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Abstract 
 

Emerging contaminants, characterized by their low concentration, persistence, and limited 
regulation, pose global concern due to their potential adverse effects on aquatic life, ecosystems, 
and human health. Notable examples of emergent pollutants encompass caffeine and triclosan, 
with caffeine serving as a biomarker and triclosan identified as a toxic endocrine disruptor. 
Typically, adsorption-based removal techniques have been used to capture both pollutants, 
mainly employing activated carbon, despite its cost. Also, some organic and inorganic residues 
have been experimented with but with limited efficiency. This research is aimed to study the 
preparation, characterization, and environmental applications of agro-industrial residues 
alongside iron oxide nanoparticles to remove caffeine and triclosan from the aqueous phase. The 
studied residues encompassed rice husks (RH), peanut shells (PS), coconut fibers (CF), and corn 
cobs (CC) and were prepared by washing, drying, milling, and sieving. At the same time, iron 
oxide nanoparticles and composites were synthesized through precipitation. ASTM standards 
and instrumental techniques like SEM, TEM, BET, FTIR, TGA, and XRD were used for the 
physical and chemical characterization of the adsorbent materials. Moreover, the particle size, 
adsorbent dosage, nanoparticle impregnation, and contact duration underwent adjustment in 
batch adsorption processes, whereas hydraulic loads and filter bed heights were optimized in 
fixed-bed processes; the latter to find out the optimal experimental conditions and the 
adsorbents for efficient removal of caffeine and triclosan. Data obtained underwent fitting to 
conventional models, including kinetics isotherms (batch tests) and breakthrough curves 
(continuous tests). Additionally, OECD methods were used to evaluate the toxicity of agro-
industrial residues using Eisenia foetida (Savigni). Experimentally, triclosan's heightened ease 
of elimination compared to caffeine, irrespective of the selected residue, achieves an adsorption 
capacity up to 124.7 times higher. This attribute stems from triclosan's lipophilic nature. On the 
other hand, the efficiency in removing both contaminants was evident with smaller particles 
(120 -150 m) due to the higher material surface area. However, these particles presented 
challenges in continuous adsorption and filtration because of clogging issues (hydraulic 
conductivity < 100 mm/h). The particle size of the adsorbent was pivotal in fixed-bed column 
functionality, influencing the available surface area, void fraction, and wastewater pathway. 
Furthermore, impregnating nanoparticles on agro-industrial residues (at a 1:4 ratio) amplified 
the adsorption capacity across the batch processes (caffeine 1.7 times, triclosan 6.2 times) and 
the fixed-bed columns (extended saturation periods: caffeine = 225 min, triclosan = 550 min). 
The optimal dosage of nanoparticles and composites resulted in lower (between 3.75 and 25 
times) than that of the control (CC). Regarding residue toxicity, while coconut fiber 
demonstrated remarkable caffeine removal (>94%), it showed the highest toxicity (14d-
LC50=82%), unlike corn cob, which displayed no toxicity. This toxicity correlation is rooted in 
the waste's composition, notably the impact of lignin's recalcitrance in carbon availability 
compared to cellulose and hemicellulose. Consequently, corn cob emerged as a suitable filter 
medium, achieving over 90% efficiency in caffeine and triclosan removal using a 2 m3/m2-d 
hydraulic head and 2.0 to 3.5 cm particle size. Also, promising results were observed in peanut 
shells, a prospective adsorbent employed in preliminary evaluations encompassing biofilters, 
vermilfilters, constructed wetlands, and hybrids. These systems demonstrated effective organic 
matter removal (>80%) with earthworms and plants augmenting biofilter performance 
(efficiency and hydraulic characteristics).  
Based on these results, this research presents a robust and cost-efficient avenue to address the 
challenges stemming from emerging pollutants across diverse applications and contexts and 
consequently, filters/biofilters could be trailed within the pharmaceutical wastewater treatment 
and community settings, extending their utility even by treating agricultural waters with 
pesticide profiles akin to the contaminants studied. 
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Prologue 
 
Scientific research is becoming increasingly crucial in an era marked by escalating environmental challenges and a 
growing global demand for sustainable solutions. Water, the lifeblood of our planet, is facing unprecedented threats 
from pollution, population growth, and climate change. As these challenges mount, the imperative to develop 
advanced technologies capable of safeguarding our water resources becomes undeniable. This doctoral thesis stands 
at the intersection of innovation and environmental stewardship, presenting a comprehensive exploration of novel 
water purification and treatment approaches by applying non-conventional materials. 
 
At the heart of this work lies the innovative application of non-conventional materials sourced from agricultural 
wastes. By ingeniously repurposing these abundant and often underutilised resources with nanoparticles, a sustainable 
foundation is established for synthesising novel composites. This approach adds value to agricultural byproducts and 
addresses the critical need for eco-friendly materials. 
 
The findings obtained in this thesis result from a systematic approach undertaken to design, synthesise, and 
characterise these novel materials. A comprehensive understanding of the materials ' properties and performance was 
achieved through a meticulous combination of experimental procedures and analytical techniques. 
 
This doctoral journey is embodied in a series of journal articles, each representing a distinct contribution to the field. 
These articles, authored by the Ph.D. candidate, have been published in reputable scientific journals and have 
undergone rigorous peer review. They collectively underscore the research's significance, highlighting the findings' 
practical applicability and scientific rigour.  
 
This thesis is not merely a collection of academic exercises but a testament to the power of interdisciplinary 
collaboration, scientific curiosity, and unwavering dedication. It underscores the potential of non-conventional 
materials to revolutionise water treatment methodologies and offers a sustainable path forward by integrating 
agricultural waste-derived materials. As we navigate the complex challenges of the 21st century, this work stands as a 
beacon of innovation and hope, illuminating a route towards cleaner, safer, and more resilient water systems of 
filtration and biofiltration. I do not doubt that the reader of this thesis will find insights and inspiration in the great 
field of materials and sustainability. 
 
Dr. Santiago D. Vaca J. 
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Presentation 
 

Globally, a staggering volume of approximately 3,600 km3/year of wastewater is generated, with a 
substantial 56% of this discharge occurring into the environment devoid of any form of treatment. Within 
this context, Latin America and the Caribbean collectively contribute to 22% of this global wastewater 
output. Within this regional scope, Ecuador plays a role, generating approximately 0.48 km3/year of 
wastewater. Regrettably, merely a meager 35% of this wastewater receives any form of treatment, 
underlining a pressing concern (Malik et al., 2015; Mateo-Sagasta et al., 2015). 

The escalation in the daily usage and consumption of an array of chemical compounds has led to an 
increased prevalence of diverse contaminants within wastewater. Just half a century ago, the identification 
of emerging contaminants (ECs) in several water resources heralded a new era. These ECs, encompassing 
residues from pharmaceutical and personal care products, pesticides, hormones, and more, constitute a 
class of non-regulated substances distinguished by their enduring presence in the environment, with 
persistence periods reaching up to 328 days, and their relatively low concentrations, ranging from ng/L to 
µg/L (Portinho et al., 2017). Despite their seemingly diluted nature, the potential toxic effects of ECs on 
aquatic organisms have spurred burgeoning concern, particularly their impacts on the endocrine system. 
Traditional water resource recovery facilities (WRRFs) have demonstrated limited efficacy in the removal 
of ECs. Furthermore, it is worth noting that conventional wastewater treatment processes, systems, and 
technologies are frequently unavailable or inadequate for developing countries, thus necessitating tailored 
solutions for each unique context (Couto et al., 2015). 

A viable alternative arises in the form of the adsorption process employing activated carbon. However, 
the substantial expenses associated with this adsorbent (ranging from 0.13 to 0.74 USD/m3), coupled with 
the diminished efficiency encountered during the regeneration process, has spurred a quest for alternative 
adsorbents (Mallek et al., 2018; Paredes-Laverde et al., 2018). Enter agro-industrial residues, such as rice 
husk, peanut shells, coconut fiber, corn cob, and fruit peels/seeds, which emerge as compelling 
contenders for the role of ECs removal agents (M. S. Tanyildizi, 2011). This proposition is underpinned 
by several factors: their cost-effectiveness or even zero-cost nature, their abundant availability (often with 
undefined utility), and their established efficiency (surpassing 70% removal rates) in eliminating other 
contaminants such as heavy metals (e.g., Fe+3, Cu+2, Cd+2, Zn+2) and dyes (Mallek et al., 2018; Paredes-
Laverde et al., 2018). The remarkable efficacy of agro-industrial residues can be attributed to the presence 
of lignocellulosic materials, as affirmed by prior studies (Mo et al., 2018; Pode, 2016). 

In Ecuador, a nation renowned for its agricultural pursuits (contributing 8% to the GDP), the production 
of agricultural goods, including sugar cane, bananas, corn, rice, and oranges, yields a substantial output of 
around 23 million tons annually. This agricultural endeavor generates a considerable volume of agro-
industrial residues, totaling approximately 2.2 million tons each year. Regrettably, a mere 8.5% of this 
waste finds repurpose through composting and anaerobic digestion for energy generation (MPCEIP & 
GIZ, 2021). Therefore, the prospect of repurposing these residues for ECs removal emerges as a 
noteworthy alternative. 

Despite the considerable research undertaken on the utilization of agro-industrial residues for the removal 
of various contaminants, a significant portion of such studies involve the implementation of specific 
treatments, whether physical or chemical, to enhance their efficacy (Anastopoulos, Katsouromalli, et al., 
2020). However, limited attention has been directed towards delineating the advantages associated with 
the application of raw residues in both environmental and economic terms (Almeida-Naranjo et al., 2021). 
Consequently, a comprehensive exploration of the potential of unprocessed or environmentally-friendlier 
modified residues is warranted. Among the spectrum of possibilities, a cost-effective avenue emerges in 
the form of iron oxide nanoparticle impregnation. These nanoparticles, characterized by straightforward 
synthesis, biocompatibility, and an augmentative effect on the adsorption capacity of agro-industrial 
residues, offer a practical solution. Moreover, their magnetic attributes facilitate the separation of residues 
from aqueous mediums, enhancing their overall functionality (Suhada et al., 2016). 

In the present scenario, an excess of 80,000 ECs has been identified within the environment, necessitating 
the selection of a representative molecule to encapsulate this group (Luo et al., 2014; Yang et al., 2017). 
Caffeine, naturally occurring in numerous plant species and prevalent in widely consumed beverages like 
coffee and certain medications, serves as a prototype molecule for pharmaceutical products (anthropic 
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marker) (Rodriguez-Narvaez et al., 2017). Its omnipresence in the environment further suggests the 
coexistence of other potentially more toxic substances. Given caffeine's elevated water solubility (21,600 
mg/L at 20°C) and relatively low biocompatibility (log Kow= -0.07), its high consumption rates render it 
one of the ECs featuring the most significant concentrations in the environment. Concentrations ranging 
from 0.1 to 20 µg/L have been detected in wastewater treatment plant effluents (Álvarez-Torrellas et al., 
2016). While aquatic species like Astyanax altiparanae exhibit adverse effects from caffeine 
concentrations as low as 27.5 µg/L, the polychaete Diopatra neapolitana demonstrates negative reactions 
even at lower concentrations (0.5 - 18 µg/L) (Muñoz-Peñuela et al., 2022; Vieira et al., 2022). In contrast, 
triclosan, another representative EC, showcases distinct physical-chemical attributes, including low 
solubility (10 mg/L at 25°C) and high biocompatibility (log Kow= 4.3). This compound, recognized for its 
antimicrobial properties, finds extensive utilization in various personal care products such as soap, 
toothpaste, talc, and disinfectants (Dhillon et al., 2015). Triclosan's classification as an endocrine 
disruptor has been corroborated by negative effects observed in diverse fish species at concentrations as 
low as 0.56 µg/L. Alarmingly, wastewater treatment plant effluents have exhibited concentrations up to 
three times this threshold. Furthermore, the recent global COVID-19 pandemic has indirectly impacted 
these two ECs, with an escalated use of triclosan in disinfectant products and experts suggesting increased 
caffeine consumption through certain beverages, thereby heightening the urgency of comprehending the 
removal mechanisms for both substances (Z. Chen et al., 2021). 

As previously underscored, adsorption serves as a promising avenue. Nonetheless, batch adsorption 
processes face limitations dictated by the volume of treated wastewater. Thus, the exploration of 
continuous adsorption processes, particularly filtering systems, assumes significance. Filtering systems 
boast inherent merits such as cost-effectiveness, operational simplicity, and high efficiency. Furthermore, 
their integration with plants, earthworms, and/or microorganisms renders them adaptable to biofiltration 
technologies, surpassing conventional techniques, particularly for populations numbering ≤ 2,000 
inhabitants (Massoud et al., 2009). 

While previous studies have indeed delved into the removal of ECs via both batch and continuous 
adsorption processes (filtration/biofiltration), several queries linger regarding the observed adsorption 
mechanisms between residues and composites (iron oxide nanoparticles + agro-industrial residues), 
composite stability, filter configurations, the amalgamation of photocatalytic processes with adsorption 
within filters, the efficiency of ECs removal in the presence of macro-contaminants, and other pertinent 
aspects. In an endeavor to shed light on these inquiries, the current study aims to investigate the removal 
of caffeine and triclosan utilizing rice husk, peanut shells, corn cob, coconut fiber, orange/banana peels, 
and iron oxide nanoparticles within batch/continuous adsorption processes, proposing an innovative 
wastewater treatment solution. 

The ensuing sections of this manuscript encapsulate the outcomes of distinct research phases, with articles 
encompassing publication, review, and preparation for submission. This doctoral thesis unfurls across 
four meticulously curated chapters, designed to illuminate the relevance of the subjects under 
examination. Chapter one traverses the terrain of a comprehensive literature review, offering an in-depth 
analysis of conventional and non-conventional materials exploited in EC removal via batch adsorption 
processes and filtration technologies. This exploration encompasses their unique attributes, operational 
paradigms, efficiencies, advantages, disadvantages, and the intricacies of the removal mechanisms. With 
an appreciation of existing knowledge gaps, the subsequent chapters delineate both general and specific 
objectives. 

Chapter two unfurls the results gleaned from batch adsorption processes involving residues and magnetic 
composites, focusing on their prowess in the removal of caffeine and triclosan. Building upon these 
findings, chapter three advances the discourse, delving into the optimization of operational parameters 
and configurations within continuous filtration processes tailored for caffeine and triclosan removal. The 
potential conversion of these continuous filtration mechanisms into biofiltration technologies is also 
meticulously examined. This exploration entails an evaluation of residue toxicity in Eisenia foetida 
(Savigny) and an assessment of biofiltration technologies on a mesocosm scale. The technologies 
surveyed encompass biofilters, vermifilters, constructed wetlands, and hybrid filters, all engineered for 
the elimination of contaminants from synthetic domestic wastewater. Their performance metrics are 
scrutinized through the lens of prospective utilization for EC removal from actual wastewater contexts. 

Concluding this scholarly voyage, chapter four encapsulates the culmination of findings and extends a 
vista towards future prospects, beckoning forth avenues for further exploration and study. 
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1.  Literature review 

1.1.  Emerging contaminants 

ECs are unregulated “new” contaminants detected in wastewater in trace concentrations (ng/L to µg/L) 
nearly two decades ago (P. Rout et al., 2021). The ECs are classified as pharmaceuticals and personal care 
products (PPCPs), steroid hormones, pesticides, industrial/household chemicals, surfactants/industrial 
additives, and microplastics (J. Li et al., 2018; H. Tran et al., 2018). The ECs enter the environment 
through effluents from municipal treatment plants (the main route in developed countries), septic tanks, 
hospital effluents, livestock activities, subsurface storage of household and industrial wastes. Indirectly, 
ECs could enter through the groundwater-surface water exchange (P. Rout et al., 2021; Stuart & 
Lapworth, 2013). Furthermore, the massive consumption of different chemical substances has caused the 
EC to appear worldwide. For instance, several antibiotics (azithromycin, amoxicillin, ciprofloxacin, 
among others) have been found in wastewater influents from Asian, European, and North American 
countries at concentrations between 3 and 303,500 ng/L, 0.4 and 13,625 ng/L, and 6.1 and 246,100 ng/L, 
respectively (Stuart & Lapworth, 2013; H. Tran et al., 2018).  

Some ECs upon reaching the environment, or even inside the water resource recovery facility (WRRF), 
should be degraded or biodegraded to by-products (metabolites or gases). The environmental degradation 
route of ECs is photochemical transformation, which can occur directly by solar radiation absorption and 
indirectly by photosensitized species reaction. For instance, diclofenac degrades to 1-(8-chlorocarbazolyl) 
acetic acid and carbazole. However, direct ultraviolet (UV) light degradation occurs inside the top 2 m of 
water (Wilkinson et al., 2017). On the other hand, EC’s biodegradability depends on its bioavailability 
(the ability of EC to be absorbed and used by an organism) and complexity. Biodegradable ECs are 
characterized by having straight chains with short branches, unsaturated aliphatic compounds and 
substances with functional groups that donate electrons. Ibuprofen, natural estrogens, bisphenol A, 
triclosan, among others are examples of biodegradable ECs, which become other substances (e.g., 
triclosan to 2,8-dichloro dibenzo-p-dioxin under UV light), achieving degradation percentages greater 
than 50% (Luo et al., 2014). In some cases, ECs in the environment do not degrade but rather volatilize, 
reaching Henry's constant values between 10-2 and 10-3 mol/(m3 Pa). ECs such as dibutyl phthalate, di(2-
ethylhexyl) phthalate, and nonylphenol were found at air concentrations between 0.031 and 0.055 ng/L 
(Luo et al., 2014; Wilkinson et al., 2017). Figure 1 shows which are the main routes of entry of EC into 
the environment, its behavior in it and the possible effects it could cause in different living beings. 

Despite their low concentrations, the ECs are substances with environmental and human risks due to their 
characteristics, such as a wide range of molecular weight (> 150 g/mol), polarity (pKa > 0.5), and 
bioavailability (log Kow < 1 to > 4) (Luo et al., 2014; Matamoros et al., 2009). Commonly used non-
steroidal anti-inflammatory drugs, such as diclofenac and ibuprofen, have increased the risk of 
gastrointestinal ulcers, kidney disease and gill abnormalities in rainbow trout (P. Rout et al., 2021). Other 
types of ECs also have negative effects on aquatic organisms; in fact, human health has also been 
compromised. Therefore, the ECs removal from wastewater is essential. 
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Figure 1.  Routes of entry of ECs into the environment, its behavior and effects. 
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Among the main alternatives used for EC removal are membrane bioreactors, activated sludge systems, 
advanced oxidation processes, membrane processes, or hybrid systems (e.g., membrane bioreactors + 
membrane processes). However, some of these are carried out only on a lab scale. Besides, these 
technologies have high operational and maintenance costs, generate by-products and are difficult to 
operate. An efficient and low-cost alternative for EC removal is the adsorption process. The most widely 
used adsorbent is activated carbon due to its efficiency in the removal of ECs (e.g.,12 – 100% in 
pharmaceutical removal) (Mansour et al., 2018). However, its use is restricted due to its high cost (20 – 
22 USD/kg) and complicated regeneration (De Andrade et al., 2018).  

The purpose of the bibliographical review is to describe the classification of ECs, their characteristics, 
concentrations commonly found in different bodies of water, and the possible problems that they could 
generate for some species. In addition, it delves into the materials that have been used for their removal 
both in batch processes and in filtration technologies. The characteristics (physical/chemical) of the 
materials that influence the removal of ECs are presented. Likewise, the efficiency of the materials to 
remove several ECs (in different operating/functioning conditions) and the mechanisms exploited in the 
removal process are detailed. Finally, the characteristics of the filtration technologies and the 
function/characteristics/capacity and the removal mechanisms provided by the materials within them are 
described. Below is presented the EC classification: 

1.1.1.  Pharmaceuticals and Personal Care Products (PPCPs) 

There are more than 3,000 substances (consume= 50 – 150 g/inhab,) used as analgesics/anti-
inflammatories, antibiotics, contraceptives, antidepressants, pressure regulators, among others (Quesada 
et al. 2019). Meanwhile, around 2,000 chemical compounds are used as Personal Care Products, which 
include fragrances, preservatives, disinfectants, sun protection agents, among others (Ebele et al. 2017). 
Indeed, PPCPs production has reached about 20 million tons/year (Wang and Wang 2016).  

PPCPs have been found in surface water (up to 10,000 mg/L), groundwater (up to 100 mg/L), influents 
(75 – 73,730 ng/L), and effluents (24 – 4,800 ng/L) of WWTP, sludge, sediments and even in living 
beings (e.g., triclosan in fish at 2,100 ng/g) (Brausch and Rand 2011; Dhillon et al. 2015). In general, 
PPCPs can be made of several complex molecules with different structures and shapes, which vary 
widely according to their molecular weight (88.5 – > 900.0 g/mol) (H. Kaur et al. 2017; H. Tran et al. 
2018). Moreover, they are polar molecules with ionizable groups (in the solid phase they have different 
adsorption mechanisms i.e., ion exchange), and most of them are hydrophilic (H. Tran et al. 2018). 
However, PPCPs have log Kow values in a wide range (-2.4 – 13.1), from acid to basic substances under 
environmental conditions (pKa= 0.6 – 13.9) (Brausch and Rand 2011; H. Tran et al. 2018). PPCPs reach 
Kd values between 1.9 and 39,000, are partially/completely soluble in water (0.02 – 3.12x105 mg/L, T= 
20 °C) (H. Tran et al. 2018; Wang and Wang 2016), and dissipation times between < 3 and up to 300 days 
(Ebele et al. 2017).  

The recurrent discharges of PPCPs could cause endocrine problems, genotoxicity, aquatic toxicity, and 
resistance in pathogenic microorganisms (Adeel et al. 2017). For instance, diclofenac at concentrations 
between 5 and 50 mg/L can increase plasma vitellogenin in fish (hormonal disorder). It has even caused 
effects on steppe eagles and vultures (Ebele et al. 2017; P. Rout et al. 2021). Meanwhile, ciprofloxacin, 
tetracycline, ampicillin, trimethoprim, erythromycin, and sulfamethoxazole can increase the antibiotic 
resistance of E. coli and Xanthomonas maltophilia (Ebele et al. 2017; Wang and Wang 2016). Personal 
care products, such as benzophenone-3 threaten coral reefs, and 4-methyl benzylidene camphor has been 
demonstrated to develop embryonic malformations in frogs. Meanwhile, triclosan produces adverse 
effects on the first stages of the frog's life (Dhillon et al. 2015; Kaur et al. 2019; Zepon-Tarpani and 
Azapagic 2018). PPCPs affect humans, as their presence has been detected in the breast milk, blood, and 
urine of children. Moreover, benzyl paraben and benzophenone-4 were found in the placenta, which could 
indicate a transfer from the mother to the fetus (Valle-Sistac et al., 2016). 
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1.1.2.  Pesticides 

Until 2020, around 3.5 million tons/year of pesticides were used, but only less than 0.1% is used by plants 
(Pietrzak et al. 2020). Some pesticides, such as glyphosate or its main metabolite (amino methyl-
phosphonic acid) have been found in surface waters (0.02 – 6.0 g/L), soil (15.9 – 1,025.5 kg/kg), deep 
waters (0.1 µg/L) and sediments (0.1 – 100 mg/L).  

Moreover, pesticides with high vapor pressure (1.51x10-7 – 1.29x10-1 Pa)/high volatility (e.g., 
pentachlorophenol) go into the air during their application (between 5 and 90% of them), moving long 
distances and even reaching pristine areas (Glinski et al. 2018; de Souza et al. 2020; Villamar-Ayala et al. 
2019). This have been found in the rainfall, such as methyl parathion, which has been found near 
agricultural sites, where it was not used (~23 µg/L) (Glinski et al. 2018). According to their molecular 
structure, pesticides have different chemical properties, they have an acid character that goes from weak 
to strong (pKa= 9.1 – 0.7), medium to high solubility in water (2.0 – 1.2x106 mg/L, T= 20 – 25°C), very 
low to very high bioaccumulation (log Kow= -4.6 – 8.0) and high persistence (7 days – >5 years) (Glinski 
et al. 2018; Villamar-Ayala et al. 2019).  

Pesticides mainly affect non-target organisms, e.g., atrazine (concentrations in water > 200 ng/L) (de 
Souza et al. 2020) causes sex change in male frogs and affected/altered the reproductive system and 
fertility of mice, fish, and humans (Glinski et al. 2018; Kaur et al. 2017; de Souza et al. 2020). Another 
widely used herbicide is glyphosate, which affects the entire food chain, delaying periphytic colonization 
and reducing the abundance of aquatic organisms, such as Pseudokirchneriella subcapia and Lemma 
minor (EC50-7d=11.2 – 46.9 and EC50-4d= 64.7 – 270.0 mg a.i./L, respectively) (Villamar-Ayala et al. 
2019). Furthermore, its use in edible crops is related to antibiotic resistance in humans, even though it 
was classified as carcinogenic by the World Health Organization (Zavareh et al. 2018).  

The by-products/metabolites of pesticides also cause negative effects (Glinski et al. 2018). For example, 
aminomethylphosphonic acid, at concentrations between 50 and 167 mg/L produced acute toxicity in 
Vibrio fischeri (Villamar-Ayala et al. 2019). 

1.1.3.  Steroid hormones  

Steroid hormones (natural/synthetic) maintain hormonal balance, reproductive tissue health, tissue 
regeneration, stimulate the reproductive organs, germ cell maturation, etc. The most common hormones 
detected in wastewater/water bodies are estrogens. Natural estrogens are excreted by the adrenal cortex, 
testes, ovaries, and placenta of humans and animals (e.g., estrone/E1, 17β-estradiol/E2, estriol/E3). On 
the other hand, synthetic hormones are synthesized from cholesterol (e.g., 17α-ethinylestradiol/EE2). The 
human population generates about 30,000 and 700 kg/year of natural and synthetic estrogens, 
respectively. Synthetic estrogens come from oral contraceptives. However, the estrogen generated by 
cattle is much higher; in the US and the European Union alone it amounts to 83,000 kg/year (Adeel et al., 
2018). 

Steroid hormones are considered endocrine disruptors, they mainly come from the discharges of the 
human and animal population (Kestemont & Depiereux, 2013). Therefore, WRRF or feedlot effluents are 
the main pathways for hormones entering the soil, surface water, sediment, and groundwater. They have 
been found in WRRF influents (> 802 ng/L) and effluents (> 275 ng/L), surface waters (0.04 – 667 ng/L), 
groundwater (5 – >1000 ng/L), drinking water (up to 3,500 ng/L), drinking water (> 2.6 ng/L) and 
livestock waste (14 – 533 ng/g) (Stuart & Lapworth, 2013; H. Tran et al., 2018; Ying et al., 2002). 

Steroid hormones are characterized by having a molecular weight between 242 and > 296 g/mol, being 
poorly soluble in water (8.8 – 441 mg/L, at 25 °C), with low to moderate hydrophobicity (log Kow 
between 1.6 and 4.7), a pKa that border values between 10.3 and 18.9 (weak acid) and nonvolatile (vapor 
pressure between 9x10− 13 and 3x10−8 Pa) (Adeel et al., 2017; Hamid & Eskicioglu, 2012; Ilyas & 
Hullebusch, 2020). 

