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ABSTRACT

On Carbon Dot Based Drug Delivery Systems: Mechanochemical Formation of Surface 

Imine Bonds

Gianluca Fuoco

Efficient delivery of hydrophobic drugs remains a significant challenge, often hindered by poor 

distribution within aqueous bloodstreams. Current medical literature shows that over 40% of all 

drugs in clinical use are hydrophobic, and 90% or more of newly developed drugs are described 

as Class II (high permeability, low solubility), or Class IV (low permeability, low solubility). 

Carbon dots (CDs) offer a promising solution as drug delivery vehicles due to their aqueous 

dispersibility, generally low cytotoxicity and ease of surface functionalization. Traditional 

conjugation methods widely rely on covalent bonds such as amide bonds, which are robust but 

difficult to cleave, hindering drug release. Furthermore, their formation often requires expensive 

and hazardous coupling agents such as 1-Ethyl-3-(3-dimethylaminoporpyl)carbodiimide. Herein 

and to the best of our knowledge, we report for the first time, the solid-state mechanochemical 

formation of imine bonds to conjugate a hydrophobic model drug to the surfaces of CDs. Initial 

efforts focused on solution-based conjugation before transitioning to mechanochemistry, which 

was ultimately successful. 1H-NMR analysis confirmed successful formation of imine bond 

linkages through the conversion of an aldehyde into an imine functional group without the need for 

a solvent, or any additional reagents. Additionally, release of the model drug was achieved reaching a 

plateau after 24 hours. A preliminary resazurin cytotoxicity assay demonstrated the low cytotoxicity of 

the CDs before and after altering the surfaces with imine bonds. Our findings highlight a 

straightforward and sustainable method for CD functionalization, paving the way for alternative 

covalent linkages and greener conjugation strategies. 
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Chapter 1. Introduction

1.1 Nanomaterials, Their Definition and Applications

1.1.1 What Are Nanomaterials?

A nanomaterial (NM) is described as a material, which is 1 – 100 nm in size in a single dimension.1 

To put this into perspective, the length of a nanometer is the equivalent of 10 hydrogen atoms lined 

up.2 These small sizes typically lead to properties that are much different than their bulk form. 

Gold in the bulk form appears yellow whereas in the nanoscale it is actually purple or red. The 

magnetic behavior of materials may change as well. Bulk gold which is usually a noble metal is 

non-magnetic whereas gold nanoparticles exhibit considerable magnetism.3 Lastly, surface area to 

volume ratios of NMs tend to significantly increase relative to their bulk counterparts and can be 

explained by the rather simple analogy found in Figure 1. 

Figure 1. Changes in surface area of a cube highlighting the effect of smaller particle sizes. 
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As the bulk cube is divided into smaller parts the total volume remains unchanged whereas the 

surface area increases drastically. This same principle can be applied to NMs versus their bulk 

structures. The large surface area to volume increase is typically seen as a huge advantage in the 

nano world and is often the reason why they are applied to many fields such as catalysis, drug 

delivery and sensing.4,5

NMs, which contain chemical functionalities that can catalyze chemical reactions, are often 

highly desired due to their increased surface areas and thus larger area of contact with reactant 

molecules leading to a greater number of possible interactions. This same logic can be applied to 

drug delivery, offering larger contact surfaces for drug loading, and to sensing offering the potential 

to sense more analytes due to increased interactions. NMs come in different sizes and shapes; many 

are spherical whereas some may be rod, or cube-shaped. They can also differ in chemical 

composition being either inorganic, or organic and may possess different surface charges. These 

different and unique properties can be fine-tuned, or completely altered depending on their desired 

application and is another reason why NMs have been at the forefront of modern research.

1.1.2 Catalysis

A catalyst can be either homogenous or heterogeneous existing in the same phase as the reagents, 

or in a separate phase, respectively. NMs often exist as heterogeneous materials due to the nature 

of their physical makeup. They are not small enough to be dissolved as is the case with small 

molecules, however, they are large enough to exist as solid dispersions which may appear as 

<dissolved= in a clear solution to the naked eye. Often these dispersions are quite stable and are 

given the name <colloidal suspensions=. Colloidal suspensions are often described as a mixture 

containing two phases. One insoluble phase residing within a second continuous phase (usually 

the suspension medium). In all cases, NMs are typically not dissolved (taken apart from the bulk) 
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but are rather dispersed. Owing to their large surface area to volume ratios, NMs are highly 

researched for catalysis applications. Moreover, they can be easily recovered through filtration and 

can often be reused for multiple catalytic cycles. This is usually challenging when dealing with 

soluble homogeneous catalysts typically residing in the same phase as the reactants.6

Reactions that produce new carbon-carbon bonds can benefit largely from the presence of 

a NM heterogeneous catalyst. These reactions are widely regarded as crucial in terms of the 

production of fine chemicals. Traditionally these reactions are carried out using homogenous 

palladium-based organometallic catalysts. A reaction schematic of the popular Suzuki-Miyaura 

coupling reaction can be found in Figure 2, widely known for its ability to couple an organoborane 

and an aryl halide typically proceeding via palladium-based catalysis.7 

Figure 2. Suzuki-Miyaura cross coupling reaction scheme.

Palladium catalysis is extremely effective for Suzuki-Miyaura coupling reactions, allowing 

for many to proceed with yields greater than 90 % and catalyst loadings as small as 0.01 %.8 At 

the industrial scale, reactions employing these catalysts (often Pd) can bring about economic 

concerns.9 For this reason, research into recyclable nano-sized heterogenous catalysts has become 

quite popular in the past decade. It has been recently reported that formation of a hybrid NM with 

immobilized Pd on the surfaces of a carbon nanosphere can also allow for yields greater than 90 

% while simultaneously allowing for the recovery of the catalyst.10 Recovery was possible through 
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centrifugation without any noticeable decrease in catalytic activity over the course of 5 reaction 

cycles.10

1.1.2 Sensing

NMs are also applied in the field of sensing due to their unique optical properties, which often 

display changes upon interactions with analytes. Noble metal NMs containing metals such as gold, 

or silver may exhibit a localized surface plasmon resonance (LSPR) effect. This causes conduction 

electrons near the surfaces of noble metal containing NMs to oscillate when excited by photons.11 

LSPR frequency is largely dictated by changes in the local dielectric environment, which can 

change in the presence of an analyte. These changes can either lead to a shift In LSPR peak 

wavelengths, or intensities, which can ultimately be related to the sensing of an analyte.12 

Depending on their structure and makeup, some NMs can also fluoresce. For instance, quantum 

dots (QDs), which are NMs typically less than 10 nm in size, can exhibit fluorescence which can 

be fine tuned by simply altering their sizes. This inherent fluorescence property can allow for their 

development as sensors by simply measuring changes to their fluorescence band in the presence 

of an analyte. Analytes can either quench or enhance the intensity of fluorescence, which can be 

directly related to their detection.  

In addition to their unique optical properties, some NMs including carbon nanotubes and 

graphene can also conduct electricity. Changes in their electrical conductivities upon interaction 

with analytes can thus be measured and related to analyte concentration and detection. Some NMs 

can even catalyze electrochemical reactions involving analytes of interest to help in their detection. 

As an example, an electrochemical sensor formed using nanostructured platinum-palladium alloy 

can be used to catalyze the oxidation of formaldehyde. This oxidation reaction leads to changes in 
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electrochemical responses, such as potential changes, and can be used for detection of the original 

analyte.13 

1.1.3 Bioimaging

Apart from chemical catalysis and sensing, NMs have also found their way into the realm of 

biological applications such as bioimaging. Bioimaging simply refers to viewing biological 

substances that have been fixed for the purposes of monitoring.14 There are many ways in which 

bioimaging can be carried out including the use of optical and magnetic resonance imaging (MRI).

Optical imaging, a class of bioimaging makes use of photons to view different anatomical 

structures. As previously mentioned, several classes of NMs have different and unique optical 

properties such as the ability to fluoresce. This property means that we can allows researchers to 

use them in imaging living organisms, or cells. To achieve this, the NMs must be excited at a 

certain wavelength to observe their corresponding fluorescence. Often these excitation 

wavelengths should be approaching the near infrared region (NIR) to allow for good signal 

detection with minimal toxicity arising from the incident excitation source. While many small 

molecules can fluoresce and may be used for imaging (e.g. dyes), many offer numerous 

shortcomings such as photobleaching and the requirement for excitation wavelength ranges that 

are far from optimal.15 For this reason, fluorescent NMs are employed as they can be fine-tuned to 

address all these drawbacks. For instance, biocompatible erbium-based rare earth NMs have been 

functionalized with hydrophilic polymers bearing anti-bodies and used to clearly image crucial 

proteins in a mouse model of colon cancer at 1600 nm with a long luminescence lifetime of ~ 4.6 

ms.16
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1.1.4 Drug Delivery

While some medication may be administered in their molecular forms, most medication is 

typically administered as formulations in combination with drug delivery vehicles to enhance their 

bioavailabilities. NMs are currently highly researched as drug delivery vehicles as they can provide 

many benefits such as longer circulation times within aqueous blood streams, better penetration 

across biological membranes and controlled release of medication.17 A significant amount of NMs 

have either received approval by the Food & Drug Administration (FDA) or have progressed 

through various stages of clinical study.18

As previously mentioned, many different types of NMs are employed for drug delivery. 

Dendrimers are described as nano sized materials with a core with a series of protruding symmetric 

branches. These branched sites act as bridges for drug conjugation and the large cavity found in 

the core can be tuned to control the release of encapsulated/conjugated cargo. They typically offer 

many advantages over non-nanosized delivery vehicles such as ease of surface modification and 

reproductive pharmacokinetic parameters.19,20

Metal NMs can also be used in drug delivery. As an example, iron based NMs are often 

used for a targeted therapy approach as conjugated cargo can be released through the use of an 

external magnetic field due to the inherent magnetic properties of iron (II). FePt NMs residing 

inside polymer-based hydrogels can be triggered to release medication by a magnetic thermal 

heating event.17

Liposomes are another class of important NMs used for drug delivery. They are formed by 

using phospholipids to generate spherical particles whose membranes are formed by either a single 

layer or multiple bilayers. Doxil is reported as one of the first commercialized formulations of 

NMs and it takes advantage of a liposome to encapsulate Doxorubicin (Dox), a widely used 
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chemotherapeutic drug with many adverse side effects. Doxil allowed for the reduction of 

cardiotoxicity by limiting contact with cardiac tissue. Furthermore, Doxil was found to be superior 

in the treatment of ovarian cancer compared to other types of formulations highlighting the 

potential of NMs to change the course of modern medicine.21

1.1.5 Limitations 

NMs are revolutionizing many aspects of modern science and are without a doubt a remarkable 

feet in scientific evolution, however, there do exist some challenges including complex syntheses 

involving multiple steps, metal precursors which can sometimes be toxic or expensive and the lack 

of surface functionalities, to name a few.  It is in this regard that new NMs are constantly being 

researched and engineered in the hopes of addressing some of these limitations. 

Of the many types of NMs currently being developed and researched, carbon dots (CDs) 

have emerged as a promising alternative, which can address many of the aforementioned 

drawbacks. Their synthesis is relatively straightforward and is carried out in a single pot without 

the need for multiple steps. Additionally, the precursors used during synthesis are carbon based 

without the introduction of any metals and are often derived from natural sources. Lastly, their 

surfaces are rich in many functional groups enhancing their surface reactivity which can be 

beneficial for many fields such a sensing and drug delivery. As such, researchers have realized the 

vast potential of CDs to improve upon current nanotechnologies and their use in various fields are 

currently being investigated.22
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1.2 Introduction to Carbon Dots

1.2.1 Their accidental discovery

CDs have garnered significant attention since their accidental discovery in 2004 by the Scrivens 

groups.23 Scrivens was interested in the arc-discharge synthesis of carbon nanotubes, a method by 

which carbon atoms are evaporated using hot plasma arc and high currents produced by opposing 

electrodes.24,25 It was only after electrophoretic purification that his group discovered a fast-

moving band containing a fluorescent impurity that separated into different colors under UV light. 

Due to their unique properties, these fluorescent carbon materials attracted the attention of many 

researchers and are now known as CDs after their definition was brought forward in 2006.26

1.2.2 Physical Properties 

Various techniques have been used to probe the physical characteristics of CDs such as their sizes, 

their shapes, their surface charges and their atomic arrangements. Instruments such as transmission 

electron microscopy (TEM) have allowed researchers to visualize CDs at the nanoscale. The most 

common reporting is the fact that they are quasi spherical particles with diameters usually less than 

10 nm. High quality TEM images of CDs are often difficult to obtain due to the fact that they are 

amorphous. The amorphous nature of CDs means that no lattice fringes can be observed by TEM, 

rendering them unable to diffract electrons translating to a more difficult task of visualization. 

Moreover, CDs are mostly composed of carbon and have poor electron density, ascribed to a lower 

atomic number Z, compared to inorganic NMs leading to images that are lacking in contrast.27 

Powder X-ray diffraction (PXRD), a common technique used to analyze the crystallinity 

of materials, is also often used in combination with TEM to assess the structure of CDs. The PXRD 

of CDs is most often consistent with that of an amorphous material. PXRDs of CDs typically lack 
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any Bragg’s diffraction peaks and most often show an amorphous halo throughout, indicating that 

the materials lack any sort of long-range repeating order.28 It is however common to observe a 

broad reflection at ~25 °2ñ associated with the graphitic structure of CDs.28,29 CDs are said to be 

comprised of two important regions namely a core and a surface. The cores of CDs are thought to 

be mostly comprised of graphitic structures with a dominance of sp2 hybridized carbon atoms and 

would explain the broad reflection that is often seen at 25 °2ñ. The surfaces of CDs are said to be 

composed of many organic functional groups usually dependent on the precursors used for 

synthesis which is substantially different than the makeup of their graphitic cores. 

1.2.3 Chemical Properties

Figure 3. Schematic of the typical structure of CDs showing a two-part system consisting of a core 
and surfaces decorated in many different functional groups. Adapted with permission from M. 
Jorns and D. Pappas, A Review of Fluorescent Carbon Dots, Their Synthesis, Physical and 
Chemical Characteristics, and Applications, Nanomaterials, 2021, 11, 1448. Copyright 2021 M. 
Jorns and D. Pappas, license: https://creativecommons.org/licenses/by/4.0/.30

The surfaces of CDs are composed of many different types of organic functional groups which 

include carboxylic acids, amines, amides, ketones and alcohols, among many others.31 A schematic 

representation of quasi spherical CDs with surface functional groups can be found in Figure 3. 

These surface functional groups are at the core of many unique properties that CDs can offer. For 

https://creativecommons.org/licenses/by/4.0/
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instance, many of these functional groups are either electrophilic, or nucleophilic in nature, which 

can allow for facile conjugation with molecules such as drugs, targeting ligands, anti-bodies, 

polymers, among many others.32–34 

The chemical functional groups of CDs are often charcaterized through a variety of 

different techniques such as Fourier-transform infrared attenuated total reflectance (FTIR-ATR) 

spectroscopy, proton nuclear magnetic resonance spectroscopy (1H-NMR) and x-ray photoelectron 

spectroscopy (XPS). FTIR provides information based on molecular vibrational frequences such 

as stretches and bends to relay information on the types of functional groups present. While usually 

a first line technique due to ease of use and quick analysis times, FTIR is usually limited to 

providing qualitative results. Nonetheless, FTIR has been used to confirm the presence of a wide 

range of surface functional groups for CDs.35

1H-NMR is often used to further describe the chemical environment and make up of the 

dots. This technique focuses on the proton nucleus due to its resonance when exposed to a magnetic 

field. 1H-NMR will often confirm the presence of protons attached to aldehydes when chemical 

shifts are found between 9-10 ppm.  Imine functional groups can also be observed when singlets 

are observed between 7.5-8.5 ppm.  Aromatic systems or conjugated alkene containing systems 

are often present when multiplets  are found between 6.5 – 8 ppm and 4.5 – 6.5 ppm respectively. 

Furthermore, up field chemical shifts usually confirm the presence of alkane protons or protons 

that are neighboring other functional groups such as ketones, alcohols and amines.36 

Lastly XPS, can be used to confirm the presence of certain functional groups based on their 

respective binding energies, as well as describe the nature of the chemical environment. Briefly, 

XPS measures the binding energy of electrons ejected after the surface is irradiated with a 

monochromatic X-ray beam and thus is a surface sensitive technique widely applied to studying 
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chemical functionalities in NMs including CDs. The binding energy measured can be directly 

correlated to which atom it originated from, as well as its mode of chemical bonding (functional 

group). A combination of two or more of these mentioned techniques are often used to ensure a 

thorough understanding of the chemical makeup of the surfaces of CDs. 

1.2.4 Optical Properties

CDs have many interesting physical and chemical properties but amongst them also exists unique 

optical properties such as fluorescence. Most functional groups on the surfaces of CDs may exist 

in many different oxidation states and many have ð-bonded electronegative atoms allowing for n 

to π* transitions. Many researchers attribute this as the main reason behind CDs fluorescence. 

Surface oxidation can also create many surface defects and lead to various emission sites.37,38 The 

more surface defects that exist, the more excitons (electrons or holes) can be trapped and radiation 

from the recombination of these trapped excitons can lead to fluorescence.37 Interestingly, by 

tuning the surface functional groups and/or their degree of surface oxidation, this can lead to 

shifted emissions and thus the color of fluorescence can also be tuned (Figure 4). 

Figure 4. Image depicting the tunable fluorescence of CDs. Adapted with permission from C. 
Kang et al., A Review of Carbon Dots Produced from Biomass Wastes, Nanomaterials, 2020, 10, 
2316. Copyright 2020 C. Kang et al., license: https://creativecommons.org/licenses/by/4.0/.39

https://creativecommons.org/licenses/by/4.0/
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The cores of CDs are just as important in dictating the observed fluorescence. The extended 

ð conjugation of the cores allows for electron delocalization over a larger region and a smaller 

band gap between the conduction and valence bands, all facilitating fluorescence. By altering their 

sizes, then the region of ð conjugation originating from the core will also change and thus 

fluorescence may also be tuned in this manner (Figure 4). Furthermore, while the surfaces and 

cores of CDs are mostly viewed as two separate entities, many researchers believe a synergistic 

effect may also be at play between both states. Briefly, the π electron domain may couple with 

electronic surface states further altering the overall electronic structure and further decreasing the 

band gap.40

1.2.5 Toxicity of CDs

CDs have been generally found to exhibit low toxicities in biological model systems. Researchers 

have attributed this to the nature of their non-toxic precursors. For the most part, CDs are 

synthesized using non-toxic materials often derived from natural sources, which many believe to 

be a reason for their inherently low cytotoxicities.41 Recently it’s been shown that amine passivated 

citric acid-derived CDs exhibit low cytotoxicity in both HeLa (human cervical carcinoma) and 

HFF-1 (human foreskin fibroblast) cells. In the work by Clermont-Paquette et al., each cell line 

was treated with increasing concentrations of CDs up to 10,000 µg/mL. It was found that some of 

the CDs reach an IC50 (concentration at which half the cell population die) in both cell lines after 

7,500 µg/mL while most never reach this threshold even when treated with 10,000 µg/mL.42 

Although rare, some biocompatibility studies were also performed to assess the toxicity of 

CDs in living organisms. Research studies focused on the bioimaging capabilities of CDs have 

been conducted in vivo using mice models to ensure no toxic effects are observed at the 

concentrations needed for bioimaging. Yang et al. have injected mice intravenously at doses of 40 
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mg/kg and found that there were no noticeable toxic effects on the mice. They noted that the CDs 

accumulated in some essential organs including the liver, spleen and kidneys, however, the levels 

of accumulation were noted to be low, and the CDs were cleared through the renal pathway after 

24 hours. The researchers noted no clinical symptoms even after 4 weeks post-administration. 

Furthermore, the structure of organs of the treated mice were no different than those from a control 

group treated with a saline solution (Figure 5).43 

While these results suggest that CDs exhibit high biocompatibility and low cytotoxicity, 

more studies need to be conducted to ensure that this applies to more complex biological systems 

and ultimately to humans as well. Most of these studies are performed using animal models such 

as mice or nematodes, however, their behavior inside of the human body remains widely unknown. 

Many studies do however show that these NMs are widely accepted by many human cell lines and 

thus show great promise as being biocompatible within our bodies. 

Figure 5. Histopathological analyses of mice liver, spleen and kidneys showing no steatosis 
necrosis or degeneration and easily distinguishable structures after intravenous exposure of CDs 
(40mg/kg) for 4 weeks. Adapted with permission from S.-T. Yang et al., Carbon Dots as Nontoxic 
and High-Performance Fluorescence Imaging Agents, The Journal of Physical Chemistry C, 2009, 
113, 18110–18114. Copyright 2009 American Chemical Society.43
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1.2.6 Synthesis of CDs

Table 1. Non-exhaustive list of CDs synthesized through a bottom-up approach using common 
carbon-based precursors. Adapted with permission from M. Jorns and D. Pappas, A Review of 
Fluorescent Carbon Dots, Their Synthesis, Physical and Chemical Characteristics, and 
Applications, Nanomaterials, 2021, 11, 1448. Copyright 2021 M. Jorns and D. Pappas, license: 
https://creativecommons.org/licenses/by/4.0/.30

Carbon Precursor Solvent Synthesis 
Technique

Citric acid Formamide Solvothermal

Malic acid Water Microwave

Citric acid Dimethylformamide Solvothermal

Citric acid Water Microwave

Sucrose Nitroso or nitrobenzene Solvothermal

p-Phenylenediamine Water Hydrothermal

Folic acid Water Hydrothermal

Milk Water Hydrothermal

Synthesis of CDs has been reported using two main routes, which can be categorized as either a 

bottom-up, or top-down. A bottom-up approach relies on the preparation of CDs starting from 

much smaller molecular precursors such as citric acid, malic acid, urea and many others.44,45 

Alternatively, a top-down approach makes use of breaking down larger carbon materials such as 

carbon nanotubes, graphene and graphite into smaller structures.23,46 While both routes can 

generate CDs, the bottom-up approach is often preferred due to it being more environmentally 

friendly, less time consuming, while offering more control over the surface composition of the 

synthesized CDs.30 

https://creativecommons.org/licenses/by/4.0/
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Each route can be further divided into different techniques. For example, the more 

preferred bottom-up approach can be carried out using hydrothermal, solvothermal, or microwave 

syntheses.30 Table 1 summarizes several types of CDs, which have been synthesized through a 

bottom-up approach using common carbon-based precursors.

The hydrothermal synthesis technique is widely used to achieve a bottom-up synthesis and 

is simply classified as a synthesis performed in an aqueous solution at high temperatures and 

pressures, often requiring a high-pressure reactor.47 A solvothermal approach is similar to that of 

its hydrothermal counterpart in the sense that reactions are also often carried out at high 

temperatures and pressures with the assistance of a pressure reactor, however, the solvent used is 

not aqueous, but rather an organic solvent such as nitrobenzene, formamide and 

dimethylformamide as seen in Table 1.48 While hydrothermal and solvothermal pathways have all 

been shown to be useful techniques to synthesize CDs, they often suffer from long reaction times 

often on the time scale of many hours to days. This makes these synthetic routes less eco-friendly 

due to the need for high energy consumption, however, microwave assisted pathways come to light 

as a more interesting alternative. 

1.2.7 Microwave Assisted Synthesis

 Microwave synthesis dates to 1986 where organic chemists at Laurentian University discovered 

that many organic reactions are significantly faster when irradiated with microwaves.49 They found 

that the esterification of methanol with benzoic acid would typically occur over 8 hours, however, 

when the samples were irradiated with microwaves, the reaction only required 5 minutes, a drastic 

96-fold increase in reaction rate. Additionally, they discovered that an SN2 reaction involving 4-

cyanoperoxide ion and benzyl chloride could be completed in 4 minutes under microwave 

irradiation compared to 16 hours when synthesized classically.49 
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Figure 6.  Temperature gradients of microwave (left) versus oil bath (right) heating, clearly 
depicting the homogeneous heat distribution of microwave irradiation whereas oil bath heating is 
much more heterogeneous with the walls being heated first. Reproduced with permission, 
Copyright 2004 Wiley Online Library.50

The success of microwave irradiation compared to conventional methods stems from its 

ability to heat a given medium from the inside out rather than outside in (Figure 6). This simply 

means that conventional methods often use a heat source such as a hotplate to provide heat to a 

given vessel. In doing so, heat is transferred through conduction resulting in heterogenous energy 

distribution. Often the peripheries of the vessel are much hotter than the center due to 

thermodynamics and the laws of heat transfer. This may often lead to incomplete reactions or the 

formation of unwanted species due to side reactions which might be competing. Microwave 

irradiation allows for a more homogenous distribution of heat as the walls of reaction vessels are 

not at play. Energy from the microwaves is directly absorbed by the solvent and reactants in the 

solution mixture. Molecules, which have an electric dipole moment, will rotate in the alternating 

electric field as they continuously attempt to realign themselves, generating heat. As such the 
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molecules themselves are the sources of heat rather than relying on heat transfer from the walls 

into the center of the vessel translating to a much more efficient synthesis (Figure 6).51 While 

organic chemists were one of the first to pioneer microwave assisted chemical synthesis, materials 

researchers were quick to adapt microwave irradiation for the synthesis of many materials 

including CDs. A non-exhaustive list of CDs synthesized through microwave assistance can be 

found in Table 2, and highlights the short timescales required for such syntheses. 

Table 2. Non-exhaustive list of CDs rapidly synthesized through a microwave assisted route. 
Adapted from Microchemical Journal, 165, H. K. Melvin Ng, G. K. Lim, C. P. Leo. Comparison 
between hydrothermal and microwave-assisted synthesis of carbon dots from biowaste and 
chemical for heavy metal detection: A review, 106116, Copyright 2021, with permission from 
Elsevier, DOI: https://doi.org/10.1016/j.microc.2021.106116.52

Carbon Precursor (s) Time (min) Power (W)

Citric acid 5 450

Citric acid 5 550

Citric acid 5 550

Thiomalic acid 7 700

Phthalic acid 3 700

Levodopa 1 700

Glucose 1 100

1.3 CDs as Drug Delivery Tools

1.3.1 Current Systems

Drug delivery has become a widely researched field due to the ability of vehicles such as NMs to 

improve upon the efficacy of an administered therapeutic by improving their solubilities, 

https://doi.org/10.1016/j.microc.2021.106116
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circulation times, controlling their release and enhancing their bio availabilities.53–55 CDs are no 

exception and have been researched extensively since their discovery as potential drug delivery 

vehicles. In one instance, CDs have been investigated for anti-microbial drug delivery where 

researchers conjugated the dots with metronidazole, an FDA approved therapeutic used to treat 

Trichomonas infection, Porphyromonas gingivalis and amebiasis (an infection in the 

gastrointestinal system).56,57 Wang et al. recognized the potential for CDs to improve upon 

penetration into the host cells of pathogens, a limitation that most antibiotics suffer from, especially 

with eukaryotic cells.58 The drug conjugated CD complex revealed high cellular internalization 

and enhanced antibacterial activity against Porphyromonas gingivalis using oral epithelial cells 

(H413 cells). Furthermore, at the lowest concentration tested (0.26 µM metronidazole), the 

conjugated CDs inhibited bacterial growth by 72 % more than metronidazole alone, depicting how 

CDs can be used to improve upon the efficiency of anti-biotic drug delivery.59 

CDs have also shown potential as drug delivery tools to improve upon cancer treatments. 

Paclitaxel (PTX), is widely regarded as one of the most effective chemotherapeutics for solid 

tumors due to its ability to cause mitotic arrest and cell death.60 While extremely effective, this 

chemotherapy suffers from many drawbacks such as poor water solubility and severe toxicity.61 

To address these challenges, Gomez et al. have conjugated PTX to CDs synthesized from a 

microwave assisted approach utilizing arginine as a carbon based precursor. Their main finding 

highlighted that the drug conjugated CDs were much more effective in treating cervix carcinoma 

cells (C33-A) than PTX alone.62 They observed an IC50 when the cells were treated with 930 ng/mL 

of conjugated CDs compared to 2820 ng/mL for PTX alone. While the concentrations used are 

rather large for drug delivery applications, these findings can potentially extend to lower 

concentrations applicable for drug delivery and improve upon the required dose of PTX. Moreover, 
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since CDs are also highly aqueous dispersible, they offered a means to improve upon the solubility 

issues of PTX.62

1.3.2 Functionalization Strategies

Association of therapeutics to NMs including CDs is typically achieved via two primary pathways 

namely covalent and non-covalent modification. Briefly, covalent modification involves a newly 

formed chemical linkage between the therapeutic agent and the CD, while a non-covalent 

association relies on physical interactions such as hydrogen bonding and/or electrostatic means.31 

Both methods are highly dependent on the chemical properties of the CDs. Depending on the 

reactivity of the surface functional groups, different covalent linkages/physical interactions can be 

achieved. 

Non-covalent interactions such as electrostatic interactions, or hydrogen bonding can be 

used to load organic molecules on the surface of CDs. Zeng et al. have recently developed green 

emitting CDs via a one-step microwave assisted synthesis to load DOX on their surfaces via 

electrostatic interactions/hydrogen bonds.63 The authors claimed that this is achieved via the 

carboxylic acid functionalities on the CD surface, which interact with the terminal amine groups 

of DOX. Furthermore, their delivery system was tested in vivo in HepG2 tumor-bearing mice. The 

mice were treated intravenously with the drug-loaded CDs and the highest concentration of CDs 

were localized in the tumor when compared to other essential organs such as the liver, spleen, 

kidneys, heat and lungs. This was attributed to the enhanced permeability and retention effect of 

the dots.63 This is plausible as solid tumors present larger fenestrations between endothelial cells 

allowing for NMs to easily pass through compared to healthy cells.64 Zeng et al. also found that 

the tumour volume shrunk by 50 % after 72 hours when treated with the drug-loaded CDs in  
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comparison to a reduction of 30 % when treated with only DOX, highlighting the benefits of 

employing a NM for drug delivery.

While non-covalent interactions can be used, the most common linkage between a drug 

and a CD is through a covalent amide bond. Peptide coupling or amide coupling involves a 

carboxylic acid and an amine group. Depending on the chemical nature of the precursors used, 

CDs typically will have abundant carboxylic acid, or amine functional groups on their surfaces 

making this method of conjugation facile and efficient. A typical amide coupling reaction is carried 

out using EDC and N-Hydroxysuccinimide (NHS). These reagents lead to the activation of 

carboxylic acids which can then react with amine groups to ultimately form amide bonds (Figure 

7).65  

Figure 7. Peptide coupling reaction scheme involving EDC/NHS activation.

An example of this bond being utilized in the conjugation of therapeutic agents to CDs can 

be depicted in the work of Hettiarachchi et al.66 The researchers conjugated three molecules to the 

CD surface via amide bonds using EDC/NHS coupling to improve the treatment of brain tumors. 

While most vehicles suffer from increased sizes post drug loading, the researchers found that CDs 

are sufficiently small that the size barely increased from ~1.5 nm to ~3.5 nm post conjugation. 

Transferrin, a targeting ligand along with epirubicin and temozolomide, both anti-cancer agents, 

were covalently attached through peptide coupling reactions via carboxylic acids on the surfaces 

of CDs. They found that their triple conjugated system was much more cytotoxic to SJGBM2 
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glioblastoma brain tumor cells than the free drug. Cell viability decreased from >80% at a 

concentration of 0.01 µM epirubicin and 1 µM temzolomide to <20 % after treatment with 0.1 µM 

of the triple conjugated CDs, a drastic change in cytotoxicity.66 While these findings suggest great 

potential in the use of amide coupled drugs, it should be noted that none of the therapeutic 

molecules were released from the delivery vehicle, which could potentially affect therapeutic 

activity if the active site of the drug is altered during conjugation.  Furthermore, the amide linkage 

is typically non-reversible and difficult to cleave, which can also hinder the release of medication 

in cases where release from the vehicle is needed. It is in this regard that imine bonds offer a 

promising alternative as cleavable covalent bonds.   

1.4 What is an Imine Bond?

1.4.1 Equilibrium Reaction

Figure 8. Imine bond formation mechanism between an aldehyde/ketone and an amine group.

An imine bond is a covalent bond which can be formed through a reaction involving a carbonyl 

group and a primary amine often in the presence of an acid catalyst. The carbonyl group originates 
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from either a ketone, or aldehyde functional group and acts as the electrophilic site for a 

nucleophilic attack by a primary amine. Imine bond formation is known as a condensation reaction 

with water produced as a by product. Additionally, it is an equilibrium reaction and water is often 

removed during imine bond formation to drive the equilibrium in the forward direction.67 

The reaction begins with a nucleophilic attack onto the electrophilic carbon atom of the 

carbonyl originating from the lone pair on the amine group. This results in the formation of a 

zwitterion which can then undergo a proton transfer directly from the positively charged nitrogen 

atom onto the negatively charged oxygen atom. The next step occurs at the same time forming a 

new C-N bond in a concerted fashion because of bond rearrangement. Water is generated as a by 

product and the C=N imine is formed (Figure 8).67 As previously mentioned water is typically 

removed during such reactions due to Le Chatelier’s principle, which states that when a dynamic 

equilibrium is disturbed then the equilibrium will shift to counteract that change.68 Water being a 

formed by product will lie on the right hand side (product side) of the equilibrium and if actively 

removed; the equilibrium will shift to try and regenerate the missing water, at the same time 

generating more imine product. Many procedures can be employed to actively remove water 

during synthesis with two of the most commonly used techniques involving the use of molecular 

sieves which have a high affinity for water, or azeotropic distillation using a dean-stark trap.69

The use of molecular sieves is quite straight forward requiring simple activation of the 

material by heating under vacuum to remove any guests in the pores followed by addition to the 

reaction flask to actively adsorb and remove produced water. The use of azeotropic distillation is 

a more complex process and involves the use of a dean-stark trap. An azeotrope is described as a 

combination of chemicals whose ratio of constituents in the vapor phase is the same as in the liquid 

phase.70 In other words, both chemicals can be distilled together and there is no temperature, which 
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preferentially distills one chemical over the other. This concept is key to understanding how the 

dean stark trap works. The solvent chosen must form an azeotrope with water and must be 

immiscible with water. The azeotrope is then distilled meaning that both water and the second 

solvent will condense simultaneously onto a reflux condenser and collect into the dean stark trap. 

The chosen solvent is usually toluene as it is less dense than water and will accumulate on the top 

layer causing water to be forced into the bottom of the trap. The toluene will then spill back over 

and re-enter the reaction flask essentially leaving behind water at the bottom of the trap effectively 

removing it from the ongoing synthesis (Figure 9).71 

Figure 9. Schematic representation of a Dean-Stark apparatus.

1.4.2 Ketones 

Carbonyl groups are a requirement for imine bond formation and ketones are a class of carbonyl 

containing functional groups. Ketones are generally less reactive than aldehyde molecules due 

their inherent larger steric hindrance and lower polarizability. Ketones have two substituents on 

the carbonyl carbon compared to one for aldehydes (Figure 10), rendering an approach from a 

nucleophile difficult due to greater steric hindrance72. Electronically, the carbonyl carbon atom of 
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a ketone has a partial positive charge which is more stable due to two adjacent carbon containing 

electron donating groups whereas the aldehyde’s partial positive charge is less stable and therefore 

more reactive due to the presence of only one adjacent group.72  Seeing as they are often described 

as being much less reactive than aldehyde groups, ketones are used less frequently for the 

formation of imine bonds.73 

Figure 10. Structural differences between a ketone molecule and an aldehyde molecule.

