sites at equilibrium.

5.3.2 EQUILIBRIUM ISOTHERMS

An equilibrium condition is attained when the solute concentration remains constant
because of zero net transfer of solute adsorbed and desorbed from the adsorbent surface. The
equilibrium adsorption isotherms describe these relationships between the equilibrium
concentration of the adsorbate in the solid and liquid phases at constant temperature.
Experimental data may provide different isotherm shapes, such as linear, favorable, strongly
favorable, irreversible, and unfavorable!?, as shown in Figure 22.
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Figure 22: Adsorption Isotherms (adapted from?!2%)

The equilibrium isotherms were studied by fitting the Langmuir and Freundlich's
models described by Eq. 7 and 9, respectively, to the experimental data. Table 14 presents the
parameters obtained from the equilibrium fits for AC, which demonstrated the best performance
among the other materials in the kinetic tests with three different compounds.

Table 14: Parameters of equilibrium models.

) Langmuir Freundlich
Material Compound
Omax (Mg/g) K. (L/mg) R? Ke (L/g) Ne R?
ACT 112.198 5.141 0,903 62.965 4.654 0.967
AC SMX 40.257 0.2450 0.924 14.823 4322 0.989
GA 314.277 0.0304  0.997  12.660 1.365 0.993

Analyzing the R2? values for the systems, it is evident that the Freundlich model provides
a better fit for the compounds ACT and SMX, while for GA, both models show nearly identical

R2 values. In the work of Nguyen et al.*33, the Freundlich model also provided a better fit than
the Langmuir model for the adsorption of ACT onto AC.

The adsorbent/adsorbate interactions likely follow the description of Freundlich

adsorption on a non-uniform (heterogeneous) surface, with interactions between adsorbed
molecules in a reversible and non-ideal adsorption process rather than adsorption on a
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monolayer surface. All the values of 1/ns were less than 1, indicating that the adsorption is
favorable and that the adsorbate is preferentially adsorbed at higher concentrations.

The Langmuir isotherm parameter (KL) was used to calculate Ri, with Eqg. 8, which
indicates the affinity of the solute presented in Table 15. When R = 0, the adsorption process
is considered irreversible. If 0 < RL < 1, the process is considered favorable to adsorption. The
value of RL = 1 signifies a linear process, while RL > 1 indicates an unfavorable adsorption
process.

Table 15: R, calculated values.

Co Re

(mg/L)  AC-ACT AC-SMX AC-GA
100 0.002 0.039 0.248
75 0.003 0.052 0.305
50 0.004 0.075 0.397
30 0.006 0.120 0.523
10 0.019 0.290 0.767

All calculated values fall between 0 and 1, indicating that the adsorption process is
favorable. However, for the AC-ACT system, the values were notably low, which may suggest
an irreversible process at higher concentrations.

Figure 23 displays the plots describing the fits of the two equilibrium models for the
three tests. These graphs visually represent how the models fit with the experimental data.
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Figure 23: AC adsorption isotherms using Langmuir and Freundlich for a) ACT; b) SMX; ¢) GA.

It is interesting to relate the shape of the graphs to Figure 22, which shows that
adsorption is strongly favorable for ACT and SMX, and favorable for GA. The results from the
Langmuir model should not be disregarded but used with caution, as the R2 values were greater
than 0.90 for all three compounds, although the ideal value is above 0.95. This model's
maximum adsorption capacities were 112.19 mg/g, 40.25 mg/g, and 314.27 mg/g for ACT,
SMX, and GA, respectively.

In this sense, Kerkhoff et al.*>¢ reported a potential ACT removal capacity of 100 mg/g
using zinc chloride AC derived from the endocarp of Butia capitata. In the work of Liu et al.**’,
after applying the Langmuir model, the maximum adsorption capacity of SMX with AC was

found to be 3.07 mg/g. However, after modification with FeCls, the maximum capacity

57




increased to 17.24 mg/g, which is still lower than the maximum adsorption value found for the
activated carbon in this study.

These results may be linked to the basic characteristics of the AC, as observed in the
acidity and basicity tests. The contaminants have a more acidic nature, with GA being the most
acidic, which likely explains the higher adsorption capacity.

Another explanation for this behavior is found in the work of Chang et al.'®¢, who
described that the difference in maximum adsorption capacity between ACT and SMX with AC
decreases with the molecular weight of the adsorbate. Specifically, the smaller compound,
ACT, demonstrated the highest adsorption density, while SMX exhibited the lowest.