Despite their low persistence (half-life: 0.2 – 9.0 days water/sediments) compared with other ECs, they 
cause negative effects on ecosystems and humans by their disruptor endocrine character (Adeel et al., 
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2017). Steroids alter the sexual and reproductive systems of living beings including humans (cancer and 
infertility) (H. Tran et al., 2018). Chronic exposure of fathead minnow to 17α-ethinyl estradiol (5 – 6 
ng/L) led to the feminization of male fish (development of the ovary cavity) and impaired oogenesis 
(alterations in oocyte formation in the female gonads) in females. E2 induced changes in vitellogenin 
production in male trout at concentrations of 1 ng/L, while between 1 and 10 ng/L it produced the 
feminization of some species of male fish. Levonorgestrel at 6.5 ng/L inhibited spermatogenesis, reduced 
fish egg production and reproduction, increased female weight and length and promoted female 
masculinization. Other species have also been affected by hormones, with EE2 at 10 ng/L affecting 
cardiac function in bullfrog tadpoles (Ilyas & Hullebusch, 2020). 

1.1.4.  Other emerging contaminants 

A wide range of industrial and chemical substances are considered as ECs, among these are fire 
retardants, food additives, plasticizers, solvent stabilizers, surfactants/detergents, industrial additives 
(fluorinated organic compounds), and corrosion inhibitors (Stuart & Lapworth, 2013). The 
use/consumption of industrial and chemical substances is considerable worldwide. In the case of 
surfactants, it was estimated that the production for 2022 would be 24.2 million tons (Palmer & Hatley, 
2018), plasticizers such as bisphenol A had a production of 2 million metric tons/year (Wilkinson et al., 
2017). While 159,000 metric tons/year of synthetic non-nutritional sweeteners are consumed (Praveena et 
al., 2019). The physicochemical characteristics of this group are very varied due to the differences 
between them, this also makes their behavior in the environment different. For instance, artificial 
sweeteners present between medium and very high solubility (between 4 and 1,000 g/L at 20 °C), from 
low to the high acid character (pKa= 1.9 – 11.8) and very low bioaccumulation (log Kow= -1.61 and 0.91) 
(J. Luo et al., 2019; Praveena et al., 2019). However, other substances such as bisphenol A (plasticizer), 
nonylphenol (surfactant), and Tris(2-Chloroethyl) phosphate (TCEP, fire retardant) present from low to 
high bioaccumulation with log Kow values of 3.2, 4.4, and 1.8, respectively (Lapworth et al., 2012; 
Wilkinson et al., 2017). Besides, bisphenol-A and phthalates are semi-volatile, so they easily move into 
the environment. They have a short half-life (5 – 18 days) in the air because they could be photodegraded 
(Guerranti et al., 2019). On the other hand, fluorinated organic compounds with longer chains show 
persistence, from moderate solubility (e.g., perfluoro octane sulfonate= 1,080 mg/L) to high solubility 
(e.g., perfluorooctanoic acid >20 mg/L) in water, long-distance mobility, high to the very high potential 
of bioaccumulation (e.g., log Kow of perfluoro octane sulfonate between 4.5 to 6.9), and toxic effects 
(Kumar, 2005; Wang et al., 2019). 

The most investigated substances are plasticizers and fluorinated organic compounds. Plasticizers are 
used as material plasticity enhancers for plastic packaging, epoxy resins, coatings, construction materials, 
toys, medical instruments, plastic films, among others (Wilkinson et al., 2017; Wilkinson et al., 2018). 
Moreover, plasticizers are commonly found in surface water (< 1 – 12,000 ng/L), runoff (50 – 2,410 
ng/L), and other water sources. They include bisphenol-A, bisphenol-S, bisphenol-F, and phthalates 
(Lapworth et al., 2012; Wilkinson et al., 2017; Wilkinson et al., 2018). Fluorinated organic compounds 
were detected in surface water (0.09–578,970 ng/L), groundwater (0.17 – 8.54 ng/L), influents (65 – 112 
µg/L) and effluents (43 – 78 µg/L) of WRRFs, runoff (around 2 ng/L) and drinking water (around 54 
ng/L) (Y. Wang et al., 2019; Wilkinson et al., 2017). Furthermore, traces of fluorides in concentrations 
between 0.023 to higher than 1,600 ng/g have been found in some species of fish, amphibians, 
crustaceans, seals, whales, and polar bears. There were affections on some organs such as the heart, 
kidneys, liver, and gonads (Y. Wang et al., 2019). Artificial sweeteners were found in drinking water (36 
– 2,400 ng/L), surface water (0.03 – 9,600 ng/L), groundwater (non-detected – 33,600 μg/L), seawater 
(200 – 393 ng/L) and lakes (non-detected – 780 ng/L) (J. Luo et al., 2019; Praveena et al., 2019).  

Ethoxylated alcohol (surfactant) affects fish and invertebrates. In fathead minnows, it affects egg 
production and larval survival, with a no-observed effect concentration (NOEC) of 0.73 mg/L. In species 
such as Bluegills, it affects survival and growth at concentrations of 5.7 mg/L. Nonionic surfactants and 
nonylphenol ethoxylates exhibited acute toxic effects (EC50=1.1 – 25.4 mg/L) on tadpoles of four 
Australian and two exotic frogs (Ivanković & Hrenović, 2010). On the other hand, artificial sweeteners 
such as aspartame caused cancer in rats and headache, nausea, and vomiting in humans at concentrations 
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between 2,000 and 50,000 mg/L, while 5% sucralose produced thymus shrinkage and migraine in rats and 
humans, respectively (Praveena et al., 2019). 

Table 1 shows the physical and chemical properties of some ECs and their concentrations for different 
water sources. It is observed that there is a wide range of ECs found in different water bodies in their 
common concentrations (0.01 ng/L – > 6,010 mg/L). However, the health situation due to the COVID-19 
pandemic could have caused a change in the concentration of ECs, as occurred with caffeine and 
triclosan, which are the contaminants studied in this research and will be discussed in later chapters. The 
consumption of the two substances has increased considerably. In the case of caffeine, although this use is 
not recommended for patients with COVID-19, this has been recommended in the diet of healthy people 
as a moisturizer in coffee and tea (Fuzimoto & Isidoro, 2020). According to Romeo-Arroyo et al., 2020, 
the consumption of coffee, tea, and other energizers has increased in confinement. In the case of triclosan, 
despite its use having been banned or limited in different parts of the world because it is considered an 
endocrine disruptor, several of the products used for washing or disinfecting hands and surfaces contain 
triclosan. It has even been used in mouthwashes (Ejtahed et al., 2020; Espejo et al., 2020; Singh et al., 
2020). This will undoubtedly increase the concentration of both ECs in the wastewater. 
Moreover, the very varied characteristics (log Kow=-3.4 – 13.9, water solubility= 0.49 – 21600 mg/L, 
molecular weight= 133.1 – 791.1), added to their behavior and toxicity of EC make it essential to 
eliminate them from wastewater, so the following chapter describes some ways to eliminate them. 
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Table 1. Physical and chemical characteristics of some ECs and their concentrations in water bodies. 

EC type EC Subtype Contaminant Water solubility 
[mg/L] 

Log Kow Range of typical 
concentration 

[ng/L] 

Type of water in 
which the EC can 

be found 

Reference 

 
 
 
 
 
 
 
 

PPCPs 

 
Stimulant 

 
Caffeine 

 
21,600 

 
-0.07 

753,500–1.0x106  Surface water  
[1-3] 20–23,970  Groundwater 

500–5,000 Drinking water 
Anti-inflammatory Ibuprofen 21 0.35 13.5–89,500 Effluent WWTP [1,2,4,5] 

Anticonvulsant Carbamazepine 112-236 13.90 589–3.5x108  Influent WWTP [4,6,7] 
1,200- 6.6x107  Effluent WWTP 

Lipid regulator Clofibric acid 214650 2.88 nd–420  Influent WWTP [4,8] 
Antibiotic Ciprofloxacin 650 0.28 2,200–14,000 Influent WWTP [4,11,12] 

1,100–44,000 Hospital wastewater 
Diagnostic Contrast 

Media 
Iopromide 23.8 -2.1 780–11,4000 River water [4,13] 

1,170–4,030 Urban effluents 
Antidepressant Diazepan 50 3.08 nd–100 Surface water [4,17] 

nd–100 Influent WWTP 
Beta-blocker Atenolol 300 0.16 90–255 Influent WWTP [4,18] 

Fragrance Musk xylene 0.49–1.0 4.40 200,000–400,000 Drinking water [4,14] 
Disinfectant Triclosan 10.00 4.76 200–1,854 Influent WWTP [1,2,15] 

 
Pesticides 

Herbicide Glyphosate 15.70 -3.40 up to 6.01x109 Surface water [19,20] 
 

Insecticide 
Acetamiprid 2,950 0.80 0.08–249 Surface water  [16,27] 
Clothianidin 304 0.70 1.0–740 Surface water [16,21,22,25] 

Thiamethoxam 4,100 -0.13 1.0–914 Surface water 
 

Steroid hormones 
 

Natural 
E2 13 2.45 3.8–188.0 Influent WWTP [4, 7, 9, 10] 
E1 13 3.43 12–196  

Effluent WWTP 
 

[10] 17α-estradiol 13.3 4.01 6.4–12.6 
Synthetic EE2 4.8 3.67 0.59–5.6 

 
Other ECs 

Anticorrosive Methylbenzotriazole 366 2.72 nd–2,900 Effluent WWTP [16] 
Plasticizer BPA 120 2.2–3.4 0.01–8,800 Bottled water [23,24] 

140–12,000 Surface water 
Information obtained from 1Gavrilescu et al., 2015; 2H. Kaur et al., 2017; 3Almeida-Naranjo et al., 2021a; 4Wang & Wang, 2016; 5Ghauch et al., 2012; 6Deng et al., 2018; 7Jiang et al., 2020; 8Boudrahem et al., 2017; 
9Honorio et al., 2018; 10Adeel et al., 2017; 11Duan et al., 2018; 12Peng et al., 2019; 13Kim et al., 2014; 14Käfferlein et al., 1998; 15Zepon-Tarpani & Azapagic, 2018; 16 de Souza et al., 2020 ;17 Akhtar et al. (2015); 
18Lozano-Morales et al., 2018; 19Villamar-Ayala et al., 2019; 20Meffe & Bustamante, 2014; 21Shoiful et al., 2016; 22Man et al., 2018; 23Akhbarizadeh et al., 2020; 24Wilkinson et al., 2017; 25Pietrzak et al., 2020. The 
information in blue color is from the contaminants studied in this research. 
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1.1.  Alternatives to remove ECs 

Conventional WRRFs (constituted by conventional technologies) are designed mainly to remove macro-
contaminants efficiently (> 80%) (Chicaiza et al., 2020). However, conventional WRRF presents some 
disadvantages such as high operating costs (high energy consumption= 0.3 – 2.1 kW h/m3 of treated 
wastewater) (Panepinto et al., 2016), difficult operation, high sludge generation (e.g., 240 million wet 
tons/ year in Europe, USA and China combined), etc. (D. Wang et al., 2017). The WRRF consists of four 
stages: preliminary treatment (physical or mechanical methods), primary treatment (physical-chemical or 
chemical methods), secondary treatment (physical-chemical methods or biological treatment), and tertiary 
or advanced treatment (physical techniques or chemical methods). However, depending on the 
contaminants present in the wastewater, some of these could or could not be present (Crini & Lichtfouse, 
2018).  

It is difficult to define a universal method for wastewater treatment, different 
technologies/processes/methods or combinations of them are investigated and applied, and each of them 
have advantages and disadvantages. Therefore, to design/implement a WRRF, it is necessary to 
considerate the needs of a specific locality and find a way to take advantage of the available resources. In 
such a way that WRRFs be efficient, low-cost (implementation, maintenance, and operation), and 
generate the least possible adverse impact during their operation. Some characteristics of the different 
stages, the contaminants commonly removed in each stage and some examples of the technologies or 
processes used in a conventional WRRF are shown in Figure 2.  

Conventional technologies are not efficient in the removal of ECs (e.g., PPCPs= 30 – 75% of anti-
inflammatories and antibiotics) (Yang et al., 2017). Thus, in the last century, specialized literature has 
reported several methods for EC removal. The most attractive methods are membrane filtration and 
advanced oxidation processes. Nevertheless, they are expensive as they have high energy/chemical 
requirements and sludge/by-product generation (Varsha et al., 2022). On the other hand, the removal of 
ECs from aqueous media through adsorption processes has proven to be efficient (up to 100%) (Kaur et 
al., 2019) with minimal generation of secondary sludge (Sophia & Lima, 2018). 
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Figure 2.  Stages/characteristics/technologies or processes used in conventional WRRF.  Kestemont & Depiereux, (2013)
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1.1.1. Adsorption process in the removal of ECs 

The adsorption process is an efficient method to remove ECs. This advantages include simplicity, low 
costs (depending on the adsorbent used), and high adaptability compared to the other technologies used 
(Álvarez-Torrellas et al., 2018). Adsorption is a process in which a material (adsorbate) in a different state 
(solid, liquid, or gas) or size (atoms, molecules, ions) is retained on a surface (adsorbent) (Kammerer et 
al., 2019). In this case, in the adsorption process, the EC is deposited on the adsorbent surface through 
electrostatic/attraction forces (physical-sorption/physisorption) or chemical bonds (chemisorption). The 
equilibria (adsorption isotherms) and the adsorption kinetics allow the compression of the adsorption 
mechanisms, which are dependent on the type of adsorbent, adsorbate and adsorption conditions (pH, 
temperature, ionic strength, etc.) (Tran et al., 2017). The mechanism of the adsorption process is shown in 
Figure 3.  

 

Figure 3.  Adsorption mechanisms 
 

The study of adsorption kinetics provides information on the adsorption rate, the performance of the 
adsorbent used, and the mass transfer mechanisms (Wang & Guo, 2020). While the adsorption isotherm 
describes the equilibrium performance of the adsorbents when the temperature is constant (Al-Ghouti & 
Da, 2020). Several models fit the kinetics (Pseudo-first-order, Pseudo-second-order, Elovich, Diffusion) 
and isotherms (e.g., Langmuir, Freundlich, Sips, etc.) of adsorption. 

Due to the importance of determining the kinetics and equilibrium in an adsorption process, all studies 
involving the removal of ECs and other contaminants include adjustments to different models. By the 
way, many studies have been questioned since there are several errors in their application. Errors include 
the use of wrong formulas, the use of linear models, and misleading interpretations (Tran et al., 2017). In 
subsequent sections, the models applied in this study will be detailed. 

 

1.2.  Materials used to remove ECs from water in the batch adsorption 
process 

The adsorbent type is very important in the adsorption process. The most used adsorbent in EC removal is 
activated carbon, due to this high efficiency (up to 100%), large specific surface area (300 – 2,500 m2/g), 
and hydrophobic interactions (Grassi et al. 2012a; Sophia and Lima 2018). Alumina, soil (e.g., sandy clay 
loam), zeolites, clays, composites (e.g., matrix: activated carbon and reinforcement: magnetite), metal-
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organic frameworks, and nanoparticles (carbon nanotubes, magnetic nanoparticles, graphene, etc.) have 
reported be also used (Ahmad et al., 2019; P. Rout et al., 2021). However, the widespread use of activated 
carbon and other adsorbents is limited by their high costs (2 – 4 to 20 – 22 USD/kg) (Sophia & Lima, 
2018). This has promoted the search for alternative materials that are less expensive, widely available, 
require little processing, and also are environmentally friendly. Even mineral, agricultural and other 
industrial by-products/residues have been used efficiently (Quesada et al., 2019).  

This section describes the most common conventional/non-conventional materials used for EC removal. 
Information about the origin, availability, cost, physical characteristics (surface area, porosity)/chemical 
characteristics (composition, presence of functional groups), and efficiency/adsorption capacity for the 
removal of some ECs is detailed. Besides, the operating conditions/parameters of batch adsorption 
processes of some previous studies are presented. Even though batch processes are not very efficient 
concerning the amount of water treated, these processes are very useful because they permit determinate 
the capacity of the adsorbent material that allows their efficient use in continuous adsorption processes. 
Figure 4, shows some alternatives to remove ECs, focusing mainly on adsorption and some adsorbents 
that have already been used efficiently. 

 

Figure 4.  Alternatives to remove ECs 
 

1.2.1. Conventional materials 

1.2.1.1.  Activated carbon 

Activated carbon is the most used adsorbent material within WWTPs, reaching between 5.5 and 8.1% per 
year between 2008 and 2018, with 3,311 thousand metric tons in 2021 (Pallarés et al. 2018). Activated 
carbon has been recognized as the best adsorbent for the removal of diazinon, carbamazepine, diclofenac, 
ibuprofen, naproxen, ketoprofen, triclosan, p-Chloro-m-xylenol, (Grassi et al. 2012; Sophia and Lima, 
2018), acetaminophen, androstenedione, E1, E2, E3, EE2, progesterone, testosterone (Grassi et al., 
2012a), metronidazole (Forouzesh et al., 2019), paracetamol (García-Mateos et al., 2015). This absorption 
capacities are between 12 and up to 7,800 mg/g, with efficiencies from 20 to 100% (Grassi et al. 2012a; 
H. Kaur et al. 2017; Sophia and Lima 2018). Nevertheless, activated carbon is a costly adsorbent, which 
exhibits difficult and costly recovery, and the efficiency decreases after regeneration (< 40%) (Sophia & 
Lima, 2018). 
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1.2.1.2.  Zeolites 

Zeolites are natural (Si/Al ratio= 1 – 5) and low-cost adsorbents (0.03 – 0.12 USD/kg), which are 
available worldwide (Lin & Juang, 2009; Palčić & Valtchev, 2020). There are 200 zeolite framework 
types. Furthermore, they are synthesized at a lab scale even from residues such as fly ash to obtain higher 
Si/Al ratios (Khaleque et al., 2020; Lin & Juang, 2009). Zeolites with high silica content (Si/Al > 5) are 
more efficient in ECs removal because they show a high level of hydrophobicity (Jiang et al., 2020). High 
hydrophobicity prevents water absorption, this could allow more zeolite pores to be available for the 
diffusion/adsorption of ECs. However, zeolites with high silica content are used only at the laboratory 
scale (Jiang et al., 2018). Zeolites, such as Faujasite, Mordenite, Beta, and ZSM-5 are efficient in ECs 
removal, such as phenol, dichlorophenol (Lin & Juang, 2009), tetracycline, oxytetracycline (Lye et al., 
2017), nitrobenzene, carbamazepine, nicotine, erythromycin, nitrosamines (Jiang et al., 2018), 2,4,6-
trichlorophenol (Jiang et al., 2020). They also have reached adsorption capacities between 2.4 and 833 
mg/g (Jiang et al. 2018, 2020; Rasamimanana et al. 2016; Sun et al. 2017) and removal efficiencies from 
45 to 90% (Jiang et al. 2018; Lin and Juang 2009; Lye et al. 2017; Pukcothanung et al. 2018; De Sousa et 
al. 2018).  

1.2.1.3.  Clays 

Clays are widely used in contaminant removal due to their worldwide abundance and low-cost (0.04 – 
0.46 USD/kg), being at least 20 times cheaper than activated carbon. Clays were used in the EC removal, 
such as amitriptyline, atenolol, metformin, buspirone, ciprofloxacin, ranitidine, timolol (Thiebault 2019; 
Thiebault et al. 2015), amoxicillin (Grassi et al. 2012a; Thiebault 2019), diazepam, carbamazepine, 
clofibric acid, naproxen, salicylic acid, carbamazepine, diclofenac, ibuprofen, naproxen, phenol, atrazine, 
trimethoprim (Srinivasan, 2011), methomyl (León et al., 2021), sulfamethoxazole, diclofenac (Lozano-
Morales et al., 2018). Indeed, clays have achieved adsorption capacities between 0.1 and 1900 mg/g 
(Bouras et al. 2007; Grassi et al. 2012a; 2012b; Nassar et al. 2012; Srinivasan 2011; Thiebault 2019). It is 
important to mention that clays have efficiencies similar to those of activated carbon (> 98%), but they 
require longer times to achieve them (Grassi et al., 2012a; Srinivasan, 2011). This occurs despite the 
surface area of clays, which is around 11 times lower than activated carbon (Sophia & Lima, 2018; 
Srinivasan, 2011; Thiebault, 2019; Zaghouane-Boudiaf & Boutahala, 2011). 

Some results of previous research about EC adsorption using conventional materials described before are 
shown in Table 2. Conventional materials are characterized to have a high surface area (10 – 2500 m2/g), 
porosity (0.1 – 16.9 cm3/g) (Reeve & Fallow, 2018; Sophia & Lima, 2018; Torrellas et al., 2015), and the 
presence of several functional groups (OH, COOH, CO, NH2, SiO2, cations, etc.) (Mubarik et al. 2012; 
Srinivasan 2011; Thiebault et al. 2015), which gives them high efficiency (up to 100%). In some studies, 
it can be established that the efficiencies of conventional materials used in EC removal are from 20 to 
100% (Grassi et al., 2012a; Jiang et al., 2018; Lin & Juang, 2009; Lye et al., 2017). So, the adsorption 
parameters are very different, such as EC type, concentration, material dose, pH, and contact time, except 
the temperature that is maintained between 20 and 30 °C (Grassi et al. 2012a; Lozano-Morales et al. 
2018; Rasamimanana et al. 2016; Yu et al. 2016). Some authors have made physical/chemical 
modifications (e.g., thermal/acid-basic treatments) to the material to increase the EC removal efficiency 
or decrease the adsorbent dose/contact time (Bouras et al. 2007; Reeve and Fallow 2018). 
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Table 2. Conventional materials used for ECs removal from synthetic water in the batch adsorption process. 

Adsorbent characteristics  Adsorption behavior 

Adsorbent 
Composition/ 

Functional 
Groups/ions 

SA[m2/g] 
P [cm3/g] 

 Adsorbent EC removed 
Adsorption 
 conditions 

Adsorption 
mechanism 

Removal 
[%] 

Adsorption 
 capacity  

[mg/g] 

Reference 
 

Activated 
carbon:  

 
Carbonized 

carbonaceous 
materials 
(S.O.)1 

 
 
 
 
 
 

C, H, N, S 
and O 2 

 
 

COOH, C=O, 
OH-, -NH2, 
CHO, etc. 3 

 
 
 
 
 
 

 
 
 
 
 
 

SA= 300–
2500 4 

 
P=0.1–16.9 5 

 
 
 
 
 
 

 
Activated carbon from argan 

waste 
Paracetamol 
Amoxicillin 

CT=0.8–12, T = 25, 
pH=3-11, AD =0.1, 

[EC]= 100 
 
 

Van der Waals 
forces, H-

bonding, dipole-
dipole 

interactions, ion 
exchange, 
covalent 

bonding, cation 
bridging, and 

water bridging 6-

12 

 

~95 
512 
319 

[7] 

 
Commercial activated carbon 

Caffeine CT= 4, T= 30±2, pH= 3–
8, AD= 0.1, [EC]= 

1.125–1.252 

44.1 71.7 
 

[8] 
 Ibuprofen 52.7 72.3 
 Triclosan 60.8 70.0 
 

Commercial GAC 
Tetracycline CT= 180, T = 30 

pH= -, AD= 2.4 
[EC]=100 

- 845.9 
 

[5]  Ibuprofen - 239.8 

 Commercial GAC Metronidazole 
CT= 2, T = 20±1 

pH= 3.9–10.2, AD= 5 
[EC]= 99.27 

69.0 – 
80.0 

 
- 

[9] 

 
Modified commercial activated 

carbon 
Triclosan 

CT= 4, T = 30±2 
pH= 6, AD= 0.07 

[EC]= 1.0 
98.3 

 
395.2 

[10] 

 Activated carbon from biomass 
Paracetamol 

 
CT=240, T = 15-35, 
AD =0.1, [EC]=1–20 

- 
 

100 
[11] 

 
 
 
 
 

Zeolites: 
 

Crystalline 
microporous 

aluminosilicate 
(S.O. and N.O.) 

2 
 
 
 
 

Si, Al, O 
and cations 2 

 
K+, Na+, Ca2+, 

and Mg2+ 12 

 
 

SA= 300–
2300 2 

 
P= 0.10–
0.35 12 

 
 

 
Natural zeolite 

Tetracycline CT= 2, pH= 6, 
AD= 6.0, [EC]= 44.4-

46.0 

Van der Waals 
forces and acid-

base forces, 
donor-acceptor 
interaction. 2,13 

90.0 
- 

[13] 
  Oxytetracycline 75.0 

 Modified zeolite 
Mesosulfuron-

methyl 
CT= 72, T = 25, pH= 6, 

AD= 2.0, [EC]= 8 
- 2.4-3.4 [14] 

 
Zeolite + 

Hexadecyltrimethylammonium 
bromide or chloride 

Diclofenac 

CT= 24, Ta= 32, Tb= 42, 
Tc= 52, pH= 2–11,  

AD= 25 
[EC]= 636.28 

- Up to 47.4 [15] 

 

 
Zeolite Y (ZY) 

 
 

2,4-dichlorphe- 
noxyacetic acid, 

paraquat 

CT= 24, T= 28±2 
pH= 3, AD= 1.0 
[EC]= 20–250 

- 

82.6-175.4 
- 

71.4-92.6 
 

[16] 

 Cu2+ zeolite 4A Glyphosate 
CT= 2, T= room, pH= 6–
8, AD= 2.0, [EC]= 100 

- 112.7 [17] 

 
Powdered zeolites: 

FAU 1/FAU 2 

Azithromycin, 
ofloxacin, 

sulfamethoxazole 

CT= 6, pH= 6.5, 
[EC]= 0.1 

≥ 80 
7.0-8.5 

25.3-31.2 
- 

 
[18] 
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Table 2. Conventional materials used for ECs removal from synthetic water in batch adsorption process (continuation) 

Adsorbent characteristics  Adsorption behavior 

Adsorbent 
Composition/ 

Functional 
Groups/ions 

SA[m2/g] 
P [cm3/g] 

 
 

Adsorbent 
EC removed 

Adsorption 
 conditions 

Adsorption 
mechanism 

Removal 
[%] 

Adsorption 
 capacity  

[mg/g] 

Reference 
 

Clays: 
 

Hydrous 
aluminosilicates 

(N.O.) 20 

SiO2, CO3
2-, 

MOx 
19/ 

 
Ca2+, Mg2+, H+, 
K+, NH4

+, Na+, 
SO4

2-, Cl-, 
PO4

3-, NO3
-, 

and OH- 19,20 

 

SA: 10–426 
19,20 

 

P: 0.1–0.5 21 

 

 Natural clay Methomyl 
CT= 3, T= 25± 1 
pH= 6.6, AD= 10 

[EC]= 19.99–43.71 

Ion exchange, 
coordination, 
dipole-dipole 
interactions, 

Van der Waals 
forces, H-
bonding, 

hydrophobic 
bonding, acid-
base forces. 20 

27.6–32.9 
 

0.3–0.5 
[22] 

 

 Bentonite 
Atenolol, 

sulfamethoxazole, 
diclofenac 

CT= 24, T= 20 
pH= 6.5–8.0, AD= 1.6 

[EC]= 1-50 
- 

 
5.3–24.5 
1.1–3.5 
1.1–4.0 

 

[23] 
 

 Sodium smectite 
Tramadol, 
doxepin 

CT= 16, T= 20 
pH= 6-7, AD= - 

[EC]= 10 
- 

210.7 
279.4 

[24] 

 Bentonite + Surfactant 
 

Diuron and their 
byproducts 

CT= 24, T= 18–20 
pH= 3, AD= 0.5 

[EC]= 0.25 
- 

 
0.1–0.6 

[25] 

 

Organo-
montmorillonites,organo-

pillared-montmorillon, 
organo-acid-activated 

montmorillonite 

2,4,5-
trichlorophenol 

CT= 2, T= 20±1 
pH= 4, AD= - 
[EC] = 10-200 

- 374.9 [26] 

 
Natural/modified 

bentonite 
Methomyl 

CT= 2, T= 20, 30, 40 
pH= 4, AD= 10 

[EC] = 0.1 
66-76 

 
5 

[27] 

- meaning= this information is not presented in the bibliographical reference. Information obtained from 1Grassi et al., (2012b),2Jianng et al., (2018), 3Mubarik et al., (2012), 4Sophia & Lima, (2018), 5Álvarez-Torrellas et al., (2016), 6Derylo-
Marczewska et al. (2019), 7Benjedim et al. (2020), 8H. Kaur et al. (2017), 9Forouzesh et al. (2019), 10Kaur et al. (2019), 11García-Mateos et al. (2015), 12Reeve et al., (2018), 13Lye et al. (2017), 14Rasamimanana et al. (2016), 15Sun et al. (2017), 

16Pukcothanung et al. (2018), 17Zavareh, et al. (2018), 18De Sousa et al. (2018), 19Srinivasan et al. (2011), 20Thiebault (2019), 2Kuila and Pasat (2013), 22Nassar et al. (2012), 23Lozano-Morales et al. (2018), 24Thiebault et al. (2015), 25Bouras et al. 
(2007), 26Zaghouane-Boudiaf & Boutahala (2011), 27León et al. (2021) 
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1.2.2. Inorganic non-conventional materials 

The use of inorganic non-conventional materials is most common in the removal of dyes and heavy 
metals. For EC removal, it is preferred to use inorganic materials with acid/basic modifications or 
impregnated (metal oxides or other functional groups) since these modifications increase their ability to 
remove them. The modifications can also reduce the contact time/dosage of the adsorbent, just like 
conventional materials (Akhtar et al., 2015; Islam et al., 2018). Among the most widely used non-
conventional inorganic materials are alumina, manganese oxides, and silica. 