Nonetheless, the use of ketones to form imine bonds is still possible and often requires the 

use of a catalyst. Yadav et al. have recently shown that novel quinoline-based derivatives can be 

synthesized via an imine intermediate synthesized from a ketone precursor. Further 

functionalization of the quinoline scaffold is of particular importance due to the formation of 

numerous derivatives which are pharmacologically active.74 The authors described the use of HCl 

as a catalyst to react the ketone of the starting quinoline with the primary amine compound, p-

toluidine with yields of 70-80 %.75 

1.4.3 Aldehydes

Aldehyde functional groups are often more reactive and used more frequently in the synthesis of 

imine bonds. Since the carbonyl group is more accessible, aldehydes tend to be more susceptible 

to nucleophilic addition reactions. One of the best examples of this would be a Grignard reaction 

allowing chemists to form new carbon-carbon bonds.76  A typical Grignard reaction involves the 
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nucleophilic addition of an organomagnesium compound (Grignard reagent) to carbonyl groups 

such as aldehydes.77 Oxidation of aldehydes into their corresponding alcohols also includes a 

nucleophilic addition step and is another important reaction allowing chemists to utilize the 

generated alcohols as building blocks for further reactions such as esterification reactions. All in 

all, nucleophilic addition reactions are important for generating novel compounds and aldehydes 

are generally considered to be good starting materials. 

In what concerns imine synthesis, a nucleophilic addition of an amine to the carbonyl group 

is essential as shown in Figure 8. An example of an aldehyde being used as a starting material for 

imine synthesis can be shown in a study conducted by Heigl et al.78 The researchers employed 

imine donors chelated through alkylidene groups to synthesize a series of ruthenium-based 

metathesis catalysts. The syntheses of such catalysts are important as they are employed in the use 

of olefin metathesis and allow for the generation of new carbon-carbon bonds.78 In order to 

synthesize the imine ligands, simple condensation reactions involving aldehydes and primary 

amines were carried out. One particular synthesis discussed in this work proceeds via the use of 

activated molecular sieves to drive the equilibrium towards the generation of product (imine) in 

dichloromethane for 12 hours resulting in a yield of 57 %.78 While no acid catalyst was used in the 

transformation, sieves were employed as the generation of imine bonds can be  difficult without 

the use of a dehydrating agent even with aldehyde starting materials. Dehydration using sieves or 

a Dean-Stark trap does however come with some challenges. Molecular sieves shed zeolite powder 

into solution, which is difficult to remove, and the Dean-Stark trap is limited by a certain number 

of solvents that can be used and thus solubility challenges arise. For this reason, solvent free 

approaches such as mechanochemistry are being investigated as interesting alternatives for 

carrying out condensation reactions. 
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1.5 Mechanochemistry

1.5.1 Solid State Chemistry

Synthetic chemistry is often thought about in terms of solid reactants, which are dissolved, or 

dispersed in a given solvent to drive their chemical transformation. Solvation allows for reagents 

to be taken apart from their bulk structures and to react more efficiently. An input of energy is 

often required in addition to a solvent in order to cross the activation energy barrier of a given 

chemical reaction. This energy is typically administered by heating the reaction mixture, however, 

heat is not the only form of energy that exists. It has been found that mechanical energy can also 

be used to provide sufficient energy to drive chemical reactions in the solid state. 

Mechanical energy refers to physical forces exerted on materials to induce chemical 

transformation. The remarkable aspect of such energy is that solvation is not required. This is 

generally considered to be advantageous as the avoidance of organic solvents can render the 

chemistry greener. Furthermore, choosing an appropriate solvent can also be a daunting task as 

reagents will have different solubilities depending on their chemical makeup. Some solvents may 

be more polar than others and some may be capable of hydrogen bonding while others are not. All 

of these properties will dictate whether a solvent can solvate a given molecule. In the solid state, 

such complexities do not exist as mechanical energy from friction and shearing forces can be 

exerted without a solvent.79 In 1891, the term mechanochemistry was first introduced by  a Latvian 

chemist, Wilhelm Ostwald in his <Textbook of General Chemistry= and later a mechano-chemical 

reaction was defined by IUPAC as a <chemical reaction that is induced by the direct absorption of 

mechanical energy=.80,81 Mechanical energy can be generated manually with tools such as a mortar 

and pestle, or with the aid of a planetary ball miller.
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1.5.2 Grinding and Milling

Grinding and milling of reagents in the solid state allows for the generation of mechanical energy. 

The most accessible tools to grind solid reactants are a mortar and pestle (Figure 11A). Briefly, 

the mortar is defined as a solid bowl typically made of agate, granite or porcelain and will house 

the reagents, while the pestle is the grinding apparatus often made from similar materials.82 The  

strength and speed of the pestle grinding the reagents together will ultimately dictate reaction 

kinetics and thus the success of these tools to achieve a chemical transformation. As a result, 

grinding of reagents using the mortar and pestle is heavily reliant on the operator and thus can lead 

to reproducibility issues among users. Furthermore, the manual grinding process can be quite 

labour intensive for reactions which require extensive reaction times. 

Figure 11. Images of common grinding and milling tools and machines. (A) Mortar and pestle. 
(B) Planetary ball miller.
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To address this challenge, automated machines such as the planetary ball mill (Figure 11B) 

have been developed. Planetary ball mills have 2 or 4 pots which can hold milling jars containing 

starting materials and milling media. These pots are directly mounted on a rotating disk while the 

pots themselves can rotate around their own axis. The machine can generate high rotational speeds 

for both the rotating disk and pots allowing the milling media to collide with starting materials and 

generate mechanical energy.83 The mechanical energy generated can be ascribed to many forces 

that are experienced during the milling process with the most common being impact, shear and 

centrifugal forces.83 The summation of such forces directly results in the total energy provided to 

drive chemical reactions in the forward direction. Moreover, this approach addresses 

reproducibility issues that manual grinding may introduce and is thus more often used in modern 

synthesis. 

1.5.3 Covalent Bond Formation

The remarkable aspect of mechanochemistry is its ability to efficiently form covalent bonds. It has 

been recently shown by Espro et al. that the previously discussed Suzuki-Miyaura cross coupling 

reaction can be improved with the use of mechanochemistry. 1,2-dibromobenzene was coupled to 

4-(dimethylamino)-phenylboronic acid and many other arylboronic acids to selectively form 

monoarylated products in high yields whereas traditional solution-based syntheses resulted in 

diarylated products.84 The authors attributed this mechanochemically induced selectivity to a low 

diffusion efficiency of the crystalline monoarylated product in the reaction mixture formed with 

the liquid brominated starting material.85 It should be noted that while solids mostly dominate in 

the field of mechanochemistry, starting materials may also be milled in the liquid form. These 

findings highlighted mechanochemistry as a force of synthesis able to efficiently couple common 
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molecular building blocks in a selective manner that has otherwise not been reported using 

traditional methodologies. 

Mechanochemistry can also be used to generate amide bonds, a very important covalent 

bond naturally occurring in the backbones of polypeptides and proteins.86 The amide bond is also 

found extensively in the skeleton of many artificial compounds such as paracetamol and thus 

improving its formation may be of particular interest.87 It has been shown that mechanochemistry 

can efficiently couple a morpholine amine with the carboxylic acid of nicotinic acid to form an 

amide bond with increased reaction times and yields.88 Zhu et al. showed that the coupling reaction 

required 16 hours in solution with yields ranging from 65-79% depending on the coupling agent 

used. In contrast, the use of mechanochemistry significantly cut down reaction times to a range of 

5-10 minutes with yields ranging from 78-94% underscoring the efficiency of 

mechanochemistry.88 Covalent bonds are not only utilized in organic synthesis but the are also 

used in the chemistry of materials. Many materials employ covalent bonds inherently in their 

structure or post synthetically in their modification. For example, Han et al. have shown that a  

polymer with terminal amine groups can be mechanochemically conjugated to the aldehyde group 

of cinnamaldehyde to afford an acid labile imine bonded drug for the purposes of drug delivery.89

1.6 Statement of the Problem

Recently, NMs have gained significant attention due to their immense potential impact in the fields 

of chemistry, biology and physics.90–92 A  wide range of different NMs have been studied in drug 

delivery applications including those previously discussed, as well as inorganic (e.g. quantum dots 

and lanthanide-doped nanoparticles), polymeric (e.g. polyethylene glycol and polyethyleneimine 

nanoparticles), nanogels (e.g. chitosan and alginate nanogels) and lipid-based (e.g. liposomes and 

solid lipid nanoparticles) NMs.93–100 NM-based drug delivery is currently being used to enhance 
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the targeted and controlled release of therapeutic molecules, improve drug circulation time and 

bioavailability, as well as enhance permeability of molecules across biological 

membranes.31,58,63,101–109 Many NMs used for drug delivery show remarkable properties, however, 

they suffer from limitations such as high cytotoxicity, lack of intrinsic traceable markers, and low 

aqueous dispersibility. It is in this regard that CDs offer a promising alternative, as they possess 

low cytotoxicity, exhibit intrinsic fluorescence with high fluorescence quantum yields and are 

aqueously dispersible.42,109–114 Current medical literature shows that over 40% of all drugs in 

clinical use are hydrophobic, and 90% or more of newly developed drugs are described as Class II 

(high permeability, low solubility), or Class IV (low permeability, low solubility).115 Hydrophilic 

drug delivery vehicles can help address the poor aqueous dissolution of such medication and thus 

CDs show promise as ideal candidates. Currently, drug conjugation to CDs typically relies on 

robust covalent amide bonds to conjugate molecules to their surfaces. These bonds, which are 

highly stable, are typically non-reversible and difficult to cleave under physiological conditions, 

limiting release of the surface functionalized molecule.116 Furthermore the formation of such bonds 

often requires the need for expensive and hazardous coupling agents such as EDC listed at 116 $ 

CAD/ 100 mg (Thermo Fisher Scientific)  and  classified as toxic in contact with skin and very 

toxic to aquatic life with long lasting effects according to its safety data sheet.117,118

Imine bonds have been shown to be great alternatives, as they are described as covalent 

linkages, which can cleave in response to acidic evironments.119–121 Bonds which are acid labile 

are often desirable as nanocarriers often encounter changes in pH ranging from a pH of 7.4 (blood 

stream) to a pH of 6.0 (early endosome) and finally a pH of 5.0 (late endosome/lysosome), when 

uptaken into cells through endocytosis.122 Imine bonds are further interesting as they can be formed 

using mechanochemical approaches89 removing he requirement for solvents and transforming the 
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reaction to a greener process. Furthermore, a solvent-free approach can also allow for the 

conjugation of hydrophobic molecules to hydrophilic CDs, overcoming any solubility barriers and 

rendering syntheses more sustainable.123,124 Despite its great potential, the use of 

mechanochemistry to form imine bonds on the surfaces of CDs remains unexplored. 

Herein, the solid-state mechanochemical formation of imine bonds to conjugate vanillin 

(VAN), a hydrophobic model aldehyde molecule, to the surface of CDs was achieved in 

comparison to nabumetone (NAB), a ketone model molecule (Figure 12). Initial efforts focused 

on solution-based conjugation before ultimately transitioning to mechanochemistry. Ketone model 

molecules were first explored before transitioning to the more reactive aldehyde, VAN, as a model 

drug achieving the desired imine linkage by leveraging mechanochemistry. Furthermore, the 

mechanochemical functionalization process, kinetics of drug release, and the potential in vitro 

effects of this novel functionalization strategy were also explored.

Figure 12. Schematic representation of  imine bond conjugation to the surfaces of CDs
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Chapter 2. Materials and Methods

2.1 Chemicals & Reagents

Methanol (MeOH), chloroform (CHCl3), toluene, citric acid, pentaethylenehexamine (PH6), 

methanol-d4, methanol-d4 (0.03 % v/v TMS), D2O (0.05 wt.%)  and vanillin were all purchased 

from Sigma Aldrich. Nabumetone (NAB) and 4 A° molecular sieves (3-5mm, 0.12-0.20 beads) 

were purchased from Thermo Fisher Scientific. Sodium phosphate monobasic monohydrate, 

sodium phosphate dibasic heptahydrate, hydrochloric acid (HCl) and uranyl acetate were 

purchased from fisher scientific.  Acetone was purchased from Caledon Laboratories Ltd. 3.5-

5kDa regenerated cellulose membranes were purchased from Cole-Parmer Canada.  Milli-Q water 

was produced in-house, Dulbecco’s modified eagle medium (DMEM, 319-065 CL) and Fetal 

bovine serum (Heat Inactivated, US origin, cat no 080-150) and Phosphate Buffered Saline 10X 

(311-410-CL) were purchased from Wisent Bioproducts. Resazurin ready-to-use solution for cell 

proliferation assays was purchased from TCI America (R0195). Sterile 96 well culture plates were 

obtained from Sarstedt (cat no.   

2.2 Synthesis of PH6-CDs

2.2.1 Microwave Assisted Synthesis

375 mM of pentaethylenehexamine (PH6) and 500mM of citric acid were added to an Erlenmeyer 

flask containing Milli-Q water. A magnetic stir bar was introduced, and the solution was stirred 

and occasionally sonicated to ensure a homogeneous mixture. The homogeneous solution was 

placed into a CEM Discover SP microwave for smaller scale synthesis, or a MARS 6 microwave 

reactor for scaled up syntheses and reacted at 210 °C for 10 minutes. 
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2.2.2 Purification of CDs

The contents of the microwave reactor tubes were dialyzed in Milli-Q water using 3.5-5 kDa 

regenerated cellulose membranes for 5 days. After dialysis, each CD solution was concentrated 

using lyophilization and further purified using acetone organic washes. The purified material was 

then lyophilized for a day and crushed into a fine powder using a mortar and pestle resulting in 

purified PH6-CDs.

2.3 Model Drug Conjugation

2.3.1 Solution Based: Molecular Sieves

4 A° molecular sieves were vacuum dried at 300°C overnight in order to reach complete activation. 

10 mg PH6-CDs, 5 mL acetone (ketone model reagent), 5 mL MeOH and 250µL 1 M HCl were 

all added to a round bottom flask and stirred overnight at 50°C under reflux. Once complete the 

solution was filtered and concentrated by rotary evaporation to remove solvent and unreacted 

acetone. 

2.3.2 Solution Based: Dean-Stark

40 mg PH6-CDS, 40 mg NAB, 50 mL toluene and 500 µL 1M HCl were all added to a round 

bottom flask. The flask was attached to a Dean-Stark trap and the reaction was carried out under 

vigorous stirring at 110 °C overnight. The solution was then concentrated by rotary evaporation 

and washed with 25 mL acetone three times to remove unreacted NAB. 
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2.3.3 Solution Based: Unassisted Condensation

20 mg PH6-CDs, 2mL MeOH, 500 µL 0.04M NAB solution (dissolved in MeOH) and 100 µL of 

0.1 M HCl were all added to a sealed round bottom flask equipped with a reflux condenser at 50 

°C overnight. Three 25 mL acetone washes were carried out to remove all unbound NAB. 

2.3.4 Solid State Reaction: Planetary Ball Miller

Nabumetone conjugation: 20 mg PH6-CDs, 40 mg NAB and milling media (3 stainless steel beads, 

10 mm in diameter) were added to a milling jar and milled for 30 minutes at 60 Hz using a Fritsch 

Planetary Micro Mill model <pulverisette 7=. A secondary empty jar was also placed in the 

planetary ball mill as a counterweight. Three 10 mL acetone washes were carried out and the 

oily/wet product was lyophilized overnight to obtain the conjugated NAB-CDs. Vanillin 

conjugation was performed in a similar manner using 60 mg PH6-CDs and 90 mg VAN. 

2.4 Characterization of Native and Conjugated CDs

2.4.1 Transmission Electron Microscopy (TEM)

A Thermo Fisher Scientific Talos transmission electron microscope operating at 120 kV with LaB6 

as the electron source was utilized to obtain images of PH6-CDs. TEM grids were prepped by drop 

casting 2 drops of a 500 g/mL CD dispersion (prepared in MeOH) onto the grid (formvar/carbon 

300 mesh copper) followed by evaporation of the solvent. Once dry, another 2 drops of uranyl 

acetate negative stain solution were drop casted and left to evaporate. 

2.4.2 Powder X-Ray Diffraction (PXRD)

A Rigaku MiniFlex 6G diffractometer (Cu Kα source; λ = 1.54 Å) was used to obtain all XRD 

spectra with a scan rate set to of 10 °C/min.
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2.4.3 X-Ray Photoelectron Spectroscopy (XPS) 

A Thermo Scientific Nexsa G2 XPS was used to obtain all XPS spectra. The instrument was 

equipped with an Aluminum-kα X-ray source and a spot size of Ф400 µm. High resolution scans 

of C1s, O1s and N1s were carried out in triplicate with pass energies of 50 eV and step sizes of 0.1 

eV with 10 runs for each scan. Additionally, survey scans were carried out in triplicate with a pass 

energy of 200 eV and a step size of 1 eV with 10 runs for each scan.

2.4.4 Fourier Transform Infrared Spectroscopy Attenuated Total Reflectance (FTIR-ATR)

A Thermo Scientific Nicolet iS5, equipped with an ID5 attenuated total reflectance (ATR) 

accessory, was used to collect all FTIR data. Every acquisition was carried out using 64 scans at a 

resolution of 0.4 cm-1  and performed on a laminate-diamond crystal window.

2.4.5 Proton Nuclear Magnetic Resonance (1H-NMR) Spectroscopy

A Bruker Fourier UltrashieldTM  (Bruker , Germany) operating at 300 MHz was used to obtain all 

spectra. All samples were prepared and analyzed in MeOH-D4 (deuterated methanol) due to its 

superior ability to dissolve/disperse model molecules and CDs. 

2.4.6 Ultraviolet-Visible (UV-Vis) Spectroscopy 

Characterization absorbance spectra were acquired using a Cary 5000 series UV-Vis-NIR 

Spectrophotometer (Agilent Technologies). A 1 cm path length quartz cuvette was used to collect 

absorption spectra over a range of 200-800 nm. Quantification of VAN during release kinetics 

studies was carried out using a Cary 60 UV-Vis spectrophotometer (Agilent Technologies). A 1 cm 

path length quartz cuvette was also used to collect absorption spectra over a range of 200-800 nm.
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2.4.7 Fluorescence (FL) Spectroscopy 

 A Cary Eclipse fluorescence spectrophotometer (Agilent Technologies) was used to acquire 

fluorescence spectra of CDs. Analyses were carried out over a spectral range of 360-800 nm using 

a quartz cuvette with a 1 cm path length. 

2.4.8 Thermogravimetric Analysis (TGA)

A TGA Q500 analyzer was used to obtain the quantitative composition and thermal properties of 

all samples. The sample temperature was raised from 25 to 900 °C at a rate of 10 °C/min under an 

inert argon atmosphere with a flow of 50 mL/min for all samples. 

2.4.9 Cytotoxicity Assay   

A549 cells were cultured in DMEM supplemented with 10% fetal bovine serum and incubated 

under standard culture conditions. Cells were routinely passaged after reaching 80-90% 

confluency prior to plating. The assay was performed in flat-bottom 96 well plates treated for 

adherent tissue culture. Cells were seeded at 3000 cells/well and incubated for 24 hours prior to 

treatment. VAN, CDs and VAN-CDs were suspended directly in DMEM. Cells were incubated 

with 100 µL solutions of 500 µg/mL CDs or 70.5 µM VAN for 72 hours, equivalent to three cell 

division cycles. 72 hours post-treatment, cells were rinsed with 1X PBS and incubated with 10% 

resazurin solution (TCI Chemicals) in DMEM and metabolic activity was evaluated using an 

Agilent Synergy H1M microplate reader operating in absorbance mode with an endpoint at 600 

nm, 4 hours post-incubation with resazurin. All treatment conditions (vehicle, CDs, VAN, VAN-

CDs) were studied with a sample size of n=8, and all assays were independently repeated in 

triplicate.
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2.5 Drug Release

5 mg VAN-CDs was added to a 20 mL scintillation vial along with 10 mL McIlvaine buffer (0.1M 

citric acid, 0.2M sodium phosphate dibasic heptahydrate) at pH 5.0, 6.0, or 7.4 and 10 mL CHCl3. 

Release was carried out a 37 °C at different time points and 1 mL of chloroform was extracted and 

replaced with 1 mL of fresh solvent to maintain sink conditions. The extracted samples were 

analyzed using a Cary 60 UV-Vis spectrophotometer (Agilent Technologies)  to obtain absorbance 

spectra from 200-800 nm. VAN λmax at 275 nm was used for quantification and compared to a 

standard curve generated with known concentrations of VAN to determine % cumulative release. 
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Chapter 3. Results and Discussion

3.1 Characterization of PH6-CDs

3.1.1 Assessing Physical Properties

The first characterization techniques carried out involved investigating the physical properties of 

the synthesized PH6-CDs. A TEM image of a 500 µg/mL dispersion of the CDs was obtained and 

shows sub 50 nm quasi spherical particles. It is worth noting that obtaining TEM images of CDs 

remains a significant challenge as image quality is largely dictated by the crystallinity and Z 

number (atomic number) of the material in question. Crystalline materials will show visible lattice 

fringes on a TEM image due to their ability to diffract electrons making them more visible.125 

Elements with high atomic Z numbers are also able to scatter electrons more intensely leading to 

higher contrast images.126 As previously mentioned, CDs are amorphous materials hindering 

diffraction of electrons and mostly made up of carbon atoms which have low Z numbers limiting 

their contrast; nonetheless a TEM image was obtained and shown in Figure 13. 

Figure 13. TEM image of 500 µg/mL dispersion of PH6-CDs.
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To further highlight the amorphous nature of the synthesized PH6-CDs, PXRD analyses of 

the material and of the solid citric acid precursor was carried out (Figure 14). The PXRD of citric 

acid shows clear Bragg’s diffractions spanning 10-70 º2θ, depicting a clear crystalline precursor. 

The PXRD of PH6-CDs clearly shows the absence of any sharp and intense Bragg’s diffractions 

ranging from 10-70 º2θ, however, a broad reflection spanning the range of 10-30 º2θ  was noted 

and likely stemming from the graphitic core of the CDs.28 As previously mentioned, their 

amorphous nature can hinder imaging processes relying on electron scattering such as TEM, 

however, other methods of characterization can also be utilized to investigate the formation of CDs 

and involve assessing other unique properties such as chemical and optical properties. 

Figure 14. PXRD of the solid crystalline citric acid precursor and the synthesized amorphous 
PH6-CDs.
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3.1.2 Assessing Chemical Properties 

Following physical characterization of the PH6-CDs, chemical characterization was carried out to 

obtain a better understanding of their chemical makeup.  FTIR was used as a first-line technique 

due to ease of use, quick analysis time and its non-destructive sample analysis nature.  The obtained 

FTIR spectra of the precursors and of PH6-CDs can be found in (Figure 15). The FTIR of citric 

acid shows a clear O-H stretching vibration at 3276 cm-1 and an intense stretching vibration at 

1691 cm-1 due to the hydroxyl and carbonyl groups of the associated carboxylic acid 

functionalities, respectively. The FTIR of pentaethylenehexamine shows amine (N-H) stretches 

and bends at 3273 cm-1 and 1601 cm-1, respectively. The FTIR of the obtained CDs shows 

overlapping signals ascribed to the O-H and N-H stretches at 3339 cm-1 and associated carboxylic 

acid carbonyl stretch at 1695 cm-1, as well as its own distinct signals such as the newly formed 

amide bonds clearly evidenced by the nitrogen bonded carbonyl (N-C=O) stretch at 1645 cm-1, as 

well as a new alkene (C=C) stretch at 1540 cm-1. 

The vibrations listed confirm the successful incorporation of the citric acid and 

pentaethylenehexamine precursors into the final purified CD structure. New vibrations such as the 

amide stretch at 1645 cm-1 confirm the formation of new bonds as would be expected from the 

synthesis of a material from its precursors. Other stretches shift to higher wavenumbers such as 

the C-H sp3 stretching vibrations and the C=O stretch indicating that the local environment around 

certain bonds is also changing evidencing the formation of CDs. Overall FTIR remains a quick 

and efficient first line technique to monitor changes to chemical groups and confirm functional 

group modifications consistent with the formation of CDs. 
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Figure 15. FTIR showing comparison of PH6-CDs relative to the starting materials.

1H-NMR spectroscopy was also used in combination with FTIR to further assess the 

chemical makeup of PH6-CDs as shown in Figure 16. The deuterated solvent chosen was 

deuterated methanol (MeOH-D4) due to its superior ability to dissolve/disperse both the starting 

materials and the CDs.
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Figure 16. 1H-NMR (300MHz, MeOH-D4) showing comparison of PH6-CDs relative to the 
starting materials.

The 1H-NMR of citric acid shows a clear quartet at 3 ppm due to the proton attached to the 

alpha carbon. Pentaethylenehexamine shows a multiplet at 3 ppm associated with protons attached 

to the bridging ethyl chains. The 1H-NMR of PH6-CDs shows a clear multiplet spanning 5.5 – 6.5 

ppm ascribed to the alkene groups, or sp2 domains of the CDs. Signals further up field at 2.5-4.25 

ppm are noted as rather broad, a common occurrence for higher molecular weight species such as 

CDs. Nonetheless, these broad signals stem from the presence of protons directly bonded to 
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oxygen, or nitrogen, or protons bound to carbon atoms which are attached to oxygen or nitrogen 

atoms. Many multiplets can also be seen even further downfield spanning 0-2 ppm associated with 

protons attached to carbon atoms not neighboring any electronegative atoms. 

3.1.3 Assessing Optical Properties

The optical properties of PH6-CDs were first assessed using UV-Vis analysis. Molecules/materials 

which absorb in the UV/Visible range of the electromagnetic spectrum and will often show 

absorbance peaks. The UV-Vis spectrum of the precursors and PH6-CDs is shown in Figure 17. 

Figure 17. UV-Vis spectra of PH6-CDs and synthetic precursors pentaethylenehexamine and citric 
acid.

The UV-Vis profile of PH6-CDs shows two absorption signals. The first peak with a λmax 

of ~240 nm is associated with a π → π* transition originating from the sp2 domains (conjugated 

alkenes/aromatic motifs) found within the structure of the CDs. The second absorption signal at 

350 nm is associated with an n→ π* transition attributed to double bonded electronegative atoms 
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typically decorating the surfaces (e.g. carbonyl (C=O) functional groups originating from 

carboxylic acids and amides). These results are corroborated by numerous findings in the literature 

concerning the optical characterization of CDs and provide additional evidence pointing to their 

formation.127 It should also be noted that the UV-Vis profile of the CDs significantly differs relative 

to that of the starting materials providing more evidence pointing towards the formation of CDs 

from the starting materials. Both citric acid and pentaethylenehexamine lack any observable 

absorption bands due to their unique molecular structures. The lack of any ð conjugation is the 

main reason why both of these molecules to do not absorb any UV-Vis light, however, their 

combination as precursors during CD synthesis will produce a material containing conjugated ð 

systems and thus lead to the absorption of UV-Vis radiation as shown by the clear absorption bands 

at ~240 and 350 nm. 

Figure 18. FL spectra of PH6-CDs and synthetic precursors pentaethylenehexamine and citric 
acid.
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According to the FL profile (Figure 18), the CDs show a characteristic blue fluorescence 

with an emission maximum centered at ~450 nm, when the material is excited at 350 nm.42 Once 

again, this emission is substantially different than those from the precursors. Citric acid and 

pentaethylenehexamine are non-fluorescent molecules with no observable emission when using 

the same excitation wavelength. 

3.2 Solution based conjugation of CDs

3.2.1 Molecular Sieves

As previously mentioned, imine bond formation is an equilibrium reaction, which generates water. 

Due to Le Chatelier’s principle, that water is often removed in order to shift the equilibrium to the 

product side and favor the formation of imine bonds. Initial attempts at removing water during the 

synthesis process were carried out using 4 A° molecular sieves. Molecular sieves are described as 

dehydrating agents which are often used in condensation reactions such as imine bond formation 

to selectively adsorb generated water during the synthetic process.128 

The starting materials chosen were PH6-CDs due to their high amine content necessary for 

imine bond formation and acetone as a highly accessible laboratory solvent and a model ketone 

reagent. Furthermore, the removal of free acetone after the reaction was carried out was rather 

simple to achieve. The flask housing the reaction was concentrated using a rotary evaporator and 

any free acetone was removed via it’s conversion into a gas and collected into the appropriate 

collection vessel. FTIR was initially used to glean the surface of the CDs and assess changes to 

chemical functionalities during the conjugation process (Figure 19).
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Figure 19. FTIR carried out to study imine bond formation on the surfaces of PH6-CDs  using 4 
A° molecular sieves (10 mg PH6-CDs, 5 mL acetone, 5 mL MeOH and 5 drops of 1M HCl, stirred 
overnight at 50 °C under reflux).

New alkane (C-H) stretching vibrations were observed at 2921 and 2850 cm-1 likely indicating 

an association of acetone with the CDs after conjugation. A slightly stronger stretching vibration 

at 1649 cm-1 was also observed and was initially associated with newly formed imine bonds, 

however, it was later discovered that these signals arise from sieve powder which was shed into 

solution during synthesis. 
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Figure 20. 4 A° molecular sieve contamination. (A) image of the murky solution after an overnight 
reaction containing shed sieve powder. (B) FTIR of the sieve powder.

Figure 20A shows an image taken of the solution following an overnight reaction. The solution 

begins as transparent and overnight, it becomes a murky, cloudy solution. This was ascribed to the 

powder, which was shed from the molecular sieves over the course of the reaction. Every effort to 

filter off the powder (filter paper, 0.22 µm filter, celite) was unsuccessful. The powder was 

characterized by FTIR and clearly shows the same alkane stretches at 2921 and 2850 cm-1 and a 

stretch at 1656 cm-1 originating from the carbonyl of the amide groups in the structure of the sieves 

(Figure 20B). This of course meant that studying imine bond formation using sieves would be 

quite challenging and having leftover powder would simply not be desirable for further use in 

biological cells and thus an alternative route incorporating a dean-stark trap was explored.
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3.2.2 Dean-Stark Trap

The dean-stark trap is a clever piece of glassware used to remove water from an azeotropic 

distillation due to a built-in trap design as previously mentioned and shown in Figure 9. Following 

its incorporation into the experimental setup, FTIR analyses of the purified material were first 

carried out to determine conjugation of the model ketone NAB to CDs as shown in Figure 21. 

Figure 21. FTIR carried out to study imine bond formation on the surfaces of PH6-CDs using a 
Dean-Stark trap (40 mg PH6-CDS, 40 mg NAB, 50 mL toluene and 500 µL 1M HCl,  110 °C 
overnight, three 25mL acetone washes).

It should be mentioned that the model ketone reagent used was changed to NAB due to a 

slightly more complex chemical structure allowing for easier monitoring of drug conjugation. 

NAB offers additional stretches and bends by FTIR, relative to acetone, along with the presence 
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of additional signals for other analyses that would be carried out (e.g. 1H NMR). Furthermore, 

NAB is a non-steroidal anti-inflammatory drug (NSAID) with a relatively inert chemical structure 

apart from the isolated ketone (Figure 22) allowing it to act as a model molecule for imine 

formation while retaining some therapeutic effects applicability to the field of drug delivery.129 

Moreover, since the aqueous solubility of NAB is extremely poor (~0.09 mg/mL in 1:10 

DMSO:PBS solution), its functionalization to CDs can potentially improve its dissolution profile 

and allow for its transport in aqueous systems.130

Figure 22. Chemical structure of NAB

Association of NAB with PH6-CDs was successfully confirmed by FTIR (Figure 21). A new C-

H alkane stretching vibration was observed at 2933 cm-1 along with a corresponding ether (C-O-

C) stretch at 1023 cm-1. While the association of NAB to the CDs was successful, FTIR seemed to 

suggest that an imine bond was not formed. The carbonyl stretch at 1695 cm-1 appeared to increase 

in intensity relative to other stretches and bends following conjugation. This indicated that 

conversion of the ketone into an imine bond likely did not occur. 
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Figure 23. 1H-NMR (300MHz, MeOH-D4) carried out to study imine bond formation on the 
surfaces of PH6-CDs using a Dean-Stark trap (40 mg PH6-CDS, 40 mg NAB, 50 mL toluene and 
500 µL 1M HCl,  110 °C overnight, three 25mL acetone washes).

1H-NMR spectroscopy analysis was also carried out to study conjugation of NAB. 

Interestingly enough, observing protons from the conjugation of NAB was quite challenging. 

Signals were however present in the aromatic region albeit very weak. Nonetheless, these signals 

were at the same exact chemical shift before and after conjugation indicating that had conjugation 

occurred, it was likely not through a covalent bond. Furthermore, the alkene protons of the CDs, 

before and after conjugation, seem to be diminished indicating that the methodology being used is 
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likely having an effect on the ð-bonded framework of the CDs. We hypothesize that the need for 

toluene using the dean stark trap was quite problematic in this scenario as the CDs are not soluble 

in this organic solvent and only become slightly more soluble upon heating. 

3.2.3 Unassisted Condensation

A third route employing no dehydrating agents, or the use of a water trap such as a Dean-Stark 

trap was attempted since the current literature suggested it may be posssible.131 FTIR was again 

used as a first line technique to assess the formation of imine bonds (Figure 24).

Figure 24. FTIR carried out to study the unassisted formation of imine bonds on the surfaces of 
PH6-CDs (20 mg PH6-CDs, 2mL MeOH, 500 µL 0.04M NAB solution (dissolved in MeOH) and 
2 drops of 0.1 M HCl, 50 °C overnight,  three 25mL acetone washes). 
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It is quite clear that NAB was successfully conjugated to the CDs evidenced by the new 

alkane (C-H) stretching vibrations at 2925 and 2850 cm-1. We also noted a visible ether stretch at 

1023 cm-1 arising from the ether bond of NAB which is now present on the surface of the dots. 

However, imine formation likely did not occur due to the presence of the carbonyl stretch at 1695 

cm-1 which seems to increase in intensity relative to other stretches and bends. This indicates that 

the carbonyl group of NAB is not being used in the formation of imine bonds but is rather being 

used to form non-covalent interactions with PH6-CDs. In order to gain additional insights into the 

state of functionalization, 1H-NMR analysis was used to further identify the manner of 

conjugation.  

Figure 25. 1H-NMR (300 MHz, MeOH-D4) carried out to study the unassisted formation of imine 
bonds on the surfaces of PH6-CDs (20 mg PH6-CDs, 2mL MeOH, 500 µL 0.04M NAB solution 
(dissolved in MeOH) and 2 drops of 0.1 M HCl, 50 °C overnight, three 25mL acetone washes). 
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Aromatic protons can be seen spanning the downfield region from 7-8 ppm due to the two 

aromatic rings of NAB both bearing protons. A singlet at ~4 ppm can also be seen arising from the 

protons of the ether carbon. A multiplet at 3 ppm is also present stemming from the alkane group 

connecting the carbonyl group to the aromatic rings, which also bears protons. Finally, a singlet at 

~2.15 ppm was observed and associated with the terminal carbon of the ketone group bearing 

protons. All these signals were present in both the 1H-NMR spectrum of NAB and that of NAB-

CDs at identical chemical shifts. It would be expected that the singlet at 2.15 ppm would be most 

affected if the carbonyl group was converted to an imine bond, however, this was not observed 

and thus conjugation was likely stemming from a non-covalent interaction.