5.3.3 BREAKTHROUGH CURVE

The breakthrough curve evaluates adsorption performance in continuous processes,
representing the concentration profile of a solute as it exits over time. This analysis enables the
determination of operational time, and the efficiency and adsorption capacity of the materials
used in the present study. It is important to highlight that the time corresponding to Cexit/Cin =
5% is the breakthrough time, a percentage commonly used by several authors?%.160,

Table 16 presents the parameters obtained from the breakthrough curve analysis for each
compound separately, where Egs. 10 and 11 were used to determine the times for the usable
capacity of the bed (tu) and the time equivalent to the total stoichiometric capacity of the bed
(). Egs. 13 and 14 were employed to calculate the total adsorption capacity, ga (mg/g), and the
useful adsorption capacity, q» (mg/g). Additionally, Eqg. 12 was used to demonstrate the length
of the unused bed (Huns), where Hu represents the length of the bed used, and finally, Eq. 15
shows column efficiency.

Table 16: Breakthrough curve parameters for individual compounds.

tu t aa do Hu Hune n
(min)  (min)  (mg/lg) (mg/g)  (cm) (cm) (%0)
ACT 314.245 634.289 126.858 62.849 1.536 1.564 49,543
SMX 66.167 274.672 54934 13.233 0.747 2.353 24.090

GA 68.250 758.171 151.634 13.650 0.279 2.821 9.002

Compound

For instance, the breakthrough curve demonstrates that the system, composed of only
0.5 g of AC and 1 g of GP — with no CNTSs included, as batch tests revealed that CNTs would
be more efficiently applied as catalysts — required 314 minutes to reach breakthrough for ACT,
66 minutes for SMX, and 68 minutes for GA, as shown in Figure 20. These results were
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obtained using concentrations of 100 mg/L for each compound, a flow rate of 1 mL/min, and a
room temperature of 20°C. The breakthrough time was determined when the effluent
concentration reached 5% of the initial concentration, suggesting that the breakthrough time
would be considerably longer for more diluted systems.

In the study carried out by Young et al.6, the breakthrough times for the continuous
adsorption system of sevoflurane using granular AC were varied depending on operational
conditions, such as initial concentration and flow rate. The study observed that t» was
significantly influenced by changes in initial concentrations, with AC exhibiting a longer
breakthrough time at lower sevoflurane concentrations. For instance, t» occurred after
approximately 55 minutes for one kind of AC and 45 minutes for another AC under specific
conditions.

Moreover, the useful adsorption capacity of the compounds in continuous mode showed
that ACT achieved a value of 62.85 mg/g, while the other two compounds reached values
around 13 mg/g. These capacities were calculated based on the bed’s usable capacity time, but
if the bed is used until complete stoichiometric exhaustion, the values increase to 126.85 mg/g,
54.93 mg/g, and 151.63 mg/g for ACT, SMX, and GA, respectively.

According to Gomez-Avilés et al.’>*, their breakthrough with AC derived from
microwave-assisted FeCls activation of lignin for PCM adsorption achieved a total bed
adsorption capacity of 213 mg/g at a flow rate of 1 mL/min, like the conditions applied in this
work. Additionally, the authors demonstrated that increasing the inlet concentration of
acetaminophen decreases the breakthrough time and increases the total bed adsorption capacity,
which agrees with the equilibrium uptakes observed at those concentrations.

The mass-transfer zone is represented by Huns. Small values of this parameter mean
that the breakthrough curve is close to an ideal step with negligible mass-transfer resistance.
Moreover, in the ideal condition, no axial dispersion would occur'?®. The total bed height is 3.1
cm, and based on the calculations, there was a significant portion of unused height. This is
likely related to the GP height, where lower adsorption efficiency was expected, as indicated
by the results of batch tests. Figure 24 shows the breakthrough curve for each contaminant in a
separate system.

In the study by Samarghandi et al.1®2, the results indicate that bed height and flow rate
directly influence the breakthrough time and the amount of dye that can be removed before
column saturation. For example, the column was tested with varying bed depths, and the
breakthrough curves demonstrated that greater bed depth can increase adsorption capacity and
extend the operational time before saturation.
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Figure 24: Breakthrough curve for single-component system

The lines connecting the experimental points serve only to guide the eye. In
breakthrough curves, the areas above the curve correspond to the adsorption capacity, while the
areas below the curve refer to the concentration in the effluent stream. It is important to note
that these experiments lasted for 24 hours.

The column efficiency is also calculated based on the valuable adsorption capacity and
total adsorption capacity. As a result, systems that reached 5% of the effluent concentration
earlier exhibited lower efficiency, even though total breakthroughs did not occur as quickly as
in the case of GA. On the other hand, the system for ACT and SMX removal showed an
efficiency of 49.54% and 24.09%, respectively.

To assess the operational behavior and interactions between the contaminants and active
sites in a multicomponent system, a breakthrough curve test was conducted with the three
contaminants, as presented in Figure 25, each at a concentration of 100 mg/L. As a result, it
was necessary to adjust parameters in the HPLC methodologies to prevent overlapping certain
peaks and redo the calibration curves since the previous curves were generated using the pure
spectra of the components.
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Figure 25: Breakthrough curve for multi-component system

The behavior of the three contaminants was similar to their performance in the
individual system; however, it is evident that the barrier reached saturation much earlier, as the
active sites of the adsorbent materials were consumed more rapidly. This can be observed in
Table 17, which presents the parameters from the analysis of this breakthrough curve.