Alumina is an amphoteric oxide (pH < 7= charge(+) and pH > 7= charge(-)) so this adsorption capacity 
depends on pH (Kasprzyk-Hordern, 2004). Alumina is not commonly used in ECs removal. However, 
there are some studies in which tetracycline (Turku et al. 2007), atrazine, norfloxacin, ciprofloxacin 
(Nguyen et al., 2020), propazine, prometryne, propachlor, propanil, molinate, and phenols/chlorinated 
phenols (Aazza et al. 2017, 2018), acrylic acid (H. Khan et al., 2020) were removed. The 
efficiency/adsorption capacities have reached values from 15 to 95%/0.07 to 312.02 mg/g, respectively 
(Aazza et al. 2017, 2018; Bui and Choi 2009; Chen et al., 2015; H. Khan et al. 2020; Nguyen et al. 2020). 

Meanwhile, manganese oxides (MnOx) are considered efficient adsorbents due to their polymorphism, 
natural availability, easy synthesis at the industrial scale, low-cost (0.05 USD/kg), and non-toxicity (Islam 
et al., 2018). Some ECs, such as mercaptobenzothiazole, EE2, triclosan, tetracycline, endocrine 
disruptors, steroid estrogens, BPA, glyphosate, chlorophene, oxytetracycline (Islam et al., 2018), 
carbamazepine, niclosamide (Tran, 2018), clarithromycin and roxithromycin (Feitosa-Felizzola et al., 
2009; Remucal & Ginder-Vogel, 2014), diclofenac (Liu et al. 2018; Remucal and Ginder-Vogel 2014), 
resorcinol (Zhao et al. 2012) have been removed using MnOx, reaching removal efficiencies between 40 
and > 90% (Islam et al. 2018; Remucal and Ginder-Vogel 2014; Zhang et al. 2008). Likewise, silica-
based adsorbents are inexpensive and highly available (Turku et al., 2007). Silica has been used in the 
ECs removal, such as carbamazepine, clofibric acid, diclofenac, ibuprofen, ketoprofen, norfloxacin, 
ciprofloxacin, delta-9-tetrahydrocannabinol (Akhtar et al., 2015; Bui & Choi, 2009), naproxen, phenols, 
cloprop(2-(3-chlorophenoxy) propionic acid, dihydro carbamazepine (Bui & Choi, 2009); reaching 
removal efficiencies from 0 to > 90% with adsorption01 capacities from 2.1 to 429.0 mg/g (Akhtar et al., 
2015; Bui & Choi, 2009; Diagboya & Dikio, 2018). 

Table 3 summarizes previous studies using inorganic materials for the ECs removal. Inorganic materials 
are less used in the ECs removal, where fewer previous studies were found probably due to their lower 
adsorption capacity (0.16 – 52.00 mg/g). This could be associated with the lower surface area (12 – 1,000 
m2/g), porosity (0.53 – 1.03), and low variety of functional groups. Like adsorption with conventional 
materials, there are also very varied parameters, but the temperature has been kept in a range between 19 
and 30 °C. 
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Table 3. Inorganic non-conventional materials in ECs removal using synthetic water in the batch adsorption process. 

Adsorbent characteristics  Adsorption behavior 

Adsorbent 
Composition/ 

Functional 
Groups/ions 

SA[m2/g] 
P [cm3/g] 

 
 

Adsorbent 
EC removed 

Adsorption 
conditions 

Adsorption 
mechanism 

Removal 
[%] 

Adsorption 
capacity 
[mg/g] 

Reference 
 

Manganese 
oxide: 

N.O. and S.O 1 

 
 
 
 
 

Mn(II), 
Mn(III), 

Mn(IV) or 
Mn(VII) 1,2/ 

 
Mn-O, OH- 3 

 
 
 
 
 
 

SA: 12–236 1 

 

 Manganese oxide Diclofenac 
CT= 33, T = 30, 

pH= 7.0, AD =0.61 
[EC]= 49946.41 

 
 
 

Electrostatic, 
cation-

exchange 
interactions 
and Van der 

Waals forces 4 
 

Up to 
90±0.7 

 
- 

 
[4] 

 Manganese oxide Phenol 
CT= 1, T = 19, 

pH= 6.7±0.5, AD= 10.0 
[EC]= 0.5 

~40 
 
- 

[3] 

 Manganese oxide 
Clarithromycin 
Roxithromycin 

CT= 24, T= 20, 
pH= 5.0, AD= 1.0 
[EC]= 4.94–83.70 

85–90 
 
- 

[5] 

 
Manganese oxide 

+ Fe 
Resorcinol 

CT= 0.33–2.0, 
pH= 5.0, AD= 0.0157 

[EC]= 35.0 
~100 

 
- 

[6] 

 
Manganese oxide 

birnessite 
Niclosamide 

CT= 24, T = 22±2, 
pH= 5.0, AD= 0.015 

[EC]= 0.042 
- 

 
- 

[7] 

Alumina: 
N.O. and S.O. 

8,57u-64y*40-y7u9 

 
 
 
 
 
 
 
 

MOx, FeO, 
SO4

2-, Al2O3 
(α, β, γ) 10/ 

 

O-Al-O, OH- 

 
 
 
 
 
 
 
 

SA: 50–300 
9,10 

 
Alumina and 

surfactant 
modified alumina 

 
Ortho-Nitro-Phenol 

CT= 1, 
pH= 6.0, AD= 5.0 

[EC]= 55.64 
 
 
 
 
 
 
 
 

Electrostatic 
interactions 

and hydrogen 
bonding 11,15 

 

- 
 

4.4–7.3 

 
[8] 

 

 

α-Alumina 
nanoparticles and 

Modified α-
Alumina 

nanoparticles 

Ciprofloxacin 
CT= 1.5, T= 25±2, 

pH= 6, AD= 5, 
[EC]= 10 

33.6–97.8 

 
 
 

34.5 

[12] 

 
Raw alumina and 

Raw alumina 
modified with HCl 

Acrylic acid 
CT= 0.5–120, T= 20–50, 

pH= 4.5, AD= 66.7, 
[EC]= 0.08 

32.1–36.2 
 

0.29–0.31 [13] 

 

 
Alumina 

and HDTMA 
modified alumina 

Metha-nitrophenol 
CT= 1, T= 25–45, 
pH= 6.0, AD= 5.0 

[EC]= 0.4 
- 

 
 

3.0–8.1 
[14] 

 MCM-41 Norfloxacin 
CT= 1, T= 15, 

pH= 3.0–7.0, AD= 0.5 
[EC]= 60.0 

> 80 
 

52 
[19] 

 
 

 



 

24 
 

Table 3. Inorganic non-conventional materials used for ECs removal from synthetic water in batch adsorption process (continuation) 
Adsorbent characteristics  Adsorption behavior 

Adsorbent 
Composition/ 

Functional 
Groups/ions 

SA[m2/g] 
P [cm3/g] 

 
 

Adsorbent 
EC removed 

Adsorption 
conditions 

Adsorption 
mechanism 

Removal 
[%] 

Adsorption 
capacity 
[mg/g] 

Reference 
 

Silica: 
N.O. and S.O. 

16,17 

SiO2 
16/ 

 
Si-O-H, OH- 17 

 

SA: 7.5–up 
to 1000 

17,18 

P: 0.53–
1.03 19 

 Silica Tetracycline 
T= 23, 

pH= 6.0, AD= - 
[EC]= - H bonds or 

cationic 
exchange  

17, 19 

- - [15] 

 
Mesoporous silica 

SBA-15 

Carbamazepine 
Diclofenac 
Ibuprofen 

Ketoprofen 
Clofibric acid 

CT= 2, T= 25, 
pHa-d= 5, pHe=3, AD= 2.0 

[EC]= 0.1 
35.6-94.3 

0.16 
0.34 
0.41 
0.28 
0.07 

[20] 

- meaning= this information is not presented in the bibliographical reference. Information obtained from 1Remucal and Ginder-Vogel (2014); 2Islam et al. (2018); 3Zhang et al. (2008), 4Liu, et al. (2018), 5 Feitosa-Felizzola et al. (2009), 6Zhao et al. 
(2012),7 Tran et al. (2018); 8Aazza et al. (2017); 9Gupta and Suhas (2009); 10Kasprzyk-Hordern (2004); 11Dao et al. (2020); 12Nguyen et al. (2020); 13Khan et al. (2020); 14Aazza et al. (2018); 15Turku et al. (2007); 16Akhtar et al. (2015); 17Bui and Choi 
(2009); 18Diagboya and Dikio (2018); 19Chen et al. (2015); 20Bui and Choi (2009).  
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1.2.3. Organic non-conventional materials 

1.2.3.1. Biochar 

Biochar is a product of the thermal/hydrothermal decomposition of biomass under anoxic/limited oxygen 
conditions (Ahmed et al. 2016a). Biochar presents some advantages concerning the common activated 
carbon as high availability, low-cost of renewable raw material (350 – 1,200 USD/ton), the high surface 
density of polar functional groups, and condensed structure (Thompson et al., 2016). In addition, 
raw/modified biochar has more environmental applications than activated carbon, such as soil 
amendment, carbon sequestration agent, in fuel cells and supercapacitors (Rangabhashiyam & 
Balasubramanian, 2019; Thompson et al., 2016).  

Biochar is widely used in EC removal at the lab level, achieving similar efficiencies (~ 95%) as activated 
carbon (Rangabhashiyam & Balasubramanian, 2019). Among the ECs removed have been 
sulfamethoxazole, sulfathiazole, sulfamethazine, ibuprofen, triclosan, diclofenac, imidacloprid, atrazine, 
dibutyl phthalate, dimethyl phthalate (Bedia et al., 2018), tetracycline (Bedia et al., 2018; Jing et al., 
2014), benzophene, benzotriazole (Kim et al., 2016), BPA, E2 (Bedia et al., 2018; Kim et al., 2016), 
carbamazepine, metolachlor, EE2, propranolol, phenols, pesticides (L. Li et al., 2018). In general, 
adsorption capacities from 1.5 to > 640 mg/g were reported (Bedia et al., 2018; Choi et al., 2020; L. Li et 
al., 2018; Rangabhashiyam & Balasubramanian, 2019).  

1.2.3.2. Chitosan 

Chitosan is a highly available and non-porous material from a deacetylated derivative of chitin, which is 
the second most abundant natural organic resource (J. Wang et al., 2018). In fact, more than 1,362 x 106 
and 1,818 tons/year are produced of chitin and chitosan, respectively. Chitosan is a relatively low-cost 
(2.2–4.4 USD/kg) adsorbent, non-toxic, biocompatible, biodegradable, and reactive, that has been easily 
modified through physical/chemical methods (Ali et al., 2012; Lessa et al., 2018; Zhou et al., 2014). Due 
to the low adsorption capacity, which is associated with its crystalline and swellable nature, low porosity, 
hydrophilicity, surface area, and stability in acid media, chitosan is used in composites within wastewater 
treatment (J. Wang et al., 2018). 

Chitosan has been used in the removal of phenols (Tarasi et al., 2018; Zhou et al., 2014), pramipexole 
(Kyzas et al., 2013; Kyzas et al. 2017), alkyl benzene sulfonate, caffeine, sulpiride, bezafibrate (Zhou et 
al., 2014), sulfamethoxazole, BPA (A. Zhou et al., 2019), 2,4-dichlorophenol and 2,4,6-trichlorophenol, 
clofibric acid, tannic acid, alkyl benzene sulfonate (Nie et al., 2014). This material has reached adsorption 
capacities from 27 to > 1,500 mg/g and adsorption efficiencies between 11 and 96% (Nie et al. 2014; A. 
Zhou et al. 2019; Zhou et al. 2014). 

1.2.3.3. Peat moss 

Peat is a complex product of the soil and organic matter decomposition and is available throughout the 
world from a few meters to tens of meters. Thus, it is a low-cost material (0.04 USD/kg) (Ali et al., 2012). 
Moreover, peat could compete industrially with adsorbents, such as activated carbon and zeolite due to 
their high cation exchange capacity. Peat has been used in the removal of sulfamethoxazole, sulfapyridine 
(Chen et al. 2017), metolachlor, phenol, p-chlorophenol (Ali et al., 2012), BPA (Zhou et al. 2012), p-
nitrophenol, tri (n-butyl) phosphate, tris (2-butoxy ethyl) phosphate, and tris (2-chloroethyl) phosphate 
(Zheng et al., 2016). Thus, this material has achieved removal percentages higher than 70% and 
absorption capacities between 1.71 and 31.40 mg/g (Ali et al., 2012; Zheng et al., 2016; Zhou et al., 2011, 
2012). 

1.2.3.4. Agricultural/agro-industrial residues 

Agricultural/agro-industrial residues, such as fruit peels and seeds, husks and shells of legumes and cereal 
are favorable for the ECs removal. These materials show a high availability, and chemical stability with 
the presence of lignin (20 – 30%), cellulose (35 – 50%), and hemicellulose (15 – 30%) (Almeida-Naranjo, 
et al. 2021a; Mo et al. 2018). They have a renewable nature, and low or no cost (e.g., rice husk between 
1.6 and 2.7 USD/ton) (FAO, 2000; Mo et al., 2018). In addition, they are environmentally friendly, and 
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require little processing (washing, drying, grinding, and sieving), adding value to material that is 
generally not used to remove contaminants (Paredes-Laverde et al. 2018).  

Agro-industrial residues have been reported removing acetaminophen, atenolol, caffeine, carbamazepine, 
diclofenac, ibuprofen, sulfamethoxazole, tetracycline, levofloxacin, ciprofloxacin, atrazine, clofibric acid 
(Quesada et al., 2019), oxytetracycline, florfenicol (Ngigi and Thiele-Bruhn 2018), norfloxacin (Paredes-
Laverde et al., 2018), phenolic compounds (Bhatnagar et al. 2015; Mallek et al. 2018; Mubarik et al. 
2012; Ofomaja 2011). The removal efficiencies and adsorption capacities have achieved values between 
60 and > 90% and from 0.37 to 689 mg/g, respectively (Bhatnagar et al., 2015; Larous & Meniai, 2012; 
Paredes-Laverde et al., 2018; Quesada et al., 2019). 

1.2.3.5. Industrial residues 

Fly ash (combustion residues), red mud (aluminum industry residues), slag (steel industry residues), 
slurry, and sewage are industrial residues (Lin & Juang, 2009). Municipal sewage sludge from EU27 (27 
European Union) has estimated to reach around 13 million tons/year in 2020 (Devi & Saroha, 2016). 
Besides, the management of these residues could be costly. For instance, sludge treatment represents 
between 25 and 65% of the water treatment costs (Lin & Juang, 2009). Moreover, it is a problem for 
municipalities/industries due to the contaminant loading and huge production. A possible use of these 
residues is EC removal since they are considered good adsorbents due to their characteristics (Table 4) 
and low cost (0.020 – 0.1 USD/kg) (Lin & Juang, 2009; Tran et al., 2019). 

Industrial residues have been used to remove tetracycline (Yang et al., 2019), sulfamethoxazole, 
trimethoprim (Nielsen & Bandos, 2015, 2016), dichloro phenoxy acetic acid, phenols (Lin & Juang, 
2009), carbamazepine (Nielsen & Bandosz, 2015), BPA, 17-beta-estradiol, 17-alpha-ethinylestradiol, 
sulfamethyldiazine, sulfamethazine, sulfathiazole, fluoxetine, ibuprofen, carbofuran (Devi and Saroha 
2016; Gupta et al. 2006). The removal efficiencies have reached from 2 to > 90% and with adsorption 
capacities between 0.6 and 212 mg/g (Devi & Saroha, 2016; Lin & Juang, 2009; Nielsen & Bandosz, 
2015; Sharipova et al., 2016). 

1.2.3.6. Polymeric adsorbents 

Polymeric adsorbents are easily regenerated (soft washing) and their surface could be modified (polar or 
non-polar) to remove specific contaminants (Akhtar et al., 2015). Furthermore, polymeric adsorbents 
have lower costs than activated carbon (up to 4 times lower). They are produced sustainably and have 
higher adsorption (15 – 200 times faster) than activated carbon (Akhtar et al., 2015; Alsbaiee et al., 2016). 
ECs, such as cephalosporin C, penicillin V, delta-9-tetrahydrocannabinol, nalidixic acid (Akhtar et al., 
2015), ibuprofen, cephalexin, caffeine, phenols, cefadroxil, erythromycin, BPA, alachlor, trifluralin, 
prometryn, amitrole (Pan et al., 2009), diclofenac, BPA (Alsbaiee et al. 2016; X. Li et al. 2018a) have 
been removed using polymeric adsorbents. In their removal, polymers, such as β-cyclodextrin polymer 
(Alsbaiee et al., 2016), post-cross-linked polystyrene/poly (methyl acryloyl diethylenetriamine) (Li et al., 
2016), polystyrene, polyacrylic ester, polyacrylamide, resins (Amberlite XAD-16, XAD-4, XAD-2, 
XAD-7), polymer-based inorganic hybrids (polymeric matrix+inorganic nanoparticles) have been used. 
They have achieved adsorption capacities between 22.2 and 1,401 mg/g and removals higher than 90% 
(Akhtar et al., 2015; Alsbaiee et al., 2016; Pan et al., 2009). 

Table 4 resumes the performance of non-conventional organic materials used as adsorbents for ECs 
removal. Non-conventional organic materials have been widely used in ECs removal because some of 
them have a comparable efficiency with conventional materials (up to 100%). This is because they have 
comparable physical and chemical characteristics, except for their surface area concerning conventional 
materials. Moreover, non-conventional organic materials have other advantages, such as high availability, 
low/null cost, and even their use can avoid final disposal problems since some of these materials are 
residues (Almeida-Naranjo, et al., 2021a). Therefore, the use of materials such as these can be an 
alternative to wastewater treatment in developing countries (Tejedor et al., 2020). 
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Table 4. Organic non-conventional materials used for EC removal from synthetic water in the batch adsorption process.  
Adsorbent characteristics  Adsorption behavior 

Adsorbent 
Composition/ 

Functional 
Groups/ions 

SA[m2/g] 
P [cm3/g] 

 
 

Adsorbent 
EC removed 

Adsorption 
conditions 

Adsorption mechanism 
Removal 

[%] 

Adsorption 
capacity 
[mg/g] 

Reference 
 

Biochar: 
 

S.O.1 

C, H, O, N 1/ 
 

COOH, C=O, 
OH-, RCOOR, 

C6H5OH, 
(RCO)2O etc. 2 

AS: 2.46–1500 1 

 

P: 0.21– 0.95 2,3 
 

 
Methanol-modified 

biochar from rice husk 
 

Tetracycline 
CT= 0.33, T= 30, 
pH= 2.0, AD= 1.0 

[EC]= 100 

Ion exchange, 
Electrostatic, 

hydrophobic, pore-
filling, and bridging 

interactions 3 

. ~80 [4] 

 
Modified biochar + 

Spiruline sp. 
Tetracycline 

CT= 120, T= 20–40, 
pH= 3-9, AD= 0.1 

[EC]= 100 
- 

 
132 

[5] 

Chitosan: 
 

S.O. 6 

α-D-glucosamine 
7/ 
 

OH-, -NH2 
6 

AS: 1.1–23.4 8,9 
P: 0.002–0.7 8,9 

 

 

Chitosan and 
Modified chitosan with 

2-hydroxy-1-
naphthaldehyde 

Phenol 
2-chlorophenol 
4-chlorophenol 

2,4-dichlorophenol 
2,4,6-trichlorophenol 

CT= 3, T= 20, 
pH= 7.0, AD= 1.0 

[EC]= 150 

Electrostatic and 
hydrophobic interactions 
and hydrogen bonding 6 

 
 
- 

59.7 
70.5 
96.4 

315.5 
375.9 

 
 

[8] 
 
 

 

Chitosan grafted with 
sulfonic acid and cross-

linked with 
glutaraldehyde 

 

Pramipexole 
 
 

CT= 24, T= 25, 
pH= 10, [EC]= 0–

500 
- 

 
 

181 
[10] 

 
Sulfonate–grafted 

chitosan 
Pramipexole 

 

CT= 0-24, T= 25, 
45, 65, 

pH= 2-12, AD= 1.0 
[EC]= 0–500 

11–82 
 

181–367 
[11] 

 
Magnetic modified 

chitosan 

 
Phenol 
BPA 

CT= 0.67, T= 45, 
pH= 4.5, AD= 0.6 

[EC]= 376–913 

96 
85.5 

 
- 

[12] 

Peat: 
 

N.O. 

Cellulose, lignin, 
humic acid, fulvic 

acid 9,6/ 
Alcohols, 
aldehydes, 
ketones, 

carboxylic acids, 
and phenolic 

hydroxides 13,6 

AS: 0.9–>200 
13 

P: 70–95% 
13 

 
Fibric peat modified 

 
BPA 

CT= 4, T= 25, pH= 
6.9, 

AD= 0.05, [EC]= 
45.0 

Hydrophobic 
Interactions, hydrogen 

bonding 14,15 

- 
 

31.4 
[14] 

 

 Raw/modified peat BPA 
CT= 4, T= 25, 

pH= 7.0, AD= 1.0 
[EC]= 2.0 

80 
 

1.7 
[15] 

 
Commercial peat soil 

 
Sulfamethoxazole, 

sulfapyridine 

CT= 168, T= 25±3, 
AD= 20.0, pH= 4.4–

9.5 
[EC]= 0.15- 13.46 

- 
Up to 4.05 
Up to 0.40 

[16] 
 
 
 

Agro-
industrial 
residues: 

  
 Rice husk 

Norfloxacin 
CT= 1, T= 25, 

pH= 6.2, AD= 3.0 
[EC]= 5 

 
96.95 20.1 

[17] 
 Coffee husk 99.66 33.6 
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Table 4. Organic non-conventional materials used for ECs removal from synthetic water in batch adsorption process (continuation) 
Adsorbent characteristics  Adsorption behavior 

Adsorbent 
Composition/ 

Functional 
Groups/ions 

SA[m2/g] 
P [cm3/g] 

 Adsorbent EC removed 
Adsorption 
conditions 

Adsorption 
mechanism 

Removal 
[%] 

Adsorption 
capacity 
[mg/g] 

Reference 
 

Agro-industrial 
residues: 

 
N.O.6 

Cellulose (35–50%), 
lignin (20–30%), and 
hemicellulose (15–

30%), pectin, among 
others 6/ 

 
OH-, COH, COOH, 

ROR, RCO-H, RCOR, 
C6H5OH, etc. 

17 

SA: 0.034– 
120 6,18 

 

P: 0.03– 4.8 
18, 19 

 
 

 Rice husk E1 +E2+ E3 
CT= 4, T= 25, AD= 

12, 
[EC]= 3.5–7 

π-π 
interactions, 
the formation 
of H-, -
COOH and C 
= O bonds, 
and 
Electrostatic 
interactions 
18,20,21 

 
45–90 

 
1.0–2.7 [22] 

 Granulated cork 

Phenols 
Phenol, 2-chlorophenol, 2-

nitrophenol, 2,4-
dichlorophenol, 

Pentachlorophenol 
PPCPs 

Carbamazepine, naproxen, 
ketoprofen, diclofenac, 

triclosan, methyl paraben 

CT= 0.5, T= 20±2, 
pH= 6.0, AD= 5–20 

[EC](phenols)= 30.0, 
[EC](PPCPs)= 1.0 

 

Phenols 
20–100 
PPCPs 
50–100 

 

Phenols 
0.6–1.6 
PPCPs 
1.8–3.6 

 

[23] 
 

 
Pine cone + Pig 
manure (BCP) 

Sulfamethazine, ciprofloxacin, 
oxytetracycline, florfenicol 

CT= 48, T= 20, pH= 
7.6 – 8.5, AD= 1.0 
w/w%, [EC]= 1.2 

- 
 
- 

[24] 

 
Mansonia wood 

sawdust 
 

4-nitrophenol 
CT= 2.5, T= 26±4, 
pH= 4.0, AD= 1.5 

[EC]= 120 
22.5–55.5 7.4–18.0 [25] 

 
Charred sawdust of 

Sheesham 
Phenol 

CT= 1.5, T= 25±2, 
pH= 2-6, AD= 0.1–

10 
[EC]=10–1000 

> 95.0 300.6–337.5 
[26] 

 

 
Sawdust from 
Finland wood 

 
Phenol 

CT= 3, T= 22, 
pH= 5.79, AD= 10 

[EC]= 20 
Up to 70.4 

 
Up to 5.5 

[27] 

Industrial residues: 
 

N.O. 29,30 

SiO2, Fe2O3, Al2O3, 
CaO, MgO, organic 

compounds 29/ 
 

OH-, C=O, COOH, 
lactone, quinone, etc. 