3.3 Mechanochemistry Based Conjugation 

3.3.1 Imine Bond Formation

While many attempts at forming imine bonds on the surface of PH6-CDs proved to challenging, 

mechanochemistry remained an unexplored route with promising potential. As previously 

mentioned, Han et al. have shown that mechanochemistry can also be leveraged to form imine 

bonds.89 Additionally their research involved forming these bonds for the purposes of drug 

delivery, which aligns quite well with the research conducted in this thesis. Initial attempts at using 

mechanochemistry for imine bond formation were firstly carried out with NAB as a model drug in 

order to remain consistent with previous attempts. While the first attempts were unsuccessful this 

experiment was pivotal in kickstarting subsequent mechanochemistry based trials which 

eventually lead to the successful formation of imine bonds. Once again, FTIR was used as a first 

line technique to study drug conjugation (Figure 26). 



54

Figure 26. FTIR carried out to study the mechanochemical formation of imine bonds on the 
surfaces of PH6-CDs (20 mg PH6-CDs, 40 mg NAB, three stainless steel 10 mm diameter beads, 
30 minutes, 60 Hz, three 10 mL acetone washes).

FTIR proved challenging to assess successful drug conjugation due to the absence of 

noticeable differences between the FTIR of CDs before and after NAB conjugation. Nonetheless, 

some degree of association was evident due to the presence of a new ether stretch at 1023 cm-1 and 

a slight increase in the relative intensity of C-H sp3 stretches at around 2800-2900 cm-1 following 

NAB conjugation. Interestingly enough, the most intense carbonyl stretch for NAB, at 1702 cm-1, 

is absent following conjugation suggesting the possibility of an imine bond. 1H-NMR spectroscopy 

was then carried out to confirm if an imine bond was indeed formed (Figure 27).
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Figure 27. 1H-NMR (300MHz, MeOH-D4) carried out to study the unassisted formation of imine 
bonds on the surfaces of PH6-CDs (20 mg PH6-CDs, 40 mg NAB, three stainless steel 10 mm 
diameter beads, 30 minutes, 60 Hz, three 10 mL acetone washes).

Similar to the 1H-NMR spectrum for the unassisted conjugation of NAB shown in Figure 

25, all of the chemical shifts of NAB are present before and after conjugation, however, none of 

them shift downfield or up field after conjugation specifically the protons for the carbon atoms of 

the ketone motif at 2.15 ppm indicating that a covalent bond such as the imine bond did not form. 

Nonetheless, successful association of a molecule with CDs via mechanochemistry has never been 

done before, therefore this experiment propelled additional studies to investigate more reactive 

molecules such as aldehydes in order to achieve the goal of forming covalent imine bonds on the 

surfaces of PH6-CDs. As mentioned earlier, ketone molecules such as NAB can form imine bonds, 
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however, they are typically much less reactive than aldehyde molecules. Thus a different model 

aldehyde molecule, Vanillin (VAN), was chosen to maximize the possibility of forming imine 

bonds.   

Figure 28. Chemical structure of VAN

VAN was chosen as a model aldehyde molecule due to a mostly inert chemical structure 

with the most reactive functional group being the aldehyde group highlighted in red in 

Figure 28. Furthermore, VAN also exhibits therapeutic effects. It is often described as 

having antioxidant and anticarcinogenic potential and thus apart from acting as a model molecule, 

VAN is also applicable to the field of drug delivery.132 Following similar mechanochemical 

conjugation procedures, VAN was successfully conjugated to the surfaces of CDs via imine bonds. 

FTIR spectra (Figure 29),  before and after conjugation, were very similar with no noticeable 

differences indicating that this technique would not be sensitive enough to ascertain the 

conjugation of VAN. The only conclusion one might make is the most intense stretching vibration 

at 1658 cm-1 associated with the carbonyl from the aldehyde group is missing following 

conjugation and indirectly hinting towards the possibility of a possible reaction involving the 

transformation of the aldehyde group to an imine bond. Further evidence was obtained using 1H-
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NMR analysis, which not only confirmed the conjugation of VAN, but also shows for the first 

time, the formation of  imine bonds on the surfaces of CDs via mechanochemistry (Figure 30).

Figure 29. FTIR carried out to study the conjugation of VAN to the surfaces of PH6-CDs (60 mg 
PH6-CDs, 90 mg VAN, three stainless steel 10 mm diameter beads, 30 minutes, 60 Hz, three 25 
mL acetone washes).

A clear disappearance of the aldehyde singlet proton at 9.80 ppm could be observed 

coupled with the appearance of a new broad singlet at 8.10 ppm after conjugation of VAN to PH6-

CDs corresponding to the imine protons. It should also be noted that new broad aromatic protons 

can also be observed spanning 6.50-7.50 ppm and slightly shifted up field in comparison to the 

aromatic protons of native VAN. This slight change in chemical shift is also to be expected because 
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covalent bond formation is expected to change the chemical environment surrounding such protons 

influencing their respective chemical shifts.

Figure 30. 1H-NMR (300MHz, MeOH-D4) depicting the formation of imine bonds when 
mechanochemically conjugating VAN to the surfaces of PH6-CDs (20 mg PH6-CDs, 40 mg NAB, 
three stainless steel 10 mm diameter beads, 30 minutes, 60 Hz, three 10 mL acetone washes).

A zoomed-in portion of the downfield region can also be seen in Figure 31 and further 

emphasizes the formation of imine bonds. It can be clearly observed that the aldehyde protons are 

no longer present, and that the imine/aromatic protons are now quite evident. The corresponding 

integrations match our expectations. The aldehyde of VAN contains 1 proton and therefore 

integrates for 1.00 while the aromatic motif has 3 corresponding protons and integrates as 3.09. 
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The conversion into an imine bond results in similar integrations with the imine proton 

(highlighted in red in Figure 32) integrating as 1.00 since this bond contains 1 proton and the 

corresponding aromatic protons integrate for 3.05 as VAN has 3 aromatic protons as previously 

mentioned. 

Figure 31. 1H-NMR (300MHz, MeOH-D4) highlighting the downfield region of the imine bonded 
VAN model (20 mg PH6-CDs, 40 mg NAB, three stainless steel 10 mm diameter beads, 30 
minutes, 60 Hz, three 10 mL acetone washes).

The broader nature of the NMR signals post conjugation was also to be expected as the 

chemical environment surrounding each imine bond is slightly different. PH6-CDs are complex 

macromolecular structures decorated with many amines on their surfaces. Every single surface 

amine will differ depending on the neighboring atoms and functional groups. This can lead to 
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multiple signals around the same chemical shift appearing as a singular broad response. A general 

schematic of imine-bonded VAN can be found in Figure 32.

Figure 32. Schematic representation of imine bonded VAN to CDs

While these results proved to be extremely promising, appropriate controls were carried 

out to ensure that the broad singlet at 8.10 ppm associated with a proton of the newly formed imine 

bond does not arise from a self-induced reaction between only the CDs, or only VAN. To confirm 

this, PH6-CDs were ball milled under identical reaction conditions. The 1H-NMR can be seen in 

Figure 33, and shows that ball milling CDs does not induce a significant imine signal. It should 

be noted that a broad singlet already exists at 8.10 ppm since PH6-CDs have imine bonds already 

incorporated in their structure. There is no noticeable increase in the intensity of this signal after 

ball milling and there is an absence of the broad multiplet spanning 6.50-7.50 ppm associated with 

aromatic protons. Furthermore, the 1H-NMR of ball milled VAN also does not seem to suggest a 

self-induced reaction. There is a clear absence of imine protons at 8.10 ppm and the aromatic 

protons that are present are shifted down field and are much more resolved in comparison to when 

the molecule is conjugated to the dots. These controls show that the conjugation of VAN to the 
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surfaces of PH6-CDs arises from imine bonds and is not an artifact induced by CDs or VAN 

reacting by themselves. 

Figure 33. 1H-NMR of ball milled PH6-CDs and ball milled VAN controls. 

Further characterization of the CD-drug complex was carried out after confirmation of 

successful conjugation of VAN via imine bonds. PXRD was performed (Figure 34) and as 

expected, PH6-CDs which were amorphous materials prior to ball milling, remain so even after 

conjugation with VAN. This result aligns with previous findings as it demonstrates that bulk 

vanillin is crystalline, however, during the conjugation process, individual molecules of VAN are 

taken apart from the crystal and conjugate to the surfaces of the CDs. Thus, no Bragg’s reflections 

are observed post conjugation.  This finding depicts how crystals of VAN do not interact with CDs 

but rather individual molecules, which are facilitated due to the mechanochemical reaction 
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between the aldehyde group of VAN and the amine groups of PH6-CDs leading to the formation 

of imine bonds. 

Figure 34. PXRD carried out to assess the crystallinity of  PH6-CDs after drug conjugation (20 
mg PH6-CDs, 40 mg NAB, three stainless steel 10 mm diameter beads, 30 minutes, 60 Hz, three 
10 mL acetone washes).

XPS was also carried out to further assess the surface of PH6-CDs before and after VAN 

conjugation (Figure 35). Survey scans of PH6-CDs and VAN-CDs show that the elemental surface 

composition does not significantly change. This is to be expected as previous analyses such as 

FTIR have shown that the amount of VAN conjugated is quite small. Further high-resolution scans 

of carbon, nitrogen and oxygen elements were then carried out to assess differences in surface 

functional groups. Deconvolution of the C1s (carbon) and O1s (oxygen) spectra show that these 
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functional groups do not evidence any significant changes before and after conjugation. A stark 

difference, however, is noted in the deconvolution of the N1s (nitrogen) spectrum of PH6-CDs in 

comparison to VAN-CDs (Figure 35D, G). An imine bond signal at ~398.5 eV increases 

drastically from 38.9% to 61.9% further confirming their successful formation. 

Figure 35. XPS Surface Elemental Composition Analysis of PH6-CDs before and after van 
conjugation. (A) Survey scan for PH6-CDs. (B) Survey scan of VAN-CDS. (C) Deconvoluted high 
resolution C1S spectrum of PH6-CDs. (D) Deconvoluted high resolution N1S spectrum of PH6-
CDs. (E) Deconvoluted high resolution O1S spectrum of PH6-CDs. (F) Deconvoluted high 
resolution C1S spectrum of VAN-CDs. (G) Deconvoluted high resolution N1S spectrum of VAN-
CDs. (H) Deconvoluted high resolution O1S spectrum of VAN-CDs.
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3.3.2 Drug Loading

Following a full characterization of VAN-CDs, the drug loading capacity (DLC) was assessed. 

TGA was first carried out to determine whether a decomposition event corresponding to imine-

bonded VAN can be distinguished. By subjecting each sample to high temperatures, weight loss 

events occur and are quantified to determine the mass composition of the given sample. Figure 

36A-C show the TGA of PH6-CDs, VAN-CDs and VAN, respectively. Starting with PH6-CDs, 

three main decomposition events can be observed with the first weight loss event (4.5%) due to 

the loss of moisture, the second weight loss (72.9%) originating from the surface functional groups 

of the CDs and the third (9.0%) is due to the final decomposition of the carbon core.133 These three 

weight loss events are also present in the TGA of VAN-CDs and in very similar percentages. 

Furthermore, no individual weight loss event around the decomposition temperature of VAN (185 

°C) is noted for conjugated VAN indicating that the DLC is likely quite low. 

Figure 36. TGA carried out to investigate drug loading. (A) TGA of native VAN-CDs before drug 
conjugation. (B) TGA of VAN conjugated CDs. (C) TGA of VAN.

While TGA proved to be non-conclusive, quantitative nuclear magnetic resonance (qNMR) 

provided much higher sensitivity and success for determining the DLC. qNMR makes use of 

introducing an internal standard with a known concentration to determine the concentration of the 

analyte (Figure 37). It should be noted that 3-(trimethylsilyl)propionic-2,2,3,3-D4 acid, sodium 
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salt (TSP-D4) is a water-soluble internal standard often used with deuterium oxide (D2O) as the 

deuterated solvent. Additionally, D2O can hydrolyze imine bonds and is the reason for why some 

aldehyde content is present in the 1H-NMR (Figure 37). To ensure the accuracy of the calculated 

DLC, a second 1H-NMR was carried out using tetramethysilane (TMS) as an internal standard and 

MeOH-D4 as the deuterated solvent.

Figure 37. qNMR for the determination of a DLC (300 MHz). 27  mg VAN-CDs and 16.8 mg 
VAN-CDs dispersed in 0.75mL MeOH-D4 containing 0.03% v/v TMS  and 0.75 mL D2O 
containing 0.05 wt.% TSP-D4 respectively.

A DLC of 5.02% was determined using TMS and a DLC of 5.10% was determined using 

TSP-D4 for an average DLC of 5.06% +/- 0.06% according to the following adapted qNMR 

formula:134,135

(1)             (��ÿĂ� = ��ÿĂ��Āā� ∗ āĀā�ā�ÿĂ� ∗ Ā�ÿĂ�ĀĀā� ∗ �Āā�)
(2)              (Āÿÿ %) =  ��ÿĂ���ÿĂ�+ÿĀĀ ∗ 100
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Where ��ÿĂ�: Mass of drug��ÿĂ�: Signal area of drug�Āā�: Signal area of standardāĀā�: Number of resonating protons of the standardā�ÿĂ� : Number of resonating protons of the drugĀ�ÿĂ�: Molar mass of the drugĀĀā�: Molar mass of the standard�Āā�: Mass of the standard

A lower DLC can be advantageous in many cases such as administering medication with narrow 

therapeutic indices.136 Administering such medication can often have fatal consequences if the 

dosage is above the therapeutic dose and thus precision dosing is necessary.137 A formulation with 

a lower DLC can allow for precise control on the amount of medication released and thus 

administered. In this case the obtained DLC was low in comparison to other NMs such as 

polymeric nanoparticles and mesoporous silica nanoparticles whose DLCs can reach as high as 66 

and 69%, respectively.138,139 

3.3.3 Drug Release

Drug release studies were carried out in different biologically relevant pH-adjusted aqueous 

media to investigate release behavior. As previously mentioned, nanocarriers often encounter 

changes in pH ranging from a pH of 7.4 (blood stream) to a pH of 6.0 (early endosome) and 

finally a pH of 5.0 (late endosome/lysosome), when uptaken in cells through endocytosis.122

Figure 38. Standard curve and release profiles. (A) calibration curve of VAN. (B) % cumulative 
release of VAN from conjugated CDs at pH 7.4, 6.0 and 5.0. 
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Prior to carrying out release studies, a standard curve corresponding to absorbance readings 

at a λmax of 275 nm for different concentrations of VAN was generated (Figure 38A). The obtained 

trend line depicts a linear relationship confirmed by an r2 value >0.99. The generated calibration 

equation was then utilized to quantify the release of VAN from the surfaces of CDs in aqueous 

environments of differing pH values. The release profiles showed a cumulative release occurring 

over a period of 24 hours until a plateau was reached (Figure 38B). 

To the best of our knowledge, this experiment demonstrates the first ever covalent 

conjugation of a molecule to the surfaces of CDs in a reversible manner via mechanochemistry. 

Release over several hours can be quite advantageous as the need to administer a subsequent dose 

is diminished. A longer release period can help maintain the drug concentration within the 

therapeutic window avoiding the need to re-administer medication. Moreover, it addresses the 

limitations associated with the commonly used covalent amide bonds, which is commonly not 

hydrolyzed under physiological conditions and necessitates the use of harmful coupling agents to 

form. Amide bonds, being one of the most used covalent linkages, are limited by the fact that they 

cannot be cleaved under mild conditions. As mentioned earlier, this can be quite problematic as 

the pharmacophore of the drug can be involved in the conjugation process hindering subsequent 

therapeutic effects. Imine bonds provide a covalent alternative which can easily form and 

hydrolyze as shown by VAN-CDs.  It is also interesting to note that release does not change with 

response to change in pH. This can be quite advantageous for applications such as wound healing 

where pH fluctuations are commonly found between healthy, or damaged/infected tissue.140 A 

delivery system which does not change in the presence of such fluctuations can ensure consistent 

and predictable dosing, allowing for efficient healing. Indeed, this study confirms the reversible 

nature of imine bonds which may require further optimization and fine tuning to render them pH 
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responsive. Nonetheless, a foundation has been laid out for the proper formation and 

characterization of such bonds. 

3.3.4 Cytotoxicity

In vitro studies were carried out to confirm that the mechanochemical approach did not induce any 

acute harmful biological effects relative to the control (PBS), CDs or VAN alone (Figure 39). 

Human A549 lung epithelial cells were used as a model system, and treated with PBS, PH6-CDs, 

VAN-CDs and VAN for 72 hours, or three cell division cycles, in order to provide strong evidence 

for a lack of acute toxicity in vitro. The CDs used herein have been previously confirmed by 

Clermont-Paquette et al. to be non-toxic in vitro up to 10,000 mg/mL.42 While VAN is a model 

molecule, it also exhibits anticarcinogenic properties in certain cell lines.132 In addition to 

possessing fast replication times and being easily accessible, A549 cells were used in this study as 

VAN does not induce any cytotoxic behavior in these cells. In choosing this cell line, we have 

made sure that any toxicity observed is solely attributed to the mechanochemical modification of 

CDs rather than from the model drug itself. Wells treated with CDs contained 100 µL of a 500 

μg/mL dispersion of CDs (50 µg) corresponding to the upper limit of the NM dosage range 

commonly employed (10-60 µg).141,142  Wells treated with VAN contained 100 µL of 70.5 µM VAN 

solutions corresponding to the maximum amount of VAN released from the CDs. As expected, the 

metabolic activity observed for all of the treatment conditions, was well above the standard 70% 

toxicity threshold.143,144 However, there was a drop in metabolic activity to 91.8 % for VAN-CDs, 

which shows statistically significant differences when compared to the other treatment conditions 

(p < 0.001). Slight differences in toxicity are to be expected as chemical modifications are 

occurring at the surfaces of the dots, which can alter properties such as their cellular behaviour. In 
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spite of that, these changes are not expected to induce significant toxicity.  As such, we can 

conclude that mechanochemical conjugation of VAN does not render the CDs toxic to cells. 

Figure 39. Resazurin cell viability assay of A549 lung cancer cells treated with PBS (control), 
PH6-CDs, VAN-CDs and VAN. 
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Chapter 4. Conclusions and Future Works

4.1 Concluding Remarks

To the best of our knowledge, we have reported for the first time the successful mechanochemical 

formation of imine bonds on the surfaces of PH6-CDs. This works has allowed us to shed light on 

greener conjugation strategies and alternative covalent linkages that can open up new avenues in 

nanodiagnostics and therapeutics. This approach addresses the limitations associated with the 

popular robust amide bond approach, particularly their inability to cleave and release molecules, 

as well as the need for hazardous coupling agents. VAN was used as a model aldehyde containing 

molecule allowing for a condensation reaction to occur with primary amines located on the surface 

of CDs. In depth characterization was carried out to determine the manner of conjugation 

confirming the formation of imine bonds. A clear conversion of the starting material’s aldehyde 

proton into the imine proton was evident through 1H-NMR analysis. Additionally, the clearly 

resolved chemical shifts allowed for the use of qNMR to quantify a DLC of 5.06% +/- 0.06%. 

After determining the conjugation method and DLC, release studies were then carried out and 

confirmed the reversible nature of the formed bonds. VAN was released over a period of 24 hours 

before reaching a plateau at the three tested pH values (7.4, 6.0 and 5.0). While no notable 

differences in release were observed between the pH values, these findings lay a solid foundation 

for future optimization and fine tuning, which can allow for pH-responsive release. Finally, the 

cytotoxicity before and after mechanochemical surface modification of the CDs was deemed to be 

low, highlighting the advantages of this novel CD conjugation strategy. 



71

4.2 Future Works

Future studies for this work should firstly focus on rendering the formed imine bonds responsive 

to changes in environment pH. We hypothesize that the unique surface chemistry of PH6-CDs may 

be playing a role in hindering the pH responsiveness of the formed imine bonds. A citric acid 

precursor introduces many carboxylic acid functionalities on the surfaces of the CDs, which can 

play a role in the relative stability of neighboring imine bonds due to their electron withdrawing 

nature. This may explain why the cleavage at pH 7.4 is similar to that at pH 6.0 and pH 5.0. 

Selection of a different CD with lower to no carboxylic acid content can likely lead to imine bond 

stability at a physiological pH and cleavage in slightly more acidic environments. Secondly, 

optimization of the mechanochemical parameters used for conjugation such as the frequency, 

milling time and amount of milling media should be a focus to render the process more efficient. 

Lastly, this research can also benefit from scaling up the conjugation procedure in order to allow 

for a single batch to be used for all future experiments. 
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Chapter 6. Appendix

The following is a list of published manuscripts which are not directly related to the topic of this 

thesis but are included as a record of the research outputs achieved throughout the MSc program. 

1 Adeola, A. O.; Paramo, L.; Fuoco, G.; Naccache, R. Emerging Hazardous Chemicals and 

Biological Pollutants in Canadian Aquatic Systems and Remediation Approaches: A 

Comprehensive Status Report. Science of The Total Environment 2024, 176267. 

https://doi.org/10.1016/j.scitotenv.2024.176267.

While drug delivery is a core interest, it is also important to recognize that pharmaceuticals 

make up a large portion of pollutants found in aquatic ecosystems, for this reason a lignin-

derived magnetic carbon-based material was developed and implemented for the removal of 

pharmaceutical mixtures from water through adsorption. 

2 Duarte, M. P.; Adeola, A. O.; Fuoco, G.; Jargaille, T. J.; Naccache, R. Efficient Decaffeination 

with Recyclable Magnetic Microporous Carbon from Renewable Sources: Kinetics and 

Isotherm Analysis. Environ Res 2024, 258, 119446. 

https://doi.org/10.1016/j.envres.2024.119446.

Similar to CDs, many carbon-based materials exist and exhibit desirable properties.  In this 

manuscript, a microporous activated carbon material and its magnetic derivative were 

synthesized and exhibited high adsorption efficiency for caffeine suggesting a potentially 

effective remediation tool for water containing high levels of caffeine contaminants. 

https://doi.org/10.1016/j.scitotenv.2024.176267
https://doi.org/10.1016/j.envres.2024.119446
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3 Adeola, A. O.; Fuoco, G.; Adegoke, K. A.; Adeleke, O.; Oyebamiji, A. K.; Paramo, L.; 

Naccache, R. Experimental, Machine-Learning, and Computational Studies of the 

Sequestration of Pharmaceutical Mixtures Using Lignin-Derived Magnetic Activated Carbon. 

ACS Sustainable Resource Management 2025, 2 (1), 219–230. 

https://doi.org/10.1021/acssusresmgt.4c00451.

Lastly, a review article was published surrounding emerging contaminants found within 

Canadian water systems. As a Canadian born scientist, this review shed light on the need for 

research surrounding novel and effective water polishing tools as our water systems are not 

immune from pollution. 

https://doi.org/10.1021/acssusresmgt.4c00451
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" Emerging contaminants, natural or syn-
thetic, pose threats to water systems.

" Canada with 7 % of the global fresh-
water supply, faces rising
contamination.

" Pharmaceuticals, pesticides, heavy
metals, and hydrocarbons pose public
health risks.

" Wastewater surveillance reveals risks
from antibiotic-resistant and SARS-CoV-
2 genes.

" Canadian researchers are investigating
remediation and preventive measures.
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A B S T R A C T

Emerging contaminants can be natural or synthetic materials, as well as materials of a chemical, or biological
origin; these materials are typically not controlled or monitored in the environment. Canada is home to nearly 7
% of the world's renewable water supply and a wide range of different kinds of water systems, including the Great
Lake, rivers, canals, gulfs, and estuaries. Although the majority of these pollutants are present in trace amounts
(μg/L - ng/L concentrations), several studies have reported their detrimental impact on both human health and
the biota. In Canadian aquatic environments, concentrations of pharmaceuticals (as high as 115 μg/L), pesticides
(as high as 1.95 μg/L), bioavailable heavy metals like dissolved mercury (as high as 135 ng/L), and hydrocarbon/
crude oil spills (as high as 4.5 million liters) have been documented. Biological threats such as genetic materials
of the contagious SARS-CoV-2 virus have been reported in the provinces of Québec, Ontario, Saskatchewan and
Manitoba provinces, as well as in the Nunavut territory, with a need for more holistic research. These toxins and
emerging pollutants are associated with nefarious short and long-term health effects, with the potential for
bioaccumulation in the environment. Hence, this Canadian-focused report provides the footprints for water and
environmental sustainability, in light of this emerging threat to the environment and society. Several remedia-
tion pathways/tools that have been explored by Canadian researchers, existing challenges and prospects are also
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discussed. The review concludes with preventive measures and strategies for managing the inventory of
emerging contaminants in the environment.

1. Introduction

Water pollution has become a worldwide challenge and it is esti-
mated that several million tons of human waste is expelled into aquatic
systems per annum (Bell et al., 2011; Sami Ullah and Umara, 2021).
Thus, the emphasis of the United Nations' Sustainable Development Goal
(SDG) #6, is the need to facilitate access to safe water sources and
sanitation (UNSDG, 2018). The quality and sustainability of water
supplies must be addressed, as they are vital to human and environ-
mental safety (Bhaduri et al., 2016; UNSDG, 2018). Aquatic systemsmay
be exposed to contaminants due to various anthropogenic activities such
as deforestation, transportation, and construction activities, as well as
agricultural, industrial, and domestic activities (Bashir et al., 2020).
Emerging pollutants (EPs) go by various names, such as “contaminants
of emerging concern (CEC)”, “emerging contaminants (ECs)”, “micro-
pollutants (MPs), emerging pollutants (EPs), or “trace organic com-
pounds (TrOCs)”. EPs are described as chemically fabricated or naturally
occurring substances that are not typically monitored, but have the
potential to emerge into natural environments and cause adverse effects
for many biological organisms (Adeola and Forbes, 2021b; Geissen et al.,
2015). Most of these pollutants are organic in nature, and they normally
exist in trace amounts at concentrations between parts per trillion (ppt
or ng/L) to parts per billion (ppb or μg/L) (Bashir et al., 2020; Schwartz
et al., 2021a). Emerging pollutants in our environment raise substantial
concern due to implications to human health and the well-being of 昀氀ora
and fauna in our natural environments, as a result of the potential for
bioaccumulation due to continuous exposure, or one-time exposure to
pollutant concentrations that surpass environmental safety limits.

In Canada, EPs such as pharmaceuticals, cosmetics, personal care
items, industrial additives, surfactants, hormones, antibiotic-resistant
genes, and aromatic hydrocarbons, have been discovered in waste-,

ground-, drinking and surface waters (Cuprys et al., 2019; Fernando
et al., 2016; Neudorf et al., 2017; Schwartz et al., 2021a). The presence
of foreign substances or chemicals in aquatic systems amounts to
contamination, and the buildup of these contaminants may lead to
pollution and its resulting challenges. Numerous avenues allow chem-
icals to in昀椀ltrate the aquatic environment, such as surface runoff con-
taining fertilizers, processed sludge/wastewater, and other pollutants
from urban or agricultural regions (Fig. 1). Other pathways are the
direct discharge of treated or raw wastewater from municipalities, in-
dustrial and hospital wastewater treatment plants (WWTPs), and/or
accidental spillage (Oluwole et al., 2020; Rodriguez-Narvaez et al.,
2017). Although there is growing attention to the increasing concen-
trations of contaminants in aquatic systems in Canada, there are no
comprehensive reports/reviews, directed towards the occurrence and
impacts of chemical and biological contaminants in Canada, yet it is
vital to address these knowledge gaps, review scienti昀椀c strides in the
identi昀椀cation of EPs in Canada, and propose preventive measures for
public health safety and protection.

2. Emerging pollutants and classi昀椀cations

Various unregulated chemical compounds, including pharmaceuti-
cals, household products, and industrial chemicals, pose risks to humans
and animals in Canada's water bodies, harming aquatic life and poten-
tially impacting human health (Femi-Oloye et al., 2023; Lei et al., 2015;
Lishman et al., 2006; Petrie et al., 2015). Although pollutants can be
organized according to the listed categories (Table 1), the examples of
compounds assigned to each category are quite extensive and may
overlap. It is for this reason that a global general classi昀椀cation of
emerging contaminants has yet to be recognized. These substances can
typically consist of poly/per-昀氀uoroalkyls, microplastics, nanoparticles,

Fig. 1. A broad categorization of emerging chemical pollutants in various hydrogeological compartments.
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parabens, bisphenols, antibiotics, antiviral/antiretrovials, among many
others; their origins are often attributed to industrial additives, con-
stituents of pharma products, personal care items, or disinfectants
(Adeola and Forbes, 2021b; Ganesan et al., 2022; Sun et al., 2016; Tang
et al., 2022; Vale et al., 2022; Viaroli et al., 2022). Table 1 highlights the
variety of global emerging contaminants, including those found in Ca-
nadian aquatic systems.

3. Nature of water systems in Canada

Canada is home to nearly 7 % of the world's renewable water supply
and a wide range of different kinds of water systems, including lakes,
rivers, canals, gulfs, and estuaries [ECCC, 2013]. Canada boasts a vast
array of aquatic systems, with 昀椀ve of them of昀椀cially recognized as part
of the country's Great Lakes system on a global scale. This is because the
largest collection of connected freshwater lakes in the world—Lakes
Erie, Superior, Huron, and Ontario—occupy slightly >20 % of the
planet's fresh surface water (Ghosh, 2021). The total surface area of all
surface freshwater originating from the Great Lakes is an astounding
244,106 km2 with a total volume of 22,671 km3 (Krushelnicki, 1995).
The Great Lakes of Canada hosts a large and diverse population of 昀氀ora
and fauna, including 150 different species of 昀椀sh within the aquatic
bodies (Grady, 2007).

The water systems in Canada represent a complex and inter-
connected network where rivers from Southern Ontario drain into the St.
Lawrence River system, the Great Lakes, and ultimately the Atlantic
Ocean. Rivers in Northern Ontario empty into Hudson Bay and James
Bay, while the Ottawa River, which originates in western Quebec and
naturally divides Ontario and Quebec, is one of the major rivers that
昀氀ows towards the Atlantic Ocean. The St. Lawrence River, its estuary,
and the gulf are the most signi昀椀cant waterway and geographical features
in the province of Quebec. The Richelieu, Yamaska, Chaudière, and
Matapédia rivers on the southern shore are the principal tributaries of
the St. Lawrence River while the Saint-Maurice, Saguenay, Man-
icouagan, and Ottawa rivers are located on the north shore of the
province. With the exception of the Petitot River, which empties into the
Mackenzie River directly after passing through the Liard River and
avoiding the Great Slave Lake, all of Alberta's rivers that are part of the
Arctic Ocean watershed drain into the Mackenzie River. The province's
northern rivers discharge at a somewhat faster pace than its southern
rivers, which 昀氀ow through a drier region. The northern rivers empty into

the Arctic Ocean. Apart from the Milk River and its tributaries, which
昀氀ow south through the Missouri and Mississippi Rivers to the Gulf of
Mexico, the majority of the southern half of Alberta is covered by wa-
terways that 昀氀ow towards Hudson Bay. Many signi昀椀cant rivers,
including the Fraser, Columbia, Peace, and Skeena Rivers, drain various
regions of British Columbia. In addition, the Coast Mountains yield a
number of small rivers that 昀氀ow westward into the Paci昀椀c Ocean, while
others empty onto Vancouver Island and the Queen Charlotte Islands.

Historically, the variety and amount of 昀椀sh residing within bodies of
water in Canada were indicative of how healthy the environment was.
The same can be attributed to the 昀氀ora residing in these water systems,
including but not limited to Bartonia paniculata, Eleocharis tricostata,
Panicum verrucosum, and Xyris torta (Reznicek, 1994). As important as
these great water systems are to humans and aquatic life, it is currently
subjected to increasingly higher levels of pollution arising from
anthropogenic activities and the rise in mercury-containing compounds
leading to the near extinction of several species. In a study conducted by
Gandhi et al., an analysis of >200,000 samples of 昀椀sh by the Ontario
Ministry of the Environment revealed that mercury levels in 昀椀sh fall
between 0.01 and 0.07 μg/g. However, the analysis also showed a trend
of increased mercury content (between 0.01 and 0.27 μg/g) in 昀椀sh
species found in water bodies in Walleye and Pike located in northern
Ontario between 1995 and 2012 (Gandhi et al., 2014). In a related study
by Depew et al., an analysis of data collected by the Canadian 昀椀sh
mercury database revealed that mercury levels ranged between 0.11 and
10.9 μg/g wet mass, for analysis carried out on different 昀椀sh species.
However, it was determined that increased mercury levels were related
to the species' trophic level, whereas the highest mercury levels corre-
sponded to predatory species. Median concentrations like 0.42, 0.41,
0.38, and 0.33 were found in species like sauger, walleye, northern pike,
and smallmouth bass, respectively (Depew et al., 2013). While these
concentrations are relatively low, the potential for bioaccumulation/
bioconcentration upon repeated exposures to trace-level contaminants
poses latent risk.

Moreover, chemicals, including microplastics, have been detected in
昀椀sh populations in alarming concentrations which has now raised con-
cerns about how human health will be affected upon consumption
(Arnnok et al., 2017; Munno et al., 2022). According to Alimi et al., most
of the plastics that end up in the ocean are transported by rivers, and
their sources can be ascribed to land, agriculture, or wastewater treat-
ment plants (Alimi et al., 2018). In water bodies like the Saint Lawrence

Table 1
Classi昀椀cation of emerging pollutants that are often reported in aquatic systems.
Classi昀椀cation Description Examples Reference
Personal care
products

Typically composed of a combination of chemical
compounds, including pigments, emollients, surfactants,
and preservatives used for the enhancement or changing of
one's physical appearance

2-(p-nonylphenoxy) ethanol, 2-nonylphenol, 4-tert-octylphenol, 2-
amino musk ketone, civetone, 2-ethylhexyl-p-methoxycinnamate,
4-methylbenzylidenecamphor, ethylparaben, methylparaben, etc.

(Montes-Grajales
et al., 2017)

Pharmaceuticals Chemicals are speci昀椀cally formulated for preventing,
treating, or alleviating medical conditions, diseases, or
symptoms in humans or animals.

Sulfamethoxazole, cipro昀氀oxacin
Penicillin, methotrexate, daunorubicin, estrone, estriol,
nevirapine, efavirenz, etc.

(Abdallat et al.,
2022; Schwartz
et al., 2021b)

Synthetic/industrial
chemicals

Compounds produced by chemical reactions or processes,
and manufactured for a wide range of industrial,
commercial, scienti昀椀c, and technological applications.

Dyes, triphenylmethane, anthraquinone, triethyl citrate, butylated
hydroxyanisole, camphor, citral, poly昀氀uoroalkyls, etc.

(Singh et al., 2021;
Stuart et al., 2012)

Water treatment
byproducts

Chemical substances that are generated from the treatment
of water or wastewater for safe consumption or discharge as
ef昀氀uents.

Bromodichloromethane, chloroacetic acid, dichloroacetaldehyde,
2-chlorophenol, bromoacetonitrile, iodoacetonitrile, mucochloric
acid, etc.

(Gilca et al., 2020;
Koley et al., 2024)

Algae-derived toxins Toxic compounds are produced by various types of algae,
particularly certain species of microalgae and
cyanobacteria (blue-green algae). These toxins can have
harmful effects on aquatic ecosystems, marine life, and
even humans.

Cytotoxin, oscillatoxin, anatoxin, axitoxin, hemolysins,
lyngbyatoxin, debromoaplysiatoxin, etc.