Table 17: Breakthrough curve parameters for a multicomponent system

ty t da Jb Hu Huns
(min) (min) (mg/g)  (mg/g)  (cm) (cm) n(%)

MIX-ACT 228.619 444.343 88.869 45.724 1.595 1505 51.451
MIX-SMX 46.039  227.475 45.495 9.208 0.627 2473  20.239
MIX-GA 53,580 521.610 104.332 10.716 0.317 2.783  10.224

Compound

The molar fractions of each compound are identical. Comparing the values of the usable
capacity of the bed with the tests conducted for each compound individually, there is an average
reduction of 26% in time for the multicomponent system. As expected, the adsorption capacity
was also altered in the same proportion. However, the efficiency remained consistent with
previous standards.

This aligns with the findings of Chang et al.'%8, who observed that in multicomponent
systems, with ACT and SMX, where adsorbates possess varying affinities and sizes,
competitive adsorption can significantly influence adsorption in macropores. At the same time,
its effect is less pronounced in mesopores and micropores. These results can be attributed to

61



either the limitations imposed by pore size or successive adsorption events that lead to the
formation of multilayers by these pharmaceuticals.

The PRB design was also evaluated, with Figure 26 displaying the breakthrough curve
for the multi-component system in the prototype. As it remains in the prototype stage, further
improvements are needed. Consequently, the results from the column proved more favorable
due to its uniform axial diffusion. In comparison, the prototype's low flow rate of 0.1 mL/min
may lead droplets to follow preferential pathways.
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Figure 26: Breakthrough curve for the multi-component system in the prototype

The graph provides qualitative insights, such as the similar adsorption behavior of the
column for SMX and PCM despite the system initially showing a higher outlet concentration.
However, its concentration peaks were not observable for GA. The most likely hypothesis is
that the large mass of structured GP in the prototype caused a nearly complete reaction of the
GA.
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6. CONCLUSIONS AND FUTURE RESEARCH

This research successfully explored the application of innovative PRBs for the elimination
of CECs from wastewater. The integration of geopolymers, activated carbons, and carbon
nanotubes as filler materials, all derived from waste, aligns with principles of sustainability and
circular economy. Each material demonstrated unique characteristics that contributed to the
overall efficiency of the PRB system in removing pollutants such as acetaminophen,
sulfamethoxazole, and gallic acid.

The equilibrium study additionally revealed that the Freundlich model best described the
adsorption behavior, indicating favorable conditions and strong affinity between adsorbate and
adsorbent, but it is possible to use the maximum adsorption capacity of AC by Langmuir with
values of 112.19 mg/g for ACT, 40.25 mg/g for SMX, and 314.27 mg/g for GA. Kinetic studies
confirmed that all materials followed a pseudo-second-order model, with equilibrium achieved
in approximately 50 minutes. The intraparticle diffusion model was disregarded as none of the
materials fit this model. AC exhibited the highest adsorption rates, followed by CNT and GP,
and all three contaminants.

Continuous flow experiments validated these batch results, with AC and GP performing
well. Breakthrough capacities shown an adsorption capacity of 126.85 mg/g for ACT, 54.93
mg/g for SMX, and 151.53 mg/g for GA, with breakthrough times of 314 minutes for ACT, 66
minutes for SMX, and 68 minutes for GA. The system tested in multicomponent shows the
same behavior but with earlier saturation of the barrier. The PRB prototype showed
effectiveness, though further optimization is needed.

Overall, this study highlights the feasibility of using waste-derived materials in advanced
water treatment systems, contributing not only to environmental protection but also to resource
efficiency. Future work will focus on scaling up the process and exploring additional
contaminants to further validate the versatility of this system in various wastewater treatment
applications.

Future research should focus on:

e Pilot-Scale Implementation: Transitioning from laboratory-scale experiments to pilot-
scale studies will provide valuable insights into the practical application of PRBs in
real-world settings.

e Life Cycle Assessment (LCA): Conducting a comprehensive life cycle assessment of
the PRB system will provide insights into its environmental impact and economic

viability compared to conventional wastewater treatment methods.
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Integration with Other Technologies: Exploring the integration of PRBs with other
treatment technologies, such as membrane filtration or advanced oxidation processes,

aiming to enhance overall treatment efficacy.
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Figure S1: a) Pyrolysis oven for AC and b) Heating ramps and residence time for slow pyrolysis
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Figure S2: Vertical oven for CNT
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Figure S4: Calibration curve for a) SMX; b) GA; c) PCM
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