28,29 

Raw: 2– 34 
Treated or 

activated: up 
to 1800 

21, 30,31 

Treated or 
activated: 

0.098-0.145 
21,31 

 
Fertilizer and steel 

industry wastes 
2,4-dichloro phenoxy acetic 

acid, carbofuran 

CT= 1.67, T= 25, 
pH= 6.5–7.5, AD= 

1.0 
[EC]= 88.01–132.76 

Polar 
interaction, 
hydrogen 

bonding, π-π 
electron-
donor-

acceptor, 
acid-base 

interactions 
29-31 

- 
212 
208 

[32] 
 

 
Sewage 

Sludge and fish 
waste 

Carbamazepine+ 
sulfamethoxazole+ 

trimethoprim 

CT= 5, T= 30, 
pH=9.39–11.82, AD= 

5.0 
[EC]= 100 (Of each 

one) 

- 
Up to 41.3 
Up to 3.8 
Up to 13.6 

[31] 

 
Sewage 

Sludge and fish 
waste 

Trimethoprim, 
sulfamethoxazole 

CT= 180, T= 30, 
pH= 4.53–7.64, AD= 

5.0, [EC]=100 
- 

 
90.0 
5.3 

[29] 
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Table 4. Organic non-conventional materials used for ECs removal from synthetic water in batch adsorption process (continuation) 
Adsorbent characteristics  Adsorption behavior 

Adsorbent 
Composition/ 

Functional 
Groups/ions 

SA[m2/g] 
P [cm3/g] 

 Adsorbent EC removed 
Adsorption 
conditions 

Adsorption 
mechanism 

Removal 
[%] 

Adsorption 
capacity 
[mg/g] 

Reference 
 

Industrial residues:   

 
Paper pulp-based 

adsorbents + H3PO4 
Carbamazepine, 

sulfamethoxazole 
T= 25, pH= 7.5, 

[EC]= 5 

 

- 
92±19 
13±0.6 

[33] 

 

Phosphoric acid-
activated corn 
straw porous 

carbon 

Tetracycline 
CT= 12, T= 30, 

pH= 4, AD= 0.2-1.0 
[EC]= 50 

8.03–97.0 
 

 
227.3 

 
[34] 

 
Activated carbon 
from gas mask 

Triclosan 
CT= 10, T= 24±1, 
pH= -, AD= 1x10-3 

[EC]= 10–400 
2-100 

 
85 

[35] 

 
Carbon slurry 

waste 

2-bromophenol, 
4-bromophenol, 

2,4-dibromophenol 

CT= 11, T= 25±2, 
pH= 5.8–6.8, AD= 

1.0 
[EC]= 69.2–100.76 

- 
40.7 

170.4 
190.2 

[28] 

Polymeric 
adsorbents: 

 
S.O. 35,36 

Depending on the 
polymer 36,37/ 

 
Tertiary amino, 

Carboxyl, sulfonic acid, 
dicyandiamide, amido 

cyanogen, polyethylene 
glycol, 2-Carboxy-3/4-
nitrobenzoyl, among 

others 36 

SA: 15–1000 
35,36 

P: 0.16–1.22 
35,36 

 
Hyper-crosslinked 

β-cyclodextrin 
BPA 

CT= 0.5-12, T= 25, 
AD= 0.25, [EC]= 40 

Hydrophobic 
interaction, π-
π interaction, 

ionic 
attraction, 
hydrogen 
bonding; 
complex 

formation 36,37 

94.45 278 [38] 

 

Post-cross-linked 
polystyrene/poly 
(methyl acryloyl 

diethylenetriamine) 

Phenol, 
benzoic acid, 

P-hydroxybenzoic acid 

CT= 2.0, T= 25, 35, 
45, 

AD= 2.0 
[EC]= 507.3 

> 90 

 
50 

190 
242.1 

 
 

[39] 

 
Hyper-crosslinked 

β-cyclodextrin 
porous polymer 

BPA 
 

CT= 0.17, T= room,  
AD= 1 

[EC]= 22.8 
80–95 

 
22.2 

[40] 

 
Molecularly 

Imprinted Polymer 
Diclofenac 

CT= 1, T= room 
temperature, 

pH= 7, AD= 5 
[EC]= 1-25 

100 160 [41] 

- meaning= this information is not presented in the bibliographical reference. Information obtained from 1Rangabhashiyam and Balasubramanian (2019); 2Ahmed et al. (2016a), 3Kim et al. (2016); 4 Jing et al. (2014); 5Choi et al. (2020);6 Mo et al. 
(2018); 7Zhai et al. (2019) 8Zhou et al. (2014); 9Nie et al. (2014); 10Kyzas et al. (2017); 11Kyzas et al. (2013); 12Tarasi et al. (2018); 13Grassi et al. (2012b); 14Zhou et al. (2011); 15Zhou et al. (2012); 16Chen et al. (2017); 17Paredes-Laverde et al. (2018); 
18Bhatnagar et al. (2015); 19Quesada et al. (2019); 20Anastopoulos et al. (2020a); 21 Silva et al. (2017); 22Honorio et al. (2018); 23Mallek et al. (2018); 24Ngigi et al. (2018); 25Ofomaja (2011); 26Mubarik et al. (2012), 27Larous and Meniai (2012), 
28Bhatnagar (2007); 29Nielsen and Bandosz (2016); 30Devi and Saroha (2016); 31Nielsen and Bandosz (2015); 32Gupta et al. (2006); 33Oliveira et al. (2018); 34Yang et al. (2019); 35Sharipova et al. (2016); 36 Akhtar et al. (2015); 37Pan et al. (2009); 38X. 
Li et al. (2018) 39H. Li et al. (2016); 40X. Li et al. (2018); 41Abu et al. (2018).  
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1.2.4. Nanomaterials 

Nanomaterials have at least one size dimension between 1 and 100 nm. In recent years, nanomaterials 
(nanoparticles, nanotubes, nanofilms, and nanowires) have attracted a lot of interest in wastewater 
treatment applications, mainly in adsorption and photocatalysis at lab scale (Y. Zhang et al., 2016; Zhao 
et al., 2018). They are called new-generation adsorbents due to their high performance, high surface area 
(up to 3,200 m2/g), appropriate dispersibility, catalytic potential, large surface energy, abundant reactive 
sites, rapid dissolution, high reactivity and free surface energy (> surface reactivity) (Zhao et al., 2018). 
Nevertheless, the recovery of non-magnetic nanoparticles after the EC adsorption is still complicated and 
some of them are toxic (Y. Zhang et al. 2016). Therefore, adequate techniques must be used to separate 
the nanoparticles from the aqueous solution to take advantage of the benefits that these materials offer. In 
addition, the green synthesis of nanomaterials (e.g., Fe, Ag, Au, Zn, zero valent or magnetic 
nanoparticles) using biomolecules, biological waste products, cellular extracts of plants (e.g., Andean 
blackberry leaf) (Kumar et al., 2016), bacteria, fungi, and algae have been researched. Bio-reduction and 
bio-precipitation of polyphenols, peptides, amino acids, and other bioactive compounds obtained from 
living organisms (mainly plants) are the biogenic production mechanism of nanomaterials. Furthermore, 
these compounds prevent agglomeration because act as protective/stabilizing agents of the synthesized 
nanomaterials (Gautam et al., 2019).  

The ECs removal efficiencies have achieved close to 100% using lower adsorbent doses than micro-
adsorbents (Almeida-Naranjo et al., 2021b). Chemical modifications in nanoparticles to improve their 
adsorption capacities have been realized (Pham et al., 2020). Nevertheless, no study has used modified 
materials to explain if modifications are sustainable processes to improve EC removal. Thus, there is not 
enough information about the residues produced after the modification or if the higher efficiency obtained 
to use the raw material is costly representative (Almeida-Naranjo, et al., 2021a, b). Furthermore, all 
studies have been carried out at a lab scale, and none of them have analyzed the feasibility of full-scale 
synthesis of nanomaterials (Almeida-Naranjo, et al. 2021b). Among the most used nanomaterials in EC 
removal are carbon-based nanoparticles, metal oxides, metal nanoparticles, and nanocomposites. Some of 
these nanomaterials are described below. 

1.2.4.1. Carbon-based nanomaterials 

Carbon-based nanomaterials are the most used for the removal of contaminants from wastewater, due to 
their good adsorptive characteristics for the removal of organic/inorganic contaminants and 
microorganisms (Kim et al. 2014). 

a.  Carbon Nanotubes (CNTs) 

CNTs are the most anisotropic materials available, which are formed by hollow and layered structures 
with a length from nanometers to millimeters (Yu et al. 2014). CNTs can be a single wall (SWCNT, 
cylindrical) or multiple walls (MWCNT, concentric cylinders), with diameters from 0.4 – 2.0 to 2.0 – 
25.0 nm, respectively (Gupta et al., 2013; Yu et al., 2016). CNTs have chemically inert surfaces that 
promote physical adsorption. However, their surface could be modified by incorporating heteroatoms, this 
increasing their affinity with different ECs, the selectivity of adsorption through families of compounds, 
and improving their performance in the desorption process (Kim et al. 2014). 

CNTs have been used to remove ECs, such as pharmaceuticals (tetracycline, oxytetracycline, 
sulfamethoxazole, sulfapyridine, sulfamethazine, ciprofloxacin, norfloxacin, ofloxacin, lincomycin, 
caffeine, etc.) (Kim et al., 2014; Yu et al., 2016; Zhao et al., 2018), and personal care products (triclosan) 
(Zhao et al., 2018), hormones (EE2), phenols, pesticides (atrazine, diuron, dichlobenil, isoproturon) 
(Joseph et al., 2011; Sophia & Lima, 2018), roxarsone (Hu et al., 2012). These materials have achieved 
removals between 67.5 and 99.8% and adsorption capacities between 8.6 and 554.0 mg/g (Hu & Cheng, 
2015; Patiño et al., 2015; Sophia & Lima, 2018; Yu et al., 2016; Zhao et al., 2018).  
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b.  Graphene  

Graphene is a new material, considered the thinnest that exists (~ 0.03 nm). As a nano adsorbent, it 
includes three forms pristine graphene, graphene oxide (GO), and reduced graphene oxide (rGO) (Hiew et 
al., 2018). Graphene and these derivatives are characterized by having a large delocalized π-electron 
system and tunable chemical properties, characteristics that make them good adsorbents (Hiew et al., 
2018; Yu et al., 2016). Besides, graphene has faster diffusion or surface reactions of antibiotics, which 
allows rapid and effective adsorption, and is cheaper at full-scale production than other adsorbents such 
as CNTs (M. Li et al., 2019). Nevertheless, the hydrophobicity and limited dispersibility of graphene 
decrease its potential for adsorbent purposes (Naseem & Waseem, 2021). 

Graphene is considered a good adsorbent for ECs removal (19 – 3710 mg/g) (Catherine et al., 2018), 
reporting its use for the removal of EE2, E2 (Borthakur et al., 2018), diclofenac, levofloxacin, metformin, 
nimesulide, sulfamethoxazole, cefalexin, ofloxacin, amoxicillin, tetracycline, ciprofloxacin (Hiew et al., 
2018), atenolol, clofibric acid, aminoglycoside, β-lactams, glycopeptide, macrolide, quinolone, 
sulphonamide (M. Li et al., 2019), acetaminophen (Moussavi et al., 2016), metformin (Balasubramani et 
al. 2020), nicotine (S. Liu et al. 2018). Moreover, graphene has achieved removals up to 100% (Baig et 
al., 2019; Hiew et al., 2018; X. Wang et al., 2019; Zhao et al., 2018) 

1.2.4.2. Metal-based nano adsorbents 

Metal-based nano adsorbents are characterized by their high efficiency for contaminant removal, 
relatively low-cost, and short distance of intraparticular diffusion. Moreover, they are compressible 
without changes in their surface area, resistant to abrasion, magnetic, and photocatalytic (Y. Zhang et al., 
2016). Additionally, metal oxide nanomaterials are environmentally friendly. Thus, these nanomaterials 
could be used combined with living beings in filter media, slurry reactors, powders, and pellets (Kunduru 
et al., 2017; Y. Zhang et al., 2016). Metal nano adsorbents include nanosized iron oxides, aluminum, 
manganese, titanium, magnesium, and cerium oxides. The characteristics that influence the ECs removal 
are described below. 

Iron oxide nanoparticles are characterized by their relatively easy synthesis, magnetism, facilitates their 
recycling capability, low-cost (e.g., zero-valent iron: 1.66 USD/m3 of treated water), fast kinetics, and 
biocompatibility (Hamdy et al. 2018; Kumar et al. 2016). The iron nanoparticles most used in the 
adsorption processes for EC removal is zero-valent iron. However, magnetite (Fe3O4), maghemite (𝛾-
Fe2O3), hematite (𝛼-Fe2O3), and goethite (𝛼-FeOOH) are also used but mainly as composites, and in 
degradation processes (Hamdy et al., 2018; H. Zhang et al., 2016).  

Zero valent iron (ZVI) is characterized by having an iron oxide envelope and a Fe0 core, which exhibits a 
core-shell structure. ZVI shows a high reactivity, higher than conventional granular iron, dual properties 
of adsorption and reduction (-0.44 V), and easy dispersion (Crane & Scott, 2012). The removal of 
amoxicillin, norfloxacin, ampicillin, ciprofloxacin, chloramphenicol, dichloroacetamide, metronidazole, 
diazepam, tetracycline, oxytetracycline, cytostatic drugs, using ZVI has reported values between 50 and 
100% (Zhou et al., 2019). Chloride (lindane, dichlorodiphenyltrichloroethane, atrazine) and 
organophosphates (tributyl phosphate) pesticides were removed by other mechanisms, such as oxidation, 
reduction, and coprecipitation (Crane & Scott, 2012; Zhou et al., 2019). To improve the capacity of zero-
valent iron to remove ECs such as florfenicol, tetracycline, metronidazole, and enrofloxacin, chemical 
modifications were made, achieving removal efficiencies between more than 90 and 100% (Zhou et al., 
2019). 

ZVI has also been used in continuous adsorption processes for the removal of pharmaceuticals 
(carbamazepine, caffeine, sulfamethoxazole, 3,4-methylenedioxyamphetamine, 3,4-
methylenedioxymethamphetamine, ibuprofen, gemfibrozil, and naproxen) and sweeteners (acesulfame-K 
and sucralose) reaching efficiencies greater than 97 and 76%, respectively (Liu et al. 2019). However, 
ZVI presents some disadvantages associated with its very short life since it needs stabilization/surface 
modification and forms clumps due to the van der Waals and magnetic forces (Zhou et al., 2019). 
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Magnetite is commonly used in the adsorption of contaminants (mainly heavy metals) due to its low-cost, 
environmentally friendly nature and the possibility of treating large volumes of wastewater (Almeida-
Naranjo, et al., 2021b). It is formed by octahedral layers, i.e. mixture of ferrous and ferric species and 
tetrahedral-octahedral structures (ferric species), interspersed with each other (Al-Jabari et al., 2019). 
Magnetite was used in the removal of ECs such as levofloxacin (Al-Jabari et al., 2019), caffeine 
(Almeida-Naranjo, et al., 2021b), nalidixic acid, salicylic acid, flumequine, benzotriazole (Minh et al., 
2018), paracetamol, ciprofloxacin, oxytetracycline (Rakshit et al., 2013), reporting removals between 
36.7 and 100.0% and adsorption capacities from 6.1 to 100.0 mg/g (Al-Jabari et al., 2019; Minh et al., 
2018; Rakshit et al., 2013). 

Maghemite is a low-cost material, and it is highly available. It has been used in the removal of diclofenac, 
achieving adsorption capacities between 120 and 261 mg/g (Leone et al., 2017). Magnetite and 
maghemite are characterized by their magnetism, which facilitates their separation after the adsorption 
process (Kunduru et al., 2017). However, these nanoparticles are very unstable because they can change 
to other phases, so before their use, they need to be stabilized. To avoid this problem these nanoparticles 
are used mainly in composites form (Zhao et al. 2017).  

The other iron oxides used in EC removal are goethite and hematite. Goethite is not magnetic, so the 
separation from treated wastewater is more complicated, compared to magnetite and maghemite 
(Kunduru et al., 2017). Goethite is an abundant hydrated iron oxide from soils, that is used as a model 
adsorbent due to this thermodynamic stability at room temperature and its use PPCPs adsorption in iron-
rich soils (Qin et al., 2014). Thus, ECs such as levofloxacin (Qin et al., 2014), diclofenac, ibuprofen (R. 
Yin et al. 2018; Zhao et al. 2017), tetracycline, flumequine (Zhao et al., 2017), were removed using 
goethite, showing removal efficiency between 25 and 90% and adsorption capacities from 0.025 to 0.72 
mg/g (Qin et al., 2014; R. Yin et al., 2018; Zhao et al., 2017). Hematite is the most stable phase of 
magnetic iron oxide (Kunduru et al., 2017), it was used in the removal of cephalexin (Nassar et al. 2018) 
and carbamazepine (Rajendran & Sen, 2018), and achieving removal efficiencies higher than 90% with 
adsorption capacities between 2.8 and 70.0 mg/g (Nassar et al., 2018; Rajendran & Sen, 2018). 

There are other metal oxides, such as aluminum oxides, zinc oxides, magnesium oxides, and cerium 
oxides, which are used in the contaminant’s removal. These oxides are characterized by their low-cost, 
thermal stability, easy synthesis, and regeneration, surface reactivity, versatility, among others (Dao et al., 
2020; Fakhri & Behrouz, 2015). Nano-alumina (dichlorodiphenyltrichloroethane, polychlorinated 
biphenyls, ciprofloxacin) (Nguyen et al., 2020; Sivaselvam et al., 2020), nano-silica (ciprofloxacin) 
(Pham et al., 2020), zinc oxide (naphthalene) (Y. Kaur et al., 2017), magnesium oxide (linezolid) (Fakhri 
& Behrouz, 2015) are some nano-oxides used in the ECs removal, which have archived removal 
efficiencies between 55 and 100% (Fakhri & Behrouz, 2015; Y. Kaur et al., 2017; Pham et al., 2020; 
Sivaselvam et al., 2020). 

1.2.4.3. Nanocomposites 

A nanocomposite is a multiphase material where some materials are deposited on a support material. The 
most used support materials are polymers, graphene, zeolites, biochar, clay, CNT, activated carbon, silica, 
biopolymers (chitosan/cellulose/alginate), membranes, and magnetic substrates (Danalıoğlua et al., 2017; 
Lompe et al., 2018; B. Wang et al., 2018). Nanocomposites are used in some environmental applications, 
including the removal of contaminants from wastewater (e.g., heavy metals, ECs, dyes) (B. Wang et al., 
2018) since they exhibit better characteristics than many adsorbents, including activated carbon. Some 
properties that are improved when forming nanocomposites and make them better adsorbents are 
selectivity, stability (mechanical/chemical), porosity, separation of the aqueous medium (magnetism), 
reduction of adsorption time/adsorbent dose, cost, among others (Danalıoğlua et al., 2017; Lompe et al., 
2018).  

Another advantage of nanocomposites is their photocatalytic properties. In the EC adsorption processes, 
these contaminants are only transferred from the aqueous medium to the adsorbent, but they are not 
degraded (Y. Zhang et al., 2016). Removing the ECs from the adsorbent to reuse it could be a difficult 
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and expensive process. Therefore, combining adsorption with photocatalysis may be efficient because the 
ECs will be degraded into less toxic substances (Zheng et al., 2016).  

However, nanocomposites/nanoparticles can also have disadvantages, such as a complex synthesis that 
involves the use of substances that could be toxic (Boruah et al., 2016). Non-magnetic nanomaterials are 
difficult to separate from the aqueous medium. Even previous studies include nanomaterials within ECs 
(Sauvé & Desrosiers, 2014). Furthermore, the use of nanomaterials on a large scale is not possible yet.  

Table 5 summarizes some research about the use of nanomaterials for EC removals, such as tetracycline, 
sulfachloropyradazine (Azhar et al., 2017), ametryn, prometryn, simazine, simeton, and atrazine (Boruah 
et al., 2016), metolachlor, BPA, tonalide, triclosan, ketoprofen, estriol (Alizadeh Fard & Barkdoll, 2018), 
linezolid (Fakhri & Behrouz, 2015), carbamazepine, ibuprofen, clofibric acid (Deng et al., 2018; Wong et 
al., 2016), ciprofloxacin, erythromycin, amoxicillin (Danalıoğlua et al., 2017; F. Wang et al., 2016), 
diclofenac (Hossein et al., 2017), sulfamethoxazole (Ma et al., 2020). They have achieved removal 
efficiencies between 25 and 100% with adsorption capacities between 0.9 and 3,070.0 mg/g (Alidadi et al. 
2018; Baghdadi et al. 2016; Lessa et al. 2018; M. Li et al. 2019; Peng et al. 2018; Reguyal and Sarmah 
2018; Wong et al. 2016; Y. Yin et al. 2018; Zaheer et al. 2018). The adsorption capacities of 
nanomaterials are comparable with conventional materials; however, the costs of nanomaterials are not 
discussed in the studies (Yu. Liu et al., 2014; Y. Liu et al., 2014). 
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Table 5. Nanoparticles used in ECs removal using synthetic water in the batch adsorption process. 
Adsorbent characteristics  Adsorption behavior 

Adsorbent 
Composition/ 

Functional 
Groups/ions 

SA[m2/g] 
P [cm3/g] 

 Adsorbent EC removed 
Adsorption 
conditions 

Adsorption 
mechanism 

Removal 
[%] 

Adsorption 
capacity 
[mg/g] 

Reference 
 

CNT: 
S.O. 1 

 
Graphene or 

graphite sheet 
with π 

conjugative 
structure and 

highly 
hydrophobic 

surface1/ 
 

–OH, –C=O, –
COOH, 2 

 
 
 

SWCNT 
SA: 400–1020 

3,4 
 

MWCNTs 
SA: 38.7–>500 

4 

P= 0.59 4 

 *SWCNT 
17a-ethinyl estradiol 

BPA 

CT= 4, pH= 3.5-11, 
T= room, AD= 0.05 

[EC]= 2.28-2.96 

Hydrophobic 
effect, π-π 

interactions, 
hydrogen 
bonding, 
covalent 

bonding, and 
Electrostatic 
interactions 5 

95–98 
75–80 

35.5–35.7 
13.4–16.1 

[6] 
 

 
SWCNT 
MWCNT 

Lincomycine, 
Sulfamethoxazole, 

iopromide 

CT= 72, T= 20±1, 
pH= 6.0±0.2, AD=- 

[EC]= 12,000 
- 

 
- 

[3] 

 MWCNT Roxarsone 
CT= -, T= 10, 

pH= 2–11.7, AD= 2 
[EC]= 10 

 
- 

 
Up to 13.5 

 
[7] 

 

 

MWCNT 
MWCNT-COOH 

MWCNT-NH2 

N-CNT 

1,8dichlorooctane, 
nalidixic acid, 

2-(4-ethylphenoxy) 
ethanol 

CT= 72, T= 25, 
pH= 7.0±0.5,  
AD= 0.02–0.2 
[EC]= 20–80 

 
- 

248–380 
79–111 

- 

 
[8] 

 

 
MWCNT modified 

with HNO3 
Diclofenac 

CT= 1, T= 25, 
pH= 7.0, AD= 5.4, [EC]= 

50 
Up to 95 

 
Up to 8.6 

 
[9] 

Graphene: 
 

S.O. 10 
 
 
 
 
 
 
 
 
 

2D single layer 
of sp2 

hybridized 
carbon atom 10/ 

 
Epoxide, 
carbonyl, 

carboxyl, and 
hydroxyl groups 

10 

SA: 46.4–2630 
(theoretical) 

10,11 
 

P: 0.065 12 

 
 

Graphene oxide 
β-estradiol 

17α-ethynyl estradiol 

CT= 0.83, T= 25, 
pH= 3.0, AD= 0.40 

[EC]= 8.0 

Hydrophobic 
effect, π-π 

interactions, 
hydrogen 
bonding, 
covalent 

bonding, and 
Electrostatic 
interactions 

5,10 

97.2 
98.5 

 
- 
- 

[13] 

 Graphene oxide Diclofenac 
CT= 0.25, T= 60, 

pH= 6.0, AD= 0.16 
[EC]= 400 

96.2 653.9 [14] 

 Graphene oxide Metformin 

CT= 1-3, T= 1545, 
pH= 4.5–8.5, AD= 0.05–

0.15 
[EC]= 300–700 

59–97.6 122.6 
 

[15] 
 

 Graphene oxide Nicotine 
CT= 0.5, T= 25–55 

pH=3–10.5 AD= 0.1 
[EC]= 5-150 

- 96.5 [16] 

 
Double-oxidized 
graphene oxide 

Acetaminophen 
CT= 0.17, T= 25, 

pH= 8.0, AD= 0.02 
[EC]= 10 

83.7 704 
[17] 

 

 
Graphene oxide 

nanoflakes 
BPA, 4-nonylphenol, 

tetrabromineBPA 
CT= 0.08–24, T= 25, pH= 
4–9, AD= 1.25, [EC]=20 

- 19-30 [18] 
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Table 5. Nanoparticles used for ECs removal from synthetic water in batch adsorption process (continuation) 
Adsorbent characteristics  Adsorption behavior 

Adsorbent 
Composition/ 

Functional 
Groups/ions 

SA[m2/g] 
P [cm3/g] 

 Adsorbent EC removed 
Adsorption 
conditions 

Adsorption 
mechanism 

Removal 
[%] 

Adsorption 
capacity 
[mg/g] 

Reference 
 

 
 
 
 

Nanocomposites: 
S.O. 39-41 

 
 
 
 
 
 

 
Depending on 

the components 
of the 

composite, for 
example, 

carbon atom, 
FeOx, graphene, 
graphite sheet, 
among others/ 

 
Depending on 

the components 
of the 

composite, for 
example, OH-, 
COOH-, C=O, 
epoxy, amino, 

among others40-

42 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

SA: 3.18- 
around 1260 39 

 
P: 0.15-
0.7240,42 

 
MOFs 

UIO-66 
Sulfachloropyra-

dazine 
CT= 2, T= 25, pH= 5.5, 
AD= 0.1, [EC]= 10–100 

Depending on 
the 

components of 
the composite, 
are an example 

hydrogen 
bonding, π-π 
interaction, 

cation-π 
bonding, 
amidation 
reaction, 

Electrostatic 
interaction, 

hydrophobic 
interaction, 

ligand 
exchange, 
cation-π 
bonding, 

chemisorption, 
etc.40-42 

80 417 [43] 

 
Magnetic activated 

carbon 

Triclosan 
Bisphenol-A 

Tonalide 
Metolachlor 
Ketoprofen 

E2 

CT= 1, T= 25-45, pH= 7, 
AD= -, [EC]= 0.025–0.25 

96 – 98 
 

21.32 
31.05 
29.41 
22.37 
28.49 
2020 

[44] 

 
Magnetic activated 

carbon 
Carbamazepine 

CT= 0.5, T= 25, pH= 6.65, 
AD= 0.05, [EC]= 20.0 

93 
 

189.5 

 
[45] 

 

 

Triethoxyphenylsilane 
(TECs)-functionalized 
magnetic palm-based 

powdered AC 

BPA, carbamazepine, 
ibuprofen, 

clofibric acid 

CT= 6, T= Room T, pH= 
7, AD= 0.1, [EC]= 10 

- 
 

58.1–166.7 
 

[46] 