(Qian et al., 2015)

Biocides/pesticides Agents are used to prevent the growth or proliferation of
various types of microorganisms, including bacteria, fungi,
algae, viruses, and other unwanted pests.

Malathion, temephos, propoxur, bendiocarb, carbaryl, cy昀氀uthrin,
permethrin, etc.

(Femi-Oloye et al.,
2023; Hassaan and
El Nemr, 2020)

Steroid hormones and
biological agents

Natural and synthetic biological agents that may disrupt the
optimal function of the endocrine system, affect
reproductive functions and other adverse effects.

Testoterone, progesterone, norgestrel, cortisol, estrogen,
aldosterone, Spironolactone, etc.

(Ojoghoro et al.,
2021; Xie et al.,
2022)
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River, a multiple site analysis revealed that there is a presence of
microplastics, where plastic with sizes ranging from 20 to 300 mm
maintained a concentration between 0 and 1.4 items/L; on the other
hand, smaller microplastics of 300 to 3200 mm had concentration
ranging from 0.001 to 0.0032 items/L. The concentration of these
microplastics depends on the sampling site, where a higher concentra-
tion was determined at downstream surface water compared to up-
stream (Rowenczyk et al., 2022).

4. Occurrence of water contaminants in Canadian environments

Many water systems in Canada suffer consequences due to the
discharge of EPs including the Grand River in southern Ontario which
receives wastewater from nearly 30 different treatment plants origi-
nating from a population consisting of nearly 1 million people (Gillis
et al., 2014). In general, the mechanisms of toxicity of ECPs depend on
the characteristics and type of contaminant, but the overwhelming
consensus that exposures and associated adverse effects arise from the
high reactivity and bioactivity of EPs, even at low concentrations
(Mezzelani et al., 2018; Mohapatra and Kirpalani, 2019). Therefore, it is
essential to recognize the presence of these compounds to improve our
understanding of the fate of these pollutants, elucidate the threat they
pose, and the strategies that can be adopted to curb or reduce contam-
inants and exposure.

4.1. Pharmaceuticals and their potential toxicities

These molecules can be classi昀椀ed based on their therapeutic activ-
ities in categories that include antidepressants, antibiotics, anti-
in昀氀ammatories, analgesics, synthetic hormones, antacids, anti-anxiety,
antiarrhythmics, anticoagulants, and antivirals/antiretrovirals, among
others (Adeola and Forbes, 2021b; Adeola et al., 2022c; Valdez-Carrillo
et al., 2020; Vaudin et al., 2022). A total of 40 general categories have
been reported by the Federal Drug Administration of the United States,
with the most prevalent contaminants being anti-in昀氀ammatory drugs,
analgesics, and antibiotics (Adeleye et al., 2022; Ortúzar et al., 2022).

Drugs are designed to act on the receptors found in humans, or animals
(in the case of veterinary drugs); however, this is further exacerbated
due to their ability to act on the receptors of other non-target species
whose share similar receptors (Patel et al., 2019). This makes different
昀椀sh species, amphibians, reptiles, and even microorganisms, such as
bacteria and algae vulnerable to pharmaceutical-related contamination
in water (Arnold et al., 2014). In humans, it has been observed that
exposure to pharmaceuticals, personal care products, or pesticides can
lead to effects that can vary from infertility, hormonal alterations, to
cancer, or organ toxicities (Chaturvedi et al., 2021; Rathi et al., 2021).
Drugs have various routes of entry into aquatic environments. When
consumed, drugs can go through multiple processes to be metabolized,
transforming into other types of molecules, known as metabolites. These
metabolites, along with the unmetabolized fraction, may be excreted
through urine or feces and constitute sewage wastes (Hejna et al., 2022).
On the other hand, unused or expired drugs, which are indiscriminately
discarded without adherence to disposal guidelines can cause pollution
and 昀椀nd their way in the water system if disposed of through sanitation
plumbing (Fig. 2).

Due to limitations in existing wastewater treatment systems,
particularly in the handling of trace levels, these drug compounds and
metabolites are re-introduced into the ecosystem, via irrigation of veg-
etables/plants with treated water, wastewater treatment ef昀氀uents, etc.
(Masanabo et al., 2023). The persistence of drugs varies, and factors
such as the action of sunlight and organisms present in media containing
contaminants can cause their decomposition and transformation into
various metabolites (Parezanović et al., 2019). However, it is highly
inadvisable to continuously burden the environment with the hopes that
it will naturally remedy itself. The toxicity of pharmaceutical com-
pounds is strongly dependent on their concentration in the environment.
Likewise, their effects will depend on what type of organism interacts
with a speci昀椀c drug substance (Arnold et al., 2014).

Several reports on different organisms exposed to pharmaceuticals,
such as carbamazepine, erythromycin, 昀氀uoxetine, metoprolol, nap-
roxen, and sulfamethoxazole, in concentrations ranging from mg/L to
μg/L, revealed the most common toxic effects that include behavioral

Fig. 2. Commonly reported pathways for the release of pharmaceuticals in water resources.
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alterations, modi昀椀cations in their biochemical responses, cytotoxic and
genotoxic phenomena (Srain et al., 2021). The negative impacts on the
environment are different according to the bioactive effect of the drugs.
However, exposure of aquatic organisms to drug compounds above
acceptable limits may cause genetic and histological alterations,
oxidative stress, growth defects, changes in hatching processes, as well
as metabolic alterations (Yang et al., 2020). Table 2 shows the exposure
effects in some aquatic species.

4.1.1. Pharmaceuticals in Canadian water systems
Canada is one of the countries with the highest expenditure in the

pharmaceutical market, with several billion dollars annually spent on
drugs (Mezzelani et al., 2018). The high consumption of
pharmaceutical-related products has led to the ubiquitous detection of
various types of pharmacological molecules (human and veterinary
drugs) in water bodies (Lissemore et al., 2006). Lissemore et al. deter-
mined that the drugs with the highest frequency of detection were
lincomycin (human and livestock antibiotic), monensin (livestock anti-
biotic), carbamazepine (anticonvulsant), sulfamethazine (livestock
antimicrobial), and trimethoprim (human and livestock antibiotic).
However, a total of fourteen (14) pharmacological analytes were
detected in the samples collected, where drugs such as lincomycin HCl in
a range of concentrations of 0.2–355 ng/L, had the most frequency of
detection of 91.2 % in the 1225 samples analyzed (Lissemore et al.,
2006).

In the province of Nova Scotia, a total of seven (7) high-consumption
drugs were found throughout the various sampling regions, revealing
the presence of metformin, acetaminophen, paraxanthine, cotinine,
caffeine, naproxen, venlafaxine with concentrations ranging from 2.65
to 115 μg/L. However, 13 compounds were detected, with the occur-
rence of higher concentrations of pharmaceuticals in regions close to
ef昀氀uent treatment plants, compared to rural areas (Ghoshdastidar et al.,
2015). In Quebec, Husk et al. reported the presence of pharmaceuticals
in different parts of Québec, such as Estrie, Centre-du-Québec, and

Montérégie, including some surface watersheds located in St. Francis,
Yamaska, and Nicolet Rivers (Husk et al., 2019). The group of re-
searchers reported the detection of naproxen, o昀氀oxacin, acetaminophen,
and caffeine. However, nine pharmaceuticals were also found in the
samples recollected, with mefenamic acid (pain reliever) having the
highest concentration (1.848 μg/L) (Husk et al., 2019). The above ex-
amples show how the level of detected contaminants may vary
depending on the region studied, with Québec showing signi昀椀cantly
lesser concentrations of pharmaceutical-related compounds.

A recent study conducted by Schwartz et al. has also highlighted the
spread of pharmaceutical contaminants across various provinces in
Canada including British Columbia, Alberta, Saskatchewan, Manitoba,
Ontario, Quebec, and Atlantic Canada. By analyzing multiple sampling
locations, such as 昀椀shing sites and water intakes near recreational sites,
Schwartz et al. identi昀椀ed 35 different drug compounds. Among these,
Atenolol, caffeine, and metformin were the most prominent in the
sampling sites, with a detection frequency of >20 % and average con-
centrations of 22.6, 120.9, and 716 ng/L, respectively (Schwartz et al.,
2021a). In southern Ontario, drugs such as ibuprofen, naproxen, ven-
lafaxine, and carbamazepine, as well as other antiandrogenic products
such as triclosan, were detected in the Grand River watershed, south of
Ontario. The concentration level of these drugs varied from one location
to the other, where the highest concentrations were detected in areas
downstream of treatment plants (Arlos et al., 2015).

Other regions containing contaminants including their location,
compound(s) detected, and concentrations are shown in Table 3. It is
important to mention that most reported concentrations are at trace
levels, which may not impose a signi昀椀cant impact on aquatic life.
However, there have been cases where high concentrations of pharma-
ceuticals like ibuprofen and its metabolite hydroxy ibuprofen at con-
centrations of 860 ng/L and 3.6–1800 ng/L, respectively, have been
measured in samples collected from St Lawerence River. Moreover,
caffeine concentrations in the range of 12–7200 ng/L have been re-
ported (Vaudreuil et al., 2024). Although most concentrations are

Table 2
Toxic effects of selected pharmaceuticals to aquatic organisms.
Pharmaceutical Organisms Effect Exposure Concentration References
Carbamazepine Thamnocephalus

platyurus
Increase of enzyme activity such as
hemoxidase, and glutathione-s-transferase.
Inhibition of cytochrome P450 3A. T
platyurus had an accumulation of 128.6 mg
of CBZ per gram of dry biomass after 24 h
exposure to algae containing carbamazepine

0.1–0.5 ng/L (Vernouillet
et al., 2010)

Hydra attenuata Increase activity of cytochrome.
Inhibition of glutathione-S-transferase.

Hydra attenuate was exposed to
carbamazepine with T. platyrus,
which was previously exposed to
carbamazepine through algae.

Norsertraline Rudd (Scardinius
erythrophthalmus)

Accumulation of Norsertraline in rudd liver
(647 ng/g)

Rudd exposed to water obtained
from wastewater treatment plants,
Norsentraline concentration (200
ng/mL)

(Arnnok et al.,
2017)

Ibuprofen
Diclofenac

Rainbow trout Increases oxidative stress.
Organ affectations in kidneys and liver.
In昀氀ammatory deformities in gills.
Change in mRNA biochemical markers.

Rainbow trout exposed to a diet
including ibuprofen and diclofenac
in concentrations of 2 μg kg and
200 μg/kg for each drug.

(Hodkovicova
et al., 2022)

Paracetamol, irbesartan carbamazepine,
diclofenac, naproxen mixture

Rainbow trout
Oncorhynchus mykiss

IBRv2 levels increased at the highest
concentration tested.
Increased levels of lysozyme after 42 days of
exposure.
Changes in brain serotonin.

Paracetamol (0, 0.1, 1, 10 μg/L)
Irbesartan (0, 0.05, 0.5 μg/mL)
Carbamazepine (0.025, 0.25, 2.5
μg/mL) Diclofenac (0, 0.025, 0.25,
2.5 μg/mL) Naproxen (0, 0.025,
0.25 μg/mL)

(Beghin et al.,
2021)

Clotrimazole Rainbow trout Histopathological alterations 0.01, 1.0, 10 μg/L (Burkina et al.,
2016)

Amitriptyline, amlodipine, azithromycin,
diltiazem, diphenhydramine, 昀氀uocinonide,
昀氀uoxetine, gem昀椀brozil, metformin,
miconazole, PFDA, PFOS, PFOSA, sertraline,
triclocarban triclosan mixture

Chinook salmon
Oncorhynchus
tshawytscha

Liver mitochondrial content was reduced.
Increased mitochondrial protein carbonyls.
Increases expression of glutathione
peroxidase.
Reduction of oxidative phosphorylation.

Fish were exposed to a dietary
mixture
of 16 analytes
(0.3-, 1-, and 10-fold of each
analyte) in concentrations of ng/
mL.

(Yeh et al.,
2017)
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relatively low, the presence of these compounds in the water bodies is
worth mentioning and the role of bioaccumulation cannot be ruled out.
Based on the data presented, the most abundant types of pharmaceuti-
cals present in the locations analyzed are antibiotics which include
chlortetracycline, doxycycline, erythromycin, lincomycin HCl, roxi-
thromycin, sulfachloropyridazine, sulfadimethoxine, sulfamethazine,
sulfamethoxazole, sulfathiazole trimethoprim and o昀氀oxacin. The second
most prominent category corresponds to analgesics such as acetamino-
phen, ibuprofen, and naproxen. The rest of the pharmaceuticals detected
belong to classes cardiovascular drugs (atenolol, metoprolol, beza昀椀-
brate), antidiabetics (metformin), stimulants (caffeine, cotinine), hor-
mones (ethinylestradiol), antiparasitics (avermectins) and growth
promoters (a-zeranol). Furthermore, in terms of the ubiquity of speci昀椀c
compounds in different provinces, carbamazepine was detected in

Ontario, Quebec, and Nunavut; sulfamethazine in Ontario and Alberta;
caffeine in Nova Scotia, Ontario, and Quebec; and naproxen in Nova
Scotia, Quebec, Ontario, and Nunavut. This may point to the need for
closer attention should be paid to carbamazepine, sulfamethazine,
naproxen and the proliferation of caffeinated substances in Canada.
Industry, hospital waste, over-prescription of drugs, along with house-
hold and commercial consumption may all be contributors to the
observed levels of pollution.

The presence of pharmaceuticals (including antibiotics) in the
environment may pose risks that could negatively impact both human
and animal health (Bunce and Hellyer, 2018; Granados-Chinchilla and
Rodríguez, 2017; Koch et al., 2021). Therefore, indiscriminate disposal
and widespread usage of drugs need to be carefully managed, and urgent
sensitization about the proper handling of pharma-related wastes is
vital.

4.2. Pesticides and their negative impacts

Pesticides are renowned for their ability to limit the growth and
spread of pests in essential crops, one of the biggest causes of low
agricultural yield and threat to food security globally (Savary et al.,
2019). Their use is not only restricted to agriculture; some of these
products are also available to people for pest control at home and for
gardening purposes (MdMeftaul et al., 2020). Based on data collected in
2020, approximately 78,893 tons of pesticides have been used in Can-
ada; where about 75.33 % were herbicides, 10 % were fungicides and
bactericides, 4.32 % were insecticides, and the rest were pesticides for
rodent control; with an estimated usage of 2.05 kg per hectare (Ritchie
et al., 2022). Pesticides have one of the most direct routes of entry into
the environment; via direct application through irrigation systems or
being sprayed on plants or crops. In both ways, pesticides can contam-
inate soil and water, causing disruption in the development of other
plants and organisms that inhabit the surrounding environment (Kumar
et al., 2023).

Pesticides have multiple classi昀椀cations, the broadest of which relates
them to their target species/organism, such as birds, plants, 昀椀sh,
mammals, insects, fungi, viruses, and bacteria. However, its most
straightforward classi昀椀cation is related to its chemical structure, having
a total of 6 categories: organochlorine, organophosphorus, carbamate,
pyrethrin, azadirachtin, and pyrethroid (Hassaan and El Nemr, 2020;
Ore et al., 2023). The classi昀椀cation of pesticides can also depend on the
level of hazard they pose. The World Health Organization provides a
classi昀椀cation guide based on factors such as LD50 in rats, classifying
them into 6 categories. Category 1a includes extremely harmful pesti-
cides, with an oral LD50 of <5 mg/kg. This is followed by Category 1b,
which covers those highly risky, with an LD50 of 5–50 mg/kg. Category
II includes those that are moderately risky (50–2000 mg/kg), while
Category III consists of those that are less risky (> 2000 mg/kg). Finally,
Category U describes those pesticides that are unlikely to pose any acute
hazard, with an LD50 >5000 mg/kg (World Health Organisation, 2020).

The mechanisms by which pesticides generate toxicity vary and will
depend on the pesticide used. However, commonmechanisms are linked
to the generation of oxidative stress, alteration of nucleus receptors, or
mitochondrial dysfunctions. In turn, because the presence of multiple
combinations of pesticides has been reported in the environment, syn-
ergistic or antagonistic effects may occur, modifying the toxicity
mechanisms caused by these molecules (Hernández et al., 2017). The
toxicity of pesticides also depends on the concentration of exposure and
the type of species as well. An example of this is the study carried out
where the exposure of several chemicals for pest control was monitored
in Ontario Canada (Salerno et al., 2018). Neonicotinoids, carbamates
organophosphates, and butanolides were introduced to mussels Villosa
iris and Lamsilis siliquoidea organisms, of importance in the ecosystem.
The study showed that the organisms in their different stages of devel-
opment did not display adverse effects when exposed to pesticides in
both acute toxicity and subchronic toxicity tests. The concentrations

Table 3
Locations where pharmaceutical contaminants were detected in Canada and
range of concentrations.
Location Compound detected Concentration

determined
References

Grand River
Watershed,
Southern
Ontario

Carbamazepine
Chlortetracycline
Doxycycline
Erythromycin
Lincomycin HCl
Monensin sodium salt
Roxithromycin
Sulfachloropyridazine
Sulfadimethoxine
Sulfamethazine
Sulfamethoxazole
Sulfathiazole
Trimethoprim

0.16–24 ng/L
192 ng/L
2.7–73 ng/L
0.9–51 ng/L
0.2–355 ng/L
6.2–1172 ng/L
0.7 ng/L
0.5–7 ng/L
0.2–56 ng/L
0.3–408 ng/L
0.3–9 ng/L
1.3–16 ng/L
0.2–15 ng/L

(Lissemore
et al., 2006)

Nova Scotia Acetaminophen
Caffeine
Cotinine
Metmor昀椀n
Naproxen
Paraxanthine
Venlafaxine

28.9 μg/L
115 μg/L
3.1 μg/L
10.6 μg/L
29.1 μg/L
18.2 μg/L
2.65 μg/L

(Ghoshdastidar
et al., 2015)

Quebec
Estrié, Centre-
du-Quebec,
Montérégie,
St Francis,
Yamaska and
Nicolet Rivers

Acetaminophen
Beza昀椀brate
Caffeine
Carbamazepine
Cyclophosphamide
Ibuprofen
Mefenamic acid
Naproxen
O昀氀oxacin

147 ng/L
79 ng/L
285 ng/L
30 ng/L
1233 ng/L
97 ng/L
1848 ng/L
404 ng/L
177 ng/L

(Husk et al.,
2019)

Grand River
watershed in
southern
Ontario

Naproxen
Venlafaxine
Carbamazepine
Ibuprofen

3–323 ng/L
1–202 ng/L
39–106 ng/L
71–1457 ng/L

(Arlos et al.,
2015)

Kugluktuk
Nunavut

Atenolol
Carbamazepine
Metoprolol
Naproxen

45.4–268 ng/L
514–1810 ng/L
52.5–398 ng/L
422–1080 ng/L

(Stroski et al.,
2020)

St. Lawrence
Estuary and Gulf
between Quebec
City and the
Cabot Strait

Carbamazepine
Venlafaxine
Sucralose
Caffeine

0.03–1.2 ng/L
0.03–4.1 ng/L
0.56–226 ng/L
1.4–143 ng/L

(Picard et al.,
2021)

Medicine Hat
Alberta
(Wastewater
treatment plant)

Ethinylestradiol
Avermectins
Caffeine
Sulfamethazine
Sulfamethoxazole

<50 ng/L
2293 ng/L
15,982 ng/L
<50 ng/L
1112 ng/L

(Basiuk et al.,
2017)

Red Deer and
Oldman Rivers,
Alberta Canada

a-Zearalenol 5.19 ng/L (Jeffries et al.,
2010)

Cambridge bay,
Nunavut

Atenolol
Carbamazepine
Sulfamethoxazole
Trimethoprim

97 ng/L
<100 ng/L
274 ng/L
<30 ng/L

(Chaves-
Barquero et al.,
2016)
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used for the test were higher than those found in the Ontario 昀氀ows,
indicating that these concentrations do not pose any risk to this species
(Salerno et al., 2018). However, the roles of bioaccumulation and pro-
longed exposures were not factored in, which is quite important for
toxicity studies relating to emerging contaminants. In another study
with zebra 昀椀sh as the test subject, fungicides like thiram have been
shown to cause eye, tail, heart, yolk sacs, and spine deformities in em-
bryos and larvae of zebra昀椀sh at different concentrations (Vasamsetti
et al., 2022). Table 4 shows the toxic effects of pesticides determined in
some aquatic organisms.

4.2.1. Pesticides in Canadian water systems
The problems associated with aquatic systems containing pesticides

are somewhat similar to those of pharmaceuticals. Most pesticides are
highly soluble, and their presence in water occurs primarily from treated
soils which are transported to surface waters by action of rainfall,
erosion, irrigation and groundwater movements, among other mecha-
nisms (Bashir et al., 2020; Sultana et al., 2018). Although some pesti-
cides are designed to affect particular species populations such as insects
or plants, they also have harmful effects on non-target species, including
humans (Pathak et al., 2022; Sultana et al., 2018). The transport of these
pesticides, as well as their concentration, depends on the regional
meteorological conditions. In Canada, speci昀椀cally Nova Scotia for
example, the transport of pesticides from agricultural areas to the
maritime regions is mainly facilitated by rainfall and/or snow melt
(Lalonde and Garron, 2020; Schwartz et al., 2021a).

Table 5 shows the maximum acceptable concentrations of some
pesticides according to Canadian water quality guidelines. Pesticides are
not only found in untreated water samples; these compounds are even
present in drinking water samples from water treatment plants, as
demonstrated by the presence of thiamethoxam, clothianidin, and imi-
dacloprid in both treated and untreated water samples (Sultana et al.,
2018). The concentration of thiamethoxam detected (at a mean con-
centration of 0.28 μg/L) is above the permissible level for consumption
as drinking water (European Union directive on pesticide levels <0.1
μg/L) (Sultana et al., 2018). In a related study, pesticides with concen-
trations above those recommended have been reported for atrazine,
chlorpyrifos, clothianidin, metribuzin, and thiamethoxan, found in
samples throughout Nova Scotia, Prince Edward Island, and New
Brunswick (Lalonde and Garron, 2020). In several regions of Ontario,
the presence of compounds such as atrazine, metolachlor, hexazinone,
and terbuthylazine was detected in drinking water samples in the part-
per-billion concentration range (Husk et al., 2019). Although many of
the concentrations reported are below permissible levels and often
below the detection limit of instruments, the potential for bio-
accumulation of pesticides makes their presence in aquatic environ-
ments and drinking water a potential threat to the ecosystem.

Table 6 provides information regarding the presence of pesticides
reported in various regions in Canada. To limit some of the risks of
pesticides, it may be advisable for agri-businesses to adopt more natural
fertilizers like manure, compost, and peat. In addition, care should be
taken to prevent excessive use of fertilizer and pesticides, which may
lessen the amount of chemical runoff into surrounding water sources.

4.3. Heavy metals and their negative impacts

The primary source of exposure of water bodies to heavy metals is
from anthropogenic sources, i.e., industrial processes related to the
processing of products composed of these metals. Mining is one of the
main contributors to the increase of heavy metal levels in the environ-
ment (Zamora-Ledezma et al., 2021). To a lesser extent, domestic wastes
can also contribute to heavy metals pollution (Kumar et al., 2019).
Hence, heavy metals' presence in the environment is primarily due to
industrial wastes and improper disposal of materials containing heavy
metals. Industries that deal with textiles, dyes, paint, electroplating,
mining, pesticides, among others, are signi昀椀cant sources of heavy metal

pollution (Mishra et al., 2019). An emerging contributor to metal
pollution is electronic waste, also called e-waste, and has become a new
anthropogenic source of soil and water contamination by heavy metals
(Wu et al., 2015). In aquatic environments such as rivers, heavy metals
are distributed by water 昀氀ow to other areas, spreading their presence in
different areas (Zamora-Ledezma et al., 2021). In addition, crop irriga-
tion with water containing contaminants leads to pollution of soils and
possibly groundwater bodies via soil leaching. However, the exposure of
these bodies will depend on multiple factors, such as soil type, organic
matter, and reactive metal oxides, which can hinder the transfer of these
metals to the subsoil (Raja et al., 2015). In aquatic environments, heavy
metals mainly interact with organic matter, inorganic matter, aquatic
species, and microorganisms via absorption and adsorption, depending
on factors such as the pH of the medium or even salinity levels (Miranda
et al., 2021). In prolonged exposure, heavy metals go through a process
of adsorption to sediments, progressively accumulating heavy metals
(Kumar et al., 2019).

The bioavailable fraction of heavy metals in昀氀uences their interaction
with organisms and different chemical species of heavy metals will have
different degrees of mobility in the environment (Ore and Adeola, 2021;
Xu et al., 2022). Thus, bioavailability plays a role in processes like
biosorption, precipitation, biomethylation, complexation, oxidation-
reduction, pH, microbial activity, ion competition, or redox potential
(Etteieb et al., 2021). Heavy metals can be present in water in several
forms and varying in size. Dissolved fractions consist of the smallest
available form of heavy metals with sizes <1 kD and thus possessing the
highest mobility and bioavailability; these are followed by colloidal
forms (1 kD - 0.45 μm) where the bioavailability and mobility are
decreased. However, colloids can still act as soluble matter, or be more
available to certain types of 昀椀lter-feeding organisms (de Paiva Mag-
alhÞaes et al., 2015). The heaviest type consists of particulate heavy
metals surpassing 0.45 μm; and due to their relatively large size, they
tend to accumulate on sediments (Liu et al., 2024). Furthermore, some
aquatic physicochemical characteristics, such as pH variation, can cause
the solubilization of metal particulates and lead to the formation of
various metal species (de Paiva MagalhÞaes et al., 2015). For example,
selenium can exist in various aquatic media as elemental Se, selenite,
selenide, selenate, or organic Se, depending on the nature of the aqueous
media. However, the selenate species has been determined as the most
bioavailable form of selenium and potentially the most toxic selenium
species in sediments in Northern Quebec, Canada (Etteieb et al., 2021).

Heavy metal compounds like mercuric chloride have shown adverse
effects on 昀椀sh species like zebra昀椀sh, showing morphological alteration
in essential organs such as gills (Macirella and Brunelli, 2017). These
morphological alterations were observed at concentrations of 7.7 μg/L,
causing detachment of epithelium from the connective tissue, hyper-
trophy of epithelial cells, and hypertrophy of epithelial cells (Fig. 3a, b)
In another study using zebra昀椀sh, assessment of the exposure effects of
lead at concentrations of 2.5 and 5 μg/L revealed that although lead did
not cause a difference in mortality rate, 昀椀sh exposed to lead exhibited a
hatching delay compared to control, and suffered from development
impairments like spinal and tail deformity (Fig. 3c, d), as well as peri-
cardial edema and yolk swelling that showed an increment based on
exposure time and lead concentration (Curcio et al., 2021). Cadmium
exposure, on the other hand, also reveals adverse effects on several or-
gans of 昀椀sh like the gills causing in昀氀ammation, apoptosis, necrosis,
change in gill cell structure, ion transport enzyme activity, and ion
transport, lamellae bending, aneurysm, cell shedding, and oxidative
damage. After entering through the gills, cadmium can relocate to or-
gans like the liver, causing endoplasmic reticulum expansion, nuclear
deformation, swelling, and granulation, impacting growth, reproduc-
tion, and survival (Fig. 3e) (Liu et al., 2022).

Although some heavy metals are part of cofactors that sustain life in
many organisms, high concentrations often lead to nefarious effects,
either through acute toxicity or chronic exposure. Humans may be
exposed to heavy metals through various sources, such as aquaculture,
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Table 4
Toxic effects of pesticides on aquatic organisms.
Pesticide Species Exposure concentrations Effect References
The mixture of atrazine,
linuron, and metolachlor

Juvenile rainbow trout
(Oncorhynchus mykiss)

Concentrations based on 2007 highest
concentration found in the Adour-
Garonne River basin

Final nominal concentrations: atrazine
(10 μg/L), linuron (15 μg/L), metolachlor
(45 μg /L)

Behavior alterations: exposed 昀椀sh tended to exhibit
hypoactivity and lower-height swimming

(Shinn et al.,
2015)

Diquat dibromide
(Reward®)

Rainbow trout
(Oncorhynchus mykiss)

Continuous exposure
56 d post-hatch (0, 0.37, 0.80, 1.8, 4.0,
8.7mg/L)
85 days post-hatch (0, 6.5, 10, 15, 23mg/
L)

Discontinuous/pulse exposure to
embryos
0.015, 0.074, 0.37, 1.9, 9.3mg/L

Discontinuous/pulse juvenile exposure
0.12, 0.37, 1.1, 3.3, 10mg/L

Exposure to pesticides altered body morphometrics at
embryo and alevin stages.
Reward® produces changes in RNA/mRNA processes,
enzyme activity, and energy homeostasis

(McCuaig
et al., 2020)

Fungicides (azoxystrobin,
boscalid, metalaxyl,
myclobutanil).
Neonicotinoids
(clothianidin,
imidacloprid,
thiamethoxam).
Carbamates (carbaryl and
malathion).
Organophosphate
(chlorpyrifos).
Butenolide
(昀氀upyradifurone).

Lampsilis siliquoidea and
Villosa iris glochidia

Nominal concentrations for Villosa iris
glochidia tests

0–21,200 μg/L

Nominal concentrations for Lampsilis
siliquoidea tests

0–10,000 μg/L

Species were insensitive to the tested pesticides in
their life stages, where the tested compounds
possessed a median effect and lethal concentration
above 161 μg/L.

(Salerno et al.,
2018)

Chlorpyrifos Postlarval American
Lobster (Homarus
americanus)

0.375, 0.47, 0.56, 0.75, and1.5 μg/L The median lethal concentration at stage IV of
H. americanus was determined to be 1.56 μg/L at 24 h
and 1.33 μg/L at 48 h. Cessation of normal movement
was caused using 0.66 μg/L in 48 h.
Acetylcholinesterase activity was inhibited in
concentrations above 0.50 μg/L, recoverable in clean
seawater for 9–15 days.
Exposure to chlorpyrifos at concentrations of 0.82 μg/
L led to an increased intermolt period, decreased
growth rate, and decreased molt increment.

(Taylor et al.,
2019)

Clothianidin and
thiamethoxam

Early-life stage copper
redhorse and river
redhorse (Moxostoma
carinatum)

Contaminated river water with
concentrations of clothianidin and
thiamethoxam exceeding water quality
guidelines concentration (>20 ng/L)

Copper redhorse appeared more sensitive to pesticide
exposure, hatching in 10.7 cumulative degree days
earlier than controls and exhibiting a longer survival
(73 %) than controls (93 %). Copper redhorse larvae
possessed 18 differentially expressed genes after 14
days of exposure, with upregulated genes related to
immune functions and downregulation of genes
related to ingestions and nutrient uptake.

(Marchand
et al., 2022)

Atrazine and chlorothalonil Paci昀椀c sockeye salmon
(Oncorhynchus nerka)

Nominal concentrations:
Atrazine (25 and 250 μg/L)
Chlorothalonil (0.5 an 5 μg/L)

Reduced survival compared to control. A 24 %
increase in 昀椀nfold deformity was associated with
chlorothalonil exposure.
Atrazine exposure led to a premature hatch, and
chlorothalonil led to a delayed hatch.
Chlorothalonil led to increased triglyceride levels.

(Du Gas et al.,
2017)

Thiamethoxam and
clothianidin

Wood frog (Lithobates
sylvaticus)

2.5 and 250 μg/L Chronic exposure led to an impact on blood cell
pro昀椀les and conticotisone concentrations. Compared
to controls, exposed organisms suffered from anemia
in all treatments except tadpoles exposed with 2.5 μg/
L of clothianidin. Frogs exposed to 250 μg/L of
thiamethoxam exhibited an elevated neutrophil-to-
leukocyte and neutrophil-to-lymphocyte ratio.
Tadpoles exposed to 250 μg/L of thiamethoxam
showed lower corticosterone than other treatments.

(Gavel et al.,
2019)

Imidacloprid and
thiamethoxam

Wood frog (Lithobates
sylvaticus)

1, 10, and 100 μg/L Imidacloprid exposure at 10 μg/L and 100 μg/L
increased survival and delayed completion of
metamorphosis compared to controls.

(Robinson
et al., 2017)

Imidacloprid or
thiamethoxam

Wood frog (Lithobates
sylvaticus)

1, 10, and 100 μg/L Pesticide exposure to wood frogs revealed
affectations in danger perceptions and responses to
predators. Frogs exposed to imidacloprid at 10 and
100 showed less response to a simulated predator
attack and less response to leaving the attack area
compared to unexposed frogs.

(Lee-Jenkins
and Robinson,
2018)

A.O. Adeola et al. Science of the Total Environment 954 (2024) 176267 

8 



and consuming food and water containing contaminants (Hama Aziz
et al., 2023). Although heavy metals are not biodegradable, they can
undergo biotransformation in the environment by interacting with or-
ganisms such as bacteria (Jaishankar et al., 2014). This biotransforma-
tion often leads to methylated derivatives that are more dangerous due
to enhanced reactivity and bioavailability. For example, methylated
arsenic can cause cardiac dysfunction, liver damage, and neurotrans-
mitter impairment, among other effects (Balali-Mood et al., 2021; Ore
and Adeola, 2021). Mercury is also a metal capable of being methylated,
which increases its toxicity, being more toxic than metallic mercury and
its ionic species, such as Hg2+ and Hg+ (Jaishankar et al., 2014). High
mercury concentrations cause renal dysfunction, hepatotoxicity, and
enzyme inhibition, not to mention the production of reactive oxygen
species (ROS), such as superoxide ion, hydrogen peroxide, and hydroxyl
radical. Such reactive species in high concentrations can cause damage
at the cellular level and DNA damage (Balali-Mood et al., 2021; Jaish-
ankar et al., 2014; Ore and Adeola, 2021). Chromium, in its various
oxidative states such as Cr(III) and Cr(VI), are highly oxidative species
that promote the generation of ROS, which leads to organ malfunction
such as kidney, cancer, or skin diseases (Balali-Mood et al., 2021; Ore
and Adeola, 2021). Similarly, lead in biological mediums generates ROS;
however, the most notorious mechanism of toxicity of lead is the
transmetallation substitution with other ions such as Ca2+, Mg2+, and
Fe2+ in the metabolic system of cells, disturbing cellular stability,
inactivating enzymes, such as ferrochelatase or decreasing the levels of
antioxidant enzymes, such as catalase or superoxidodimutase, as well as
elevating the levels of in昀氀ammatory cytokines (Balali-Mood et al., 2021;
Jaishankar et al., 2014; Ore and Adeola, 2021).

In summary, the effects of heavy metals on living organisms, whether
terrestrial or aquatic, depend signi昀椀cantly on the species and the degree
of exposure. Table 7 summarizes some harmful effects reported in
various aquatic species, with a focus on species found in North America,
especially in Canada. In Canada, studies conducted in British Columbia
show that heavy metals such as mercury are still below the consumption
guidelines for various species of salmon and are still a safe food source
(Kelly et al., 2008). There are cases where metal concentrations were
alarmingly high in speci昀椀c regions and certain species, such as
Greenland shark, Ivory gulls, and arctic char with a mercury content of
0.5–1.0 μg/g (wet weight) (Scheuhammer et al., 2015). Although most
studies reveal that concentrations remain below levels of concern, there
is a need for periodic monitoring, and more research in these areas is
required.