 
Magnetic 
activated 

carbon/chitosan 

Ciprofloxacin, 
erythromycin, 

amoxicillin 

CT= 2, T= 25, pH= -, AD= 
1.5, [EC]= - 

54-82 
90.1 
178.6 
526.3 

[47] 

 
Magnetic cellulose 

ionomer/layered 
double hydroxide 

Diclofenac 
CT= 0.5, T= -, pH= 9, 
AD= 1.0, [EC]= 0.5 

~100 
 

268 
[48] 

 

 
Magnetic chitosan 
grafted graphene 

oxide 
Ciprofloxacin 

CT= 8, T= -, pH= 5, AD= 
0.33, [EC]= 20 

- 
 

282.9 
[49] 

 
Fe3O4/graphene oxide 

reduced 

Ametryn, atrazine 
prometryn, simazine, 

simeton 

CT= 1.17, T= 25, pH= 5.0, 
AD= 0.5, [EC]= 10 

93.6 
 

54.8–63.7 
[50] 

 

 
Fe3O4@SiO2-
Chitosan/GO 

Tetracycline 
CT= 8, T= 25, pH= 6, 
AD= 0.4, [EC]= 44.44 

>90 - 

[41] 
 Fe/Cu-GO Tetracycline 

CT= 0.25, T= 22, 
pH= 6.5, 

AD= 0.25, [EC]= 20-100 
~100% - 

 GO-BC Sulfamethazine 
CT= 12, T= 25, pH= 6, 
AD= 1, [EC]= 2031.8-

20332 
- - 
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Table 5. Nanoparticles used for ECs removal from synthetic water in batch adsorption process (continuation) 
Adsorbent characteristics  Adsorption behavior 

Adsorbent 
Composition/ 

Functional 
Groups/ions 

SA[m2/g] 
P [cm3/g] 

 Adsorbent EC removed 
Adsorption 
conditions 

Adsorption 
mechanism 

Removal 
[%] 

Adsorption 
capacity 
[mg/g] 

Reference 
 

Nanocomposites: 
 

S.O. 39-41 

Depending on 
the components 

of the 
composite, an 

example carbon 
atom, FeOx, 
graphene, 

graphite sheet, 
among others/ 

 
Depending on 

the components 
of the 

composite, an 
example OH-, 
COOH-, C=O, 
epoxy, amino, 

among others40-

42 

SA: 3.18–
~260 39 

 

P: 0.15–
0.7240,42 

 Biochar+Chitosan Ciprofloxacin 
CT= 48, T= 20, pH= 3.0, 

AD= 5.0, [EC]= 160 Depending on 
the 

components of 
the composite, 

an example 
hydrogen 

bonding, π-π 
interaction, 

cation-π 
bonding, 
amidation 
reaction, 

Electrostatic 
interaction, 

hydrophobic 
interaction, 

ligand 
exchange, 
cation-π 
bonding, 

chemisorption, 
etc.40-42 

- 
 

>76 
[51] 

 Sawdust + FeCl3 Tetracycline 
CT= 2.0, T= 22±2, pH= 
7.8, AD= 4.0, [EC]= 20 

- 
 

~5.4 
[52] 

 
Magnetic bamboo-

based activated carbon 
Ciprofloxacin, 

norfloxacin 
CT= 24, T= 25, pH= 6, 

AD= 2.0, [EC]= 300 
- 

 
245.6 
293.2 

 
[53] 

 

 
Magnetic pine 

sawdust biochar 
Sulfamethoxazole 

CT= 24, pH= 7±0.10, 
[EC]= 0.17–78 

- 51.8–87.9 [54] 

 
Maize straw 

+manganese/iron 
oxides 

Tylosin 
CT= 0.25-24, T = 25, 

pH= 3–11, AD= 2, [EC]= 
20 

- 
 

3070 
[55] 

 
Palm-shell waste 
powdered AC + 

magnesium silicate 
BPA 

CT= 24, T= 24±1, pH= 
4.5, AD= 0.1, [EC]= 10–

100 
- 

 
168.4 

[56] 
 

 
Waste coffee grounds 

+ Chitosan 

Metamizole, 
acetylsalicylic acid, 

acetaminophen, 
caffeine 

CT= 3, T= 25, pH= 6, 
AD= 0.2, [EC]= 0.5 

52–95 

0.9–6.3 
1.2–9.9 
0.9–7.5 
1.1–8.2 

[57] 

 
Carbon nanotube-
supported sludge 

biochar 
Sulfamethoxazole 

CT= 0.08-2.0, T= 25, 
pH= 2-10, AD= 0.1-0.5, 

[EC]= 0.5 
25.0–99.7 

 
Up to 23.5 

[58] 
 

 
Carbon dot-modified 

magnetic 
carbon nanotubes 

Carbamazepine 
CT= 3, T= 25±1, 

pH=7.0±0.2, AD= 0.2, 
[EC]= 3-30 

80 
 
 

65 
[59] 

*Synthetic Leachate. Information obtained from 1Gupta et al. (2013); 2Sophia A. & Lima, (2018), 3Kim et al. (2014); 4Yu et al. (2016); 5Zhao et al. (2018); 6Joseph et al. (2011); 7Hu et al. (2012); 8Patiño et al. (2015); 
9Hu and Cheng (2015); 10X. Wang et al. (2019); 11Baig et al. (2019); 12Wanjeri et al. (2018); 13Borthakur et al. (2018); 14Hiew et al. (2018); 15Balasubramani et al. (2020); 16S. Liu et al. (2018); 17Moussavi et al. (2016); 
18Catherine et al. (2018); 19Leone et al. (2017); 20Cao et al. (2017); 21Minh et al. (2018); 22Qin et al. (2014); 23R. Yin et al. (2018); 24Y. Zhang et al. (2016); 25Y. Zhou et al. (2019);26Rakshit et al. (2013); 27Al-Jabari et al. 
(2019); 28Zhao et al. (2017); 29Nassar et al. (2018); 30Al-Ahmari et al. (2018); 31Kasprzyk-Hordern (2004); 32 Taha and Mobasser (2015); 33Turku et al. (2007); 34Akhtar et al. (2015); 35Pham et al. (2020); 36Y. Kaur et al. 
(2017); 37Sivaselvam et al. (2020); 38 Fakhri and Behrouz (2015); 39Lompe et al. (2018); 40Naseem and Waseem (2021); 41M. Li et al. (2019); 42Marcelo et al. (2020); 43Azhar et al. (2017); 44Alizadeh et al. (2018); 
45Baghdadi et al. (2016); 46Wong et al. (2016); 47Danalıoğlua et al. (2017); 48Hossein et al. (2017); 49Wang et al. (2016);50Boruah et al. (2016); 51Zaheer et al. (2018); 52Alidadi et al. (2018); 53Peng et al. (2018); 54Reguyal 
and Sarmah (2018); 55Y. Yin et al. (2018); 56Choong et al. (2018); 57Lessa et al. (2018); 58Ma et al. (2020); 59Deng et al. (2018). 
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1.3.  Technologies using materials to remove ECs from wastewater 

Adsorption processes alone or in combination with other mechanisms are used and studied in different 
filtration and biofiltration technologies at different levels (lab/pilot/full). In biofiltration technologies, the 
materials used, in addition to adsorbing the contaminants, fulfill other fundamental functions. They act as 
a support medium for microorganisms (bacteria) and plants and retain nutrients, organic matter, solids, 
among others (Almeida-Naranjo, et al., 2021a; Tejedor et al., 2020). Therefore, the adsorbent materials 
must meet several requirements to achieve high efficiencies in contaminant removal and for the proper 
operation of the technologies. Material characteristics, cost, availability, hydraulic performance 
(clogging), feasibility, adsorption capacity, toxicity with living beings, chemical/mechanical stability, 
recoverability, and disposal ease are factors considered (X. Wang et al., 2019). Adequate adsorbent 
materials improve the operation and efficiency of filtration/biofiltration technologies. However, very little 
research has been done on the adsorbent material-technology relationship. Therefore, in this section, a 
review of the subject is carried out. Some of the alternative materials and mechanisms of EC removal are 
shown in Figure 5. 

 

Figure 5.  Mechanisms for the EC removal in the batch adsorption process 
 

1.3.1. Filtration technologies 

Fixed-bed columns or filtration technologies are low-cost and easy-to-operate technologies (lab/full-
scale), low energy consumption, and easily scaled. Filtration technologies are used to treat 
secondary/tertiary effluents, achieving good efficiencies (up to 100%) for organic matter, and specific 
contaminants (Tejedor et al., 2020). The mechanisms for the contaminant removal are produced on the 
materials used as filter beds. These mechanisms depend on the contaminant nature, bed depth, quantity, 
packaging, size, and the feature of the material.  

To improve the contaminant removal in fixed-bed columns, they are conditioned with microorganisms 
giving origin to biofilters. Biofilters are used more than filters in EC removal. Moreover, depending on 
the retention time (RT) or hydraulic load rate (HLR) used in filters/biofilters, there could be rapid or slow 
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filtration (Wang et al., 2021). Considering the feeding type, filters/biofilters could be continuous or 
intermittent. In the next paragraphs, the main characteristics of these processes are summarized. 
1.3.1.1. Rapid filtration 

Rapid filtration is widely used worldwide in water purification processes (Wang et al., 2021), they 
operate with a TOC loading of ~ 3.1 mg/L and organic loading= 3.7 – 36.7 g/m3d (Zhang et al., 2019). 
Materials such as activated carbon, anthracite, garnet, and pumice have been used. However, sand (0.4 – 
1.5 mm) is the most used material in them (Wang et al., 2021). Rapid filtration is considered a promising 
alternative to removing ECs with low consumption of energy and chemical products. Furthermore, rapid 
filters are already used in existing drinking water treatment plants; and despite not being designed to 
eliminate ECs, rapid filters have partially degraded (even > 50%) several contaminants of this type (Di 
Marcantonio et al., 2020).  

The mechanisms observed in the EC removal are adsorption on sand, oxidation, and adsorption by metal 
oxides (FeOx/MnOx/bio-MnOx), and biodegradation by autotrophic and heterotrophic bacteria. However, 
it was determined that biodegradation is more important than adsorption (only 10 – 15%) (Wang et al., 
2021).  

The hydraulic retention time (3.3 – 33.3 h) in rapid filters is essential in EC removal. Reducing the time 
by half decreased the removal efficiency (> 10%) of triclosan, galaxolide, tonalide, and celestolide 
(Hedegaard et al. 2019). Other ECs such as pentazocine (Hedegaard et al., 2019; Hedegaard & 
Albrechtsen, 2014), carbofuran, triclosan, gemfibrozil, ketoprofen, caffeine, erythromycin, naproxen, 
carbamyl, benzenesulfonamide, microsistin-LR, (Wang et al., 2021), dichlorprop (Hedegaard & 
Albrechtsen, 2017), atrazine, bentazon, carbamazepine (Brunner et al., 2018), present in surface and 
groundwater, were removed. The removal efficiencies in fast filters (microcosm, columns, field) have 
been reported being variable (0 – 99%) (Hedegaard et al., 2019; Hedegaard & Albrechtsen, 2014, 2017; 
Papadopoulou et al., 2018; Wang et al., 2021). 

1.3.1.2 Slow filtration  

Slow filtration uses a higher retention time than rapid filtration and does not require prior chemical 
coagulation (Pompei et al., 2017). Moreover, slow filtration is a technology with low operational cost due 
to the low energy consumption, and simplicity in operation and maintenance. The most common filter 
material is also sand (0.1 – 0.4 mm), however coarse sand and other materials (e.g., GAC, quartz/silica) 
have been used (Ji. Li et al., 2018).  

Slow filtration is combined with microbiological action, so biosorption/biodegradation occurs, a 
phenomenon that predominates over adsorption. Adsorption, mechanical filtration, and degradation 
processes could occur after biodegradation. In this case, the material not only absorbs ECs but also fulfills 
other functions such as being a support for microorganisms and retaining their food until they consume it 
(Ji. Li et al., 2018).  

Slow filtration has been used in the removal of ECs such as paracetamol, diclofenac, naproxen, ibuprofen, 
methylparaben, benzophenone-3, E1, E3, EE2 (Pompei et al., 2017), propranolol, iopromide, diclofenac, 
tebuconazole, propiconazole (Sharma & Garg, 2019), among others; achieving removals between < 15 
and > 98% (Pompei et al., 2017). 

1.3.2. Biofiltration 

Biofiltration is a biological filtration. Initially, the adsorption in the filter bed material is an exclusive 
process. However, over time, the active sites of the material become saturated, and this mechanism 
diminishes so that other mechanisms begin to predominate. In the second stage, biological adsorption-
degradation occurs due to the presence of aerobic, anaerobic, and facultative microorganisms, bacteria, 
fungi, algae, and protozoa (Almeida-Naranjo, et al., 2021a). At this stage, the function of the adsorbent is 
also to offer a specific area for the bacteria/plants/earthworm’s growth. The adsorption decreases until in 
the third stage only biological degradation occurs. Therefore, the parameters that determine the biofilter 
efficiency are the surface characteristics of the material (pore size, specific surface area, functional 
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groups), the degree of compaction, the hydrophobicity of the bacteria, and the adsorbate characteristics 
(Boshir et al., 2017; Tejedor et al., 2020).  
Biofiltration technologies for EC removal are generally used as secondary treatment (when there is a high 
load of organic matter) or tertiary treatment. Constructed wetlands (CWs), vermifilters, and biofilters are 
the types of biofiltration technology (Boshir et al., 2017). 
 
1.3.2.1. Biofilters 

In biofilters as water percolates through the filter bed material, microorganisms attach to the material 
surface (diffusion, convection, sedimentation, and active mobility of microbial cells), colonize it, and 
form biofilms. The upper part of the filter is initially populated with microorganisms and they advance 
over time. However, the maturation of biofilms (biomass formation) in the filter can take a long time 
because the filter has a continuous supply of organic matter and nutrients. Mature biofilms favor the 
functioning and efficiency of biofilters since they present higher biomass and metabolic activity. Indeed, 
they present greater resistance to toxic contaminants (Thuptimdang et al., 2020).  

Materials such as clay, anthracite, activated carbon, and sand are used conventionally as adsorbents to 
remove ECs in biofilters. Activated carbon is more efficient in removing pesticides and pharmaceutical 
products, but not for personal care products and endocrine disruptors (due to their characteristics). Other 
materials such as biochar, rice husk (raw/biochar), peanut shells, fruit peels, sawdust, wood chips, or 
mixtures thereof are used (Boshir et al., 2017). These materials have proven to be efficient in removing 
some ECs (0 – 100%) (Boshir et al., 2017; Greenstein et al., 2018; S. Zhang et al., 2018; Zhang et al., 
2017) such as 17β-estradiol-17α-acetate, pentachlorophenol, 4-tert-octylphenol, caffeine, gemfibrozil, 
BPA, benzophenone, atrazine, dicamba, triclosan, (Boshir et al., 2017), acetaminophen, erythromycin, 
sulfamethoxazole, cotinine, amino triazole, ibuprofen, atrazine, naproxen, among others (S. Zhang et al., 
2018). The removal mechanisms of ECs in biofilters are adsorption and biodegradation, produced by the 
filter bed material/biofilm and microorganisms, respectively (Thuptimdang et al., 2020). Nevertheless, 
oxidation (in the material) could occur if other filter materials are used (e.g., manganese oxide) (Zhang et 
al., 2017). 

1.3.2.2. Constructed wetlands  

Constructed wetlands (generally used as secondary treatment) are systems formed by plants 
(macrophytes/ornamental), substrates (support materials), native microorganisms, and water, interacting 
with each other (Ávila et al., 2021). The substrate is fundamental in the efficiency of CWs since it fulfills 
physical, chemical, and biological functions to remove contaminants. Furthermore, the materials are the 
support medium (allow growth) of plants and microorganisms (Delgado et al., 2020). Other support 
material functions include physical sedimentation, filtration, and gas diffusion between the material 
particle gap (Gorito et al., 2017). The conventional materials used are soil, sand, and gravel (8 – 16 mm) 
even in the removal of ECs (Ahmed et al. 2016; Chen et al. 2019). Moreover, red soil, volcanic rock, 
stone, vesuvianite, zeolite, and brick were used. At the lab scale, materials such as rice husk, pine bark, 
and granulated cork were used for EC removal (Gorito et al., 2017). 

Different types of CWs (surface free water, horizontal groundwater flow, vertical groundwater flow, and 
hybrid CWs) at full/mesocosm/microcosm/pilot/lab scale were used for the removal of several ECs 
(Ahmed et al. 2016b; Chen et al. 2019b; Gorito et al. 2017). The removal mechanisms of the ECs are 
produced by their sorption in the material support (e.g., hydrophobic partitioning, van der Waals 
interaction, electrostatic interaction, ion exchange, and surface complexation), plant uptake 
(phytostabilization, phytoaccumulation, phytodegradation) and/or biodegradation aerobic/anaerobic 
process. However, the main mechanisms in EC removal are biodegradation and sorption (Chen et al. 
2019a, León et al., 2020). Among the ECs removed were phenols, diclofenac, naproxen, atrazine, 
endosulfan, erythromycin, clarithromycin, azithromycin, E1, E2, carbamazepine, gemfibrozil, 
sulfamethoxazole, sulfapyridine, ibuprofen, acetaminophen, triclosan, BPA, among others. The removal 
efficiencies achieved were between 0 and > 99% (Ahmed et al. 2016b; Gorito et al. 2017). 
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1.3.2.3. Vermifilters 

Vermifilters are biofilters based on earthworms-microorganisms; they are one of the most studied 
biofiltration technologies since 1990. They are characterized by being an economical alternative for the 
treatment of point/diffuse sources of wastewater. Vermifilters are engineering systems made up of 
earthworms, microorganisms (biotic component), and filter material (abiotic component) that maintain 
symbiotic relationships. The main function of earthworms is to regulate microbial activity and biomass 
while microorganisms biodegrade waste materials/contaminants (Arora et al., 2021; Chicaiza et al., 
2020). Vermifilters do not generate sludge and require less area compared to other processes/technologies 
(Shokouhi et al., 2019).  

Earthworm species used in vermifilters include Eisenia foetida, Lumbricus rubellus, Eudrilus eugeniae, 
and Eisenia andrei. These are suspended on a filtration bed (active zone of earthworms) that can be soil, 
compost, and cow manure, here the degradation of contaminants occurs (Bhat, 2020). However, 
alternative materials (in toxicity tests and mesocosm scale) such as coconut fiber, corn cob, peanut shells, 
and rice husks were used in the active zone of earthworms (Almeida-Naranjo et al., 2021; Tejedor et al., 
2020). On the other hand, sand, gravel, cobblestone, and quartz sand are used as filter beds (Bhat, 2020). 
In vermifilters, the wastewater first passes through the active zone of earthworms and then through the 
filter bed. If the flow direction is considered, vermifiltration systems can be of three types: horizontal, 
vertical, and hybrid (horizontal + vertical flow) (Bhat, 2020). Currently, research is based on the use of 
vermifilters assisted by macrophytes, since it has been shown that the presence of plants improves the 
aerobic condition for the development of earthworms and microorganisms and therefore the degradation 
of organic contaminants (Bhat, 2020; Tejedor et al., 2020). 

Vermifilters are used in the removal of ECs such as ciprofloxacin, ofloxacin, sulfamethoxazole, 
trimethoprim, tetracycline, metronidazole (Shokouhi et al., 2019), amoxicillin, ampicillin, ticarcillin, 
ceftazidime, cefotaxime, ceftriaxone, streptomycin, gentamicin, erythromycin, tetracycline, 
chloramphenicol, ciprofloxacin (Arora et al., 2021). Removal efficiencies between 40 and 98% were 
reached (Shokouhi et al., 2019). The mechanisms involved in the removal of ECs were 
absorption/degradation by earthworms, adsorption/degradation in the biofilm, biodegradation under the 
load of the microorganisms, and sorption in the bed filter material (Arora et al., 2021; Shokouhi et al., 
2019). 

Table 6 shows the operating conditions of different types of filters/biofilters that were used in the removal 
of some ECs. In addition, the material(s) used in the technologies and the mechanism by which the ECs 
are removed are indicated. It is observed that biofilters are more used than filters for the removal of ECs. 
Biofilters (fast and slow), that use sand as filter beds, are used to remove ECs present mainly in surface 
and groundwater. On the other hand, the presence of living organisms (microorganisms, plants, and 
earthworms) improves the efficiency of ECs removal. However, vermifilters are the least used biofilters 
(there is little previous research) in the removal of ECs compared to CWs and biofilters. 
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Table 6. Filtration/Biofiltration technologies using materials to remove ECs from wastewater. 

Type of filtration 
(Scale) 

Bed filter material 
(Size, mm) 

Influent type EC removed Operational conditions Removal mechanism Removal 
[%] 

Reference 
 

Aerated rapid 
filtration 

(Microcosms) 

Sand 
(3–5) 

 
Anaerobic groundwater 

Mecoprop, bentazone, glyphosate, 
p-nitrophenol 

[EC]= 3x10-5–2.4x10-3, 
RT=0.17 Biodegradation 

1-85 [1] 

Dichlorprop [EC]= 2x10-4, RT=0.93 >50 [2] 
Rapid filtration 
(Microcosms) 

Sand 
(3–5) 

Anaerobic groundwater Bentazone [EC]= 5, RT=312 Biodegradation 92 [3] 

Rapid filtration 
(Microcosms) 

Filtralite clay 
(0.8–1.6) 

Groundwater enriched with ECs 

2,6-dichlorobenzamide, bromoxynil, 
chlorotoluron, diuron, ioxynil, 

isoproturon, linuron, 4-chloro-2-
methyl phenoxy acetic acid 

[EC]= 2.1x10-3–6.6x10-3, 
RT=0.023, FR=21 

Biodegradation 13–98 [4] 

Rapid filtration 
(Lab scale) 

 
Sand 

Influent water from the RSF 
filters (WRK, Nieuwegein, The 
Netherlands) enriched with ECs 

Atrazine, bentazon, metolachlor and 
clofibric acid, carbamazepine 

[EC]= 0.01, RT=8 and 96, 
FR=80 

Biodegradation/Sorption - [5] 

Rapid filtration: 
down-flow, up-

flow, dual media 
downflow 

(Field) 

Sand (0.7–2.5) 
Sand+hydroanthracite 

(1.4–2.5) 
Sand+anthracite 

(1.6–2.5) 

Surface water from The 
Netherlands and 

Belgium 

Caffeine, acesulfame-K, sucralose, 
metformin, phenazone, chloridazon, 
valsartan, sulfadiazine, sotalol, etc 

[EC]= <1x10-5–5.7x10-4 
RT=15–240 

Biodegradation/Sorption 
(probably) 

0–93 [6] 

Slow filtration with 
rapid pulses of a 
carbon source 

(Lab scale) 

Quartz sand 
(0.210–0.297) 

WWTP effluent 
Atenolol, metoprolol, iopromide, 

iomeprol, carbamazepine, diclofenac, 
sulfadiazine, sulfamethoxazole, etc. 

RT=150, FR=0.15 Biodegradation - [7] 

GAC sandwich 
slow filtration 

(Lab scale) 

Coarse sand 
(0.6) 
GAC 

(0.4–1.7) 
Coarse sand+ GAC 

Synthetic wastewater 
Mix of DEET, paracetamol, caffeine 

and triclosan 
[EC]=0.025, HLR= 5 ,10, 20 

Adsorption (GAC) + 
Biodegradation 

18.8–100 [8] 

Slow filtration 
(Pilot-scale) 

Silica sand 
(0.15–0.30) 

Support: pea gravel 

Stream water/ Stream water+ 1% 
of primary effluent added, both 

enriched with ECs 

Caffeine, carbamazepine, 17-β 
estradiol, E1, gemfibrozil, phenazone 

[EC]=0.05, HLR=5 
Sorption and/or 
biodegradation 

<10–100 [9] 

Household slow 
filtration 

with intermittent 
and continuous 

flows 
(Pilot-scale) 

Sand 
(0.09–0.5) 

Support: coarse sand 
(1–3)+ fine gravel (3–
6)+coarse gravel (10–

12) 
Top: non-woven 

polyester 

Synthetic wastewater BPA 

[EC]=2.35 
Continuous flow 

HLR=1.58 
Intermittent flow 

HLR=0-875 

Biodegradation 

Continuous 
flow 
14±6 

Intermittent 
flow 
3±8 

[10] 
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Table 6. Technologies using materials to remove ECs from water (continuation) 
Type of filtration 

(Scale) 
Bed filter material 

(Size, mm) 
Influent type EC removed Operational conditions Removal mechanism Removal 

[%] 
Reference 

 

Biofilters 
(Bench-scale) 

GAC 
(1.0-1.2) 

and anthracite (0.8-
2.0)/sand (0.55-0.65) 

dual media 

Municipal waste streams 

Acetaminophen, ibuprofen, 
erythromycin, sulfamethoxazole, 

trimethoprim, carbamazepine, 
atenolol, gemfibrozil, tri(2-

chloroethyl) phosphate, DEET, 
cotinine, amino triazole, atrazine, 

caffeine, E2, iopromide 

[EC]= 2.27x10-4–6.44x10-3 
RT=0.17 and 0.30 

Biodegradation >75 [11] 

Biofilters 
(Pilot-scale) 

Anthracite/sand 
(1.07/0.52) 

Superficial water of Grand River 
enriched with ECs 

DEET, atrazine, naproxen, ibuprofen, 
nonylphenol, carbamazepine 

[EC]= 5x10-4– 5x10-3, RT= 
0.08 and 0.23, HLR=500 

Adsorption (non-
biodegradable ECs) and 

biodegradation 
(biodegradable ECs) 

<20–100 [12] 

Biofilters 
(Pilot-scale) 

GAC/sand and 
anthracite/sand 

Water from the full-scale re-
carbonation chambers enriched 

with ECs 

Atenolol, atrazine, carbamazepine, 
fluoxetine, gemfibrozil, metolachlor, 
sulfamethoxazole, tris(2-chloroethyl) 

phosphate 

[EC]= 1x10-4-2x10-4, 1x10-3-
3x10-3, RT=8.4 and 4.2, 

HLR=488 and 976 

Adsorption and 
biodegradation 

GAC/sand: 
49.1–94.4 

anthracite/sand: 
0–66.1 

[13] 

Biofilters 
(Pilot-scale) 

Natural manganese 
oxides 
(3-5) 

Secondary effluent of WWTP 

1-hydroxy benzotriazol, 4'-hydroxy 
diclofenac, 10.11-dihydro-10.11-

dihydroxy carbamazepine, acyclovir, 
benzotriazole, diclofenac, 

carbamazepine, carboxy-acyclovir, 
diatrizoic acid, erythromycin, 

gabapentin, iomeprol, tolyl triazole, 
sulfamethoxazole, tramadol, 

RT=5 and 10, FR=8000, 
HLR=400, 

Adsorption, 
biodegradation, oxidation 

70–98 [14] 

Biofilters 
(Pilot-scale) 

Anthracite-sand and 
previously used 

biological activated 
carbon (BAC)-sand 

dual media 
BAC=(0.9) 

Raw surface water 
(Colorado River) enriched with 

ECs 

Sulfamethoxazole, caffeine, 
gemfibrozil, naproxen, DEET, 
trimethoprim, acetaminophen, 

ibuprofen, sucralose, meprobamate 

[EC]= 1x10-4–1x10-3, 

RT=0.17, HLR=904.56 
Biodegradation and BAC 

sorption 
<50–>99 [11] 

Horizontal/vertical 
subsurface flow and 

hybrid CWs, 
aerated/unaerated 
(mesocosm-scale) 

Zeolite 
(20-30) 

Domestic sewage enriched with 
ECs 

Sulfamonomethoxine, sulfamethazine, 
sulfameter, trimethoprim, norfloxacin, 

ofloxacin, enrofloxacin, 
erythromycin-H2O, roxithromycin, 

oxytetracycline, lincomycin 

[EC]= 5x10-3, HLR=1.67, 
PT=Iris tectorum 

Sorption and biological 
processes 

87.4–99.1 [15] 

Combination of 
partially saturated 
and unsaturated 

vertical subsurface 
flow CWs 

(experimental-scale) 

Top: sand layer (1–2) 
Underneath: gravel (3–

8) 

Urban wastewater (surrounding 
residential area) from primary 

treatment 

Ciprofloxacin, ofloxacin, pipemidic 
acid, azithromycin 

[EC]= 5x10-4, HLR=0.55, 
PT=Phragmites australis 

Sorption and 
biodegradation 

<-200–>90 
 

[16] 
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Table 6. Technologies using materials to remove ECs from water (continuation) 
Type of filtration 

(Scale) 
Bed filter material 

(Size, mm) 
Influent type EC removed Operational conditions Removal mechanism Removal 

[%] 
Reference 

 
Line 1: Partially 

vertical flow 
Line 2: unsaturated 

vertical flow+ 
horizontal 

subsurface flow + 
free water surface 

CWs 
(experimental-scale) 

- 
Urban wastewater from primary 

treatment 
Caffeine, trimethoprim; 

sulfamethoxazole, DEET, sucralose 
HLR=0.55, FR=138.89 Biodegradation <10–~100 [17] 

Four CWs of 
subsurface 

horizontal flow 
(pilot-scale) 

Gravel 
(12.7–19.05) 

Synthetic wastewater 
Carbamazepine, sildenafil, 

methylparaben 

[EC]= 0.2, FR=15, RT=72, 
PT=Heliconea Zingiberales 

and Cyperus Haspan 

Biodegradation, 
adsorption, plant 

absorption 
<10–97 [18] 

Vertical flow CW 

Top: gravel (4.8–9.5) 
Filter media: sand (0.27) 
Bottom: medium gravel 
(4.8–9.5)+coarse gravel 

(25-32) 
 

Wastewater Ibuprofen and caffeine 
[EC]= <0.1, HLR=16, 

RT=168, PT= Heliconia 
rostrata 

Biodegradation, 
adsorption, plant 

absorption 
90–97 [19] 

Integrated CW Chaff and soil Domestic + livestock wastewater 

Androsta-1,4-diene-3,17-dione, 
17α-trenbolone, 17α-boldenone, 17β-
boldenone, testosterone, stanozolol, 
progesterone, ethynyl testosterone, 

19-norethindrone, norgestrel, 
medroxyprogesterone, cortisol, 

cortisone, prednisone, miconazole, 
fluconazole, itraconazole, etc. 

[EC]= 6.3x10-7-1.05x10-4, 

RT=36, PT= Myriophyllum 
verticillatum L. and 
Pontederia cordata 

Biodegradation, 
adsorption, plant 

absorption 
<10–97.6 [20] 

Vermifiltration 
(Pilot-scale) 

Soil 
Sand (0.1–0.8) 
Detritus (3–10) 

Support: cobblestone (10–
50) 

Hospital effluent from the 
sedimentation basin 

Ciprofloxacin, ofloxacin, 
sulfamethoxazole, trimethoprim, 

tetracycline, metronidazole 

HLR= 4.17, ET= Eisenia 
foetida, ED=10000 

 

Adsorption, earthworm 
absorption 

(mineralization/transforma
tion), biodegradation 

40–98 [21] 

Vermifiltration 
(Pilot-scale) 

Top: vermigratings 
(0.118) and cow-dung 

(0.05–5), Small gravel (2–
4), Medium gravel (6–8) 
Support: coarse gravel 

(12–14) 

Clinical laboratory wastewater 

Amoxicillin, ampicillin, ticarcillin, 
ceftazidime, cefotaxime, ceftriaxone, 

streptomycin, gentamicin, 
erythromycin, tetracycline, 

chloramphenicol, ciprofloxacin 

HLR= 4.17, RT=7-8, ET= 
Eisenia foetida, ED=10000 

 

Earthworms/microorganis
ms degradation, biofilm 
adsorption, filter media 

sorption 

- [22] 

1Hedegaard and Albrechtsen (2014); 2Hedegaard and Albrechtsen (2017); 3Hedegaard et al. (2019); 4Papadopoulou et al. (2018); 5Brunner et al. (2018); 6Di Marcantonio et al. (2020); 7Zhang et al. (2019); 8Ji. Li et al. 
(2018); 9Alessio et al. (2015); 10 Sabogal-Paz et al. (2020); 11Greenstein et al. (2018); 12Zhang et al. (2018); 13Ma et al. (2018); 14Zhang et al. (2017); 15Chen et al. (2019a); 16Ávila et al. (2021); 17Sgroi et al. (2018); 
18Delgado et al. (2020); 19Oliveira et al. (2019); 20Chen et al. (2019b); 21Shokouhi et al. (2019); 22Arora et al. (2021). 
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In the finished chapter, the extensive research performed worldwide on the removal of ECs using batch 
and continuous adsorption processes has been briefly discussed. Concluding that they are highly efficient 
under controlled parameters (at the laboratory level). 

Although there are thousands of studies focused on batch adsorption as a process to remove different 
contaminants from wastewater (mainly dyes and heavy metals), this use in the removal of ECs is still 
limited. This is probably associated with the great diversity of ECs present in the wastewater. Likewise, a 
wide variety of materials have been used to remove this type of contaminants. The selection of the 
material in most cases is related to the abundance of the same in the place of study. Among these 
materials, there is a high tendency to use agro-industrial residues, which is associated with their low-cost 
and high availability. The agro-industrial residues used in a lot of cases are modified (physically, 
chemically, residues + nanoparticles) to improve their adsorptive properties, achieving good results. In 
the studies carried out with modified materials, it is not analyzed whether the modification is efficient in 
terms of economic, environmental (generation of by-products, consumption of chemicals, etc.), or large-
scale production. While the information on raw residues is scarce and this is due to the low efficiency of 
some residues. 

Furthermore, despite a large number of works carried out, there are very few that scale up batch 
adsorption to continuous adsorption processes (fixed bed columns); and much fewer studies in which the 
material is used in filtration/biofiltration technologies. In this way, the application of these studies is only 
analyzed on a laboratory scale, this leaving their application on a real scale in limbo. In other words, there 
is still a very large knowledge gap in this field. Therefore, to solve some of the unknowns found and 
thinking about the theories of the circular economy, the objectives of sustainable development, and that in 
Ecuador the treatment of wastewater and the recovery of agro-industrial residues are limited, it has been 
proposed this research. Proposing the following hypothesis and objectives: 

 

2.  Hypotheses and Objectives 

2.1. Hypotheses 

Agro-industrial residues with a high content of lignocellulosic material and lower toxicity present higher 
efficiencies in the removal of caffeine and triclosan in batch adsorption and filtration/biofiltration 
processes, and efficiency improves by impregnating them with iron oxide nanoparticles. 

2.2.General Objective  

To study the removal of caffeine/triclosan separately using agro-industrial residues and iron oxide 
nanoparticles first in batch adsorption processes and subsequently in continuous.  

2.3.Specific objectives  

a. To determine the best adsorbent among six agro-industrial residues, in terms of particle size, 
physicochemical characteristics, efficiency, and toxicity, which allow the greatest removal of 
caffeine and triclosan in discontinuous adsorption processes. 

b. To determine the optimal number of nanoparticles that can be impregnated in the best adsorbent 
(objective a), to increase the removal of caffeine and triclosan in batch adsorption processes. 

c. To determine the hydraulic behavior and the efficiency of the materials (objectives a and b) in 
continuous adsorption processes in the removal of caffeine and triclosan, to establish the 
saturation time of the materials. 

d. To evaluate the operational performance of the materials in the filtration/biofiltration process, 
using different hydraulic loads and filter bed configurations, to remove caffeine, triclosan, and 
organic matter, to establish their possible application on a real scale. 
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2.4.Research challenges 

The research challenge starts from understanding the adsorption mechanisms between the different agro-
industrial residues and caffeine/triclosan. To improve the performance of the systems/technologies that 
involve these mechanisms (e.g., filters and biofilters), in such a way that they can be applied efficiently 
on a real scale. 

In the case of iron oxide nanoparticles (IO) and composites (agro-industrial residues + iron oxide 
nanoparticles), it is essential to define the optimal operating conditions that favor the removal of 
caffeine/triclosan in both batch and continuous processes (amount of impregnated nanoparticles, contact 
time, dose, bed height, hydraulic head, etc.). In addition, it will be necessary to determine the advantages 
and disadvantages of the synthesis of these materials on a large scale, to be used for example in 
biofiltration technologies. Finally, considering the importance of the filter bed material in biofiltration 
technologies, it will be essential to evaluate the biocompatibility of the adsorbents with the biota that can 
be used in them. 

To overcome each proposed challenge, the following experimental model was proposed (Figure 6): Six 
agro-industrial residues (rice husk, peanut shells, coconut fiber, corn cob, and orange/banana peels) were 
selected. For this selection, it was considered that these raw/modified residues were used in previous 
studies for the removal of different contaminants. Furthermore, they are highly produced residues in 
Ecuador, so they are highly available. 

In the first stage, rice husk (RH), peanut shells (PS), coconut fiber (CF), and corn cob (CC) were used as 
adsorbents; because they present a similar composition of lignocellulosic residues. The parameters to be 
analyzed were particle size (levels: 3), type of EC (2 levels: caffeine and triclosan), optimal dose (levels: 
4), and contact time (levels: 4). The data obtained were adjusted to the commonly used kinetic and 
isotherm models. In this stage, the most efficient particle size and the EC with the lowest removal 
efficiency will be selected, and under these conditions, orange and banana peels will be used. This is to 
determine the influence of the adsorbent composition in the contaminant removal. In the batch adsorption 
tests using orange/banana peels, the parameters: optimal dose (levels: 4) and contact time (levels: 4) were 
analyzed. Since the most difficult-to-remove EC will be used in this stage, the orange/banana peels will 
be impregnated with IO nanoparticles (level: 1), to determine if there is an increase in removal efficiency, 
as it happens in previous studies. As with RH, PS, CF, and CC, the data obtained were adjusted to the 
commonly used kinetic and isotherm models. As the idea is to use agro-industrial residues in biofiltration 
technologies, they will be tested for toxicity. With the results of efficiency and toxicity, the residue(s) 
with the best adsorptive characteristics will be selected and used in the next stages. 

In the second stage, the residue(s) selected will be impregnated with IO nanoparticles (levels: 3), and 
batch adsorption tests will be performed to determine the most efficient composite. The data obtained will 
be adjusted to the most efficient kinetic and isotherm models. The most efficient residue(s) and composite 
in the batch adsorption processes will be used in continuous adsorption processes (small columns). The 
influence of the flow rate (levels: 3), particle size (levels: 3, the same as the batch tests), and filter bed 
height (levels: 3), on the removal of caffeine and triclosan, will be analyzed. 

In the next stage, the residue(s) will be used in the biofiltration processes, the hydraulic load (levels: 3) 
and the particle size (levels: 4) that allow maximum removal of EC (the most difficult to remove in batch 
processes, stage 1) will be evaluated. With optimal conditions, the other EC will be removed. In the final 
stage, preliminary tests will be carried out in mesocosms of biofiltration technologies using synthetic 
wastewater, to determine the possibility of using them in subsequent studies in the ECs removal. 
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Figure 6.  Experimental model 
 

 

To meet the first and second specific objectives of the research, the following chapter presents the results 
obtained in the removal of caffeine and triclosan in the batch adsorption process, using different 
adsorbent materials.  
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3.  Optimization of variables to remove caffeine and triclosan in 

batch adsorption processes using residues and composites 

The evaluation of different agro-industrial residues aimed to identify the residue(s) exhibiting higher 
efficiency in the removal of caffeine and triclosan. This selection serves the purpose of utilizing the most 
effective residue in subsequent stages of the research. As previously mentioned, the decision to focus on 
caffeine and triclosan for removal assessment stems from their distinct chemical properties, leading to 
varied removal mechanisms and parameter application in batch adsorption processes. Additionally, these 
compounds were chosen due to their status as anthropogenic markers, heightened consumption/use during 
the SARS-CoV-2 pandemic, and their prevalence in water bodies, among other factors elucidated in later 
sections. 

Hence, this chapter presents the outcomes of caffeine and triclosan removal using diverse materials, 
including rice husks, peanut shells, corn cob, coconut fiber, fruit peels (banana and orange), iron oxide 
nanoparticles, and magnetic composites (fruit peels + iron oxide nanoparticles and corn cob + iron oxide 
nanoparticles). Concurrently, the experimental data were subjected to kinetics/isotherms models for 
fitting to determine the adsorption mechanism and its correspondence. 

2.1.Batch adsorption processes using agro-industrial residues  

The use of bio-adsorbents could be an alternative for EC removal, since their benefits include high 
availability (e.g., rice husk: 16 million tons/year, peanut shells: 11 million tons/year) because they do not 
have defined reuse, simple conditioning and lower costs (20, 36 and 28% in operating, treatment, and 
total costs, respectively) than conventional wastewater treatments (Barka et al., 2013; FAO, 2018; 
Shamsollahi & Partovinia, 2019). Moreover, they contain minerals, lipids, lignin (20 – 30%), cellulose 
(35 000 50%), and hemicellulose (15 – 30%). The presence of active surface functional groups (OH-, 
COOH-, C6H6O, CH3O-) in the biopolymers (Figure 7), and their good chemical/mechanical stability, 
make them good alternatives to remove caffeine and triclosan (Mo et al., 2018; Pode, 2016).  

 

Figure 7.  Structure of natural fibers 
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Indeed, previous studies that use raw or treated agro-industrial residues have achieved values greater than 
75% (grape stalk) and 80% (activated carbon from coconut pulp), in the removal of caffeine and triclosan, 
respectively (Mohd-Khori et al., 2018; Portinho et al., 2017). The mechanisms associated with the 
removal of these contaminants are associated with the porosity of the residues and the attractions between 
adsorbents and adsorbates. Therefore, characteristics/properties of caffeine and triclosan also play an 
important role in their removal. Some of the physicochemical characteristics and structure of caffeine and 
triclosan are presented in Table 7. 

Table 7. Characteristics of caffeine and triclosan 
Contaminant Formula Formula weight 

(g/mol) 
Molecular size 

(nm) 
Caffeine C8H10N4O2 

 

194.19 0.98 x 0.87 x 0.56 

Triclosan C12H7Cl3O2 

 

289.54 1.42 x 0.69 x 0.75 

 
Likewise, rice husk (RH) and peanut shells (PS) were demonstrated to be efficient in the removal of other 
ECs such as antibiotics (e.g., sulfathiazole and sulfamerazine, adsorption capacities= 18.2 µg/g and 11.7 
µg/g, respectively) (R. Li et al., 2018) and compounds with similar effects to those of caffeine and 
triclosan in the environment (Balarak et al., 2019). Moreover, RH and PS are highly available in Ecuador 
and several other countries around the world (16 and 11 million tons/year, respectively) (Barka et al., 
2013; FAO, 2018; Shamsollahi & Partovinia, 2019). However, their use in batch tests for the removal of 
caffeine/triclosan and other ECs is limited. Studies have been carried out mainly with ash/activated 
carbon/modified RH/PS or with the derivatives of RH (silica), but no information on the costs that the 
RH/PS modification processes imply and if this is convenient concerning the removal achieved (Mohd-
Khori et al., 2018; Shamsollahi & Partovinia, 2019). Furthermore, the ECs studied previously present 
similar characteristics to each other, which is also a limitation since it is not explained whether the 
adsorbent used is efficient or not in the ECs removal with different characteristics (water solubility/Kow). 
Therefore, in this section, the results obtained for the removal of caffeine and triclosan from synthetic 
solutions using RH/PS in batch tests are presented. RH/PS were characterized to determine how their 
constituents/characteristics influence the adsorption process. Batch tests were performed to determine the 
optimal adsorbent dose, contact time and particle size to remove caffeine and triclosan. The kinetics and 
equilibrium of the adsorption process were determined by fitting the experimental data to different 
models available in the literature. The results of both studies are presented in Articles 1 and 2. 
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Article 1. Caffeine/triclosan removal from synthetic solutions using rice husk in batch 
and fixed bed columns 

ABSTRACT 

Abundant, easily accessible, and low-cost agro-industrial residues represent attractive alternatives for 
removing emerging contaminants from water. In this work, the aqueous adsorption of caffeine/triclosan 
onto rice husk (RH) was studied in batch and continuous processes. For this purpose, adsorbents with 
three particle sizes (120 – 150, 300 – 600, 800 – 2,000 µm) were prepared and evaluated. The 
composition, structure, surface morphology, functionality, and specific surface area of the RH biosorbents 
were determined. This characterization showed that RH is mainly composed (80.1%) of lignin, cellulose, 
and hemicellulose. RH also exhibited an irregular surface, with several functional groups (OH, C=O, CH, 
C=C, C-OH), and a relatively small specific surface area (1.18 m2/g). Batch tests were carried out using 
different RH doses (1 – 50 g/L) and contact times (5 – 300 min). Triclosan removal was greater (2.5 – 

25.5%) than that of caffeine with all three particle sizes, requiring less adsorbent (2.5 – 5.0 times), and 
shorter times (3 times). The experimental data fitted better the Sips isotherm and Elovich kinetics models. 
The small (120 – 150 µm) particles achieved the highest caffeine/triclosan batch adsorption capacities 
(6.3/28.6 mg/g). Continuous tests were performed on fixed-bed using columns of 1 cm in diameter, 
packed with 4, 5, and 8 cm of RH, operated with hydraulic loading rates between 2 and 4 m3/m2day. 
Small particles also reached the highest adsorption capacity in the removal of caffeine/triclosan 
(352.7/3797.2 mg/L), and the experimental data were well-fitted to the Bohart-Adams model. According 
to these results, RH represents a promising option in water treatment technologies based on adsorption.  
 
1. Introduction 

Events such as the COVID-19 pandemic increased the consumption of chemical substances worldwide, 
mainly antibiotics and disinfectants. In fact, in March 2020, more than 2,000 tons of disinfectants were 
used in Wuhan (Chen et al., 2021). The residues of these substances are considered emerging 
contaminants (ECs) (Gil et al., 2018). ECs are pseudo-persistent organic substances found in low 
concentrations in the environment (ng/L - µg/L) (Portinho et al., 2017). Their low concentrations, wide 
variety (100,000 different chemical substances) (Flynn et al., 2021), and different physical-chemical 
characteristics (solubility, volatility, bioaccumulation capacity, etc.), make conventional wastewater 
treatments inefficient in the EC elimination (e.g., ibuprofen= 32.8%, diclofenac= 0.0% using activated 
sludge at lab scale) (Peng et al., 2019). This opens the possibility for ECs to reach water bodies and enter 
the food chain (Brack et al., 2015). 

Caffeine (Trimethylated xanthine, CAS 58-08-2) is an EC of great interest, it is part of the daily diet 
(consume ~70 mg/person) (Rigueto et al., 2020) because it is found in highly consumed beverages such 
as coffee, tea, soft drinks and in some medications (Korekar et al., 2019). Caffeine is soluble in water 
(21.6 g/L, at 25°C) and hydrophilic (log Kow= 0.5). About 5% of ingested caffeine is not metabolized and 
is excreted in the urine (Rigueto et al., 2020), which is why it has been frequently found in different water 
bodies (surface water= 3 – 1,500 ng/L, groundwater= 10 – 80 ng/L), wastewater (20 – 300 µg/L) and in 
effluents from wastewater treatment plants (0.1 – 20 µg/L) (Álvarez-Torrellas et al., 2016). Moreover, 
caffeine and its metabolites are not volatile substances, which makes them persistent (3-6 weeks to be 
naturally mineralized) in water bodies, generating toxic effects in biota and affecting the environment as a 
whole (Portinho et al., 2017; Rodríguez-Gil et al., 2018). Caffeine (0.6 mg/L) combined with other ECs, 
such as paracetamol (1.0 mg/L), can increase the reproductive activity of tadpoles of the pipiens species, 
altering the trophic chain since it increases the predator’s number (Dafouz et al., 2018). 

Triclosan (5-cloro-2-(2,4-diclorofenoxi) phenol, CAS 3380-34-5) is another highly consumed EC (1,500 
tons/year). It is a synthetic and lipid-soluble antimicrobial agent, found in health care (e.g., antiseptic, 
disinfectant), veterinary products, and personal care products (e.g., hand soaps, shampoos, deodorants, 
cosmetics) in concentrations between 0.1 – 2.0% (Yanxia Li et al., 2019; Triwiswara et al., 2020a). 
Triclosan has low solubility in water (10 mg/L, at 25 °C) and high bioaccumulation/hydrophobicity (log 
Kow= 4.30), so this anionic compound is compatible with many materials (Kaur et al., 2018). In aquatic 
habitats, triclosan is accumulated in sediments/sludge that could be deposited in agricultural areas. 
Triclosan has been found in surface waters (1.4 – 40,000 ng/L), municipal wastewater (0.07 – 14,000 
μg/L), wastewater treatment plant effluents (23 – 5,370 ng/L), seawater (< 0.001 – 150 ng/L) and in 
sediments (lake/river/other surface waters, < 100 – 53,000 μg/kg in dry weight) (Z. Luo et al., 2019; 
Montaseri & Forbes, 2016). The presence of triclosan in the environment could produce bioaccumulation 
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(algae and snails), inhibit algae growth, endocrine disrupting effects, formation of toxic by-products, and 
even the development of microbial resistance (Yanxia Li et al., 2019).  

Treatment technologies, such as ozonation, advanced oxidation, reverse osmosis, or activated sludge, can 
substantially reduce the EC effluent concentrations (up to 80%) (Chaukura et al., 2016). Nevertheless, the 
implementation, operation, and maintenance costs of using these types of treatments are relatively high 
(e.g., reverse osmosis ~ 0.52 USD/m3). Additionally, their difficult operation, high energy consumption 
(e.g., reverse osmosis: 35% of the total cost), among others, make them not accessible to developing 
countries (Abejón et al., 2015; Chaukura et al., 2016; Parida et al., 2021). Adsorption is a low-cost 
alternative, does not generate potentially toxic products, and can reach superior performance than other 
wastewater treatments (N. Khan et al., 2020).  

On the other hand, the use of husks, seeds, fibers, and other agro-industrial residues constitutes a 
sustainable alternative to remove ECs. Using bio-adsorbents derived from these materials could also be 
profitable since their benefits include high availability (e.g., rice husk: 16 million tons/year), simple 
conditioning, and about 20, 36 and 28% lower operating, treatment, and total costs, compared to 
conventional wastewater treatments (Barka et al., 2013; Shamsollahi & Partovinia, 2019). Moreover, their 
composition (minerals, lipids, polyphenols, and lignocellulosic compounds) allows them to have variety 
of functional groups (hydroxyl, carbonyl, carboxyl, methylene, etc.) that could act as binding agents with 
ECs (Portinho et al., 2017). The removal of caffeine and triclosan using raw or treated agro-industrial 
residues have achieved values around 40-80% (using moringa seeds, grape stalk, and activated carbon 
from coconut pulp) (Mohd-Khori et al., 2018; Portinho et al., 2017). In particular, rice husk (RH) residues 
have been used to remove ECs such as bisphenol A (69.2%) (Balarak et al., 2019), phenol (37.5 – 59.9%), 
2,4-dichlorophenol (98%) (Shamsollahi & Partovinia, 2019), aspirin (47.0 mg/g) (N’diaye & Kankou, 
2020) and triclosan (5.9 mg/g) (Triwiswara et al., 2020b). In fixed-bed columns, RH was used for the 
removal of 2,4-dichloro phenoxy acetic acid (24.6 mg/g) (Bahrami et al., 2018). However, the use of raw 
RH in batch tests or fixed-bed columns for the removal of caffeine/triclosan and other ECs is limited.  

In this work, the removal of caffeine and triclosan from synthetic solutions using RH in batch tests and 
fixed-bed columns was studied. RH was characterized to determine how their constituents/characteristics 
influence the adsorption process. Batch tests were performed to determine the optimal conditions to 
remove both contaminants. The kinetics was determined by fitting the experimental data to pseudo-first-
order, pseudo-second-order, Elovich, and diffusion models. Meanwhile, Langmuir, Freundlich, and Sips 
models were used to model the equilibrium experimental data. Moreover, to determine if RH could be 
used on a real scale (treating a greater amount of water), tests were carried out in fixed-bed columns. The 
data obtained were adjusted to the Bohart-Adams model. 

 

2. Materials and methods 

2.1. Rice husk conditioning 

RH was obtained from a rice processing plant in Ecuador (location: S 2°11'46.2'' W 79°53.173'). Caffeine 
and triclosan standards with purity greater than 99.0 and 97.0%, respectively, were purchased from 
Sigma-Aldrich. 
RH was washed with drinking water to remove impurities from the surface, such as dust and rice residues. 
The last washing cycle was carried out with distilled water. Subsequently, a Venticell stove was used to 
dry the material at 60 °C for 24 h. Dry RH was crushed using a Thomas knife mill and sieved in three 
different particle size ranges: 120 - 150 µm (small), 300 - 600 µm (medium), and 800 - 2,000 µm (large). 
 
2.2. Experimental model 

2.2.1. Batch adsorption tests 

In the batch adsorption tests, synthetic solutions of 30 mg/L of caffeine/triclosan were used. The solutions 
(V= 20 mL) were placed in beakers and mixed in a CIMAREC multipoint magnetic stirrer at 150 rpm. 
Optimal RH doses were determined using 8 different doses to remove caffeine (1.0 – 60.0 g/L) and 
triclosan (0.1 – 12.0 g/L), for 180 min. The optimal contact time and adsorption kinetics were determined 
using the optimal RH dose for each particle size. Different adsorption times (8 – 10) were tested for 
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caffeine (0 – 360 min) and triclosan (0 – 180 min). Adsorption isotherms were obtained using optimal 
conditions (dose and contact time) with caffeine/triclosan solutions with 7 concentrations (5 – 60 mg/L). 
All batch adsorption tests were performed in triplicate for the three particle sizes, keeping pH = 6.5 (± 
0.2) and temperature constant (room temperature= 22.7 (± 1.1) °C). The efficiency in the 
caffeine/triclosan removal was the variable analyzed in batch adsorption tests.  