4.3.1. Heavy metals in Canadian water systems
Bioavailable concentrations of heavy metals are of concern due to

their harmful effects, affecting simple organisms such as bacteria, and
complex organisms such as humans, potentially causing both cellular
and systemic damage (Balali-Mood et al., 2021). Since these pollutants
are not biodegradable, they are more prevalent in the environment
(Zamora-Ledezma et al., 2021). The classi昀椀cation of heavy metals in-
cludes those elements whose atomic number exceeds 20 and whose
density exceeds 5 g/cm3 (Mishra et al., 2019). Among the most common
heavy metals whose harmful effects are widely studied are cadmium,
arsenic, mercury, lead, copper, zinc, nickel, and chromium, which are
highly toxic even at low concentrations (Mishra et al., 2019).

The problem caused by heavy metals has been a subject of scienti昀椀c
discussion for many years, yet their impact continues to grow, especially
in developing countries, whose regulations concerning the use and
exposure to heavy metals are still 昀氀awed (Adebiyi et al., 2021; Baby
et al., 2022; Järup, 2003; Mishra et al., 2018; Muhammad and Usman,
2021; Shil et al., 2017). In Canada, most information corresponding to
the presence of heavy metals in drinking water or raw water is provided
by the Ministry of Health, in the form of technical guides for the quality
of drinking water. In these guides, the permissible limits or maximum
acceptable concentration (MAC) are determined regarding water quality
for some selected toxic heavy metals. The data was recently updated in
2022 and are provided in Table 8 for different types of heavy metals.
However, it needs to be mentioned that the values are based on total
concentrations and not dissolved fractions of the heavy metals.

Table 5
The maximum acceptable concentration of selected pesticides in drinking water
based on Canadian water quality guidelines.
Compound Maximum acceptable concentration

(μg/L)
Atrazine 0.005
Bromoxynil 0.03
Chlorpyrifos 0.09
Dicamba 0.11
2,4- Dichlorophenoxy acetic acid (2,4-D) 0.1
Dimethoate and omethoate 0.02
Diquat 0.05
Glyphosate 0.28
Malathion 0.19
2-Methyl-4- chlorophenoxyacetic acid
(MCPA)

0.35

Metribuzin 0.08
1,4- Dichlorobenzene 0.005

(https://www.canada.ca/content/dam/hc-sc/migration/hc-sc/ewh-semt/alt_
formats/pdf/pubs/water-eau/sum_guide-res_recom/summary-tables-sept-
2022-eng.pdf.)

Table 6
Pesticides contaminants reported in Canadian aquatic systems.
Location Compound Concentration Ref
Southern Ontario
Drinking water treatment
plants in the Lake Erie
watershed (raw samples)

Thiamethoxam
Clothianidin
Imidacloprid
Thiacloprid

79.2 ng/L
86.9 ng/L
13.5 ng/L
2.7 ng/L

(Sultana
et al., 2018)

Quebec
Estrie, Centre-du-Québec
and Montérégie
Surface watersheds (St.
Francis, Yamaska and
Nicolet Rivers

Atrazine
Metolachlor
Hexazinon
Terbuthylazine
Thiabenzadole
Carbendazim

606 ng/L
856 ng/L
21 ng/L
287 ng/L
125 ng/L
71 ng/L

(Husk et al.,
2019)

South Saskatchewan River
Basin in southern Alberta,
Canada

2,4-D
Dicamba
Mecoprop
Clopyralid
Bentazone
Atrazine
+ 11 other
pesticides

0.354 μg/L
0.077 μg/L
0.060 μg/L
0.039 μg/L
0.030 μg/L
0.041 μg/L

(Sheedy
et al., 2019)

Grand River watershed in
southern Ontario

Atrazine 108–499 ng/L (Arlos et al.,
2015)

St. Lawrence Estuary and
Gulf between Quebec
City and the Cabot Strait

Atrazine
Dimethenamid
Fomesafen
Glyphosate
Hexazinone
Hydroxyatrazine
(S)-metolachlor
Metolachlor-ESA
Simazine
Tebuconazole

0.54–34 ng/L
0.01–0.10 ng/
L
0.17–1.9 ng/L
0.07–0.60 ng/
L
0.002–0.06
ng/L
0.21–12 ng/L
0.03–5.3 ng/L
0.48–80 ng/L
0.35–7.7 ng/L
0.009–0.38
ng/L

(Picard
et al., 2021)

Nova Scotia, Prince Edward
Island and New
Brunswick (NB)

Atrazine
Chlorpyrifos
Clothianidin
Metribuzin
Thiamethoxam
+6 other
pesticides

18,800 ng/L
601 ng/L
204 ng/L
1160 ng/L
838 ng/L

(Lalonde
and Garron,
2020)

Medicine Hat Alberta
(Wastewater treatment
plant)

2,4-D
Glyphosate

<2000 ng/L
1952 ng/L

(Basiuk
et al., 2017)
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Therefore, it may not re昀氀ect the toxic fraction present in water
compared to US EPA guidelines for the protection of aquatic life (Shotyk
et al., 2017). Although commonly measured, total metal concentration
does not fully describe the toxicity levels of a contaminated water body.
Speciation of the heavy metals in the water body will de昀椀ne its avail-
ability to interact with organisms and dissolved metals will have a faster
and easier interaction with aquatic life due to a reduced size compared
to species bound to organic matter (Borgmann et al., 2004; Guéguen
et al., 2011).

The Ministry of Health provides technical guides for heavy metals
such as arsenic, cadmium, chromium, and lead. These technical guides
have studies where the concentration of the metals of interest has been
determined in various water sources, as well as in the different provinces
of Canada (Canada, 2016; Canada, 2019; Canada, 2020). Table 9 pro-
vides a compilation of the information provided in these technical
guides, showing the regions where the quanti昀椀cation of heavy metals
was carried out, the range of determined concentrations, and the sam-
pling period. It is important to note that no information on the
bioavailable fraction of the detected concentrations is mentioned in the
technical guidelines. In essence, heavy metals have been reported
widely in Canada, even in sub-arctic areas (Kirk et al., 2008). Studies
have shown various concentrations of the deadly methylated mercury
compounds in ng/L concentrations. Considering various sea depths
during sampling and analysis, it was established that the concentrations
of methylated mercury compounds are higher in deeper zones than
those on the surfaces, suggesting that bioaccumulation may have played
a major role (Kirk et al., 2008).

Furthermore, the concentration of these metals depends on anthro-
pogenic activities around the sampling location. For example, areas
close to mining operations revealed higher concentrations of heavy
metals in comparison to more remote areas (Sprague and Vermaire,
2018). In Ontario, arsenic levels at various sites in the region of the town
of Cobalt and around the Silver Center mining 昀椀eld revealed concen-
trations ranging from 972 μg/L in surface waters and 10,800 mg/kg in
lake sediments. In lakes close to mining activity, the range of arsenic
concentrations was 431 μg/L and 1704 mg/kg, while control lakes with
no mining activity in the area had a concentration of 2.2 μg/L and 11
mg/kg, in water and sediments, respectively (Sprague and Vermaire,
2018). In a study conducted by Etteieb et al., mine ef昀氀uent discharge
rich in Se with a total Se concentration of 65± 0.9 μg/L and bioavailable
Se chemical species like selenate and selenite at 7.2 ± 0.5 μg/L and 57
± 6.8 μg/L respectively was evaluated in Northern Quebec and sediment
concentrations as high as 321 mg/kg were found. Typha latifolia plants
exposed to the contaminated sediment showed a high concentration of
Se amounting to 534mg/kg (roots) and 92 mg/kg (leaves). Se speciation
demonstrated that several Se compounds were bioavailable for

Fig. 3. Gill apparatus in Danio rerio after 96 h of exposure to 7.7 μg/L of HgCl2:
(a) detachment of epithelium (b) hypertrophy in endothelial cells and blood
congestion, adapted from (Macirella and Brunelli, 2017). Zebra昀椀sh embryos
and larvae after exposure to 2.5 μg/L of Pb (c,d) after 144 h of exposure to Pb
(Curcio et al., 2021). (e) Toxic effects of Cd on 昀椀sh organs, adapted from (Liu
et al., 2022) Open Access.

Table 7
Toxic effects of some heavy metals on aquatic organisms.
Heavy
metals

Aquatic species Effects/toxicity Exposure concentrations References

Hg Beluga whale
(Delphinapterus leucas)

Bioaccumulation of methylated mercury on tissue.
Reduced lymphocyte proliferation.
Decreased intracellular thiol levels.
Induction of metallothionein.

0, 0.03, 0.1, 0.33, 1, 3.3 or 10 μM (Frouin et al.,
2012)

As Rainbow trout
(Oncorhynchus mykiss)

Reduced growth.
Slower feeding rate.
Reduced food conversion ef昀椀ciency.
Liver cell abnormalities.
Digestive effects.

26–77 mg As/g dm (Erickson et al.,
2010)

Cd Rainbow trout
(Oncorhynchus mykiss)

Olfactory dysfunctions Nominal concentrations of cadmium (0.05 μg/
L), copper (3.6 μg/L total, 2 μg/L
added), nickel (136.6 μg/L), zinc (30 μg/L)

(Dew et al.,
2016)

Cd Common carp (Cyprinus
carpio)

Reduced activity of enzymes such as acetylcholinesterase and
gamma-glutamyl-transferase.
Increase activity of aminotransferase and alanine
aminotransferase, lactate dehydrogenase, and alkaline
phosphatase.
Modi昀椀cations of plasma total protein, albumin, and globulin
content.

Cd exposures
250 and 500 μg/L

Exposure of Cd and microplastics also
conducted in various ratios of Cd/Microplastics

(Banaee et al.,
2019)

Cd Rainbow trout
(Oncorhynchus mykiss)
White sturgeon

Increased sensitivity to Cd in rainbow trout at later life stages
compared to the sturgeon.
Greater disturbance of calcium uptake in rainbow trout compared
to white sturgeon.
Lower af昀椀nity to Cd in white sturgeons compared to rainbow
trout.

Trout exposed to 0, 0.625, 1.25, 2.5, 5, 10 and
20 μg/L
Sturgeon exposed to 0, 5, 10, 20, 40, 80 and 160
μg/L

(Shekh et al.,
2018)

Zn, Cd Rainbow trout
(Oncorhynchus mykiss)

Zinc accumulation on 昀椀sh gills.
Zinc accumulation on gills was reduced in exposure to cadmium,
indicating competitive uptake.

Zn (1 mg/L),
Zn (1 mg/L) + Cd (20 μg/L), and Zn (1 mg/L) +
Cu (100 μg/L).

(Saibu et al.,
2018)
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absorption like selenate and selenite (<1 mg/kg) and other species
bound to carbonates, mineral oxides, and organic matter (Etteieb et al.,
2021). A study by Borgmann et al. determined that sediments collected
from Rouyn Noranda Lake in Quebec contain increased levels of metals
like Cd, Cu, Pb, and Zn. Sediments were exposed to Hyalella and it
revealed a high bioaccumulation of metals like Cd. Although metal ab-
sorption could indicate bioavailability, these models may not be reliable
indicators for physiologically regulated metals like Cu and Zn
(Borgmann et al., 2004).

Speciation models like WHAM (Windermere Humic Aqueous Model)
can serve to identify the metal species present in an aquatic media. In a
study performed by Bhavsar et al., WHAM was used to determine the
fate of several metal species like Cd, Cu, Ni, Pb, and Zn in Ross Lake
located in Manitoba, Kelly Lake located in Ontario, and Lake Tantaré in
Quebec. By employing the model, it is possible to estimate that Cu's
colloidal and particulate phases corresponded to 1, 84, and 15 % for
Ross, Kelly, and Tantarpe Lakes. On the other hand, Pb colloidal frac-
tions correspond to 65–95 % in both Kelly and Tantare Lake. In Lake
Tantaré, Cd and Zn, in dissolved forms, corresponded to 55 and 65 %,
respectively, while colloidal phases accounted for 30–37 % (Bhavsar
et al., 2008).

In a study conducted by Donner et al., Se content was analyzed in the
lower Athabasca River watershed. A quadrupole inductively coupled
plasma mass spectrometer was employed to analyze the dissolved Se
concentration. In the main stem of Athabasca River, the concentration of
dissolved Se in 2014 was 0.11 ± 0.02 μg/L while in 2015, the concen-
tration was 0.16± 0.02 μg/L; in other tributaries, concentrations ranged
from 0.02 to 0.27 μg/L (Donner et al., 2018). Based on US EPA guide-
lines, the Se content in the Athabasca River and the tributaries are below
acceptable thresholds of 3.1 μg/L. Speciation analysis determined that in
the Athabasca River, Se(VI) accounted for a concentration of 0.11 ±

0.015 μg/L while Se(IV) concentration was approximately 0.012 μg/L.
Analysis of 昀椀sh species such as Trout-perch in the Athabasca River
revealed that the concentration of Se at 2.2± 0.4 mg/kg in 昀椀sh muscle is
lower than the US EPA guidelines of 11.3 mg/kg (Donner et al., 2018).

Another analysis of the Athabasca River conducted by Donner et al.
focused on Arsenic content and speciation. They reported the dissolved
As concentration in 2014 was 0.37 ± 0.01 μg/L with no apparent in-
crease in 2015 (0.34 ± 0.01 μg/L) (Donner et al., 2017). The total As
content in Athabasca River corresponded to 12.7± 2.8 μg/L in 2014 and
3.3 ± 0.65 μg/ in 2015. On another sample near mountain headwater,
the dissolved As concentrations were as low as 0.08 ± 0.005 μg/L with
similar content in two upstream sites. As speciation determined that the
redox state As(V) and As(III) were consistent in the Athabasca River,
where As(V) accounted for concentrations of 0.18 ± 0.09 μg/L and 0.18
± 0.02 μg/L in 2014 and 2015, respectively. On the other hand, arsenite
was present in trace amounts at concentrations <60 ng/L. Redox con-
ditions were also relatable to the speciation of As in water, where As(III)
concentrations were higher in water with lower redox potential, while
As(V) was more abundant in water with elevated dissolved oxygen and
redox potential (Donner et al., 2017). More studies evaluating dissolved

metal content in multiple water bodies located in Canada are summa-
rized in Table 10.

4.4. Oil spillage in Canadian water systems

Canada has been affected by fuel spill events on several occasions
dating back to 1970 (Feng et al., 2021). An example is the Paci昀椀c Ocean
spill in the Nestucca, which released approximately 874 m3 of material.
Although it occurred near Washington State, the coast of Vancouver
Island was affected (Feng et al., 2021). This spill triggered environ-
mental consequences that resulted in the death of ~56,000 seabirds and

Table 8
Maximum acceptable concentration of certain heavy metals based on Canadian
water quality guidelines.
Heavy metal Maximum acceptable concentration for drinking water (μg/L)
Antimony 0.006
Arsenic 0.010
Cadmium 0.007
Chromium 0.05
Copper 2
Lead 0.005
Manganese 0.12
Mercury 0.001
Selenium 0.05

Table 9
Total heavy metals concentration ranges in different Canadian provinces based
on the data provided by Canada's Ministry of Health (Health Canada, 2016,
2019, 2020).
Provinces Heavy

metals
Concentration
range in μg/L

Sample type Sampling
period

Newfoundland Arsenic 6–288 Public water
supplies

2002

Cadmium 0.01–3.5 Source water 2011–2016
Chromium 2–26 Surface water

and
groundwater

2004–2010

Lead 0.1–60 Not speci昀椀ed 2005–2010
Nova Scotia Arsenic > 25 Well water

sample
1991–1997

Cadmium 0.01–4.0 Raw water 2002–2016
Chromium 2.5–5 Raw water 2004 2009

Quebec Arsenic 1.0–25.0 Surface water 1990–2002
Cadmium 0.002–3.4 Distributed

water
2013–2017

Chromium 4–992 Drinking water 2005–2010
Lead 0.01–997 Tap water 2013 2014

Ontario Arsenic 2.5–68 Treated, raw,
and drinking
water

1999–2002

Cadmium 0.003–10.0 Raw, treated,
and distributed
water

2012–2019

Chromium 1.2–41.3 Drinking water 2009–2014
Lead < 0.01–359 Not speci昀椀ed 2000 2007

Manitoba Cadmium 0.01–1.0 Raw, treated,
and distributed
water

2009–2017

Chromium 3–14 Raw water 2009 2010
Lead 0.1–36 Not speci昀椀ed 2008–2009

Saskatchewan Arsenic 0.5–105.0 Treated wáter 1976–2002
Cadmium 0.01–5.9 Raw treated

and distributed
2007–2017

Chromium 5.4–29.0 Not speci昀椀ed 2002 2010
Lead 0.1–60 Not speci昀椀ed Not

speci昀椀ed
Alberta Arsenic 0.1–1000 Groundwater

and surface
water

1980–2002

Cadmium 1.0–3.1 Well water 2012–2017
Chromium – – –

Lead < 0.5 Not speci昀椀ed Not
speci昀椀ed

Prince Edward
Island

Arsenic 0.1–26.0 Groundwater 1986–2002
Cadmium 2.0–6.0 Tap water 2013–2015
Chromium 60–234 well water 2005 2010
Lead 2–335 Not speci昀椀ed 2005–2010

Yukon Arsenic – – –

Cadmium 0.003–3.41 Not speci昀椀ed Not
speci昀椀ed

Chromium 0.7–1.2 Drinking water 2007–2010
Lead 0.1–7.6 Tap water 2005 2010

British
Columbia

Arsenic 580 Groundwater Not
speci昀椀ed

Cadmium 0.005–100 Raw and
treated water

2007–2017

Chromium < 1–5 Not speci昀椀ed 2004 2010
Lead – – –
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affected crustacean and crab species. Most of the spills that have affected
Canada have been recorded in the Paci昀椀c, Atlantic, and the Arctic re-
gions and the majority are of bunker C kind (fuel oil used aboard water
vessels), diesel, or crude oil (Feng et al., 2021). Another major spill in
Canada was the sinking of the Arrow tanker, where approximately 2000
m3 of Bunker C was released and spread up to 300 km (Yang et al.,
2018).

The persistence of the released contaminants related to this spill was
studied in the region of Chedabucto Bay, Nova Scotia, where it was
determined that there was no signi昀椀cant change in the chemistry of the
spilled oil due to the environment, indicating that this type of contam-
inant can persist for a long time. However, it has been recorded that
depending on the weather conditions, certain constituents of the
released fuels can be transformed either chemically or physically in
processes, such as photooxidation, aerosolization, and emulsi昀椀cation
(Zhang et al., 2019). Table 10 presents a selection of reported accidents
that have led to the release of fuels in Canada; two cases of pipeline spills
are presented, however, up to 11 accidents have been reported between
Alberta and Saskatchewan, which have released between 60,000 L to 15
million liters of fuel between the years 2008 to 2017 [89].

Based on density, oils can be categorized into light oils - comprising
chemicals such as gasoline and jet fuels, and heavy-density oils which
include compounds such as fuel oil crudes and bitumen (Adeola et al.,
2022b; Zhang et al., 2019). The impact and dif昀椀culties of oil spill
remediation will depend on factors like the type of oil released, location,
and weather conditions, among others (White and Molloy, 2003). Oil
spills that consist of light products such as gasoline, diesel, and light
crude are considered non-persistent because the constituents have high
volatility and greater dispersion. When the released product possesses
lower volatility and higher viscosity, like crude and heavy oils, it is
considered persistent since it stays longer in the aquatic media and
travels larger distances (Ore and Adebiyi, 2021; White and Molloy,
2003).

Due to the variety of constituents in crude oils, their toxicity varies
and factors such as product density help to de昀椀ne the environmental
impact. It has been observed that the most signi昀椀cant toxicity is
generally exerted by the constituents with higher volatility, while those
with higher density are considered to have less impact (Chen et al.,
2022). In Canada, the negative impact of oil spills includes the
destruction of the natural aesthetics of the environment, adverse climate
changes, and organisms that come into contact with regions exposed to
crude oil spills have consequences that may result in death (Little et al.,
2021). Marine mammals such as seals or sea lions may inhale toxic
fumes or suffer skin irritations. Seabirds lose the insulation in their
feathers, making them susceptible to hypothermia due to low temper-
atures (Feng et al., 2021; Thakur and Koul, 2022). In general, the loss of
biodiversity, genotoxicity/mutations, shortage of clean/potable water,
and climate change remain the major challenges associated with hy-
drocarbon pollution of aquatic environments.

5. Emergence of SARS-CoV-2 in Canadian water systems

Wastewater surveillance for the RNA of the SARS-CoV-2 virus, which
causes COVID-19, has brought wastewater-based epidemiology (WBE)
back into the spotlight in 2020 (Oloye et al., 2022). While some re-
searchers have successfully linked WBE results with clinical assessments
of human infections, many others were unable to do so due to limitations
in clinical outcomes and inaccurate population size estimations to which
to normalize their data (Lapolla et al., 2020; Wu et al., 2020). Regard-
less, the genetic material of the coronavirus disease (COVID-19) virus
has been reported in wastewater, indicating that water monitoring may
be able to detect an epidemic outbreak (de Llanos et al., 2022; Lastra
et al., 2022; Reynolds et al., 2022; Wu et al., 2020). Normalizing the
pathogen loads to the population that contributes waste to the waste-
water in昀氀uent is crucial, to account for seasonal 昀氀uctuations or varia-
tions in loadings and treatments between different locations and times
(Oloye et al., 2022). Finding the appropriate bio-indicators and
extracting the genetic materials from wastewater using the right tech-
nique has always been a dif昀椀cult task. A substance must meet certain
criteria to be utilized for normalizing the viral load. These characteris-
tics include stability in water, rapidly and safely quanti昀椀able, unique-
ness to human metabolic activities, and consistent excretion rate (Asadi
et al., 2023a; Senta et al., 2015).

The 昀椀rst major research carried out in Canada to quantify SARS-CoV-
2 in wastewater was a collaborative inter-laboratory study using
wastewater grab samples collected from the Winnipeg Wastewater
Treatment Plant on August 31, 2020 (Chik et al., 2021). The method of
analysis used was reverse transcription-quantitative polymerase chain
reaction (RT-qPCR), which at the time was unstandardized globally.
Results provided by different laboratories were consistently within a
range of 1.0-log10, and low- and high-spikes were identi昀椀ed by each
laboratory. SARS-CoV-2 RNA concentration estimations for each spiking
condition typically stayed within 1.0-log10 ranges. SARS-CoV-2 RNA
was either non-detectable or in trace quantities (<20 gene copies/mL) in
the no-spike wastewater aliquots that were supplied. The detections
seem associated with techniques that involved, or concentrated, on the
wastewater solid matrix and could indicate the presence of in-situ SARS-
CoV-2 in the wastewater sample (Chik et al., 2021).

In a more comprehensive study, the daily per capita trends of SARS-
CoV-2 in wastewater were determined for three Canadian cities: North
Battleford, Prince Albert, and Saskatoon (Asadi et al., 2023b). The three
Saskatchewan communities' Wastewater Viral Load Risk Index
(WWVLRI) provided a straightforward tool for interpreting wastewater
surveillance data. The development of the index took into account the
correlations among clinical data, weekly viral load change rate, daily per
capita amount of virus materials in wastewater, and reproduction rate.
The limits for daily per capita ef昀椀ciency adjusted viral loads of 85 × 106
and 200 × 106 Nucleocapsid gene counts (gc)/population day (pd) were
established, along with the effective reproduction rate (Rt) (Asadi et al.,
2023b). These values along with their change rates were utilized to
classify the likelihood of COVID-19 breakouts and the declines that

Table 10
Bioavailable heavy metals concentration determination in different Canadian provinces.
Location Metals Technique Bioavailable concentration References
Lake 658 Experimental
lakes area (Ontario)

MeHg dissolved and bound
to dissolved organic
matter

Diffuse gradient thin
昀椀lm

The concentration of dissolved MeHg showed dependency on the depth of
analysis at the Epilmnion (<3 m). Concentrations of 0.07 ± 0.02 ng/L were
determined, while at higher depths (>9 m), the highest concentration was 1.8
ng/L. At 7 m, 43 % of the MeHg consisted of the free ion or ion species
bounded to small inorganic complexes

(Clarisse et al.,
2009)

Churchill River estuary
(Manitoba)

Dissolved Vanadium Diffuse gradients in
thin 昀椀lms

Dissolved vanadium concentrations appeared to be 昀椀ve times higher during
summer base (27.3 nM) 昀氀ow compared to spring high 昀氀ow (4.8 nM); this was
related to a change between the levels of dissolved organic matter, suggesting
that dissolved organic matter played a high role, in vanadium bioavailability.

(Shi et al.,
2016)

Athabasca River
(Alberta)

Dissolved Ag, Cd, Pb, Sb,
and Tl

ICP quadrupole mass
spectrometry

Concentrations of metal below US EPA and Canadian water quality guidelines.
Metal concentrations resemble background levels

(Shotyk et al.,
2017)
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followed. When the per capita viral load was 85 × 106 N2 gc/pd. (N2
signi昀椀es the number of nucleocapsid gene mutations), the weekly
average was deemed “low risk”. When the per capita copies were be-
tween 85 × 106 and 200 × 106 N2 gc/pd. with a rate of change <100 %,
this was referred to as a “medium risk.” A “medium-high” risk rating
denoted the beginning of an outbreak when the amount of viral material
concentrations was >85 × 106 N2 gc/pd. and the week-over-week rate
of change was >100 %. The study concluded that a viral load >200 ×

106 N2 gc/pd. was considered “high risk”. Decision-makers and health
authorities can bene昀椀t greatly from this methodology, especially
considering the limitations of COVID-19 surveillance that continues to
rely on clinical data (Asadi et al., 2023b; Oloye et al., 2022; Xie et al.,
2022).

Although, numerous studies have been conducted to measure SARS-
CoV-2 in wastewater in other parts of the World (Barril et al., 2021;
Cervantes-Avilés et al., 2021; Philo et al., 2021; RusiÞnol et al., 2020),
there has not been wide-spread surveillance of SARS-CoV-2 in waste-
water in Canada. The major works in literature are those carried out in
Saskatchewan and Manitoba (Asadi et al., 2023b; Chik et al., 2021). If
wastewater data is to be used for the prediction of future pandemics, the
dependability, repeatability, and sensitivity of these approaches need to
be validated using results collected from other provinces in Canada.

6. Recent remediation approaches to emerging contaminants in
Canada

Due to the vast quantities of hazardous chemicals that 昀椀nd their way
into water sources on a daily basis, environmental pollution stands as
one of the foremost challenges confronting society today (Alimi et al.,
2018). Efforts to purify water containing contaminants are continuously
evolving through ongoing research into cost-effective methods, as well
as the development of novel and ef昀椀cient materials/tools. In the
development of materials for environmental remediation, key consid-
erations include simple design, cost-effective production, toxicity,
biocompatibility, reusability, and regenerative potential (Adeola et al.,
2023b). In the advancement of environmental remediation, nano-
materials have garnered a lot of attention among a plethora of materials
due to their large surface area to volume ratio at the nanoscale, ease of
functionalization, tunability, etc. (Roy et al., 2021). Nanomaterials can
be altered to provide unique functionality for target-speci昀椀c applica-
tions (Adeola et al., 2024; Clermont-Paquette et al., 2024; Clermont-
Paquette et al., 2023). Consequently, several studies have focused on
integrating green chemistry principles with physicochemical surface
modi昀椀cations of nanomaterials to generate solutions capable of
addressing the complexities of contaminant remediation (Zhang et al.,
2023). In the last two decades, the notion of “green chemistry” arose
from a shift in focus within material research, moving towards utilizing
waste materials and implementing waste reduction (Dey et al., 2021).
This transition has directed the chemical industry and scientists towards
advocating and adhering to sustainable and eco-friendly approaches,
guided by the twelve principles of green chemistry (DeVierno et al.,
2017).

Recent works have evaluated the possibility of utilizing lignin-
derived sorbents for the remediation of dye contamination (Adeola
et al., 2023a). In a series of experiments, low-cost lignin-based sorbents
were developed through microwave and acid-precipitation treatments
of raw lignin for Rhodamine-B removal from water. The models of
adsorption utilized suggest complex interactions between the pollutant
and synthesized sorbent, potentially driven by various mechanisms,
including Van der Waals attraction and π-π stacking. Under optimal
conditions, we recorded 97 % removal ef昀椀ciency and 昀椀ndings suggest
lignin valorization as an economically viable and sustainable water
puri昀椀cation method (Adeola et al., 2023a). Similarly, ammonium in
water systems has been investigated due to the signi昀椀cant risks it poses
to the ecosystems, and biochar derived from digested sludge pyrolysis
has been reported in Canada as a remediation tool (Tang et al., 2019).

Pyrolysis temperatures between 350 and 550 çC were used to produce
biochar from anaerobic digester sludge in Alberta, Canada. Biochar
produced at 450 çC showed the highest ammonium removal capacity
due to increased surface area and functional groups. The adsorption
pattern followed a monolayer mechanism with an ammonium removal
capacity in municipal wastewater was 1.2 mg/g and 1.4 mg/g in
distilled water due to less competition with other contaminants (Tang
et al., 2019).

Furthermore, advanced carbon-based materials have been prepared
using the self-assemblage method to transform 2D materials such as
graphene oxide (GO) nanosheets into 3D sponges (Rao et al., 2021).
These materials have been reported to offer a promising strategy for
ef昀椀cient contaminant removal in Canada and other parts of the world
(Kubheka et al., 2022; Youse昀椀 et al., 2018). Youse昀椀 et al. reported the
synthesis of highly porous 3D sponges using GO, vitamin C, and cellulose
nanocrystals isolated from wood pulp. This architecture enhances the
speci昀椀c surface area of GO, enabling effective adsorption of various
contaminants (such as diclofenac, sulfamethoxazole, 17-α-ethynyles-
tradiol, tetracycline, and microcystin-LR) from water. Another class of
advanced materials that have been reported in Canada for water treat-
ment is polymer-based materials (Bonenfant et al., 2012; Bonenfant
et al., 2010; Mohamed et al., 2008; Orprecio and Evans, 2003; Pratt
et al., 2010). Orprecio et al. reported that β-cyclodextrin polymers
crosslinked with epichlorohydrin were formed into beads and utilized to
pack a column intended for capturing organic contaminants in 昀氀owing
water. The contaminants targeted include naphthalene, naproxen, and
2-naphthol. The polymeric material demonstrated a high % naphthalene
removal ef昀椀ciency of 98 %, while 70 % removal ef昀椀ciency was recorded
for 2-naphthol; however, naproxen adsorption was notably lower at 18
%. The variation in the performance of the material suggests that ionized
species cannot be ef昀椀ciently trapped by β-cyclodextrin polymers. This
could ultimately restrict the utilization of the polymer adsorbent to
clean up 昀氀owing waterways when the pH is high enough to ionize
contaminants (Orprecio and Evans, 2003). Nonetheless, many notable
medicinal compounds are hydrophobic, unlike pesticides, hence these
chemical species, along with aromatic hydrocarbons should adhere
easily to β-cyclodextrin polymeric materials (Table 11).

Researchers in Canada and around the world have also explored the
use of 昀椀ltration media for the removal of chemical and biological con-
taminants (Adeola and Forbes, 2021a; Cescon and Jiang, 2020;
Mohamed et al., 2008; Qiu et al., 2015). Most commonly, sand,
anthracite and granular activated carbon (GAC) 昀椀lters have been used
(Papineau et al., 2013). Papineau et al. analyzed Cryptosporidium parvum
removal in granular 昀椀lters with sand, anthracite, and GAC and it was
discovered that aging improved sand and GAC performance by 26 % and
31 %, respectively, but had no effect on anthracite. Enhanced removal
correlated with bio昀椀lm development, notably in aged GAC, suggesting
media aging enhances the removal of biological pollutants in the
昀椀ltration process. Similarly, Escherichia coli, Pseudomonas aeruginosa,
Bacillus subtilis and Staphylococcus aureus present have been remediated
using an electrochemical method with the aid of zinc oxide nanopillars
hydrothermally synthesized on stainless steel (ZnOSS) (Lin et al., 2023).
Results indicate effectiveness varies based on bacterial species and
biofouling conditions. The treatment ef昀椀ciently removes microcolonies
in 30 s but struggles with concentrated Staphylococcus aureus accumu-
lations. During the treatment, the process of removing biofouling can be
explained by a dual mechanism that includes the formation of bubbles
on the surface, which dislodges attached bacteria, alongside the gener-
ation of antibacterial oxidants through electrolysis. However, this
treatment suits low bacterial concentrations but may not fully restore
heavily contaminated media (Lin et al., 2023).

Overall, cost-effectiveness, facile synthesis, green chemistry, non-
toxicity, target-speci昀椀city, biodegradability, recyclability, and regener-
ability are some of the key challenges that must be considered when
developing new nano/materials for environmental remediation (Adeola
et al., 2023b; Guerra et al., 2018). Several studies have focused on
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employing the principles of nanotechnology and waste valorization, in
combination with physicochemical modi昀椀cations of nanomaterials/
composites to develop functional materials that can overcome existing
limitations (Pokrajac et al., 2021). Yet, some challenges persist as some
of the materials are inherently unstable under environmental conditions
and their preparation requires complex/tedious techniques at a nano-
scale. More research is needed to prevent agglomeration and enhance
monodispersity and stability while maintaining high ef昀椀ciency and
reusability. The potential toxicity and ecotoxicological impact of
nanoparticles/nanomaterials utilized for environmental remediation is
largely unknown, and recovery costs from the remediation site are fac-
tors that may impose limitations (Martínez et al., 2021). Therefore, an
understanding of the material platforms, their fabrication process, per-
formance optimization, and ecotoxicological studies of residues are
required for full-scale and real-world applications of various advanced
materials/composites/nanomaterials. (See Table 12.)

6.1. Other remediation approaches

Biodegradation is considered an eco-friendly mechanism for
removing emerging contaminants (ECs) and various methods have been
explored to enhance the biodegradation of persistent emerging con-
taminants using algae, oxidoreductase enzymes, nitrifying agents, and
fungal cultures (Li et al., 2023). Certain ECs have been effectively
removed utilizing techniques including anaerobic membranes, aerobic
membranes, and anoxic membrane reactors; untreated ECs are dealt
with using a combination of conventional and non-traditional ap-
proaches (Ahmed et al., 2021). For instance, xenoestrogens can be
removed up to 92 % by traditional treatment using activated sludge, 80
% by two oxidation ditch approaches, 70 % by several bioreactors, and
64 % by a sequence of ten lagoons (Jatoi et al., 2023). Metabolites and
co-metabolites are formed during the biodegradation of pollutants.
Caffeine, estradiol, acetaminophen, and ibuprofen are examples of
pollutants with high biodegradation constants that break down quickly.
In contrast, because of their low biodegradation constants, carbamaze-
pine and iopamidol exhibit greater resistance to biodegradation (Bilal
et al., 2019). Temperature, molecular nature, redox potential, and the
physicochemical and biophysical characteristics of the contaminants are
among the many factors that are crucial in the effective degradation of

pollutants. The biodegradation process is limited to biodegradable
contaminants, and requires extensive monitoring due to its speci昀椀city
and sensitivity regarding environmental growth conditions, microor-
ganism type, and nutrient requirements. It presents the possibility of
producing unknown and potentially toxic byproducts, making it a
comparatively time-consuming process.