2.2.2. Fixed-bed columns 

Fixed-bed column tests were carried out for the three particle sizes by duplicate. Columns 10 cm high and 
1 cm diameter were used, being packed with 4, 5, and 8 cm of material. RH was washed with distilled 
water until the wash water was colorless. The columns were operated using the caffeine/triclosan 
solutions (30 mg/L) with hydraulic loading rates between 2 and 4 m3/m2day, which are in the range of 
hydraulic loads used in previous studies at lab scale with commercial adsorbents such as granular 
activated carbon (Sandoval et al., 2011). 

2.3. Analytical/Instrumental methods 

2.3.1. Material characterization 

The point of zero charge (pHpzc) of RH was determined using 50 mL of distilled water, it was placed in 
Erlenmeyers and the pH was adjusted between 2 and 11 using 0.01 M NaOH and HCl solutions. RH 
(mass= 0.5 g) was added, samples were shaken at 150 rpm for 48 h. The test was carried out for the three 
particle sizes in duplicate. 

The RH physical-chemical characterization was performed according to ASTM standards and considering 
thermogravimetric analysis (TGA), aiming to understand how the adsorbent composition and structure 
influence its capacity. Moisture (ASTM D 4442-20), extractives in organic and aqueous solvent (ASTM 
D 1107-21/ASTM D 1110-21), lignin (ASTM D 1106-21), hemicellulose and cellulose (ASTM D 1109-
21), ash (ASTM D 1102-21) and volatile material (ASTM E 872-19) were determined. TGA was 
performed using a SHIMADZU thermo-balance model 50, between 20 and 600 °C, with a heating rate of 
10°C/min and a nitrogen flow of 50 mL/min. 

The functional groups present on the RH surface (before/after adsorption) were identified using a Perkin 
Elmer FTIR-6800 spectrometer equipped with a diamond crystal ATR. Nine scans were performed in the 
range from 400 to 4000 cm-1 with a resolution of 4 cm-1. The analysis of the RH surface was performed 
by using an ASPEX PSEM express scanning electron microscope with a working distance of 20.4 mm 
and 15 kV of acceleration. The pore size (Barret-Joyner-Halenda, BJH) and the specific surface area 
(Brunauer-Emmett-Teller, BET) of the small RH were determined by nitrogen adsorption in a 
micrometric NOVA touch 1LX equipment. More than 6 multi-points were considered to determine the 
surface characteristics of the material, which was conditioned by drying it at 105 °C under a vacuum.  

2.3.2. Caffeine/Triclosan quantification before/after adsorption tests 

Caffeine and triclosan solutions were prepared using distilled water and an acetone solution (5 v/v%) as 
solvents, respectively. The wavelength of greatest absorbance (caffeine= 287 nm, triclosan= 295 nm) was 
determined by scanning between 200 and 800 nm using 10 mg/L solutions (Gil et al., 2018). 
Subsequently, the calibration curves of caffeine (y= 0.0153x + 0.0185, R2= 0.996) and triclosan (y= 
0.0068x - 0.0126, R2= 0.995) were obtained using solutions with concentrations between 1 and 70 mg/L 
(Portinho et al., 2017). The quantification of the concentration of both contaminants before/after the 
adsorption processes was carried out in a Specord® 210 Plus UV-VIS spectrophotometer. 

2.4. Data analysis 

2.4.1. Isotherm and kinetic models 

The data obtained in the kinetics test were fit to the non-linear pseudo-first-order (1), pseudo-second-
order (2) and Elovich (3) models:  

qt =qe(1-𝑒 ∗ ) (1) 

t

qt

= 
1

k2*qe
2 +

t

qe

 
(2) 



 

52 
 

𝑞 = 
1
𝛽

𝑙𝑛(1 + 𝛼𝛽𝑡)  
(3) 

Furthermore, the intraparticle diffusion model (4) was used to obtain information about the adsorption 
process. 

𝑞 = 𝑘 √𝑡 + 𝐶 (4) 

where qt (mg/g) is the amount of caffeine/triclosan adsorbed at time t, qe (mg/g) is the amount of 
caffeine/triclosan adsorbed at equilibrium, k1 (min-1) is the pseudo-first-order rate constant, k2 (g/(mg 
min)) is the pseudo-second-order rate constant, α (mg/g min) is the initial rate constant, β (mg/g) is the 
desorption constant, kp (mg/g min1/2) is the rate constant of the intra-particle diffusion model, and C 
(mg/g) is a constant associated with the thickness of the boundary layer. 

The data obtained in the isotherm tests were fitted to the non-linear models of Langmuir, Freundlich and 
Sips isotherms, which are shown in equations 5 to 7, respectively:     

q =
q ∗ K ∗ C  

1 + K ∗ C
  

(5) 

q = K ∗ C /  (6) 

 q =
q (K ∗ C ) /  

1 + (K ∗ C ) /
 

(7) 

where qe (mg/g) is the amount of caffeine/triclosan adsorbed per unit mass of RH at equilibrium, qm 
(mg/g) is the maximum adsorption capacity of RH, Ce (mg/L) is the liquid phase concentration of 
caffeine/triclosan in equilibrium, KF (mg/g) is the Freundlich capacity constant, KL (L/mg) is Langmuir 
constant and n is Freundlich intensity parameter (Jiang et al., 2017). The selected models are classic 
models that have shown a good fit to the kinetics and equilibrium models (R2 ~ 1) described by agro-
industrial residues in the removal of several contaminants (Anastopoulos et al., 2015). 

The adsorption tests were performed in triplicate, and the control was placed with distilled water/acetone 
solution (5.0 v/v%) for caffeine/triclosan. Moreover, the adsorption tests were carried out in the dark to 
avoid photodegradation. 

2.4.2. Breakthrough curve 

Effluent-time concentration curves were used to evaluate the adsorption of caffeine/triclosan in 
continuous adsorption processes. The amount of caffeine/triclosan adsorbed at the breakthrough time (qb) 
and saturation time (qs) (mg/g) was calculated using equations 8 and 9: 

q =
Co *Q

1000*m
 1 −

C

Co
 

(8) 

q =
Co *Q

1000*m
 1 −

C

Co
 

(9) 

where Co (mg/L) is the initial concentration of caffeine/triclosan, Cb and Cs (mg/L) are the effluent 
concentration (caffeine/triclosan) at the breakthrough time and the saturation time, respectively, Q 
(mL/min) is the volumetric flow, m (mg) is the RH mass and tb and ts (min) are the breakthrough and 
saturation times when C/Co is 0.1 and 0.9, respectively. The data obtained were fit to the non-linear 
Bohart-Adams model (Eq. 10), since this model provides an easy and rapid evaluation of adsorption 
performance. Moreover, it has shown a good fit when ECs are adsorbed by agro-industrial residues such 
as cane bagasse (Peñafiel et al., 2021). 

𝐶

Co 
=

1

1+𝑒
∗ ∗

∗ ∗
  

(10) 
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where is the rate constant of the Bohart-Adams model, No (mg/L) is the maximum adsorptive capacity, h 
(cm) is the bed height, t (min) is the service time of the column, 𝑢 (cm/min) is the linear flow velocity, 
and Ct (mg/L) is the concentration at time t. 
In addition, useful parameters for column design were calculated, such as the empty bed contact time 
(EBCT), the percentage of fractional bed utilization (%FBU), and the height of the mass transfer zone 
(hMTZ) (cm) using equations 11 to 13, respectively (Peñafiel et al., 2021; Sotelo et al., 2012): 

EBTC=
V

𝑄
∗ 100 

(11) 

%FBU=
q

q
∗ 10 (12) 

ℎMTZ= 1 −
q

q
∗ ℎ 

(13) 

where Vc is the fixed-bed volume (L); Q is the flow rate (L/d) and Vb is the volume treated at 
breakthrough (L). 

2.5. Statistical Analysis 

The optimal RH dose in the different particle sizes was determined using the significant differences 
between the doses used in the adsorption of caffeine/triclosan and the performance achieved (removal 
efficiency, %) in batch tests. Analyses of variance (ANOVA) with a single factor analyzed by Tukey's 
test, with a significance level of 0.05, were applicated. Data normality was determined using normality 
(Shapiro-Wilks) and homogeneity (Levene) tests. Minitab 18 version 1.0 was the software used in 
statistical analysis. The same statistical analysis was performed to determine the optimal bed height in the 
adsorption of caffeine/triclosan in fixed-bed columns. 

The statistical analysis of data from kinetics (pseudo-first-order, pseudo-second-order, and Elovich), 
isotherm (Langmuir, Freundlich, and Sips), and Bohart-Adams non-linear models, considered the 
calculation of means, standard deviation, error, and linear regressions using Microsoft Excel Solver 
version 2016. For this purpose, in batch and continuous tests, the coefficient of determination (R2), the 
chi-square (χ2), and the sum of squared errors (SSE) were calculated (equations 14-16) to determine the 
models that best fit the caffeine and triclosan adsorption data: 

𝑅 = 1 −
∑(𝑉 , − 𝑉 , )

∑(𝑉 , − 𝑉 , )
 

(14) 

χ =
(𝑉 , − 𝑉 , )

𝑉 ,

 
(15) 

𝑆𝑆𝐸 = (𝑉 , − 𝑉 , )  (16) 

where Ve,exp are the experimental value of parameters (q, Cf/Co for batch tests and fixed-bed columns, 
respectively), Ve,cal, are the calculated parameters using the Solver tool, Ve,mean is the mean of Ve,exp values 
(Nguyen et al., 2021). 

3. Results and Discussion 

3.1. Point of zero charge 

The pHpzc of RH in the three-particle size was around 7.6 (Figure 8). This means that at pHs lower than 
pHpzc RH will adsorb contaminants with a negative charge, and at higher pHs contaminants with a 
positive charge. Caffeine and triclosan have a pKa of 8.3 and 7.9, suggesting that they could be more 
efficiently removed at pHs lower than pHpzc (Fiol & Villaescusa, 2009). 
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Figure 8.  Point of zero charge for the small, medium, and large RH particles. 
 

3.2. Physical-chemical characterization and TGA analysis 

Figure 9 (inset) shows the RH physical-chemical characterization. RH shows a high content of lignin 
(20.2%), hemicellulose (24.7%), and cellulose (35.2%), polysaccharides that have functional groups such 
as phenols, carboxyl, and methyl. They provide positive and negative charges to RH, which will be able 
to retain caffeine/triclosan molecules (Chakraborty et al., 2011; Değermenci et al., 2019). Meanwhile, 
TGA shows that there is a weight loss in the clean RH after continuous heating (below 100 ºC). The 
initial weight loss (8.6%) is mainly due to water vaporization/moisture removal (Kaur et al., 2020). The 
weight loss (20.6%) between 280 and 340 °C is attributed to the degradation of hemicellulose. 
Meanwhile, the weight loss between 340 and 400 °C (29.8%) and the carbonization of RH (temperature > 
450°C= 7.8%) are attributed to cellulose and lignin degradation, respectively (Gajera et al., 2020). 
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Figure 9.  TGA curve of rice husk adsorbent. Inset: physical-chemical characterization and proximal analysis. 

 
3.3. SEM and BET analyses  

SEM and BET results are presented in Figure 10. RH evidences an irregular surface with cavities and 
grooves where caffeine/triclosan could be retained. On the other hand, the surface area of small RH (1.18 
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m²/g) is similar to that found in other studies, where values between 0.14 and 7.14 m²/g were reported. 
The range for the specific surface area of RH is relatively wide since it depends on the rice species and its 
particle size (Daffalla et al., 2020; Kolar & Jin, 2019). However, the surface area determined is lower 
than the values presented by RH with thermal and chemical modifications (25.06 m²/g) (Nizamuddin et 
al., 2018).  

The average pore radius was 4.99 nm, which according to the IUPAC corresponds to a mesopore material 
(Wei et al., 2019). This is verified with the nitrogen adsorption-desorption isotherms of RH (Fig. 2), 
which is a combination of type II and V isotherms, that characterize macro and mesoporous adsorbents. 
The shape of the RH hysteresis slope is of the H1 type, with a sharp inflection in the range of 0.7 – 1.0 
P/Po. The hysteresis presents two parallel and practically vertical bands that indicate the presence of 
cylindrical pores (Álvarez-Torrellas et al., 2016; Daffalla et al., 2020). Therefore, the morphological 
characteristics (irregular surface and presence of pores) of RH could favor the adsorption process between 
it and caffeine/triclosan 
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Figure 10.  SEM analysis, nitrogen adsorption/desorption isotherms of RH, and pore radius distribution. 
 

3.4. FTIR spectroscopy analysis 

Figure 11 shows the FTIR spectra of RH before/after the adsorption process. The region between 3300 - 
2500 cm-1 denotes the presence of OH- and CH- bonds. The bands around 1639 – 1723 cm-1 correspond to 
the C=O stretch; while the band around 1375 cm-1 corresponds to the CH bending. Both groups can be 
attributed to the aromatic groups of hemicellulose and lignin (Rwiza et al., 2018; Shen et al., 2017). 
Meanwhile, the bands around 1039 – 1370 cm-1 correspond to the vibration of the C=O group in lactones.  

After caffeine/triclosan adsorption with the same conditions for all RH sizes, the spectra of three RH sizes 
showed changes. Modifications in the intensity of bands around 2924 – 3500 and 1100 – 1490 cm-1, which 
are related to lignin, cellulose, and hemicellulose were evidenced. The intensity of the band around 1598 
cm-1 assigned to the carbonyl group changed after adsorption. The changes in band intensity after 
caffeine/triclosan adsorption suggest chemical reactions/attraction forces between caffeine/triclosan 
molecules and the functional groups of the RH surface (Mohd-Khori et al., 2018). 



 

56 
 

4000 3500 3000 2500 2000 1500 10004000 3500 3000 2500 2000 1500 1000

 

Wavernumber (cm-1)

a) b)

T
ra

n
sm

it
ta

nc
e

1490
1645

 

1030
2920

3250
1040

 
 

OH-

CH-

C=O
C-C

C-OH

C-O

Clean RH

Small RH

Medium RH

Large RH

Caffeine

OH-

CH-

C=O
C-C

C-OH

C-O

 

 
 

1634

3120
3300

 
 

 

Clean RH

Small RH

Medium RH

Large RH

Triclosan

 
Figure 11.  FTIR spectra for a) caffeine, and b) triclosan, before and after the caffeine/triclosan 

adsorption. RH small= 120 – 150 µm, RH medium= 300 – 600 µm, RH large= 800 – 2,000 µm. 
 
3.5. Optimal dose and contact time 

Figure 12 shows the influence of the RH dose and contact time in the removal of caffeine and triclosan 
for each particle size. For the removal of caffeine (Figure 12a), the optimal doses for small particles (120 
– 150 µm) and medium particles (300 – 600 µm) were 4.0 and 8.5 g/L, achieving removals of 72.5 (± 1.6) 
and 71.1 (± 0.6)%, respectively. Initially, as the RH dose increases, the caffeine removal is also increased. 
However, after reaching the maximum adsorption with small and medium particles, an increase in the RH 
dose reduced the caffeine removal (20 - 30%). This suggests that RH agglutinates when the adsorbent 
dose was increased (Noreen et al., 2013). This is due to the interaction between the adsorbent particles, 
which reduced the surface area and negatively influences the caffeine adsorption process (Ata et al., 
2012). For the large particles (800 – 2,000 µm), the optimal RH dose increased considerably, reaching 
50.0 g/L with a maximum adsorption percentage of 96.5 (± 1.7)%. In this case, the caffeine removal 
increases while increasing the RH dose, due to the higher availability of superficial area (Noreen et al., 
2013). Figure 12c shows the optimal doses for triclosan removal. The optimal doses for the small, 
medium and large particle sizes were 1.5, 2.5, and 10.0 g/L, respectively. These doses achieved removals 
of 97.2 (± 1.0), 96.9 (± 0.1), and 98.7 (± 0.4)%, respectively. 

On the other hand, figures 12b and 12d show the optimal contact time for the removal of caffeine and 
triclosan, respectively. The optimal contact time for the caffeine removal using the small, medium, and 
large particle sizes was 180 min. At that time, the highest removal percentage was achieved, reaching 
between 71.4 (± 0.8) and 96.2 (± 1.7)%. For triclosan, the optimal contact time for the three particle sizes 
was 60 min, achieving removals between 96.9 (± 0.1) and 98.7 (± 0.4)%. The removal of caffeine and 
triclosan was greater than 80% and 70% in the first 60 and 10 minutes, respectively. The increase in the 
removal of both at the beginning of the process is because there are abundant empty adsorbent sites on the 
RH surface. As the contact time increases, the availability of empty spaces on the RH surface was 
reduced, and the adsorption efficiency of caffeine/triclosan decreased (Gil et al., 2018).  

Therefore, it was verified that particle size influences the adsorption process. An adsorbent with a smaller 
particle size requires a lower dose because the surface area and the available sites to retain the 
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caffeine/triclosan are higher (H. Kaur et al., 2018). Likewise, the characteristics of the contaminants will 
facilitate or not their removal from the aqueous medium. In this case, triclosan has a lower solubility in 
water (4.8 x 10-4 times) compared to caffeine, which allows it to be adsorbed more quickly (3 times) with 
a lower RH dose (2.7 – 5.0 times). Moreover, the high Kow of triclosan results in a greater affinity with 
organic matter so it easily adheres to the RH surface (Montaseri & Forbes, 2016). Another factor that 
hinders caffeine removal is its dipole moment (3.64 D) since it could affect the separation processes from 
the solution. This is due to the strength of the bonds that exist between the caffeine molecules and water 
(Rigueto et al., 2020). 

0 10 20 30 40 50 60

0

20

40

60

80

100

0 60 120 180 240 300 360

0 2 4 6 8 10 12
0

20

40

60

80

100

0 20 40 60 80 100 120

a)

C
af

fe
in

e/
tr

ic
lo

sa
n

 r
em

ov
al

 (
%

)

Large (120-150 µm) RH

Small (120-150 µm) RH
Medium (300-600 µm)RH

c)

Optimal conditions

b)

d)

RH dose (g/L) Contact time (min)
 

Figure 12.  Optimal dose/contact time: a)/b) caffeine removal and c)/d) triclosan removal. 
 

 
3.6. Adsorption isotherm and kinetics 

The kinetics adsorption performance of caffeine and triclosan on RH was analyzed at different times to 
study the rate of adsorption and the adsorption mechanism. The fitting to the different models is presented 
in Figure 13. The caffeine adsorption on large and small RH and triclosan adsorption on large RH 
particles were better fitted to the pseudo-second order model (R2 = 0.971-0.987). Meanwhile, the 
adsorption using medium size particles better fitted the Elovich model (R2 = 0.996-0.999) for both 
contaminants. The χ2 and SSE values show lower values (closest to zero) for the models that best fit the 
data obtained (higher R2, closest to 1).  
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Figure 13.  Kinetic models for caffeine and triclosan adsorption in three particle sizes. Black points= 

experimental data, red line= pseudo-first-order model, blue line= pseudo-second-order model, green line= 
Elovich model. 

 

The pseudo-second-order model assumes that the contaminant concentration is constant over time and 
that the total number of active sites depends on the amount of contaminant adsorbed at equilibrium 
(Yokoyama et al., 2019). Caffeine and triclosan adsorption also followed a pseudo-second-order model 
when cotton-derived carbon microtubes were used. The qe values achieved were higher (caffeine= 19.8 – 

212.9 times, triclosan= 39.8 times) than those of this study, probably due to the thermal modification of 
cotton and its greater surface area (380 – 540 m2/g) (Shirvanimoghaddam & Trojanowska, 2020). 
Although using modified residues such as oxidized biochar from pine needles and RH nano-silica, lower 
qe values were obtained (caffeine: 2.0 – 40.2 times, triclosan: 17.5 times) compared to those of this study 
(Anastopoulos et al., 2020a; Tejedor et al., 2022). 

On the other hand, the Elovich model assumes that the adsorbent surface is energetically heterogeneous 
and that adsorption kinetics is not substantially affected by either desorption or interactions between 
adsorbed species (Keerthanan et al., 2020b; Yokoyama et al., 2019). Furthermore, α (associated with 
adsorption rate) and β (associated with desorption rate) indicate the interaction between RH and 
caffeine/triclosan. High values of α (13.6 – 110.1 mg/(g min)) and low values of β (0.62 – 0.68 mg/g) 
suggest the appearance of stable interactions (Yokoyama et al., 2019). In previous studies in which 
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caffeine (adsorbent: tea-waste biochar and Gliricidia sepium biochar) and triclosan (adsorbent: PVC and 
activated carbon from Stevia residues) were removed, the experimental data obtained were also fitted to 
the Elovich model (Keerthanan et al., 2020a; 2020b; Ma et al., 2019; Yokoyama et al., 2019). Some 
authors suggest that if the experimental data fit the Elovich model, chemisorption occurs (Keerthanan et 
al., 2020; 2020b). Meanwhile, other authors indicate that the fit to the pseudo-second-order models does 
not reveal the adsorption mechanisms. Since to determine the adsorption mechanisms (physics, 
chemistry) it is necessary to use several analytical techniques (FTIR, SEM, BET, Raman, Z potential, 
etc.) together with enthalpy and entropy changes (adsorption thermodynamics) and activation energies 
and adsorption (Tran et al., 2017). The parameters for both models are shown in Table 8 and Figure 13. 

Table 7 also shows the parameters for the intraparticle diffusion model. According to Tran et al., 2017, 
the intraparticle diffusion model can be useful to identify the reaction pathways, the adsorption 
mechanisms and also predict the adsorption rate control step. In the process of removing a contaminant 
present in an aqueous medium using an adsorbent (solid-liquid sorption), contaminant transfer is 
generally characterized by film diffusion or external diffusion, surface diffusion and pore diffusion, or 
combined surface and pore diffusion. In summary, if the qt vs. t1/2 curve passes through the origin, then 
the adsorption process is limited only by intraparticle diffusion. However, Figure 14 shows the presence 
of two linear zones, whereby the adsorption process is controlled by a two-step mechanism. In the first 
stage caffeine/triclosan are transported from the liquid phase to the external surface of the RH through the 
hydrodynamic boundary layer (film diffusion). In the second stage, there is a slow diffusion (intraparticle 
diffusion) of the caffeine/triclosan molecules from the outside of the RH to its pores. In the final stage, 
the caffeine/triclosan are rapidly adsorbed in the pores (Tran et al., 2017). 

Table 8.  Kinetics model parameters for caffeine and triclosan adsorption. 

 

Kinetic model Parameter 
Caffeine Triclosan 

RH: 
120 – 150 µm 

RH: 
300 – 600 µm 

RH: 
800 – 2,000 µm 

RH: 
120 – 150 µm 

RH: 
300 – 600 µm 

RH: 
800 – 2,000 µm 

 
Pseudo-first-order 

qe experimental [mg/g] 5.242 1.787 0.648 18.311 12.466 2.865 
qe [mg/g] 6.329 1.824 0.695 18.057 12.314 3.038 
k1 [min-1] 0.015 0.107 0.039 0.375 0.397 0.105 

R2 0.951   0.545 0.803 0.458 0.605 0.964 
SSE 1.084 0.073 0.019 5.802 1.251 0.102 

 
 

Pseudo-second-order 

qe[mg/g] 8.271 1.938 0.770 18.951 12.826 3.591 
k2 [g/(mg min)] 0.002 0.106 0.075 0.043 0.075 0.034 

R2 0.953 0.857 0.919 0.991 0.891 0.942 
SSE 1.037 0.002 0.008 2.812 0.001 0.161 

Elovich 

α [mg/(g min)] 0.137 13.613 0.189 110.139 66.888 0.844 
β [mg/g] 0.420 0.622 7.891 0.682 1.194 1.285 

R2 0.967 0.998 0.987 0.996 0.999 0.955 
SSE 1.108 0.055 0.087 1.547 0.519 0.116 

Intraparticle diffusion 

Kp1 [mg/(g min1/2)] 0.721 0.060 0.046 0.840 0.581 0.773 
C1 [mg/g] -1.643 1.295 0.223 13.743 9.502 -0.535 

R2 0.996 0.934 0.895 0.967 0.988 0.999 
SSE 0.033 0.002 0.002 0.062 0.010 8.436x10-4 

Kp2 [mg/(g min1/2)] 0.358 0.041 0.007 0.915 0.330 0.131 
C2 [mg/g] 0.878 1.363 0.621 12.473 10.383 2.063 

R2 0.601 0.996 0.996 0.835 0.996 0.984 
SSE 0.880 6.500x10-5 1.760x10-6 0.426 0.001 6.944x10-4 
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Figure 14.  Intraparticle diffusion kinetics for adsorption of caffeine and triclosan. 

 
On the other hand, the parameter values and the fittings to the Langmuir, Freundlich, and Sips isotherm 
models are shown in Table 9 and Figure 15, respectively. The adsorption of caffeine and triclosan fits 
well with the three isotherm models used. Nevertheless, the adsorption in the small (caffeine, triclosan), 
medium (caffeine, triclosan), and large (triclosan) RH particles show a better fitting to the Langmuir and 
Sips models (R2 > 0.91).  
Langmuir's model supposes that caffeine/triclosan adsorption occurs in a monolayer without interaction or 
steric hindrance between adsorbate molecules because the active sites have the same energy (same 
affinity for adsorbate molecules) (Yokoyama et al., 2019). Meanwhile, the Sips model is a combination of 
Langmuir and Freundlich models, which indicates that caffeine/triclosan can occupy more than one RH 
adsorption site (heterogeneous surface). The qm values calculated with the Langmuir (caffeine) and Sips 
(triclosan) models are very close to those obtained experimentally, which suggests that a monolayer and 
heterogeneous adsorption occurs, respectively (Nguyen et al., 2021). The results obtained coincide with 
studies in which it is observed that the adsorption of caffeine in adsorbents such as tea leaves, orange, and 
banana peels, activated carbon from grape stem, water hyacinth biochar, activated carbon from coconut 
residues, etc. fit better the Langmuir model (Almeida-Naranjo et al., 2021b; Castillo et al., 2020). 
Likewise, triclosan adsorption using nano silica from RH and activated carbon from civilian gas masks fit 
better with the Sips model (Shirvanimoghaddam & Trojanowska, 2020; Tejedor et al., 2022). 
In the other hand, the adsorption using the large RH particles fit better to the Freundlich model (R2 = 
0.96) in the caffeine removal. The same happened with adsorbents such as biochar from tea waste and 
Gliricidia sepium (Keerthanan et al., 2020a; 2020b). The Freundlich model supposes multilayer 
adsorption because the energy is not equal on the surface. Likewise, the χ2 (0.001 –0.257) and SSE (0.008 
– 1.693) values are lower (close to zero) in the models that better fit the data obtained. 
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Figure 15.  Isotherm models for caffeine and triclosan adsorption in three particle sizes. 
 

Furthermore, the KL and n values in the Langmuir and Freundlich models are lower than 1.0, which 
indicates that the caffeine/triclosan adsorption in RH is favorable. In the triclosan adsorption, the KL 
value is even lower than 0.1 (low surface energy), which indicates a greater intensity in the bonds 
between triclosan and RH (Almeida-Naranjo et al., 2021b; N’diaye & Ahmed-Kankou, 2020).  