Advanced oxidation processes (AOP) involve the formation of highly
reactive and non-selective reactive oxygen species, capable of partial or
100 % mineralization of contaminants into CO2 and inorganic ions
(Priyadarshini et al., 2022). These processes can signi昀椀cantly reduce
pollutant concentrations from hundreds of parts per million (ppm) to
just a few parts per billion (ppb). Recent advancements in wastewater
treatment have introduced techniques such as metal oxide-based pho-
tocatalysis, as well as Fenton, and photo-Fenton approaches (Adeola
et al., 2022a; Fatimah et al., 2024). Several reactive radicals and
methods have been investigated in relation to AOP such as perox-
ymonosulphate (HSO5−), persulphate (S2O82−), catalytic ozonation (O3),
ultrasonication and hydrodynamic cavitation ("OH), gamma radiation
("OH and H"), electrochemical oxidation (Cl", Cl2"−, ClO"), modi昀椀ed
Fenton (Fe2+ and H2O2 to generate "OH), and plasma-assisted AOPs (O",
H", "OH, O2"−) (Priyadarshini et al., 2022; Wang and Wang, 2020). The
main obstacle to full-scale AOP adoption is their high running costs;
consequently, techno-economic analyses are required to identify the
most viable AOPs for operation and scale-up with actual wastewater.
Optimizing reactor design and con昀椀guration, using solar radiation
rather than UV light, creating waste-derived catalysts, and enhancing
the reuse of catalytic materials are other ongoing advancements that are
necessary.

Although more research is required to develop smart and adaptable
materials for environmental remediation, it should be noted that the
adsorption technique holds great potential when compared to other
methods in terms of ef昀椀ciency and cost-effectiveness (El-sayed, 2020).
Electrochemical treatment for example makes use of the application of
an electric current to drive chemical reactions at speci昀椀c electrodes in
turn separating chemical species such as metals (Wang et al., 2022).
However, it is a relatively expensive method in comparison to using
adsorbents derived from renewable sources (Adeola et al., 2023a).
Boron-doped diamond (BDD) electrodes are often employed as they are
better suited to oxidize contaminants than metal oxide anodes with
prices reaching a staggering 17,850–26,800 $ CAD/m2 (Radjenovic and
Sedlak, 2015). In comparison, 100 g of lignin alkali is ~145 $ CAD as of
June 2024 (Sigma-Aldrich) and is a green and renewable carbonaceous
material used for the synthesis of carbon-based adsorbents. While price
is one advantage, energy consumption is also a great topic of interest.
The typical adsorption process is driven mechanically, whereas elec-
trochemical methods require a constant input of electricity to drive
electrochemical reactions. The typical energy associated with such op-
erations is usually in the range of 22–95 kWh kg/contaminant,
depending on the current ef昀椀ciency and density (Radjenovic and Sedlak,
2015). Adsorption offers many advantages over other methods in terms
of cost, lower energy consumption, and high removal ef昀椀ciency with
minimum secondary sludge generation (Sophia and Lima, 2018).

The 昀椀rst principle of green chemistry principle states that it is always
better to entirely prevent the generation of waste than trying to clean it
up after it has been created (Etzkorn, 2019). This principle should be
applied by industries and research institutions towards making strides at
reducing waste products generated during synthesis or manufacturing
processes. Previously many organic solvents were used for the synthesis
of sertraline (Zoloft) such as toluene, hexane, methylene chloride, and
tetrahydrofuran, however, its modern-day synthesis has introduced
ethanol as a sole solvent, thereby reducing solvent usage from 250 to 25
L/Kg drug (Sheldon, 2011). Reducing the amount of solvent used in the
mass production of such compounds reduces the chances of environ-
mental contamination and highlights the importance of waste preven-
tion. Another notable example of preventing waste stems from the
greener synthesis of ibuprofen, one of the most widely used non-

Table 11
Major oil spill events reported in Canadian environments.
Event Region Volume

spilled
Chemicals
released

References

T/V Odyssey
1998

Coast of Nova
Scotia

132,000 t Oil (Feng et al.,
2021)

Arrow spill
1970

Chedabucto Bay 11,000
m3

Bunker C

T/V
Kurdistan
spill

Cabot Strait d 7700
m3

Bunker C

Westridge
spill 2007

Burnaby British
Columbia

224 m3 Crude oil

Little Buffalo
pipeline
spill 2011

Little Buffalo
Northwest
Alberta

4.5
million
liters

Crude Oil (Datta and
Hurlbert,
2020)

Husky Oil
Spill 2016

Paynton Ferry,
Saskatchewan,

225 m3 Heavy crude
oil
Resins
Asphaltenes
Aromatics
Saturates

(DeBofsky
et al., 2020)

Anthan E
Stewart
sinking
2017

British Columbia
o Seaforth
Channel

235,000 L Diesel fuel (Eykelbosh
et al., 2018)

Judy Creek
Pipeline
Spill 2017

Judy Creek
Alberta

1.9
million
liters

Not speci昀椀ed (Datta and
Hurlbert,
2020)
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steroidal anti-in昀氀ammatory drugs (NSAIDs) worldwide. The classical
route for ibuprofen production consists of six synthetic steps using
stoichiometric reagents, leading to poor atom economy and generating
large quantities of inorganic salts as byproducts. The modern synthesis
of ibuprofen has been substantially improved to utilize three steps,
yielding 100 % atom economy with a signi昀椀cant reduction in
impurities/by-products that have the potential to reach and pollute the
environment.

7. Preventive measures, recommendations and conclusion

Water pollution results from inadequate sanitation and infrastruc-
ture, and it is widely accepted that preventive measures are superior to
end-of-pipe treatment (Adeola and Forbes, 2021b; Mueller and Gas-
teyer, 2021). In light of the pervasiveness of contamination linked to
pharmaceuticals, hospital waste management systems need to be stan-
dardized to ensure the maintenance of environmental safety in Canada.
There is a need for more emphasis on how important it is to ef昀椀ciently
sort, collect, package, store, and dispose of municipal and hospital waste
materials. Inef昀椀cient collection and transportation are among the main
causes of inadequate waste management around the world (Abubakar
et al., 2022; Kumar et al., 2017). Key preventive approaches may include
ensuring strict compliance with existing regulations with regard to the
disposal of hazardous chemicals and biological agents, and isolating
contaminant sources. The improvement of existing technology in
WWTPs, and incorporating new tools in WWTPs may also be required
for handling trace-level contaminants.

The most widely used remediation techniques for biological and
chemical contaminants in aqueous systems include adsorption, mem-
brane 昀椀ltration, coagulation, chemical precipitation, ion exchange,
aerobic biodegradation, and photocatalytic clean-ups (Ahmed et al.,
2022). These methods can be categorized into physical, chemical, bio-
logical, ecological, and engineering techniques. The most economical
way to remediate contaminants in environmental matrices is still to use
carbon-based adsorbents (Militao et al., 2021). Carbon-based adsor-
bents, such as agricultural waste-derived carbon materials, graphene-
based materials, carbon nanotubes, and granular or powdered acti-
vated carbon, have been applied to absorb a variety of environmental
pollutants (Adeola et al., 2023a; Ighalo et al., 2023). In comparison to
alternative adsorbents, activated carbon is a reasonably cheap and eco-
friendly option.

However, in the case of heavily polluted sites, single techniques are

often ineffective; instead, integrated systems or hybrid procedures that
entail the integration of two or more approaches are better (Adeola and
Forbes, 2021a; Rajendran et al., 2022; Xiang et al., 2022). The physical-
engineering approach is one example of an integrated/hybrid technique.
Aeration is a popular and effective way to promote the growth and ac-
tivity of bacteria that may eventually break down organic contaminants
in the environment (Capodaglio and Olsson, 2020). Similar methods
that use plant and microorganism-based solutions to clean organic
pollutants from surface water or diffuse sources of pollution include
ecological 昀氀oating beds, wetlands, and bio昀椀lm reactors (Md Anawar and
Chowdhury, 2020). Other techniques that promote sedimentation,
aeration, photolysis by sunlight, and anoxic reactions are hydraulic
structures, riverbank 昀椀ltration, stormwater diversion, and dredging.

In practical terms, environmental protection is a collective re-
sponsibility, hence from an individualistic perspective, it is advisable to
dispose of waste properly instead of throwing trash away on the beach,
riverbank, or near other bodies of water. Federal or provincial regula-
tions are needed to improve waste collection, processing, and valoriza-
tion strategies for the collective good of the environment, animals, and
humans. Furthermore, it is advisable to purchase eco-friendly cleaning
agents, such as detergents with low or no phosphate content, to prevent
the eutrophication of water bodies. Green chemistry practices should
not be limited to research laboratories as there is a need for industries
producing various chemicals, to seek out precursors and alternatives
that are less hazardous, self-degrading, and non-persistent in the envi-
ronment upon incidental release.

In a bid to achieve the United Nations Sustainable Development
Goals, the water treatment sectors (both private and government)
should ensure that WWTPs are properly maintained and upgraded to
handle the rapidly growing environmental and economic demands for
clean and safe water. There is an urgent need to ensure water reusability
due to the increasing demand for clean water. To reduce the danger of
exposure and its effects, the development of better and more effective
ways for treating sewage, drinking water, and wastewater is germane.
Membrane technology, adsorption, and integrated systems are examples
of more compact, economical, adaptable, and ef昀椀cient treatment tech-
niques that warrant further investigation due to their ability to purify
wastewater without requiring a signi昀椀cant amount of chemical
intervention.

In conclusion, future research into the environmental toxicology of
emerging pollutants should take into account both human exposures and
environmental concentrations to establish a valuable correlation

Table 12
Methods and materials developed by various Canadian researchers for remediation of pollutants.
Material Method/Approach Target pollutant Removal capacity/%

ef昀椀ciency
References

Reduced graphene oxide-cellulose
nanocrystal sponges

Adsorption Diclofenac, sulfamethoxazole, 17-
α-ethynylestradiol, tetracycline and microcystin-LR

~850 mg/g (Youse昀椀 et al., 2018)

Granular 昀椀lters (GAC, sand, and
anthracite)

Filtration Cryptosporidium parvum 39–56 % (Papineau et al., 2013)

Granular activated carbon Nano昀椀ltration,
Adsorption

Naphthenic acids 100–160 mg/g (Mohamed et al., 2008)

Zinc oxide nanopillars-stainless steel Electrochemical
treatment

Escherichia coli, Pseudomonas aeruginosa, Bacillus
subtilis and Staphylococcus aureus

~90 % (Lin et al., 2023)

Biochar derived from digested sludge Adsorption Ammonium 48–58 % / 1.4 mg/g (Tang et al., 2019)
Epichlorohydrin-crosslinked

β-cyclodextrin polymers
Adsorption Naphthalene

2-naphthol
naproxen

Naph (98 %),
2-Naph (70 %),
NPX (18 %)

(Orprecio and Evans, 2003)

β-Cyclodextrin-carboxymethylcellulose
polymer

Adsorption Nonylphenol ethoxylate
Fluoxetine hydrochloride

NE 83–92w%, NE
1.1–6.8mg/g
FH 5.076 mg/g

(Bonenfant et al., 2012;
Bonenfant et al., 2010)

β-cyclodextrin with epichlorohydrin-
mesoporous silica

Nano昀椀ltration,
Adsorption

Naphthenic acids 20–30 mg/g (Mohamed et al., 2008)

β-Cyclodextrin copolymer materials Adsorption p-nitrophenol ~ 58 % (Pratt et al., 2010)
Carbon nanotubes Adsorption nor昀氀oxacin and 17α-ethinylestradiol 24.5–48.9 mg/g

76–98 %
(Duarte et al., 2022)

Acid-precipitated and microwave-
treated softwood lignin

Adsorption Rhodamine B ~2766mg/g (Adeola et al., 2023a)
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between dose-related effects (IC50/EC50), total bioavailable fractions,
environmental exposure, and biological effects of emerging contami-
nants. There is a paucity of information regarding relevant ecotoxico-
logical endpoints for human and biota lethal dose/exposure for most
emerging and potentially hazardous contaminants in Canada. Hence, for
public health protection and environmental safety, more public-private
partnerships between government agencies, healthcare providers, in-
dustries, and institutions of higher learning are necessary to promote
research and development.
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Arnnok, P., Singh, R.R., Burakham, R., Pérez-Fuentetaja, A., Aga, D.S., 2017. Selective
uptake and bioaccumulation of antidepressants in 昀椀sh from ef昀氀uent-impacted
Niagara River. Environ. Sci. Technol. 51, 10652–10662.

Arnold, K.E., Brown, A.R., Ankley, G.T., Sumpter, J.P., 2014. Medicating the
environment: assessing risks of pharmaceuticals to wildlife and ecosystems. Philos.
Trans. R. Soc. B 369, 20130569.

Asadi, M., Hamilton, D., Shomachuk, C., Oloye, F.F., De Lange, C., Pu, X., et al., 2023a.
Assessment of rapid wastewater surveillance for determination of communicable
disease spread in municipalities. Sci. Total Environ. 901, 166541.

Asadi, M., Oloye, F.F., Xie, Y., Cantin, J., Challis, J.K., McPhedran, K.N., et al., 2023b.
A wastewater-based risk index for SARS-CoV-2 infections among three cities on the
Canadian Prairie. Sci. Total Environ. 876, 162800.

Baby, T.P.N., Vineethkumar, V., Shimod, K.P., Vishnu, C.V., Jayadevan, S., 2022. Heavy
metal contamination in water sources of Thaliparamba municipality, Kerala, India.
Radiat. Prot. Environ. 45, 54–61.

Balali-Mood, M., Naseri, K., Tahergorabi, Z., Khazdair, M.R., Sadeghi, M., 2021. Toxic
mechanisms of 昀椀ve heavy metals: mercury, Lead, chromium, cadmium, and arsenic.
Front. Pharmacol. 12.

Banaee, M., Soltanian, S., Sureda, A., Gholamhosseini, A., Haghi, B.N., Akhlaghi, M.,
et al., 2019. Evaluation of single and combined effects of cadmium and micro-plastic
particles on biochemical and immunological parameters of common carp (Cyprinus
carpio). Chemosphere 236, 124335.

Barril, P.A., Pianciola, L.A., Mazzeo, M., Ousset, M.J., Jaureguiberry, M.V.,
Alessandrello, M., et al., 2021. Evaluation of viral concentration methods for SARS-
CoV-2 recovery from wastewaters. Sci. Total Environ. 756, 144105.

Bashir, I., Lone, F.A., Bhat, R.A., Mir, S.A., Dar, Z.A., Dar, S.A., 2020. Concerns and
threats of contamination on aquatic ecosystems. In: Hakeem, K.R., Bhat, R.A.,
Qadri, H. (Eds.), Bioremediation and Biotechnology: Sustainable Approaches to
Pollution Degradation. Springer International Publishing, Cham, pp. 1–26.

Basiuk, M., Brown, R.A., Cartwright, D., Davison, R., Wallis, P.M., 2017. Trace organic
compounds in rivers, streams, and wastewater in southeastern Alberta, Canada.
Inland Waters 7, 283–296.

Beghin, M., Schmitz, M., Betoulle, S., Palluel, O., Baekelandt, S., Mandiki, S.N.M., et al.,
2021. Integrated multi-biomarker responses of juvenile rainbow trout
(Oncorhynchus mykiss) to an environmentally relevant pharmaceutical mixture.
Ecotoxicol. Environ. Saf. 221, 112454.

Bell, K.Y., Wells, M.J.M., Traexler, K.A., Pellegrin, M.-L., Morse, A., Bandy, J., 2011.
Emerging Pollutants. Water Environ. Res. 83, 1906–1984.

Bhaduri, A., Bogardi, J., Siddiqi, A., Voigt, H., Vörösmarty, C., Pahl-Wostl, C., et al.,
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Villamor, E., et al., 2021. Environmental impact of nanoparticles’ application as an
emerging technology: a review. Materials 14, 166.

Masanabo, N., Orimolade, B., Idris, A.O., Nkambule, T.T.I., Mamba, B.B., Feleni, U.,
2023. Advances in polymer-based detection of environmental ibuprofen in
wastewater. Environ. Sci. Pollut. Res. 30, 14062–14090.

McCuaig, L.M., Martyniuk, C.J., Marlatt, V.L., 2020. Morphometric and proteomic
responses of early-life stage rainbow trout (Oncorhynchus mykiss) to the aquatic
herbicide diquat dibromide. Aquat. Toxicol. 222, 105446.

Md Anawar, H., Chowdhury, R., 2020. Remediation of polluted river water by biological,
chemical, ecological and engineering processes. Sustainability 12, 7017.

Md Meftaul, I., Venkateswarlu, K., Dharmarajan, R., Annamalai, P., Megharaj, M., 2020.
Pesticides in the urban environment: a potential threat that knocks at the door. Sci.
Total Environ. 711, 134612.

Mezzelani, M., Gorbi, S., Regoli, F., 2018. Pharmaceuticals in the aquatic environments:
evidence of emerged threat and future challenges for marine organisms. Mar.
Environ. Res. 140, 41–60.

Militao, I.M., Roddick, F.A., Bergamasco, R., Fan, L., 2021. Removing PFAS from aquatic
systems using natural and renewable material-based adsorbents: a review.
J. Environ. Chem. Eng. 9, 105271.

Miranda, L.S., Wijesiri, B., Ayoko, G.A., Egodawatta, P., Goonetilleke, A., 2021. Water-
sediment interactions and mobility of heavy metals in aquatic environments. Water
Res. 202, 117386.

Mishra, S., Kumar, A., Yadav, S., Singhal, M.K., 2018. Assessment of heavy metal
contamination in water of Kali River using principle component and cluster analysis,
India. Sustainable Water Resources Management 4, 573–581.

Mishra, S., Bharagava, R.N., More, N., Yadav, A., Zainith, S., Mani, S., et al., 2019. Heavy
metal contamination: an alarming threat to environment and human health. In:
Sobti, R.C., Arora, N.K., Kothari, R., Sobti, R.C., Arora, N.K., Kothari, R. (Eds.),
Environmental Biotechnology: For Sustainable Future. Singapore, pp. 103–125.

Mohamed, M.H., Wilson, L.D., Headley, J.V., Peru, K.M., 2008. Novel materials for
environmental remediation of tailing pond waters containing naphthenic acids.
Process. Saf. Environ. Prot. 86, 237–243.

Mohapatra, D.P., Kirpalani, D.M., 2019. Advancement in treatment of wastewater: fate of
emerging contaminants. Can. J. Chem. Eng. 97, 2621–2631.

Montes-Grajales, D., Fennix-Agudelo, M., Miranda-Castro, W., 2017. Occurrence of
personal care products as emerging chemicals of concern in water resources: a
review. Sci. Total Environ. 595, 601–614.

Mueller, J.T., Gasteyer, S., 2021. The widespread and unjust drinking water and clean
water crisis in the United States. Nat. Commun. 12, 3544.

Muhammad, S., Usman, Q.A., 2021. Heavy metal contamination in water of Indus River
and its tributaries, Northern Pakistan: evaluation for potential risk and source
apportionment. Toxin Rev. 41, 380–388.

Munno, K., Helm, P.A., Rochman, C., George, T., Jackson, D.A., 2022. Microplastic
contamination in Great Lakes 昀椀sh. Conserv. Biol. 36, e13794.

Neudorf, K.D., Huang, Y.N., Ragush, C.M., Yost, C.K., Jamieson, R.C., Truelstrup, Hansen
L., 2017. Antibiotic resistance genes in municipal wastewater treatment systems and
receiving waters in Arctic Canada. Sci. Total Environ. 598, 1085–1094.

Ojoghoro, J.O., Scrimshaw, M.D., Sumpter, J.P., 2021. Steroid hormones in the aquatic
environment. Sci. Total Environ. 792, 148306.

Oloye, F.F., Xie, Y., Asadi, M., Cantin, J., Challis, J.K., Brinkmann, M., et al., 2022. Rapid
transition between SARS-CoV-2 variants of concern Delta and Omicron detected by
monitoring municipal wastewater from three Canadian cities. Sci. Total Environ.
841, 156741.

Oluwole, A.O., Omotola, E.O., Olatunji, O.S., 2020. Pharmaceuticals and personal care
products in water and wastewater: a review of treatment processes and use of
photocatalyst immobilized on functionalized carbon in AOP degradation. BMC
Chemistry 14, 62.

Ore, O.T., Adebiyi, F.M., 2021. A review on current trends and prospects in the pyrolysis
of heavy oils. Journal of Petroleum Exploration and Production 11, 1521–1530.

Ore, O.T., Adeola, A.O., 2021. Toxic metals in oil sands: review of human health
implications, environmental impact, and potential remediation using membrane-
based approach. Energy Ecol. Environ. 6, 81–91.

Ore, O.T., Adeola, A.O., Bayode, A.A., Adedipe, D.T., Nomngongo, P.N., 2023.
Organophosphate pesticide residues in environmental and biological matrices:
occurrence, distribution and potential remedial approaches. Environmental
Chemistry and Ecotoxicology 5, 9–23.

Orprecio, R., Evans, C.H., 2003. Polymer-immobilized cyclodextrin trapping of model
organic pollutants in 昀氀owing water streams. J. Appl. Polym. Sci. 90, 2103–2110.

Ortúzar, M., Esterhuizen, M., Olicón-Hernández, D.R., González-López, J., Aranda, E.,
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Shi, Y.X., Mangal, V., Guéguen, C., 2016. In昀氀uence of dissolved organic matter on
dissolved vanadium speciation in the Churchill River estuary (Manitoba, Canada).
Chemosphere 154, 367–374.

Shil, S.C., Islam, M.S., Irin, A., Tusher, T., Hoq, M.E., 2017. Heavy metal contamination
in water and sediments of Passur River near the Sundarbans Mangrove of
Bangladesh. Journal of Environmental Science and Natural Resources 10, 15–19.

Shinn, C., Santos, M.M., Lek, S., Grenouillet, G., 2015. Behavioral response of juvenile
rainbow trout exposed to an herbicide mixture. Ecotoxicol. Environ. Saf. 112, 15–21.

Shotyk W, Bicalho B, Cuss CW, Donner MW, Grant-Weaver I, Haas-Neill S, et al. Trace
metals in the dissolved fraction (<0.45μm) of the lower Athabasca River: Analytical
challenges and environmental implications. Sci. Total Environ. 2017; 580: 660–669.

Singh, J., Gupta, P., Das, A., 2021. Dyes from textile industry wastewater as emerging
contaminants in agricultural 昀椀elds. In: Kumar Singh, V., Singh, R., Lichtfouse, E.
(Eds.), Sustainable Agriculture Reviews 50: Emerging Contaminants in Agriculture.
Springer International Publishing, Cham, pp. 109–129.

Sophia, A.C., Lima, E.C., 2018. Removal of emerging contaminants from the environment
by adsorption. Ecotoxicol. Environ. Saf. 150, 1–17.

Sprague, D.D., Vermaire, J.C., 2018. Legacy arsenic pollution of lakes near cobalt,
Ontario, Canada: arsenic in lake water and sediment remains elevated nearly a
century after mining activity has ceased. Water Air Soil Pollut. 229, 87.

Srain, H.S., Beazley, K.F., Walker, T.R., 2021. Pharmaceuticals and personal care
products and their sublethal and lethal effects in aquatic organisms. Environ. Rev.
29, 142–181.

Stroski, K.M., Luong, K.H., Challis, J.K., Chaves-Barquero, L.G., Hanson, M.L., Wong, C.
S., 2020. Wastewater sources of per- and poly昀氀uorinated alkyl substances (PFAS)
and pharmaceuticals in four Canadian Arctic communities. Sci. Total Environ. 708,
134494.

Stuart, M., Lapworth, D., Crane, E., Hart, A., 2012. Review of risk from potential
emerging contaminants in UK groundwater. Sci. Total Environ. 416, 1–21.

Sultana, T., Murray, C., Kleywegt, S., Metcalfe, C.D., 2018. Neonicotinoid pesticides in
drinking water in agricultural regions of southern Ontario, Canada. Chemosphere
202, 506–513.

Sun, M., Arevalo, E., Strynar, M., Lindstrom, A., Richardson, M., Kearns, B., et al., 2016.
Legacy and emerging per昀氀uoroalkyl substances are important drinking water
contaminants in the cape fear river watershed of North Carolina. Environ. Sci.
Technol. Lett. 3, 415–419.

Tang, Y., Alam, M.S., Konhauser, K.O., Alessi, D.S., Xu, S., Tian, W., et al., 2019.
In昀氀uence of pyrolysis temperature on production of digested sludge biochar and its
application for ammonium removal from municipal wastewater. J. Clean. Prod. 209,
927–936.

Tang, Y., Li, Y., Zhan, L., Wu, D., Zhang, S., Pang, R., et al., 2022. Removal of emerging
contaminants (bisphenol A and antibiotics) from kitchen wastewater by alkali-
modi昀椀ed biochar. Sci. Total Environ. 805, 150158.

Taylor, L.J., Mann, N.S., Daoud, D., Clark, K.F., van den Heuvel, M.R., Greenwood, S.J.,
2019. Effects of sublethal chlorpyrifos exposure on postlarval American lobster
(Homarus americanus). Environ. Toxicol. Chem. 38, 1294–1301.

Thakur, A., Koul, B., 2022. Chapter 7 - impact of oil exploration and spillage on marine
environments. In: Das, P., Manna, S., Pandey, J.K. (Eds.), Advances in Oil-Water
Separation. Elsevier, pp. 115–135.

UNSDG, 2018. Sustainable Development Goal 6. Synthesis Report on Water and
Sanitation. https://sustainabledevelopment.un.org/content/documents/19901SD
G6_SR2018_web_3.pdf.

Valdez-Carrillo, M., Abrell, L., Ramírez-Hernández, J., Reyes-López, J.A., Carreón-
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A B S T R A C T   

Rapid global urbanization and population growth have ignited an alarming surge in emerging contaminants in 
water bodies, posing health risks, even at trace concentrations. To address this challenge, novel water treatment 
and reuse technologies are required as current treatment systems are associated with high costs and energy 
requirements. These drawbacks provide additional incentives for the application of cost-effective and sustainable 
biomass-derived activated carbon, which possesses high surface area and low toxicity. Herein, we synthesized 
microporous activated carbon (MAC) and its magnetic derivative (m-MAC) from tannic acid to decaffeinate 
contaminated aqueous solutions. Detailed characterization using SEM, BET, and PXRD revealed a very high 
surface area (>1800 m2/g) and a highly porous, amorphous, heterogeneous sponge-like structure. Physico-
chemical and thermal analyses using XPS, TGA, and EDS con昀椀rmed thermal stability, unique surface moieties, 
and homogeneous elemental distribution. High absorption performance (>96 %) and adsorption capacity (287 
and 394 mg/g) were recorded for m-MAC and MAC, respectively. Mechanistic studies showed that the sorption of 
caffeine is in tandem with multilayer and chemisorptive mechanisms, considering the models’ correlation and 
error coef昀椀cients. π-π stacking and hydrogen bonding were among the interactions that could facilitate MAC- 
Caffeine and m-MAC-Caffeine bonding interactions. Regeneration and reusability experiments revealed 
adsorption ef昀椀ciency ranging from 90.5 to 98.4 % for MAC and 88.6–93.7 % for m-MAC for 昀椀ve cycles. Our 
昀椀ndings suggest that MAC and its magnetic derivative are effective for caffeine removal, and potentially other 
organic contaminants with the possibility of developing commercially viable and cost-effective water polishing 
tools.   

1. Introduction 

Emerging chemical pollutants (ECPs) encompass various substances, 
including cosmetics, pharmaceuticals, surfactants, manufacturing ad-
ditives, plasticizers, and pesticides, which have been detected within our 
ecosystem. While we are aware of their presence, the full extent of their 
environmental hazards and the threat to animal life, and human health 
remains inadequately understood (Petrie et al., 2015). One of the 
pressing concerns with ECPs is their persistence in water sources. Con-
ventional wastewater treatment and puri昀椀cation facilities struggle to 
eliminate these compounds, resulting in trace amounts persisting in our 

ecosystem and drinking water (Adeola and Forbes, 2021; Menya et al., 
2023; Richardson and Kimura, 2017). Caffeine is one example of these 
persistent ECPs and is a recalcitrant chemical that is frequently detected 
in potable water, groundwater, sewage, wastewater ef昀氀uents, lakes, 
rivers, remote mountain lakes, and even Antarctic waters (Buerge et al., 
2003; Gogoi et al., 2018; Heberer, 2002; Philip et al., 2018). Caffeine is 
the most ubiquitous psychotropic substance in the world (Gardinali and 
Zhao, 2002). It is a chemical molecule belonging to the methylxanthines 
family and a stimulant of the central nervous system, with addictive 
tendencies (Bruton et al., 2010). Remarkably, caffeine has been detected 
in water systems of nations where it is not even cultivated but is 
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consumed. This raises signi昀椀cant concerns regarding unintended expo-
sure and potential impact on aquatic fauna, a concern that has yet to be 
adequately addressed. 

In light of the growing negative effects on the aquatic environment, 
amongst other sources of water pollution, remediation steps are needed 
to reduce the impact of caffeine on aquatic systems. In environmental 
sciences, biomass-derived carbonaceous architectures are widely uti-
lized because they often possess large speci昀椀c surface areas, relatively 
low toxicity, high sorption af昀椀nity, biocompatibility, biodegradability, 
sustainability, affordability, carbon neutrality, and natural abundance 
(Adeola et al., 2023). These precursors can originate from naturally 
occurring minerals, industrial, agricultural, plant, and fruit wastes. 
Numerous precursors, including date pits, vermiculata plants, coconut 
shells and husks, bamboo waste, rice husks, ground nut shells, olive 
stones, oil palm 昀椀ber and shell, corncob, olive seed waste, 昀椀r wood, 
Euphorbia rigida bio plant, roots of vetiver, sugars, seeds of Rosa canina, 
apricot and peach stones can be effectively employed for the production 
of activated carbon, according to literature (Sambo et al., 2024; Tyagi, 
2024). In particular, adsorption techniques with the aid of 
biomass-derived materials have been explored as a useful tool for 
caffeine removal from contaminated water. While few studies have 
endeavored to rid water of caffeine using biomass materials (Batista 
et al., 2016; Couto et al., 2015; Galhetas et al., 2014), there has been no 
investigation of magnetic carbon-based composites derived from 
renewable sources, boasting an unparalleled surface area, high adsorp-
tion capability, and potential for recovery and reusability. Yet such 
innovation would greatly reinforce the principles of sustainability, 
signi昀椀cantly curbing secondary waste and contamination. 

Herein, we synthesized renewable and eco-friendly microporous 
activated carbon (MAC) and its magnetic derivative (m-MAC) from 
tannic acid using pyrolysis and solvothermal techniques. Investigations 
were carried out on the role of process variables such as initial con-
centrations of caffeine, reaction time (sorption kinetics), pH of solution 
in achieving the maximum caffeine sorption, the model organic 
contaminant. Comparative isothermal and kinetic modeling equations 
were used to elucidate the possible mechanisms of sorbate-sorbent in-
teractions. Furthermore, regeneration and reusability tests of the sor-
bents over 昀椀ve cycles were carried out to elucidate their potential for 
sustainable applications. 

2. Experimental 

2.1. Materials and reagents 

Caffeine (98%), tannic acid, hydrochloric acid (HCl), iron(III) ace-
tylacetonate (Fe(acac)3), sodium hydroxide (NaOH), calcium chloride 
(CaCl2), potassium carbonate (K2CO3), potassium chloride (KCl), oleyl-
amine, oleic acid, acetone and ethanol were supplied by Sigma-Aldrich. 
ChemScience supplied the 0.45 μm syringe PTFE 昀椀lters used in the 
study. Ultra-pure water (Milli-Q® Water Systems, Sigma-Aldrich) was 
used for the preparation of the solutions. 

2.2. Preparation of microporous activated carbon (MAC) and magnetic 
functionalization of MAC sorbent 

The synthesis of the activated carbon was conducted following the 
established methodology with a slight modi昀椀cation (Díez et al., 2019). 
Brie昀氀y, a mixture consisting of tannic acid (0.5 g), K2CO3 (0.5 g), and 
KCl (3 g) was prepared and thoroughly mixed through grinding. Sub-
sequently, the resulting mixture was introduced into an alumina boat 
and placed into a horizontal furnace. The pyrolysis process took place 
under a N2 atmosphere (100 mL/min) at a temperature of 750 çC 
(5 çC/min) for 1 h. Upon completion, the system was cooled to ambient 
temperature while keeping the nitrogen 昀氀ow. The product was rinsed 
with hot deionized water and 昀椀ltered to eliminate any residual 
unreacted potassium salts, after which the sample was oven-dried at 

85 çC for 24 h. The product obtained in step 1, described above, was 
functionalized by doping with magnetic iron oxide nanoparticles 
(FeONPs) (Fig. 1). A solution made of 3.8 mL oleic acid and 15 mL 
oleylamine was used to dissolve Fe(acac)3 and MAC (0.5 g each). The 
mixture was placed in a hydrothermal reactor and heated with stirring at 
200 çC for 2 h. After cooling to ambient temperature, the product was 
washed with ethanol and dried in the oven at 85 çC, and pyrolyzed at 
600 çC under N2 atmosphere (100 mL/min) for 1 h. 

2.3. Material characterization 

The Rigaku MiniFlex 6G diffractometer (Cu Kα source; λ = 1.54 Å) 
was used to acquire the powder X-ray diffraction (PXRD) patterns in the 
2θ range from 10ç to 80ç at a rate of scan of 10 çC/min. The Thermo 
Scienti昀椀c Nicolet iS5 equipped with an iD5 ATR accessory was used to 
collect the Fourier-transformed infrared spectroscopy (FTIR) spectra in 
the range of 400–4000 cm−1 wavenumber range. Data were analyzed 
with the Omnic 9 software. A Phenom ProXdesktop G6 (Thermo昀椀sher 
Scienti昀椀c) was used for scanning electron microscopy (SEM) and energy 
dispersive X-ray spectroscopy (EDS) analyses at 5 kV. The TGA Q500 
analyzer aided the thermogravimetric analyses (TGA) of the samples. 
The sample temperature was raised from 25 to 900 çC at a rate of 10 çC/ 
min under an oxidizing atmosphere with a 昀氀ow of 50 mL/min. The 
Micromeritics® TriStar II Plus facilitated the analysis of the samples’ 

speci昀椀c surface area (SSA) and pore size distribution by nitrogen 
adsorption/desorption isotherms at 77 K. The samples were previously 
activated for 24 h at 100 çC. The Brunauer−Emmett−Teller (BET) was 
used to determine the SSA while the non-local density functional theory 
(NLDFT) method was employed for the pore size distribution analysis. 
The pH of the point of zero charge of each sorbent was investigated by 
adding 15.0 mL of 0.1 M NaCl solution to multiple vials, and adjusting 
the solution pH between 2 and 12, using a trace amount of 0.1 M HCl or 
NaOH. Afterwards, 10 mg of each material was added to the vials. The 
vials were stirred for 48 h using an orbital shaker. The solutions were 
昀椀ltered and the 昀椀nal pH values were obtained using a pH meter (AB150, 
accumet®, Fisher Scienti昀椀c). The pHPZC was obtained by plotting a 
graph of ΔpH (pH昀椀nal-pHinitial) versus pHinitial. 

2.4. Adsorption kinetics and isotherm studies 

The materials synthesized were evaluated for the adsorption of 
caffeine using 50 mL screw-capped polypropylene vials with CaCl2 
(0.01 mol/L) as electrolyte at 25 çC. The contact time and by extension 
the adsorption kinetics studies were performed placing 10 mg of both 
materials in contact with 100 mg/L and 500 mg/L caffeine solutions. 
The reaction vessels were shaken at 300 rpm (Thermo Scienti昀椀c 2314 
Multi-Purpose Lab Rotator) for 24 h (Kubheka et al., 2022). For the 
adsorption isotherm studies, initial caffeine concentrations ranged from 
20 to 500 mg/L. The vials were shaken for 1 h following the optimized 
contact time obtained from kinetic studies. After each study, the solution 
was 昀椀ltered and supernatants were analyzed to quantify the caffeine 
adsorption. Furthermore, the pH effect on caffeine removal was inves-
tigated by using 0.1 M HCl or NaOH to vary the solution pH between 2 
and 12. Measurements were obtained in duplicates to ensure the 
reproducibility of the results. 

Caffeine concentration at equilibrium was analyzed using UV–visible 
absorption spectroscopy (Cary 5 Series – Agilent Technologies). A cali-
bration curve was obtained using the maximum absorption wavelength 
(273 nm) of caffeine and varying the concentration from 1 to 20 mg/L 
(Fig. S1). Furthermore, caffeine removal was evaluated using Eq. (1), 
while the adsorption capacity was calculated using Eq. (2). 

Removal efficiency (%)=
(C0 − Ce)

C0
× 100 (1)  
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qe =
(C0 − Ce)V0

m (2)  

Where C0 is the pre-adsorption caffeine concentration (mg/L), Ce is the 
equilibrium caffeine concentration (mg/L), qe is the sorption capacity 
(mg/g), Vo is the initial solution volume (L), and m is the mass (g) of the 
adsorbents. 

2.5. Kinetics and isotherm modelling 

The data obtained from batch experiments were 昀椀tted to the Weber- 
Morris intraparticle diffusion (eq. (3)), pseudo-昀椀rst-order (PFO) (eq. 
(4)), and pseudo-second-order (PSO) (eq. (5)) models (Fig. 5 and S3). 
The initial sorption rate and half-life were evaluated using eqs. (6) and 
(7), and the best-昀椀t model was validated using the sum of squares of 
errors (SSE) and the chi-square test (χ2) (eqs. (8) and (9)) (Anthony 
et al., 2020; Duarte et al., 2022). 
qt =Kidt0.5 + C (3)  

qt = qe
(1 − e−K1 t) (4)  

qt =
q2

e K2t
qeK2t + 1 (5)  

h=K2q2
e (6)  

t0.5 = 1
K2qe

(7)  

3n
i=1

(

qe,cal − qe,exp
)2

i
(8)  

χ2 =
3

(

qexp − qcalc
)2

qcalc
(9)  

Where qt and qe are caffeine adsorbed per sorbent mass (mg/g) per time 
(t) and at equilibrium, respectively, K1 (1/min) and K2 (g/mg × min) are 
rate constants for pseudo-昀椀rst-order and pseudo-second-order, Kid (mg/ 
g × min1/2) and C (mg/g) are the rate constant for intraparticle diffusion 
and constant linked to the thickness of boundary layer, respectively, and 
h (mg/g × min) and t0.5 are the initial rate of sorption and half-life, 
respectively. 

In isotherm studies, the Freundlich model is commonly used to 
describe multilayer adsorption of chemical pollutants onto heteroge-
neous surfaces (eq. (10)), while the Langmuir model (eq. (11)) is based 
on a monolayer sorption mechanism on homogeneous surfaces with a 
site-limiting sorption (Inyinbor et al., 2017). The complex interactions 
between sorbent and sorbate are described by the Sips model (eq. (12)). 
It may be reduced to the Langmuir or Freundlich model due to changes 
in pollutant concentration and surface interactions with the sorbents 
(Adeola and Forbes, 2019; Kubheka et al., 2022). The Sips model has 
three main parameters, while Langmuir and Freundlich models have 
two key parameters. The best-昀椀tted model was con昀椀rmed by using the 
sum of squared errors (SSE) and the chi-square test (χ2) (eqs. (8) and (9)) 
(Mozaffari Majd et al., 2022; Unuabonah et al., 2019). 
qe =Kf CN

e (10)  

qe =
qmaxKLCe
1 + KLCe

(11)  

qe =
qmKs Cms

e
1 + Ks . Cms

e
(12)  

Where Ce is caffeine unadsorbed (mg/L) and qe is the amount of caffeine 

Fig. 1. Schematic of the synthesis of MAC and m-MAC.  
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adsorbed (mg/g). KF is the adsorption capacity-related parameter, KL is 
the Langmuir constant, N & ms are heterogeneity indicators, and qmax & 
qm are the maximum adsorption capacities. 

3. Results and discussion 

3.1. Sorbent characterization 

Scanning electron microscopy (SEM) revealed a porous structure for 
MAC (Fig. 2a and b) and m-MAC (Fig. 2c and d) with the pores pre-
senting a sponge-like morphology, composed of carbon layers. K2CO3 
has been widely applied as a chemical activating agent in the production 
of various activated carbons (Adinata et al., 2007; Kılıç et al., 2012; 
Márquez-Montesino et al., 2020; Wu et al., 2023). The activation process 
using K2CO3 occurs in several steps. First, the precursors are impreg-
nated with K2CO3, followed by carbonization at high temperatures 
under an inert atmosphere. During the carbonization, char is formed, 
which then reacts with K2CO3, rendering the reduction of carbon and the 
formation of CO as shown in eq. (13)–(15). The gas is responsible for 
creating internal pressure, promoting the creation of the pores, and 
consequently, resulting in materials with a high surface area. Moreover, 
the porosity is further explained by the formation of potassium com-
pounds (K2O and K), which expand the existing pores and create new 
ones. (Adinata et al., 2007; Heidarinejad et al., 2020; Lobato-Peralta 
et al., 2023; Mu et al., 2019; Okman et al., 2014). 
K2CO3(s) +2C(s) → 2K(s) + 3CO(g) (13)  

K2CO3(aq) → K2O(s) + CO2(g) (14)  

K2O(s) +C(s) → 2K(s) + CO(g) (15) 
Moreover, inorganic salts are known to act as hard templates, which 

control the morphology of the carbon material, such as the shape and 
size of the pores. Thus, the sponge-like structure observed for MAC can 
be associated with the presence of KCl (Díez et al., 2021). Díez et al. 
(2019) synthesized porous carbon materials using K2CO3 and KCl as salt 
templates. The authors observed that materials created without KCl 
presented a porous structure that was not sponge-like. However, when 
KCl was employed, the sponge-like structure was evident. 

The impregnation of the resultant microporous materials (MAC) with 
FeONPs endowed it with magnetic properties (m-MAC). It can be seen 
that the process created more heterogeneous morphological character-
istics as supported by TEM and SEM analyses (Fig. 2). The higher 
contrast FeONPs can be seen distributed around the surface and pores of 
MAC substrate in the m-MAC. EDS analysis con昀椀rmed the dominant 
presence of carbon and oxygen, with trace amounts of potassium from 
the reacted precursors MAC salts (Fig. S2), while the successful incor-
poration of FeONPs for the m-MAC was con昀椀rmed considering the 
relative abundance of the elements, showing increased amounts of ox-
ygen, as well as the presence of iron (Figs. S2 and 3). EDS mapping 
images of m-MAC showed that C, O, and Fe elements were present 
throughout the structures (Fig. 2e–h). 

PXRD patterns were obtained for both materials (Fig. 3a and b) and it 
is possible to observe broad and weak re昀氀ection at ~22ç 2θ assigned to 
the graphite carbon phase (JCPDS-1-640) for MAC (Fig. 3a). Moreover, 
the broad halo under these peaks evidences the amorphous nature of the 
material (Díez et al., 2019; Lobato-Peralta et al., 2023). For m-MAC 
(Fig. 3b), the characteristic diffraction peaks of magnetite (Fe3O4) were 
observed (JCPDS-1-1111), which con昀椀rms the inclusion of the magnetic 

Fig. 2. SEM, EDS mapping, and TEM images of MAC and m-MAC (a,b) MAC 10 μm @x1000 and ×5000 magni昀椀cation, (c,d) m-MAC 10 μm@x1000 and 20 
μm@×5000 magni昀椀cation. (e–h) SEM-EDS mapping shows the distribution of carbon (blue), oxygen (yellow), and iron (red) in m-MAC. (i–l) TEM of pristine MAC 
sheets (I & j) and m-MAC (k & l) showing the magnetic iron oxide particles grafted over the sheet. 
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nanoparticles (Rocha et al., 2020). This result is consistent with EDS 
analysis, which showed the presence of iron uniformly distributed 
throughout the material’s structure. The surface areas of MAC and 
m-MAC were determined using N2 adsorption/desorption isotherms and 
calculated using the BET method (Fig. 3c and d). Both materials dis-
played type I(a) isotherms, often associated with microporous materials, 
with narrow micropores (Thommes et al., 2015). It is possible to observe 
for m-MAC, at high relative pressure, a slight deviation in the isotherm 
type with a small increase in the adsorbed quantities noted in lieu of the 
expected plateau. According to Khuong et al. (2022), this deviation may 
correspond to the presence of meso/macropores in the material. BET 
SSA value of MAC is 1834 m2/g, while m-MAC presented a value of 676 
m2/g. The high surface area of the materials may be associated with the 
use of K2CO3 as a chemical activating agent, as it plays a crucial role in 
the formation of high pore volumes and, consequently, high surface 
areas (Heidarinejad et al., 2020; Okman et al., 2014; Zhang et al., 2016). 
The lower SSA value of m-MAC sorbent may be attributed to the 

presence of the iron oxide nanoparticles, as con昀椀rmed by the PRXD 
analysis. These nanoparticles are encapsulated in the carbon structure, 
which decreases the sites available for N2 adsorption (Silva et al., 2020). 
The pore diameter distribution evaluated by NLDFT revealed an average 
pore diameter of 1.0 nm for MAC and 0.95 nm for m-MAC. This re昀氀ects 
the microporous nature of both materials and buttresses the type of BET 
isotherm observed (Thommes et al., 2015). In addition, it is possible to 
note the presence of small amounts of pores with a size greater than 15 
nm for m-MAC. This is in agreement with the slight deviation of the type 
I(a) isotherm and ascribed to the presence of large pores. 

The thermogravimetric analysis presented the thermal stability of 
the synthesized adsorbents (Fig. 3e and f). The TGA curve for MAC 
(Fig. 3e) presented two thermal degradation events. Initially, a mass loss 
of nearly 10% at 80 çC was shown, corresponding with loss of moisture 
and volatiles. A second weight loss was noted, with a maximum 
decomposition temperature of 460 çC, and is related to carbon oxidation 
(Sudha et al., 2019). Lastly, a residue mass of 4.5% was observed which 

Fig. 3. PXRD diffractograms of MAC and m-MAC (a,b), N2 sorption isotherm curves of MAC and m-MAC with inset showing the pore size distribution, average pore 
diameter, and speci昀椀c surface area (c,d), TGA and DTG analysis of adsorbents showing thermal transitions and stability of the materials over the range of 100–900 çC 
(e,f). 
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can be attributed to the remaining potassium originating from the pre-
cursors (Liu et al., 2020). In contrast, a single weight-loss event assigned 
to carbon oxidation, with a maximum decomposition temperature of 
614 çC is noted in the TGA curve for m-MAC (Fig. 3f), indicating higher 
thermal stability for this material. A slight increase in weight was also 
observed at 274 çC likely due to the oxidation of available iron particles 
(Chen et al., 2002). In addition, a residue mass of 48% is observed for 
m-MAC, attributed to the iron oxides present in the sample, as con昀椀rmed 
by EDS and PXRD analyses (Chen et al., 2002; Kumar et al., 2022). 

XPS analysis was performed to evaluate the chemical composition of 
the surface of both materials. The survey spectra (Fig. 4a) showed peaks 
with binding energies associated with C 1s (284.5 eV), K2s (378.2 eV), 
and O 1s (533.3 eV). Moreover, a peak with binding energy attributed to 
Fe2p (710.8 eV) was observed for m-MAC. The C1s spectra that have 

been deconvoluted for MAC and m-MAC (Fig. 4b–d), presented peaks at 
284.4 eV, 285.0 eV, and 286.9 eV related to C]C, C–O/C–OH and C]O 
bonds, respectively (Chen et al., 2020). Furthermore, peaks at 293.1 eV 
and 296.1 eV, associated with K2s were also noted due to the use of 
potassium salts during the synthesis of the materials (Kim et al., 2021). 
The presence of potassium is consistent with the TGA results for MAC, 
which showed a residue mass of 4.5%. Given its composition, which 
includes C, O, and K, this residue is likely potassium oxide. The O 1s 
spectra also showed peaks at ~531.0 eV and ~533.0 eV, assigned to C]O 
and C–O bonds, respectively (Duarte et al., 2022; Jain et al., 2021). A 
peak centered at 535.0 eV was observed for MAC which can be attrib-
uted to COOH or sorbed H2O on the surface, while a peak at 530.1 eV 
associated with O–Fe was noticed for m-MAC (Pereira et al., 2023). 
Finally, the deconvoluted high-resolution spectrum of Fe2p for m-MAC 

Fig. 4. (a) XPS survey spectra for MAC and m-MAC revealed peaks with binding energies associated with C1s (284.5 eV), K2s (378.2 eV), O 1s (533.3 eV), and 
(710.8 eV). (b) The deconvoluted high-resolution spectra of C1s for MAC presented peaks related to C]C, C–O/C–OH, and C]O bonds. (c) The deconvoluted high- 
resolution spectra of O1s for MAC showed peaks attributed to C]O and C–O bonds, and a peak associated with COOH bonds or adsorbed water on the surface of the 
material. (d) The deconvoluted high-resolution spectra of C1s for m-MAC presented peaks related to C]C, C–O/C–OH, and C]O bonds. (e) The deconvoluted high- 
resolution spectra of O1s for m-MAC showed peaks attributed to Fe–O, C]O, and C–O bonds. (f) The deconvoluted high-resolution spectra of Fe2p for m-MAC showed 
peaks assigned to Fe2p3/2, Fe2p1/2, and their respective satellite peaks, proving the presence of magnetite on the surface of the material. 
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(Fig. 4f) exhibited peaks centered at 710.4 eV, 712.2 eV, 718.9 eV, 
724.1 eV, 726.0 eV, and 734.4 eV, related to 2p3/2 of Fe2+ and Fe3+, 
Fe3+ 2p3/2 satellite, 2p1/2 of Fe2+ and Fe3+, and Fe3+ 2p1/2 satellite, 
respectively (Guo et al., 2012; Pereira et al., 2023). This result con昀椀rms 
the formation of Fe3O4 species, consistent with the 昀椀ndings of EDS, 
PXRD, and TGA analyses, which have also demonstrated its presence in 
the material’s structure. 

3.2. Sorption kinetics and effect of contact time 

Kinetics studies are essential to comprehend the sorption mechanism 
and the sorption rate owing to their dependence on contact time be-
tween sorbate and sorbent. These parameters can be inferred using time- 
concentration data produced by the interaction of the sorbate and sor-
bent before reaching equilibrium (Adeola et al., 2021; Akpomie et al., 
2022). The kinetic variables obtained by applying the models are re-
ported in Table 1 and S1. It was revealed that caffeine adsorption is best 
suited to the PSO kinetic model, considering the lowest values of SSE, 
chi-square, and R2. Hence, the PSO model suggests that MAC and 
m-MAC interactions with caffeine may be facilitated by chemical 
adsorption, which also in昀氀uences the adsorption rate and mechanism for 
caffeine removal from aqueous solutions. It can be observed by the 
correlation and error coef昀椀cients presented in Table 1 that the 
Weber-Morris diffusion model, which is used to explain the role of 
external and intraparticle diffusion within the pores of the porous ma-
terials, does not 昀椀t the respective sorbate-sorbent interactions. This is 
not surprising since mass-transfer processes in porous substances are 
inherently challenging due to diffusional and molecular effects (Gil 
et al., 2019; Rosli et al., 2019). 

Fig. 5 displays multiple linearities depicting other sorptive processes 
contributing to the sorbent-sorbate interaction. As can be noticed, the 
boundary layer constant (C) is greater than zero for both MAC-Caffeine 
and m-MAC-Caffeine, and it is known that the larger the value of C, the 
more signi昀椀cant the effect of the solid-solution boundary thickness 
(Sahoo and Prelot, 2020). Thus, it implies that during the adsorption 
process, mechanisms other than 昀椀lm diffusion took place. The sorption 
process may have commenced with 昀椀lm diffusion between the 
adsorbent-solution interphase, followed by strong interactions, such as 
electrostatic and covalent bonding, between caffeine molecules and the 
sorbent’s surface, as suggested by the PSO kinetic model (Adeola et al., 
2021; Anthony et al., 2020; Iwuozor et al., 2022). 

The steepness of the curve observed in the 昀椀rst 10 min of sorbate- 
sorbent interaction and the >60 % caffeine removal within 30 s re-
昀氀ects ultrafast initial adsorption due to the availability of binding sites, 

after which equilibrium and site saturation also occurred quickly 
(Fig. 5a and b). The MAC-Caffeine and m-MAC-Caffeine reached equi-
librium after 20 min, adsorbing >96% which is relatively fast compared 
to other activated carbon materials obtained from other sources (Gil 
et al., 2019; Rosli et al., 2019). The initial rate constant (h) reveals a 
faster sorption rate for MAC than m-MAC (Table 1), which may be due to 
unbound electrons, higher surface area, and unaltered pore structures in 
the pristine MAC adsorbent. This is further supported by the PSO overall 
rate constant (K2) which equally indicates a faster rate of chemisorption 
governing MAC-Caffeine interactions. 

3.3. Sorption isotherm 

Sorption isotherm models are used to explain the interactions be-
tween sorbate and sorbents at a constant temperature as the adsorption 
process reaches equilibrium. Among the various process factors, the 
sorption capacity of adsorbents is signi昀椀cantly in昀氀uenced by the sorbate 
concentration (Perveen et al., 2022). Thus, mass transport between the 
contaminated aqueous phase and the solid phase comprised of adsor-
bents is primarily driven by the quantity or concentration of pollutants 
in the solution. The caffeine adsorption isotherms using the synthesized 
adsorbents are presented in Fig. 6a and b. The data obtained from the 
adsorption batch experiments were 昀椀tted with Freundlich, Langmuir, 
and Sips models, and the parameters are presented in Table 2. 

The correlation and error coef昀椀cients served as indicators of the best- 
昀椀t model for the sorbate-sorbent interactions. The Freundlich isotherms 
model has the highest R2 values, and least chi-square and SSE values in 
comparison to Sips and Langmuir models, for MAC-Caffeine and m- 
MAC-Caffeine interactions respectively (Table 2). This suggests that the 
overarching mechanism of interaction between the synthesized material 
and the target pollutant is multilayer adsorption on a heterogeneous 
surface. Tannic acid, which contains aromatics, is the carbon source for 
the synthesis of MAC and m-MAC. Tannic acid also increases the pos-
sibility of several mechanisms of interaction, including hydrogen 
bonding and π-π attractions with the aromatic structure of caffeine 
which has two carbonyl groups and four tertiary amines. Inner-sphere 
surface complexes are formed as a result of electron sharing between 
pollutants and carbonaceous materials in π-complexation interactions. 
π-complexation or π-π interactions are also brought about by the overlap 
of π electrons between sorbate and aromatic-containing carbon-based 
materials (Adeola et al., 2023; Thakuria et al., 2019). The sorption 
maximal as predicted by Langmuir and Sips suggests that MAC has 
better caffeine removal capacity, approximately 394 and 296 mg/g 
(MAC) as opposed to 287 and 286 mg/g reported for m-MAC (Table 2). 
The BET sorption isotherm revealed a larger speci昀椀c surface area and 
average pore diameter for the pristine MAC sample compared with 
m-MAC. This has a positive correlation with the binding capacity/-
maximum adsorption capacity of MAC and m-MAC. The larger the 
surface area and pore size, the better the adsorption capacity of the 
synthesized and functionalized materials. However, both materials 
showed very good caffeine removal ef昀椀ciency >99%, with m-MAC’s 
magnetic property providing an advantage for ease of recovery and 
regeneration for enhanced process sustainability. 

3.4. Effect of solution pH 

The solution pH is crucial to the adsorption process as it can alter not 
only the net surface charge of the materials but also the charge of the 
sorbate molecule, consequently affecting the adsorbent-adsorbate in-
teractions (Kubheka et al., 2022; Wei et al., 2022). Hence, there is a need 
to investigate the role of pH in these processes, as the composition and 
character of aquatic systems have a direct impact on the pH of these 
systems (Bhateria and Jain, 2016). Therefore, the point of zero charge 
(pHpzc) for MAC and m-MAC was determined to understand the surface 
charge of the materials under variable solution pH. As can be seen in 
Fig. 6c and d, MAC and m-MAC presented pHpzc equal to 8 and 8.3, 

Table 1 
Adsorption kinetic parameters for caffeine adsorption by MAC and m-MAC.  

Adsorption kinetics Parameters Caffeine 
MAC m-MAC 

First order qe (mg/g) 95.13 94.46 
K1 (1/min) 0.05 7.51 
SSE 1.122 1.023 
χ

2 3051.78 1.26 
R2 0.9317 0.9831 

Second order qe (mg/g) 92.42 95.44 
K2 (mg/g.min) 2.12 0.37 
h (mg/g.min) 19.2e03 3.30e03 
Half-life (t0.5) 4.96e- 

03 
28.6e- 
03 

SSE 1.057 1.017 
χ

2 23.56 1.07 
R2 0.9925 0.9856 

Weber-Morris intraparticle 
diffusion 

Kid (mg/g.min1/ 
2) 

4.80 4.58 

C 46.88 68.79 
SSE 6.568 6.777 
χ

2 3733.3 6282.6 
R2 0.2543 0.5302  
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respectively. This suggests that the surface charge was not signi昀椀cantly 
altered by the magnetic iron oxides, trapped within the heterostructure 
and/or sparingly on the surface of m-MAC. Based on the concept of PZC, 
the MAC and doped MAC materials are negatively charged when solu-
tion pH is above the pHpzc, and predominantly positively charged when 
the solution pH is below the pHpzc (da Silva Vasconcelos de Almeida 
et al., 2021). The pH effect on caffeine removal using the prepared ad-
sorbents was investigated by altering the solutions’ pH between 3 and 12 
(Fig. 6e and f). The results obtained suggest that acidic pH relatively 
favors the adsorption of caffeine when compared to basic pH media, 
which can be associated with the enhanced role of hydrogen bonding 
between the sorbents and caffeine at a pH less than 7 (Sotelo et al., 
2012). This is consistent with other reports where coconut-activated 
carbon (Couto et al., 2015), grape stalk-activated carbon (Portinho 
et al., 2017), and pine needles biochar (Anastopoulos et al., 2020) were 
utilized. A pH ranging from 5 to 7 can be regarded as optimal for caffeine 
removal from aqueous systems using MAC and m-MAC adsorbents, 
similar to graphene (Yang and Tang, 2016), modi昀椀ed clay (Cabrer-
a-Lafaurie et al., 2012), carbon xerogels (Álvarez et al., 2015), active 
biochar from açai seed (da Silva Vasconcelos de Almeida et al., 2021) 
and peach stone activated carbon (Torrellas et al., 2015). Interestingly, 
although there appear to be slight variations in the amount adsorbed in 
basic and acidic mediums for MAC and m-MAC, these variations are 
insigni昀椀cant offering no uniform trend. This may be partly attributed to 
the pka of caffeine, which is 14, meaning that it maintains the same 
molecular form throughout the pH scale (1–14), hence limiting the role 
of protonation/deprotonation and electrostatics on the part of the 

adsorbate. Xiong et al. [8] have earlier reported that electrostatic in-
teractions may play a minor role in some adsorption processes. There-
fore, it may be inferred that the impact of pH variations on the overall 
performance of MAC and m-MAC is not signi昀椀cant enough to warrant 
pH adjustments, hence adopting a neutral pH (often reported as the best 
for caffeine removal (Quintero-Jaramillo et al., 2021)), or working at the 
natural pH of caffeine in water (pH 5.8 ± 0.2), will suf昀椀ce. Overall, the 
amount adsorbed, Qe, regardless of solution pH shows a relatively higher 
performance for MAC over m-MAC. 

3.5. Regeneration and reusability tests 

MAC and m-MAC were regenerated via a facile approach of mild 
rinsing with DI water and acetone. The sorbents were 昀椀ltered and 
washed using vacuum 昀椀ltration and reused in 昀椀ve successive adsorption 
cycles. The adsorption caffeine ef昀椀ciency of the MAC (98.4–90.5%) and 
m-MAC (93.7–88.6%) in the cycles of adsorption–regeneration are 
shown in Fig. 7. Irreversible pore deformation and changes in the 
thermodynamic state and morphology of the material due to regenera-
tion cycles, as well as sorbate or solvent-induced alteration of the sor-
bent, are several factors that may be responsible for the slight decline in 
caffeine removal over several cycles. However, the regeneration and 
reusability test showed that MAC/m-MAC can be adopted for the 
treatment of caffeine-contaminated water for at least 昀椀ve cycles without 
a negligible decrease in removal performance. The regeneration test 
further revealed that m-MAC with its magnetic properties was easily 
recovered from solution and thus recorded a minimal loss in mass over 

Fig. 5. Effect of contact time, Lagergren pseudo-昀椀rst-order, pseudo-second-order and Weber-Morris intraparticle diffusion models of adsorption of (a, c) MAC- 
Caffeine and (b, d) m-MAC-Caffeine (process parameters: Co = 100 mg/L; dosage = 1 mg/mL; solution pH = 5.8 ± 0.2; mixing rate = 300 rpm; T = 25 ± 1 çC). 

M.P. Duarte et al.                                                                                                                                                                                                                               



Environmental Research 258 (2024) 119446

9

several cycles. Sorbent recovery was more complex for MAC samples 
due to its dispersibility. In this case, vacuum 昀椀ltration was the only 
viable route to recover the MAC solids. Furthermore, sorbent loss was 
slightly higher for MAC than m-MAC, which in contrast revealed 
negligible reduction in sorbent mass over 昀椀ve cycles. Acetone/water 
rinsing and drying under vacuum pressure replaced the need for solid- 
phase extraction and thermal regeneration that has been previously 
reported in the literature (Adeola and Forbes, 2019; Huang et al., 2022; 
Oesterle et al., 2020). This adds to process sustainability and minimizes 
regeneration costs. 

4. Comparison of caffeine removal using biobased-based 
activated carbon (AC) adsorbents 

The developmental strides in waste valorization and sustainable 
preparation of AC adsorbents with high SSA from agricultural waste and 
plant-derived materials are summarized in Table 3. The various 
adsorption characteristics such as the best-昀椀t isotherm and kinetic 
models, maximum adsorption capacity, and optimum contact time are 
also included. In this study, BET results revealed the exceptionally high 
surface area of the MAC adsorbent synthesized from tannic acid, often 
commercially derived from Tara pods (Caesalpinia spinosa), gallnuts 
from Rhus semialata, Quercus infectoria or Sicilian sumac leaves (Rhus 

Fig. 6. (a, b) Adsorption isotherm and modeling for MAC-Caffeine and m-MAC-Caffeine [process parameters: Co = 20–500 mg/L; sorbent dosage = 1 mg/mL, 
solution pH = 5.8 ± 0.2; mixing rate = 300 rpm, T = 25 ± 1 çC]; (c, d) pHpzc plot of MAC and m-MAC; (e, f) The effect of varying solution pH on the adsorption 
capacity of the MAC and m-MAC [process parameters: Co = 500 mg/L; dosage = 1 mg/mL, solution pH = 2–12; mixing rate = 300 rpm, T = 25 ± 1 çC]. 
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coriaria) (Huang et al., 2018). Our literature search revealed that pris-
tine AC has been reported with high SSAs, ranging from ~400 to 1500 
m2/g with excellent morphological characteristics such as porosity, 
tunability, stability, and hydrophobicity, amongst others. The MAC 
adsorbent has a SSA value > 1800 m2/g with 100% adsorption ef昀椀-
ciency for caffeine removal. 

The adsorption capacity for caffeine ranges from ~2.5 to 500 mg/g 
in the literature with MAC/m-MAC, from this study, showing the highest 
maximum adsorption capacity, except for pine-AC. Furthermore, while 
it requires other sorbents between 40 min and 24 h for optimum 
adsorption to be attained, MAC and m-MAC reached their adsorption 
maxima in less than 20 min. Hence, ultrafast adsorption, large SSA, high 
adsorption capacity, and the added advantage of magnetic properties for 
ease of post-adsorption recovery, make MAC and m-MAC potentially 
more suitable for water treatment applications. 

5. Conclusion 

Microporous activated carbon (MAC) and its magnetic derivative (m- 
MAC) were prepared via a facile two-step process involving hydro-
thermal treatment and pyrolysis, for decaffeination of water. The 
characterization of both sorbents af昀椀rmed their porous surface with very 
high speci昀椀c surface areas. Freundlich isotherm and pseudo-second- 
order kinetics predicted the formation of multiple layers of caffeine 
over the surface of the adsorbents, and that the sorbate-sorbent in-
teractions were mainly facilitated by chemisorption, and sorption 
equilibrium was reached very fast. While MAC and the magnetic de-
rivative are differently impacted by variations in solution pH, this 
impact is not signi昀椀cant and adsorption at the natural pH of caffeine in 
water or neutral pH suf昀椀ced for effective removal of caffeine. Overall, 
MAC and m-MAC proved to be effective adsorbents for caffeine removal. 
The doping of MAC with FeONPs facilitated the convenient recovery of 
m-MAC with the aid of a magnetic 昀椀eld. The 昀椀ndings of the study sug-
gest that the presence of other emerging organic contaminants in aqua 
systems may be remediated using these functionalized carbon-based 
materials. Future works may focus on the investigation of the competi-
tive adsorption of organic pollutants (i.e., pharmaceuticals, pesticides, 
etc.) using the m-MAC composites, and the impact of natural organic 
matter on the performance of the biomass-derived material. This will 
provide further insight into the impact of the molecular structure of 
different organics on the sorption process, particularly in a complex 
mixture, similar to environmental samples and industrial ef昀氀uents. 
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Table 2 
Sorption isotherm models for caffeine by the MAC and m-MAC sorbents.  

Isotherm models Parameter MAC m-MAC 
Freundlich Kf 109.02 83.05 

N 4.24 3.22 
SSE 0.55 0.32 
χ

2 57.21 128.68  
R2 0.9491 0.9040 

Langmuir qmax (mg/g) 394.08 287.26 
KL (L/mg) 0.05 0.02 
SSE 2.79 0.14 
χ

2 7201.32 12,907.72  
R2 0.8965 0.8657 

Sips Ks 15.09 5.83 
qm (mg/g) 296.24 285.99 
ms 0.34 0.06 
SSE 0.53 0.33  
χ

2 6486.48 3.11E+19  
R2 0.8267 0.6743  

Fig. 7. Reusability test of MAC and m-MAC for aqueous decaffeination 
(experimental conditions: 25 çC; sorbent dosage: 20 mg; caffeine concentration: 
500 mg/L, acetone/water volume: 10 mL (1:1), n = 2). 

Table 3 
Summary of various agricultural waste-derived activated carbons as adsorbent for caffeine removal in aqueous media.  

Activated carbon source SSA (m2/ 
g) 

Adsorption capacity (mg/ 
g) 

Isotherm model Kinetic 
model 

Contact time 
(min.) 

References 

Pine 945 500.0 Langmuir PSO 240 Galhetas et al. (2014) 
Biodiesel production waste 1165 296.3 Langmuir PSO 240 Batista et al. (2016) 
Coconut shells 755–980 186.9–212.3 Langmuir PSO 120 Couto et al. (2015) 
Pineapple leaves 1031 155.5 Langmuir PSO 90 Beltrame et al. (2018) 
Treated cork 750 153.4 – PSO 1440 Mestre et al. (2014) 
Kanlow switchgrass 1373 102.0 Langmuir PSO 300 Oginni et al. (2019) 
Sponge gourd – 59.9 Langmuir PSO 80 Anastopoulos and Pashalidis 

(2019) 
Oil palm 408 13.0 Langmuir PSO 300 Melo et al. (2020) 
Water hyacinth – 2.49 Langmuir PSO – Emily Chelangat et al. (2016) 
Coconut leaf 678.03 70.5–73.8 Redlich- 

Peterson 
PSO 40 Oliveira et al. (2022) 

Argan Fruit Shells 1007 210.65 Langmuir PSO 90 Bouhcain et al. (2022) 
Tannic acid 1835 394.1 Freundlich PSO 5 This study 
Tannic acid and iron oxide 

nanoparticles 
676 287.3 Freundlich PSO 20 This study  
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ABSTRACT: Pharmaceutical pollutants pose significant risks to human health and aquatic
ecosystems. This study investigates lignin-derived magnetic carbon composite (L-MAC) for
removing atenolol (ATN), carbamazepine (CBZ), diclofenac (DCF), and sulfamethoxazole
(SMZ) from aqueous media. Characterization of L-MAC’s physicochemical properties, along
with isotherm and kinetic studies, revealed that the Langmuir and pseudo-second-order models
best describe sorbent−sorbate interactions, with maximum adsorption capacities ranging from
11.30 to 27.97 mg/g. The adsorption e4ciency followed the order ATN < SMZ < CBZ < DCF,
achieving over 99% removal under optimal conditions of 1−4 h contact time and pH 2−7.
Strong π−π interactions, hydrogen bonding, and chemisorption contributed to sorption
irreversibility. Artificial intelligence models predicted a material performance with high accuracy.
The adaptive neuro-fuzzy inference system model outperformed others, achieving error
coe4cients of 5.745, 3.125, and 11.085 during training and 6.123, 4.974, and 12.456 during
testing. Density functional theory analysis examined reactivity and binding strength using
descriptors like HOMO−LUMO energy gaps. DCF showed the highest electron-donor capacity, followed by CBZ, ATN, and SMZ,
confirming L-MAC’s high e4cacy in removing pharmaceuticals. This study demonstrates L-MAC’s robustness for the adsorptive
removal of contaminant mixtures.

KEYWORDS: adsorption, density functional theory, lignin-derived magnetic carbon composite, pharmaceutical mixtures, machine learning

1. INTRODUCTION

Recent environmental awareness and pollution concerns have
driven the search for sustainable resources to create ecofriendly
materials for environmental reclamation. Water pollution poses
a significant global threat, harming ecosystems and human
health by spreading diseases and disrupting food chains.
Research in continents like the Americas, Europe, and Asia
identifies pharmaceutical compounds as major contributors to
this issue.1,2 Specifically, atenolol (ATN), carbamazepine
(CBZ), diclofenac (DCF), and sulfamethoxazole (SMZ) are
among the molecules most commonly found in aquatic
systems.3−7 ATN is a β-blocker medication commonly
prescribed for conditions such as angina, high blood pressure
(hypertension), and heart rhythm irregularities.8 Approxi-
mately 90% of the administered ATN dose remains
unmetabolized in the human body and is excreted unchanged
via urine.9 Consequently, it has been frequently identified in
wastewater and hospital sewage, with concentrations ranging
from approximately 0.78 to 6.6 μg/L.9 On the other hand,
CBZ is categorized as an endocrine-disrupting chemical,
utilized as an antiepileptic medication.7,10 It has a tricyclic
dibenzazepine structure comprising two fused benzene rings
and an azepine group, which poses risks to human health, even

in trace amounts in aquatic systems.11 DCF belongs to the
class of nonsteroidal antiinflammatory drugs and is frequently
recommended as a pain-relieving medication and for treatment
of various conditions such as dysmenorrhea and inflammatory
disorders.12 Prolonged exposure to DCF has detrimental
eDects on aquatic organisms, while in humans, it can induce
thyroid tumors and hemodynamic alterations.13 Furthermore,
the sulfonamide antibiotic SMZ, selected for this study, has
been widely used to combat livestock diseases. It is often
excreted unchanged into the environment,14 which is a
common feature of the compounds selected for this study.
SMZ has a half-life of 85−100 days in the environment and has
been associated with hepatic cancer, as well as genetic
alterations.15 Given the widespread prescription and usage of
ATN, CBZ, DCF, and SMZ, they have been detected globally
in both wastewater and natural water sources, such as surface,
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ground, and even drinking water.16 Thus, their eDective
removal is imperative due to their environmental persistence
and health risks.

Current sorbent technologies utilize materials comprising
petrochemical-based products, organometallic nanocompo-
site,17 polymeric composite,18 and advanced carbon nanoma-
terials like carbon nanotubes and graphene.19,20 Raw materials
polymeric adsorbents could cost as much as US$259 per
gram,21 and the manufacturing cost of advanced carbon
nanomaterials such as graphene and carbon nanotubes could
range from US$700 to 1000 per gram as of 2022.22 In addition
to high costs, these materials pose challenges related to
sustainability and toxicity. Biomass utilization, as a precursor
for carbon material production, has garnered significant
attention due to its widespread availability and abundance
compared to conventional petroleum-derived materials, known
for their pollution, toxicity, and nonbiodegradability.23 There is
an increasing focus on using plant biomass as a key material,
drawing interest from industries seeking cost-eDective biobased
products from renewable sources.24 As a result, converting
biomass into activated carbon has become a key area of
research with significant potential and an estimated cost of less
than US$1 per gram as of 2022.25−27 Lignin comprises a very
high content of aromatics, which oDer diverse interaction
mechanisms, including hydrogen bonding, electrostatic inter-
actions, van der Waals forces, and π−π stacking.28 The
incorporation of magnetic properties into lignin enhances their
regenerability and reusability, significantly lowering the costs
associated with the disposal of spent adsorbents.29 Addition-
ally, many studies focus on single pollutants, limiting our
understanding of interactions and competitive adsorption
among diDerent pharmaceuticals in water.

To address these challenges, recent advancements in
machine-learning and molecular simulations via density
functional theory (DFT) present a promising approach. Unlike
empirical models, which often struggle to predict outcomes
and link operating conditions to adsorption capacity, machine
learning oDers a reliable approach to bridge knowledge gaps in
adsorption processes. To overcome the empirical pitfalls, it is
desirable to model and comprehend how pharmaceutical
contaminants bind to agro-derived carbon materials using
artificial intelligence (AI) and DFT techniques. By the use of
high-quality machine-learning models and DFT techniques,
the complexity, number of experiments, and reaction times
required to predict the e4ciency of adsorption processes can
be significantly reduced. Furthermore, it can be used to
demonstrate a mathematical relationship, specifically a non-
linear connection between dependent and independent input
variables.30

Herein, we synthesized lignin-based magnetic activated
carbon (L-MAC) via a facile one-step pyrolytic process and
evaluated the influence of process conditions such as the initial
pollutant concentrations and solution pH for optimal ATN,
CBZ, DCF, and SMX sorption. The sorbent was characterized
using X-ray photoelectron spectroscopy (XPS), X-ray
diDraction, scanning electron microscopy, energy-dispersive
X-ray spectroscopy, and Brunauer−Emmett−Teller analysis,
among others. Moreover, process interactions were modeled
and optimized by using DFT and AI techniques. In addition,
the study investigated the preferential adsorption of four model
ubiquitous pharmaceuticals in relation to the chemistry of the
compounds and sorbent characteristics. To the best of our
knowledge, the combination of experimental studies with AI

and computational modeling has not been reported previously
for the magnetic carbon capture of pharmaceutical mixtures in
aqueous systems.

2. MATERIALS AND METHODS

2.1. Materials. Softwood lignin was acquired from Laboratoire
Des Technologies De La Biomass, Centre de mise a ̀ l′ećhelle (CME),
3000 boul. de l’universite ́ (P3 pavillon), Sherbrooke, Queb́ec, Canada.
Softwood comprises cellulose, hemicellulose, and lignin as the primary
components. The technique for extracting lignin involves the
breakdown of cellulose and hemicelluloses.28 Atenolol (ATN, 98%
purity), carbamazepine (CBZ, 98% purity), diclofenac (DCF, 98%
purity), sulfamethoxazole (SMZ, 98% purity), iron(III) acetylaceto-
nate (Fe(acac)3, 97% purity), hydrochloric acid (HCl, 96% purity),
sodium hydroxide (NaOH, 98% purity), calcium chloride (CaCl2,
97% purity), and methanol (99% purity) were purchased from Sigma-
Aldrich. The 0.45 μm syringe PTFE filters utilized in the study were
purchased from ChemScience. Ultrapure water from Milli-Q Water
Systems (Sigma-Aldrich) was used in this study.
2.2. One-Pot Synthesis of Lignin-Based Magnetic Activated

Carbon (L-MAC). L-MAC was synthesized using a previously
established method with minor modifications.20 Briefly, lignin powder
(0.5 g) and Fe(acac)3 (0.5 g) were homogenized, transferred into an
alumina boat, and placed in a tube furnace (Figure S1). Pyrolysis was
conducted in a nitrogen (N2) environment at a flow rate of 100 mL/
min, with a temperature ramp to 600 °C at a rate of 5 °C/min. The
sample was maintained at this temperature for 1 h. Subsequently, the
product was cooled to ambient temperature and stored in screw-
capped scintillation vials for both analytical characterization and
various sorption experiments.
2.3. Material Characterization. X-ray diDraction (XRD)

patterns were obtained using a Rigaku MiniFlex 6G diDractometer
with a Cu Kα source (λ = 1.54 Å), scanning within the 2θ range of
10−80° at a rate of 10°/min.31 Fourier transform infrared spectra
were acquired over the wavenumber range of 400−4000 cm−1 using a
Thermo Scientific Nicolet iS5 equipped with an iD5 ATR accessory
and Omnic 9 software.32 Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) analyses were performed
at 5 kV using a Phenom ProX desktop G6 (ThermoFisher
Scientific).33 Thermogravimetric analysis (TGA) was conducted
using a TGA Q500 analyzer with the temperature ramped from 25
to 900 °C at a rate of 10 °C/min under an oxidant flow of 50 mL/
min. The specific surface area (SSA) and pore-size distribution were
analyzed using N2 adsorption/desorption isotherms at 77 K on a
Micromeritics TriStar II Plus instrument, after sample activation for
24 h at 100 °C. The SSA was calculated using the Brunauer−
Emmett−Teller (BET) method, while the pore-size distribution was
determined by the nonlocal density functional theory (NLDFT)
method.34 The point of zero charge (pHPZC) for L-MAC was
determined by the addition of 15 mL of a 0.1 M NaCl solution to
several vials and adjustment of the pH between 2 and 12 with 0.1 M
NaOH or HCl. Subsequently, each vial received 10 mg of L-MACl
and was mixed for 48 h with a rotating shaker, followed by filtration
and pH measurement (AB150, Accumet, Fisher Scientific). The
pHPZC was determined by plotting ΔpH (pHfinal − pHinitial) versus
pHinitial.

29

2.4. Adsorption Kinetics and Isotherm Studies. L-MAC was
evaluated for the adsorption of pharmaceutical mixtures (ATN, CBZ,
DCF, and SMZ) in 40 mL screw-capped polypropylene vials with
0.01 mol/L CaCl2 as the electrolyte at 25 °C. The sorption kinetics
and contact time studies were carried out with 20 mg of L-MAC
interacting with 50 mg/L of the combined pollutants. Using a
Thermo Scientific 2314 multipurpose lab rotator, the reaction vessels
were shaken for 24 h at 300 rpm. The initial doses of the mixture of
contaminants for the adsorption isotherm study varied from 10 to 80
mg/L. Beyond the minimum contact time determined by kinetic
studies, the vials were shaken for 12 h to facilitate complete
equilibration. Following equilibration, the residual amount of
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pollutants in the solutions was measured by filtering the solution and
analyzing the supernatants.
2.5. High-Performance Liquid Chromatography (HPLC)/UV

Analysis. Adsorption and desorption analysis of each pollutant was
carried out using HPLC. Separation of each compound was achieved
using an Agilent Technologies, Inc. 1200 series high-performance
liquid chromatograph equipped with an ACE C18 column (5 μm
particle size, 150 mm length × 4.6 mm internal diameter). Separation
was achieved through an isocratic elution method using 70% HPLC-
grade water (0.1% TFA, solvent A) and 30% HPLC-grade acetonitrile
(solvent B). A flow rate of 1 mL/min was used for each run followed
by a total run time of 27 min. Each injection was performed with the
help of an autosampler set to inject 10 μL every run; each standard

and sample was analyzed in duplicate (n = 2). The system was

equipped with a diode-array detector, and peaks were separated and

analyzed through their respective absorptions at 220 nm. Calibration

curves were generated from stock solutions of the pharmaceutical

mixture, yielding a regression coe4cient (R2) > 0.98. The working

standards ranged from 0 to 1000 mg/L, equilibrium concentrations

(Ce) were determined using the curve equation, and the amount

adsorbed was calculated using the following mass-balance equations:

C C

C
removal efficiency (%) 1000 e

0

= ×

(1)

Figure 1. (a and b) SEM images of L-MAC at 10 and 20 μm magnification. (c and d) TEM images highlight the magnetic iron oxide particles
grafted onto the sheet. (e−h) SEM−EDS mapping reveals the distribution of carbon (blue), oxygen (yellow), and iron (red) in L-MAC. (i−k) XPS
spectra showing peaks corresponding to the binding energies of C 1s (284.5 eV), O 1s (533.3 eV), and Fe 2p (711.8 eV) and satellite peaks
confirming the presence of magnetic iron species. (l) BET plot of L-MAC showing sorption hysteresis, with the inset highlighting the pore-size
distribution and average pore diameter. (m) Powder XRD diDractogram of L-MAC. (n) TGA and dynamic thermal gravimetry analysis of L-MAC
demonstrating thermal transitions and stability over the 100−900 °C temperature range.
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where C0 (mg/L) is the initial concentration of each pharmaceutical
compound, Ce (mg/L) is the equilibrium solute concentration, V0 is
the initial volume (L), and m is the mass (g) of L-MAC.
2.6. Machine-Learning Model. 2.6.1. Artificial Neural Network

(ANN). ANNs are soft computing cornerstones of machine learning
and AI that can recognize patterns, learn from experimental/raw data,
and make decisions/predict results. ANN draws inspiration from the
brain and nervous system, as seen in Figure S2. These networks
simulate a biological neural network, although they employ a limited
set of principles derived from biological brain systems.35 These
algorithms are designed to recognize patterns in data and make
predictions or decisions based on those patterns. The output error of
the network is calculated and used to update the weights through the
backpropagation process. This cycle is repeated several times to
improve the network’s performance and minimize errors. Mathemati-
cally, the structure of the neural network can be simplified as
illustrated in eq 3.
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where wi(t) is the weight value in discrete time t, b is the bias, and F is
the transfer function.

2.6.2. Adaptive Neuro-Fuzzy Inference System (ANFIS). ANFIS is
a hybrid soft computing method that provides accelerated learning
and interpretation capabilities to model complex patterns and draw
correlations between nonlinear relationships in experimental data.
ANFIS integrates the numerical advantages of ANNs with the
linguistic elements of fuzzy logic (Figures S3 and S4). By addressing
the limitations of traditional fuzzy control while preserving its
benefits, ANFIS creates a fuzzy control system that oDers enhanced
accuracy and faster response times36 In the ANFIS modeling
approach, the input and output components of the Takagi−Sugeno
fuzzy inference system are connected through fuzzy rules.37 See the
Supporting Information for details (section 1.1).

2.6.3. Model Training and Development. This section presents
the training and development of the ANN and ANFIS models for the
adsorption rate prediction. To make accurate predictions with these
models, the approach involves data preprocessing, network
architecture design, and optimization. Furthermore, to verify model
e4cacy, hyperparameter selection and performance evaluation are
prioritized. The data needed for the neuro-fuzzy modeling was
extracted from the experimental procedure using the operational
variables on the adsorption of pharmaceutical mixtures (ATN, CBZ,
DCF, and SMZ). To prepare the data for the model, preprocessing
(normalization) was carried out to ensure that the training data were
standardized to a uniform scale, thereby reducing the influence of
features with larger magnitudes and facilitating more e4cient training
convergence. In this study, the neural network inputs consist of the
following operation parameters, namely, eDects of the initial
concentration, contact time, and solution pH. The output is referred
to as the adsorption (i.e., adsorption capacity). The input and output
values have been normalized within the range of 0 and 1 using eq 4.
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where xnorm is the normalized variable and x is the mean of the
variables. xmax and xmin are the maximum and the minimum variables,
respectively. The architectural structure of the neural network model
in this study is depicted in Figure S3. See the Supporting Information
for details (section 1.2). Common statistical metrics were utilized to
evaluate the model’s accuracy and robustness. These are the mean
absolute deviation (MAD), mean absolute percent error (MAPE),
root mean square error (RMSE), and R, which were employed and
computed using eqs 5−8.
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2.7. DFT Studies. The two-dimensional structures of the studied
pharmaceutical mixtures (ATN, CBZ, DCF, and SMZ) were modeled
using the ChemDraw 22.2.0.3300 version,38 and the modeled
structures were converted to 3D using Spartan ’14 software before
subjecting it to optimization. The optimization was executed via 6-
31G* as the basis set using the DFT method. The compounds were
optimized in a vacuum at neutral total charge and zero unpaired
electrons. Also, completion of the optimization calculation was based
on the nature of individual atoms present in the molecule, and this
indicates that the time for completion of individual compounds varied
compared to each other. In this work, a series of descriptors were
obtained from the optimized compounds, and the descriptors were
the highest occupied molecular orbital energy (HOMO), lowest
unoccupied molecular orbital energy (LUMO), energy gaps, and
binding a4nities.

3. RESULTS AND DISCUSSION

3.1. Sorbent Characterization. Morphological character-
ization of L-MAC was performed by using SEM (Figure 1). A
porous structure was evident in L-MAC (Figure 1a,b), with a
spongelike or honeycomb surface structure comprising carbon
layers. The impregnation of iron oxide in L-MAC via a one-pot
synthesis rendered the material magnetic, leading to the
heterogeneous composite characteristics of the mesoporous
adsorbent. Parts c and d of Figure 1 show tiny rods of magnetic
Fe3O4 that were grafted onto the sheet. The higher contrast
iron oxide deposition is evident on the surface and pores of L-
MAC, along with EDS analysis, confirming a predominant
presence of carbon and oxygen, while the successful
incorporation of iron was ascertained based on the element’s
relative abundance. Mapping images of L-MAC collected with
EDS revealed the presence of C, O, and Fe elements
distributed throughout the structures (Figure 1e−h). More-
over, XPS analysis was conducted to assess the chemical
composition of the L-MAC surface. The peaks shown by the
survey spectra (Figure 1i−k) are associated with binding
energies of C 1s (284.5 eV), O 1s (533.3 eV), and Fe 2p
(711.8 eV). The deconvoluted C 1s spectra for L-MAC
(Figure 1i) showed binding energies at 284.4, 285.0, and 286.9
eV associated with C�C, C−O/C−OH, and C�O bonds,
respectively.39 The O 1s spectra revealed binding energies of
∼531.0 and ∼533.0 eV, attributed to C�O and C−O bonds,
respectively.40,41 A peak at 535.0 eV was ascribed to COOH or
adsorbed H2O on the L-MAC’s surface, while the peak at
530.1 eV corresponded to the O−Fe binding energy.42

Additionally, the deconvoluted high-resolution Fe 2p spectrum
(Figure 1k) displayed peaks at 710.4, 712.2, 718.9, 724.1,
726.0, and 734.4 eV, corresponding to 2p3/2 of Fe2+ and Fe3+,
Fe3+ 2p3/2 satellite, 2p1/2 of Fe2+ and Fe3+, and Fe3+ 2p1/2

satellite, respectively.42,43 These results confirm that iron oxide
species were formed.
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The magnetic carbon composite displayed type IV(a)
isotherms, often associated with meso/macroporous materials,
with pores greater than 4 nm.44,45 A BET SSA value for L-
MAC of 221.1 m2/g and an average pore diameter of 6.2 nm
were obtained, as evaluated by NLDFT (Figure 1m). It is likely
that iron oxide particles potentially limit the accessibility for N2

adsorption by clogging the pores.46 XRD patterns revealed
characteristic diDraction peaks of magnetite (Fe3O4) embed-
ded in amorphous carbon derived from lignin (JCPDS 1-
1111), which supports the presence of magnetic iron species
(Figure 1n).47 Finally, the thermal stability of L-MAC was
evaluated by TGA (Figure 1o), where a single weight-loss
event assigned to carbon oxidation, with a decomposition
temperature maximum of around 600 °C, was noted,
suggesting high stability. A small increase in weight was also
noted at 275 °C, likely resulting from the oxidation of available
iron species.48 Furthermore, a residual mass of 50% was
recorded for L-MAC, attributed to the iron oxides contained in
the sample.48,49

3.2. Sorption Kinetics and E<ect of Contact Time. In
order to glean an understanding of the kinetics/mechanism of
adsorption, it is essential to establish the sorption rate as a

function of the sorbate−sorbent time of interaction before
reaching the sorption equilibrium.50,51 Batch experimental data
were modeled with the kinetic model equations (Weber−
Morris intraparticle diDusion, eq 9; pseudo-first-order (PFO),
eq 10; pseudo-second-order (PSO), eq 11) (Figure 2). The
initial sorption rate was estimated using eq 12, and the sum of
squared errors (SSE) provided additional evidence for the
best-fit model (eq 13).52
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Figure 2. (a and b) EDect of contact time (24 h and 60 min). Lagergren PFO and PSO and Weber−Morris intraparticle diDusion models of
adsorption of pharmaceutical mixtures containing (c) ATN, (d) CBZ, (e) DCF, and (f) SMZ (process parameters: [Co] = 80 mg/L; dosage = 1
mg/mL; solution pH = 5.8 ± 0.2; mixing rate = 300 rpm; T = 25 ± 1 °C).
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where qt and qe are contaminants sorbed per time (t) and mass
of L-MAC (mg/g) at equilibrium, respectively, K1 (1/min)
and K2 (g/mg·min) are rate constants for PFO and PSO, Kid

(mg/g·min1/2) and C (mg/g) are the rate constant for
intraparticle diDusion and constant connected to the thickness
of the boundary layer, respectively, and h (mg/g·min) is the
initial rate of sorption. Table 1 presents the data obtained from
the models.

Table 1 reveals that the adsorption of the pharmaceutical
mixture is best fitted by the PSO kinetic model, considering a
relatively lower SSE. Therefore, the PSO model suggests that
L-MAC interactions with the mixture of competing contam-
inants involved a fair degree of chemisorption. As shown by the
correlation and error coe4cients in Table 1, the Weber−
Morris diDusion model, which explains the role of external and
intraparticle diDusion within the pores of porous materials,
adequately described the interactions of ATN and SMZ with
L-MAC. This is expected because mass-transfer processes vary
for diDerent types of compounds due to molecular diDerences
and diDusion eDects.53,54

Parts a and b of Figure 2 display multiple linearities
depicting that other processes and/or mechanisms are involved
in the sorbent−sorbate interaction. The intraparticle diDusion
model predicts that the overall sorption process starts with a
fast reaction, followed by the rate-determining step (slowest
step). Thus, in complex and multipollutant adsorption systems,
mechanisms beyond film diDusion occur throughout the
competitive sorption process. The boundary layer constant
(C) is greater than zero for adsorption of the pollutant mixture,
and it is known that the larger the value of C, the more
prominent the impact of interfacial boundary thickness.55 The
PSO kinetic model suggests that strong interactions, such as
electrostatic and covalent bonding, between the various
pollutant molecules and the L-MAC’s surface may occur,
along with diDusional transport into the available pores of the
sorbent.50,56,57

Due to the availability of binding sites and the
intermolecular driving force between multiple pollutants,
there was fast adsorption, as revealed by the steepness of the
curve during the first hour of the sorption process followed by
rapid equilibrium and site saturation. The overall adsorption
trend follows the order ATN < SMZ < CBZ < DCF (Figure
2), and the models predicted that ATN and SMZ reached
equilibrium within the first hour, while it took slightly longer
(4 h) before equilibrium was attained for CBZ and DCF,
adsorbing >80% of the highest concentration (80 mg/L) of
pollutants. The values of the initial rate constant (h) and K2

also support the fact that a faster sorption rate took place for
ATN and SMZ (Table 1), which may be due to unbonded
electrons and the molecular configuration of the pollutants.
3.3. Sorption Isotherm. The interactions between

contaminants and sorbents as equilibrium is reached are
explained by adsorption isotherm models. Of all of the process
variables, the sorbate concentration has the biggest impact on
the sorption capacity of adsorbents.58 Because of this, the
amount or concentration of pollutant(s) in the solution is what
essentially drives mass transport between the contaminated
aqueous phase and the solid phase composed of adsorbents.
The competitive adsorption isotherms of the four pharma-
ceutical compounds were studied using the L-MAC sorbent in
Figure S5. The experimental data obtained from batch
experiments were fitted with Freundlich, Langmuir, and
linear/partition models, and the values are presented in
Table 1. The Langmuir model is commonly used to describe
the monolayer sorption mechanisms of contaminants on
homogeneous surfaces, facilitated by available sorption sites
(eq 14), while the Freundlich model (eq 15) is based on the
formation of multiple layers of sorbates as the core driving
mechanism on a heterogenous surface.59 The partitioning/
distribution of the sorbate between the solid−solution
interphases is described by the linear model (eq 16). The
best-fitted model was determined with the SSE for nonlinear
regression.60,61

Table 1. Competitive Sorption Kinetic Parameters for Pharmaceutical Mixtures by L-MAC Sorbent

adsorption model parameters atenolol carbamazepine diclofenac sulfamethoxazole

Kinetics

first order experimental qe (mg/g) 39.27 43.53 45.53 11.30

predicted qe (mg/g) 38.93 41.79 44.11 23.95

K1 (1/min) 0.64 0.26 0.32 0.56

SSE 28.02 87.81 73.25 61.30

second order experimental qe (mg/g) 39.27 43.53 45.53 24.35

predicted qe (mg/g) 39.19 43.25 45.41 24.05

K2 (mg/g·min) 0.09 0.01 0.01 0.15

h (mg/g·min) 138.23 18.70 20.62 86.76

SSE 26.02 31.75 31.29 61.20

Weber−Morris intraparticle diDusion Kid (mg/g·min1/2) 0.06 0.34 0.34 0.01

C 38.05 36.50 39.25 23.95

SSE 26.93 82.18 40.74 62.75

Isotherm

Freundlich Kf 8.13 1.80 5.63 2.89

N 0.10 1.00 0.43 0.45

SSE 1.02 0.32 0.28 0.008

Langmuir qmax (mg/g) 11.66 23.64 27.97 11.30

KL (L/mg) 1.12 0.008 0.35 0.17

SSE 1.00 0.31 0.18 0.007

Linear Kd 0.54 1.52 1.80 0.64

SSE 2.19 0.32 1.69 0.80
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where Ce is the contaminant unadsorbed (mg/L) and qe is the
contaminant adsorbed (mg/g). Kf is the adsorption-capacity-
related parameter, Kd is the partitioning coe4cients, KL is the
Langmuir constant, N is the heterogeneity indicator, and qmax

is the maximum adsorption capacity.
In general, the adsorption trend followed the order of DCF

> CBZ > ATN > SMZ, considering the adsorption capacities
(qmax and Kd) and removal e4ciencies (Table 1 and Figure
S5). This finding is in agreement with the results obtained

from kinetic studies as well (Figure 2). The Langmuir isotherm
model had the lowest SSE values in comparison to the
Freundlich and Linear models, for the modeling of L-MAC’s
interaction with the pharmaceuticals (Table 1), suggesting that
the overwhelming mechanism of interaction between the L-
MAC and pollutant mixture is the monolayer sorption pathway
and is largely controlled by available sites on the surface of the
sorbents. These deductions are reasonable because of the
complex nature of the aqueous matrix that promotes a
competitive sorption environment; hence, there are barely
enough sites for one pollutant to dominate the first layer, let
alone form multiple layers. Thus, each pollutant within the
mixture may be limited to a single layer sorbed onto the
surface of the adsorbents. The sorption maxima of L-MAC as
predicted by the Langmuir model were 11.30, 11.66, 23.64,

Figure 3. (a) Regression performance of the ANN (3-5-1) training. (b) Comparison plot of the actual and predicted adsorption with the 3-5-1
ANN model at the training phase. (c) Comparison plot of the actual and predicted adsorption with the ANFIS-FCM2 (3 clusters) model at the
training phase.
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and 27.97 mg/g for SMZ, ATN, CBZ, and DCF, respectively
(Table 1).

Interestingly, we observed that sorption hysteresis took place
during sorbate−sorbent interactions for the four pharmaceut-
ical compounds (Figure S5), providing evidence of sorption
irreversibility in aqueous media due to high binding strength
and/or mechanical entrapment of the sorbed pollutants within
the pore structure of L-MAC. However, we observed >99%
adsorption e4ciency when environmentally relevant and trace
concentrations of not more than 10 ppm of each pollutant are
present in the pharmaceutical mixtures. Pharmaceuticals are
often detected in trace amounts in aquatic systems (parts per
billion and very low parts per million in most cases), suggesting
the suitability of the materials for real-world applications.7,62

Additionally, the magnetic properties of L-MAC oDer the
advantage of easy recovery, contributing to an improved
process sustainability.
3.4. E<ect of the Solution pH. The adsorption process

depends on the pH because it can change the sorbate
molecule’s charge, as well as the materials’ net surface charge,
which, in turn, aDects the sorbent−sorbate interactions.60,63

Because pH variation is one of the characteristics of aquatic
systems and several physicochemical and biological processes
are influenced by the pH, research into the role of pH in the
competitive adsorption of pharmaceutical mixtures is imper-
ative.64 Consequently, the point of zero charge (pHpzc) for L-
MAC was determined to assess how the material’s surface
charge is aDected by varying the solution pH conditions. L-
MAC has a pHpzc of 8.5, which suggests that the composite
material is negatively charged at pH > 8.5 and positively
charged at pH < 8.5.65 The eDect of pH on the sorption of the
pharmaceutical mixture was evaluated for solutions with pH
ranges between 2 and 12 (Figure S6). The results obtained
suggest that basic media negatively impact the performance of
L-MAC for the competitive adsorption of pharmaceuticals,
which could be attributed to repulsive tendencies of the
negatively charged L-MAC surface and negatively charged
molecules/anionic forms of the pollutants in basic conditions.

Furthermore, it is fair to infer that neutral pH favors the
sorption of DCF and SMZ with pKa values <7; hence, pH
regulation may not be considered a strict requirement for
optimal performance. While electrostatic interactions might be
important in some adsorption processes, not all adsorption
responds significantly to protonation and hydroxylation. On
the other hand, acidification/protonation favors ATN and
CBZ (with pKa values >7), which may be associated with the
enhancements of hydrogen bonding between the adsorbents
and sorbates at pH < 7.66 This is in line with earlier studies on
the adsorption of organic contaminants using pine needle
biochar,67 grape-stalk-activated carbon,68 and coconut-acti-
vated carbon.69 The zigzag-like sorption trend of SMZ may be
attributed to hydrochemistry due to its dual pKa values of 1.5
and 5.7. Other mechanisms that may play key roles during the
adsorption of pharmaceuticals include hydrogen bonding and
π−π interactions due to the aromaticity of the compounds and
the graphitic nature of L-MAC, hydrophobic interactions, and
van der Waals attractions, among others. These processes are
facilitated by the attraction between the π orbitals of the
carbon basal planes or the π band of the graphitic layers and
the electronic density in the aromatic rings of the
pharmaceuticals investigated in this study.70

4. PERFORMANCE METRICS OF THE
MACHINE-LEARNING MODEL

Continuous testing and assessment were conducted to find the
best network design and training methods for adsorption
prediction. Furthermore, to understand how operational
parameters such as the initial concentration, contact time,
and pH aDect the percentage adsorption, ANN models were
developed with diDerent topologies and training procedures.
Table S4 displays the performance metric values for training
and testing. The table shows ANN model performance metrics,
including hidden layer neurons, for diDerent topologies during
training and testing. The performance model at the training
phase is better than that at the testing phase. The best model at
the testing was 3-5-1 with RMSE, MAD, MAPE, and R values
of 12.906, 7.826, 12.567, and 0.863, while at the training phase,
values of 9.568, 5.746, 11.085, and 0.8913 were obtained. We
note that the training phase results indicate a better
generalization ability in comparison to the testing phase. The
notable performance based on RMSE, MAD, and MAPE
during the training phase suggests that the model is not
overfitting the training data and has learned the underlying
patterns eDectively. Implicit regularization mechanisms, and
early stopping criteria used in this model, might have helped to
improve generalization, leading to a better performance on the
training set.71

Figure 3 illustrates the training performance of the best
ANN model, showcasing regression plots for the training,
validation, and test phases. It also presents the overall training
regression value (R = 0.8913), which reflects the combined
performance metrics from all phases. An overall R value of
0.8913 indicates a strong correlation between predicted and
actual values across all datasets. This suggests that the model
maintains good predictive accuracy and performs well across
the training, validation, and test sets, demonstrating robustness
and generalizability. The overall R value serves as a
comprehensive measure of the model’s performance, high-
lighting both its strengths (high validation R value) and areas
for improvement (slightly lower test R value), making it a
positive indicator of the model’s consistency and predictive
accuracy. The training dataset was initially employed to
evaluate the model’s e4cacy in predicting its training dataset.
The comparison plot of the predicted adsorption and the
experimentally measured values for the training period is
shown in Figure 3b, which demonstrates that the model
exhibited a rather accurate prediction performance when
trained with the datasets for pharmaceutical mixtures. The
significant overlap between the two curves indicates a strong
agreement between the predicted and experimental data, which
suggests that the ANN model is a powerful tool for predicting
the sorption of pharmaceutical mixtures (ATN, CBZ, DCF,
and SMZ) onto L-MAC. The experiment was conducted using
a testing dataset including 30% of the total data. A comparison
plot was created to evaluate the predicted adsorption with the
experimentally observed values (Figures S7 and S8). A strong
correlation was detected between the predicted values by ANN
and the experimentally obtained values for the adsorption of
pharmaceutical mixtures (ATN, CBZ, DCF, and SMZ) onto L-
MAC, with very little variation. A minimal number of
inconsistencies in predicting the adsorption were discovered,
which may be attributed to the limited amount of data
available for the model. Having a substantial dataset for the
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predictive model would be expected to enhance its perform-
ance.

The ANN and ANFIS models developed in this study are
beneficial in predicting and optimizing pharmaceutical mixture
adsorption rates onto L-MAC. The models’ excellent
illustration of the relationship between the initial concen-
tration, contact time, and pH with adsorption rates improves
the real-world adsorption performance. This enables optimal
adsorption e4ciency by fine-tuning the operational settings.
The initial concentration of pharmaceutical mixtures is a
critical factor influencing the adsorption rate. Moreover, the
models exhibit how the activated carbon adsorption capacity
varies with the concentration. Another important factor is
contact time, which defines how long pharmaceutical mixtures
interact with activated carbon. The ANN and ANFIS models
demonstrate that extended contact periods increase the
adsorption rates until equilibrium, revealing that pharmaceut-
icals adsorb diDerently at varying pH levels due to their
ionization states and activated carbon surface charge, helping
to establish the optimal pH for removal.

Additionally, given the multidimensional nature of the
approach used in this study, its potential transition from
laboratory scale to field applications will require the expertise
of computational scientists, materials chemists, and water
treatment professionals, along with associated personnel costs.
However, combining AI, molecular simulations, and exper-
imental studies is crucial for the development of novel and
more eDective adsorbent materials. AI can rapidly analyze large
datasets and predict optimal material properties, while
molecular simulations provide detailed insights into adsorption
mechanisms at the atomic level. Experimental studies validate
these predictions and simulations, ensuring practical applic-
ability and guiding further improvements in material designs.

5. MOLECULAR AND DFT STUDIES

In this work, the level of reactivity/binding strength of the
studied pharmaceutical mixtures (ATN, CBZ, DCF, and SMZ)
was examined via the HOMO energy, LUMO energy, and
energy gaps (Figure 4 and Table S5). The calculated energy
gaps for the studied pharmaceutical mixtures, as shown in
Figure 4, were 0.84, 4.61, 5.60, and 5.48 eV for DCF, CBZ,
ATN, and SMZ, respectively. According to Oyebamiji et al.,72

the lower the energy gap, the better the reactivity of the
studied compound; thus, DCF with an energy gap of 0.84 eV
proved to have a potentially higher tendency to be adsorbed
than the other studied compounds, and this indeed agrees with
the experimental result in this study. Also, the region with the
highest electron density in the HOMO is generally considered
to be where the most energetic electrons in a molecule are
located. Therefore, the calculated HOMO energy values
revealed the propensity of the studied molecules to give
electrons to suitable receptors that are deficient in electrons.
Moreover, the calculated LUMO energy provides information
on the site(s) of the studied compounds that have the highest
a4nity to accept electrons or facilitate pairing with a suitable
sorbent73 (Table S8).

The calculated HOMO values were −3.30 eV for DCF,
−5.71 eV for CBZ, −5.82 eV for ATN, and −5.95 eV for SMZ,
resulting in the calculated HOMO energy order of DCF >
CBZ > ATN > SMZ. As presented in Figure 4, it was
confirmed that DCF has the highest HOMO energy value, and
this indicates that it has the highest tendency to donate
electrons or facilitate covalent bonding with the carbon- and
oxygen-rich biomass-derived sorbent, thereby signifying the
order of the chemisorptive adsorption potential of each
pharmaceutical compound within the mixture. This agrees
with the experimental result obtained as well as the order
presented in the experimental section in terms of the maximum
adsorption capacity (qmax) and adsorption e4ciency. Fur-
thermore, the compound with the lowest LUMO energy value
is expected to have the highest strength to receive electrons,
and the high calculated binding a4nity value confirms the high
e4ciency of DCF (Table S5); therefore, DCF with −2.46 eV
and −3.7 kcal/mol is expected to be adsorbed, and this
prominently agrees with the results presented in the
experimental section of this work (Figures S10−S13). Based
on computational, machine learning/AI, and experimental
findings, functionalized L-MAC are suitable remediation tools
for mixtures of emerging organic pollutants in aqua systems.

6. CONCLUSION

This study synthesized L-MAC for competitive adsorption-
based decontamination of pharmaceutical mixtures. PSO
kinetics and Langmuir isotherm modeling indicated site-

Figure 4. HOMO−LUMO orbitals and calculated descriptors for pharmaceutical mixtures.
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limiting monolayer adsorption with chemisorption as the
primary mechanism supported by π−π interactions and
hydrogen bonding. DFT corroborated these findings, revealing
the reactivity and binding capacity of pharmaceuticals in the
order DCF > CBZ > ATN > SMZ, based on HOMO, LUMO,
and energy gaps. Machine-learning models (ANN 3-5-1 and
ANFIS-FCM) demonstrated superior predictive performances
with lower errors and higher accuracy, as shown by RMSE,
MAD, and MAPE metrics during training and testing. Minor
inconsistencies, particularly in the ANN model, were attributed
to limited datasets, suggesting that expanding the dataset
would enhance predictive accuracy. This study bridges
knowledge gaps by integrating comparative isothermal and
kinetic modeling with advanced AI and computational
techniques. These insights contribute to developing sustainable
materials for water treatment and advancing the field of
wastewater treatment and environmental remediation.
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