Table 9. Adsorption isotherm model parameters for caffeine and triclosan adsorption 

Isotherm 
model 

Parameter 
Caffeine Triclosan 

RH: 
120 – 150 µm 

RH: 
300 – 600 µm 

RH: 
800 – 2,000 µm 

RH: 
120 – 150 µm 

RH: 
300 – 600 µm 

RH: 
800 – 2,000 µm 

 qe experimental [mg/g] 6.425 3.182 0.578 28.635 19.164 4.378 

Langmuir  

qm [mg/g] 7.084 4.433 0.668 70.772 30.613 7.012 
KL[L/mg] 0.309 0.178 0.382 0.042 0.147 0.097 

R2 0.909 0.958 0.899 0.955 0.985 0.996 
χ2 0.069 0.010 0.007 0.257 0.054 0.003 

SSE 1.816 0.129 0.018 22.995 3.216 0.036 

Freundlich  

KF [(mg/g)1-1/n] 2.264 0.991 0.249 3.419 4.723 0.819 

1/n 0.343 0.438 0.316 0.768 0.580 0.601 
R2 0.885 0.902 0.956 0.932 0.952 0.980 
χ2 0.086 0.023 0.003 0.394 0.177 0.013 

SSE 2.283 0.300 0.008 35.027 10.545 0.180 

Sips 

qm[mg/g] 8.147 3.450 0.810 31.400 22.579 5.747 
KL [L/mg] 0.218 0.276 0.248 0.165 0.264 0.148 

1/n 0.766 1.760 0.707 2.196 1.513 1.202 
R2 0.915 0.984 0.927 0.998 0.995 0.998 
χ2 0.064 0.004 0.013 0.011 0.018 0.001 

SSE 1.693 0.048 0.005 0.943 1.062 0.019 

 



 

62 
 

These results show that the RH adsorption capacity is a function of the particle size and the characteristics 
of the contaminant (solubility, Kow). The small RH particles have a higher adsorption capacity for 
caffeine/triclosan (8.1/31.4 mg/g) than the medium (3.4/22.6 mg/g) and the large RH particles (0.8/5.7 
mg/g), respectively. The adsorption capacity achieved by RH in caffeine removal is comparable to that 
achieved with other raw low-cost adsorbents, such as groundnut shell (100 µm, 4.21 mg/g), grape stalk 
(700 µm, 0.938 mg/g), Balanites aegyptiaca seeds (< 100 µm, 4.28 mg/g) and treated adsorbents (pine 
needles oxidized biochar < 300 µm, 5.35 mg/g) (Anastopoulos et al., 2020a; N’diaye & Ahmed-Kankou, 
2020; Portinho et al., 2017). The caffeine adsorption by RH is even higher than adsorbents such as grape 
stalk (~ 1 mg/g), which has a greater surface area (6.23 m2/g) and pore volume (0.003 cm3/g) comparable 
to RH (0.006 cm3/g). Something similar happened in the removal of triclosan with activated carbon from 
coconut pulp residues of 595 µm (2.02 – 31.57 mg/g) (Mohd-Khori et al., 2018), microplastic polystyrene 
with a specific surface between 0.58 and 2.53 m2/g (0.29 – 0.43 mg/g) (Yandan Li et al., 2019) and nano 
silica from RH with a specific surface between 208 – 223 m2/g (2.74 mg/g) (Tejedor et al., 2020). 
However, there are other adsorbents with higher adsorption capacity than RH to remove caffeine, 
triclosan, and other ECs. The latter received chemical or thermal treatments, but the costs or the 
environmental impact that could be generated are not indicated.  

3.7. Fixed-bed columns 

The main results obtained in fixed-bed columns are summarized in Table 10. The tests in the fixed-bed 
columns were carried out to determine the influence of the bed height and the hydraulic load on the three 
particle sizes of RH to remove caffeine/triclosan. The efficiencies achieved in the removal of caffeine and 
triclosan using the three sizes of RH at bed heights of 4, 5, and 8 cm did not show significant differences 
(p > 0.05). On the other hand, the hydraulic load (4 m3/m2-day) produced clogging in the columns that 
used the small RH at 30 min of operation (spillage of the caffeine/triclosan solution was observed at the 
top of the column), so it was not possible to construct the breakthrough curve for this hydraulic load and 
establish its influence on the three particle sizes. The experimental breakthrough curves for the three RH 
particle sizes using a bed of 4 cm heigh and with a hydraulic loading rate of 2 m3/m2-day are presented in 
Figure 16.  
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Figure 16.  Effect of particle size and contaminant type on breakthrough curve 

 

The size of the adsorbent particles is a very important parameter in the operation of fixed-bed columns 
since it defines the available surface area and the void fraction, and the available path for the movement 
of caffeine/triclosan solutions (Sivarajasekar et al., 2018). An increase in particle size decreased the 
adsorption capacity at breakthrough time (qb decrease: caffeine= 16.7 – 33.3% and triclosan= 43.3 – 60%) 
and saturation time (qs decrease: caffeine= 7.7 – 23.1% and triclosan= 19.8 – 33.3%). The smaller RH 
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particles allow a shorter diffusion path for the caffeine/triclosan molecules. Therefore, the molecules of 
both contaminants will easily penetrate the pores of the RH, resulting in a higher adsorption rate (Gupta 
& Garg, 2019; Sivarajasekar et al., 2018). The effect of particle size on adsorption capacity in both 
breakthrough time and saturation time is lower for caffeine, probably due to its physicochemical 
characteristics (e.g., high water solubility) (Álvarez-Torrellas et al., 2016; Rigueto et al., 2020). 
Something similar happens with the values of the breakthrough/saturation time. Therefore, an increase in 
RH particle size results in faster bed depletion and lower volume (Vb) of treated water (Jaria et al., 2019; 
Peñafiel et al., 2021).  

The smaller RH particles also had lower hMTZ than the medium (1.3/1.1) and large (2.6/1.1) particles for 
both contaminants (caffeine/triclosan). A smaller particle size allows a higher mass transfer rate and thus 
a smaller mass transfer zone (Gupta & Garg, 2019). This shows that the small RH has better performance. 
A similar behavior was observed in cadmium adsorption when using date palm trunk fiber with size 
ranges of 250 – 355 and 560 – 630 µm (Al-Shawabkeh et al., 2021). A smaller mass transfer zone with a 
higher slope can also be identified on the Cf/Co vs. t plot (Figure 16). Increasing hMTZ in the larger RH 
reduced fractional bed utilization (FBU) by 2.97 – 14.21% for caffeine and between 7.38 – 9.40% for 
triclosan. The larger particles leave larger spaces between each other (the fraction of voids in the bed 
increases), so the contact time between the caffeine/triclosan and the RH particles decreases and this 
reduces the fraction of bed which is being effectively used (Sivarajasekar et al., 2018). 

Table 10. Adsorption isotherm model parameters for caffeine and triclosan adsorption 

Contaminant 

Particle  
size 

(µm) 

Mass 
(g) 

Vc 

(L) 
EBTC 

(d) 
FBU 
(%) 

hMTZ 
(cm) 

C/C0= 0.1 C/C0= 0.9 

tb 

(min) 
Vb 

(mL) 
qb 

(mg/g) 
 ts 

(min) 
qs 

(mg/g) 

Caffeine 
120 – 150 1.741  

 
0.003 

 
 

0.436 

91.04 0.36 14 7.15 0.12  169 0.13 
300 – 600 1.689 88.07 0.47 10 5.15 0.10  142 0.12 

800 – 2,000 1.545 76.83 0.93 6 3.00 0.08  133 0.10 

Triclosan 
120 – 150 1.741 24.00 3.04 26 13.15 0.30  1259 1.26 
300 – 600 1.489 16.62 3.34 12 6.15 0.17  684 1.01 

800 – 2,000 1.145 14.60 3.42 7 3.50 0.12  341 0.84 
EBCT= empty bed contact time, %FBU= percentage of fractional bed utilization, hMTZ= height of the mass transfer zone 

Table 11 shows the results of the fitting of the experimental data obtained in the absorption of fixed-bed 
columns to the Bohart-Adams model. The Bohart-Adams model correlates C/Co with contact time in a 
continuous adsorption system. The model considers only the first region of the breakdown curve where 
C/Co ˂ 0.5 and assumes negligible mass transfer. Therefore, the adsorption rate will depend on the 
residual capacity of the adsorbent and the concentration of the contaminants (Ahmed & Hameed, 2018). 
Both caffeine and triclosan adsorption show a relatively good fit to the model, presenting R2 values 
between 0.91 and 0.99 and very low values of SSE (2.706x10-3 – 0.245) and χ2 (6.151x10-3 and 0.032). A 
good fit of the experimental data with the Bohart-Adams model indicates that surface diffusion is the rate-
limiting step in the adsorption process (de Franco et al., 2017). The values of adsorption capacity (No) for 
triclosan are higher, and the Bohart-Adams constant (KBA) are lower, compared to those for caffeine. This 
is associated with the lower solubility/higher hydrophobicity of triclosan. A similar behavior was 
observed in the removal of sulfapyridine (less soluble in water) and sulfamethoxazole (more soluble in 
water), in which sulfapyridine reached a higher removal (20.72 mg/L) (Ahmed & Hameed, 2018). 
Furthermore, the smallest particles presented the greatest adsorption capacities, which is related to their 
largest surface area (Sivarajasekar et al., 2018). 

Table 11. Adsorption isotherm model parameters for caffeine and triclosan adsorption 

Contaminant 
Particle size 

(µm) 
KAB  

[L/(min mg)] 
N0 

(mg/L) 
R2 χ2 SSE 

Caffeine 
120 – 150 1.340 x 10-3 352.706 0.993 2.685 x 10-3 2.706 x 10-3 
300 – 600 2.114 x 10-3 216.708 0.981 6.151 x 10-3 0.042 

800 – 2,000 2.828 x 10-3 119.931 0.943 0.017 0.101 

Triclosan 
120 – 150 1.172 x 10-4 3797.217 0.929 0.028 0.245 
300 – 600 1.379 x 10-4 2628.774 0.910 0.032 0.210 

800 – 2,000 2.962 x 10-4 1240.89 0.937 0.024 0.133 
No= adsorption capacity, KBA= Bohart-Adams constant 
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4. Conclusions 

The use of rice husk represents a promising alternative for the removal of emerging contaminants such as 
caffeine and triclosan, as is evident from the batch/continuous tests carried out in this work. The size of 
the RH and the characteristics of caffeine/triclosan (solubility, Kow) notably influenced their adsorption in 
batch and fixed-bed columns. The optimal dose of the small RH was lower than the other two sizes 
(caffeine= 2.1 – 12.5 times, triclosan= 2.0 – 6.7 times), reaching efficiencies of 72.5 and 97.2% for 
caffeine and triclosan, respectively. The optimal contact time for caffeine removal was 3.0 times greater 
than triclosan. The adsorption of both contaminants for most particle sizes was better fitted to the Elovich 
and Sips/Langmuir models, and the removal of both contaminants was dominated by film and 
intraparticle diffusion. Besides, the operation of the fixed-bed columns fit the Bohart-Adams model quite 
well, being also the small RH particles the most efficient in the removal of both contaminants (caffeine: 
qb= 0.12 mg/g, qs= 0.13 mg/g and triclosan: qb= 0.30 mg/g, qs= 1.26 mg/g). The relatively high adsorptive 
capacity of RH and its affinity with the contaminants studied, open the possibility of exploring its use in 
water treatment technologies that could benefit from its availability, ease of processing, and relatively low 
cost. 

.  

. 
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Article 2. Peanut shells: characterization and performance in adsorption of caffeine and 
triclosan  

 

ABSTRACT 

Several materials and technologies are being studied to remove the variety of contaminants currently 
found in wastewater, aiming to avoid their negative impacts on ecosystems and human health. Low-cost 
and environmentally-friendly alternatives are of particular interest. For this reason, the adsorption 
performance of peanut shells in the removal of caffeine and triclosan was studied in this work. The 
chemical composition, morphology, and functional groups of peanut shells were determined using ASTM 
standards and thermogravimetric analysis (TGA), scanning electron microscopy, and Fourier Transforms 
Infrared Spectroscopy (FTIR), respectively. Batch adsorption tests were carried out using 30 mg/L 
caffeine and triclosan solutions, and considering as variables the peanut shell particle granulometry (120 – 
150, 300 – 600 and 800 – 2,000 µm), adsorbent dose (0.02 – 60 g/L) and contact time (up to 180 min). 
Once the optimal adsorption conditions were found, the adsorption kinetics and isotherm models were 
determined. Peanut shells were composed mainly of polysaccharides (lignin, cellulose, and hemicellulose 
≈ 70%), and showed an irregular surface with an area of 1.7 m2/g and a pore volume of 0.005 cm3/g. The 
highest removal of caffeine and triclosan (85.6 ± 1.4 and 89.3 ± 1.5%) was achieved using 10.0 and 0.1 
g/L of the smallest particles, at 180 and 45 min, respectively. Triclosan was easier to remove than 
caffeine due to its lower water solubility and higher hydrophobicity. The pseudo-second-order kinetics 
model showed the best fit to the experimental data, indicating that chemisorption occurs between 
caffeine/triclosan and the adsorbent. The adsorption equilibrium was fit to the Sips model with maximum 
adsorption capacities of 3.3 mg/g and 289.3 mg/g for caffeine and triclosan, respectively. 

1. Introduction 

The massive consumption/use of chemical products such as pesticides, hormones, pharmaceuticals, and 
personal care products oscillates around 2.0 million tons/year (Wang & Wang, 2018). The residues of 
these substances have caused widespread contamination of water bodies, despite their low concentrations 
(ng/L to µg/L) (Almeida-Naranjo et al., 2021b). These residues are called emerging contaminants (ECs) 
and come from several sources such as industrial wastewater, domestic discharges, and agricultural 
effluents (Anastopoulos et al., 2020a). ECs present different behaviors in the environment since they have 
different physicochemical properties, some of them are toxic (Kow chlorobenzene= 2.98), persistent (lifetime 
benzophenone= 1-10 days), non-biodegradable (soil persistence dieldrin= 100 days), endocrine disrupting 
(bisphenol A), and recalcitrant (dichlorodiphenyltrichloroethane).  

Other ECs such as caffeine and triclosan are considered anthropogenic markers because they have been 
found in different water resources (Rodriguez-Narvaez et al., 2017). Caffeine and triclosan were found in 
wastewater (20 – 300 and 0.5 – 300000 µg/L), in the effluents of wastewater treatment plants (0.1 – 20.0 
and 0.1-0.6 µg/L), and in surface water sources (10 – 80 and 50 – 2300 ng/L), respectively (Álvarez-
Torrellas et al., 2016; Dann & Hontela, 2011). 

Caffeine is widely used in beverages (coffee, tea, energy drinks), food, and some medicines 
(Anastopoulos, et al., 2020a). Meanwhile, triclosan has disinfecting properties so it is included in personal 
care products such as detergents, cosmetics, and soaps (Triwiswara et al., 2020a).  

Caffeine and triclosan have different physicochemical properties. Caffeine is very soluble in water (21.6 
mg/L at 25 °C) and has low bioaccumulation (Kow= 0.85) (León et al., 2020). Caffeine was found in 
fishes and frogs, as well as in certain fruits and vegetables (Dafouz-Ramírez & Valcárcel-Rivera, 2017). 
In zebrafish species, it produced a decrease in the growth rate of fish embryos (Anastopoulos et al., 
2020a). On the other hand, triclosan is poorly soluble in water (10 mg/L at 20 °C) and shows high 
hydrophobicity or bioaccumulation (Kow= 4.76), inhibiting plant growth and soil respiration. In addition, 
it has toxic effects on aquatic organisms, such as microbial resistance, dermal irritation, alteration of the 
endocrine, and metabolic system (Dhillon et al., 2015). In Mytilus californianus, Ruditapes 
philippinarum, and Carcinusmaenas, caffeine produces cellular stress (Anastopoulos et al., 2020b). On 
the other hand, in terrestrial organisms, such as Eisenia foetida, it leads to the mortality of about 50% 
population when using 58 µg CAF/cm2 (Mckelvie et al., 2011). 
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On the other hand, triclosan (5-chloro-2-(2,4-dichloro phenoxy)phenol) is another EC found in water 
bodies, which is a synthetic and lipid-soluble antimicrobial agent that has been used as an antiseptic, 
disinfectant, and constituent of personal care products, such as hand soaps, shampoos and detergents 
(Ejtahed et al., 2020; H. Kaur et al., 2018). In these days of the coronavirus pandemic, just like caffeine, 
the use of detergents with triclosan has increased exponentially (Ejtahed et al., 2020). Triclosan has low 
solubility in water (10 mg/L) and high bioaccumulation (log Kow= 4.30) (H. Kaur et al., 2018). This 
anionic compound is compatible with many raw materials, photo-unstable, and continues to decompose 
after being released in the aquatic environment. In aquatic habitats, triclosan is accumulated in sediments 
or sludge that can be deposited in agricultural areas. Exposure to triclosan decreases the rate of population 
increase in zooplankton (H. Zhang et al., 2016). Even triclosan exposure has a profound impact on the 
human gut microbiome, inducing disturbances at both the compositional and functional levels. Indeed, it 
may be related to adverse effects, such as endocrine alteration, resistance to antibiotics, inflammation of 
the colon, and tumorigenesis (Ejtahed et al., 2020). These characteristics/toxicities make it essential to 
remove caffeine and triclosan from wastewater.  

Natural attenuation and conventional treatment processes are not capable of efficiently removing all types 
of ECs from wastewater. Meanwhile, adsorption using agricultural residues has been recognized as a 
promising alternative for wastewater treatment, due to their low-cost compared to other treatments (i.e., 
activated sludge system) (Couto et al., 2015) and their high efficiency in the removal of ECs (up to 100%) 
(Mallek et al., 2018; Paredes-Laverde et al., 2018) and other contaminants (i.e., heavy metals, organic 
matter) (Castro et al., 2021; Tejedor et al., 2020). Among the agricultural residues studied as adsorbents 
of ECs are bagasse, straw, vegetable peels, fruit peels (i.e., banana, orange, coconut, coffee, etc.), seeds 
(peach stone, moringa, etc.), rice husk, peanut shells, among others (Almeida-Naranjo et al., 2021b; León 
et al., 2020; Mo et al., 2018).  

Moreover, agricultural residues generally do not have a defined use and are produced in large quantities: 
sugarcane residues ~ 3.21 x 108 tons/year, wheat straws ~ 1.12 x 109 tons in 2016 (Bundhoo, 2019), 
which often complicate its integrated management. Likewise, more than 11 million tons of peanut shells 
in 2018 were produced (FAO, 2018). The high availability of peanut shells added to characteristics such 
as relatively high surface area (2.01 m2/g), presence of lignin (27.0 – 33.0%), cellulose (34.7 – 45.0%), 
and hemicellulose (around 9.0%) suggest that they could be an alternative adsorbent (Messina et al., 
2015; R. Li et al, 2018; Taşar et al., 2014). Peanut shells have been mainly used in the removal of metals 
(adsorption capacity cadmium= 6 mg/g) and dyes (adsorption capacity reactive black 5= 50 mg/g). Nevertheless, 
there are few studies using peanut shells in the removal of ECs. Antibiotics such as sulfathiazole and 
sulfamerazine have been removed achieving adsorption capacities of 18.2 µg/g and 11.7 µg/g, 
respectively (R. Li et al., 2018; Liu et al., 2010; Tanyildizi, 2011). Considering the very limited use of 
raw peanut shells in the removal of ECs with different physicochemical characteristics, their high 
availability, and their good adsorption characteristics, this study aimed to evaluate their adsorption 
capacity during the removal of caffeine and triclosan from synthetic solutions through batch and 
continuous adsorption tests. The data obtained were adjusted to models of kinetic (pseudo-first-order, 
pseudo-second-order, Elovich and diffusion), equilibrium (Langmuir, Freundlich, and Sips), and 
breakthrough curve (Bohart-Adams). 

2. Materials and methods 

2.1. Materials 

Peanut shells were obtained from a peeling plant located in the city of Loja (southern Ecuador, -3.99313 
and -79.20422). Caffeine and triclosan used for the synthetic solution preparation were ReagentPlus®, 
Sigma-Aldrich brand, 99.0%, and ≥ 97.0%, respectively. 

2.2. Peanut shell conditioning 

Peanut shells were washed with drinking and distilled water to remove impurities. Clean shells were dried 
at 80 °C for 24 h and crushed in a Thomas knife mill model 3379 - K05 (Taşar et al., 2014). Finally, 
shells were sieved and separated into three size groups: small particles (125 – 150 µm), medium particles 
(300 – 600 µm) and large particles (850 – 2,000 µm). 
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2.3. Peanut shell characterization 

Moisture (ASTM D4442-20), extractives (ASTM D1110-21, ASTM D1107-21), lignin (ASTM D1106-
21), cellulose and hemicellulose (ASTM D1109-21), ash (ASTM D1102-21) and volatile material 
(ASTM E872-19) of peanut shells were determined according to the ASTM standards given. To 
supplement the physicochemical characterization, a thermogravimetric analysis was carried out using a 
thermo-balance SHIMADZU, model 50 from 20 to 600 °C with a heating rate of 10°C/min under 
nitrogen atmosphere (50 mL/min). The functional groups of caffeine, triclosan, and peanut shells 
(before/after the adsorption tests) were determined using a Perkin Elmer FTIR-6800 spectrometer 
equipped with a diamond crystal ATR. The morphology of the peanut shells, in the three particle size 
ranges, was observed using an ASPEX PSEM eXpress scanning electron microscope (SEM) with a 20.4 
mm working distance and a 15 keV acceleration voltage. The surface area, pore volume, and pore radius 
of peanut shells were determined by physical nitrogen adsorption at a bath temperature of 77.35 K, using 
the standard Brunauer, Emmett, and Teller (BET) procedure. Peanut shells were heated up to 100 °C at 10 
°C/min, and held for 1440 min under vacuum. 

2.4. Batch adsorption tests 

Initially, calibration curves were built, using solution concentrations between 1 and 50 mg/L of caffeine 
(solvent: distilled water), and triclosan (solvent: 5 v/v.% acetone solution) (Oliveira et al., 2009). The 
batch adsorption tests were performed in dark conditions (to avoid the degradation process) and in 
triplicate using a control system. The control system for caffeine was distilled water and for triclosan was 
a 5 v/v.% acetone solution. 

The optimal dose of peanut shells was determined using 20 mL of caffeine/triclosan solutions with a 30 
mg/L concentration, stirring at 150 rpm for 180 and 45 min, respectively. The doses of peanut shells for 
the removal of caffeine/triclosan were 5 – 60/0.1 – 35 g/L, 3 – 40/0.1 – 1.5 g/L and 1 – 20/0.02 – 1.0 g/L 
for large, medium and small particles, respectively. The optimal contact time was determined using the 
optimal dose for each particle size. Peanut shells were placed in contact with the caffeine/triclosan 
solutions for 300/120 min, respectively. The peanut shells were separated from the aqueous solution using 
cellulose filters with a 0.2 µm pore size (R. Li et al., 2018). 

Caffeine and triclosan concentrations were determined using an Analytik Jena Spercord 210 Plus UV-VIS 
spectrophotometer at a wavelength of 287 and 295 nm, respectively. The removal of caffeine/triclosan 
(%) was calculated using Equation 1. 

 Removal (%) =
(𝐶 − 𝐶 )

𝐶
∗ 100 (1) 

where Co and Cf are the initial and final concentrations of caffeine/triclosan (mg/L), respectively. 

 
2.5. Adsorption kinetics and isotherm study 

Adsorption kinetics describes the adsorption rate of caffeine/triclosan and provides information about 
reaction pathways (Al-Qodah et al, 2017). Adsorption kinetics of caffeine and triclosan were calculated 
using data obtained to determine the optimal contact time. The amount of caffeine/triclosan adsorbed per 
gram of peanut shells was calculated using Equation 2. 

 𝑞 =
𝐶 − 𝐶 𝑉

𝑊
 (2) 

where q (mg/g) is the concentration of caffeine/triclosan per gram of peanut shells, W (g) is the mass of 
peanut shells used, and V (L) is the caffeine/triclosan solution volume. 

The data obtained were fitted to non-linear pseudo-first and pseudo-second-order models. Equations 3 
and 4 were used, respectively (Al-Qodah et al., 2017) 

 𝑞 = 𝑞 (1 − 𝑒 ) (3) 
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𝑡

𝑞
=

1

𝐾 𝑞
+

𝑡

𝑞
 (4) 

The development of an isotherm model is essential for designing and optimizing adsorption processes. 
The adsorption isotherms were obtained with the optimal adsorption conditions corresponding to each 
particle size. Caffeine/triclosan solutions of 10, 20, 30, 40, and 50 mg/L were used. The data obtained 
were fitted to non-linear Langmuir, Freundlich, and Sips models. The equation models are presented in 
equations 6, 7 and 8, respectively (Al-Qodah et al., 2017):  

 
 𝑞 =

𝑞 ∗ 𝐾 ∗ 𝐶

1 + 𝐾 ∗ 𝐶
 

(6) 

 𝑞 = 𝐾 ∗ 𝐶
/  (7) 

 
𝑞 =

𝑞 (𝐾 ∗ 𝐶 ) /

1 + (𝐾 ∗ 𝐶 ) /
 

(8) 

where qe (mg/g) is the amount of caffeine/triclosan per unit mass of peanut shells in equilibrium, Ce 
(mg/L) is the liquid phase concentration of caffeine/triclosan in equilibrium, qm (mg/g) is the maximum 
adsorption capacity of peanut shells, KL (L/mg) is the Langmuir constant related to adsorption energy, KF 
((mg/g)/(mg/L)n) is the Freundlich capacity constant, 1/n is the Freundlich intensity parameter, and KS 
(L/mg) is the Sips constant related to micropores energy (Nguyen et al., 2021). 

The kinetics and isotherm models used were selected because they have typically presented good fits (R2 
close to 1) when agricultural residues are used in the removal of several contaminants (dyes, heavy 
metals, ECs) (Anastopoulos et al., 2015). 

2.6. Statistical analysis 

The optimal dose and contact time were determined using an analysis of variance (ANOVA) with a single 
factor analyzed by Tukey's test (significance level of 95.0%). The statistical analysis was performed using 
the Minitab 18 software 1.0 version. To calculate the parameters of non-linear: isotherms (Langmuir, 
Freundlich and Sips), and kinetics (pseudo-first and pseudo-second-order), the Solver add-in of Microsoft 
Excel (version 2016) was used. To determine the model that best fitted to data obtained, equations 9, 10 
and 11 were used to calculate squared errors (SSE), chi-square (χ2), and coefficient of determination (R2), 
respectively.  

 
𝑅 = 1 −

∑(𝑃 , − 𝑃 , )

∑(𝑃 , − 𝑃 , )
 

(9) 

 
χ =

(𝑃 , − 𝑃 , )

𝑞 ,

 
(10) 

 𝑆𝑆𝐸 = (𝑃 , − 𝑃 , )  (11) 

where Pe,exp is the experimental parameters: q (batch) and Cf/Co (fixed-bed columns), Pe,cal is the 
calculated parameter using the solver tool, and Pe,mean is the mean of Pe,exp values (mg/g) (Nguyen et al., 
2021). 

 
3. Results and Discussion 

3.1. Peanut shell characterization 

Table 12 shows the physicochemical composition of the peanut shells used in this study and the results 
from previous characterization. Lignin is the component with the highest concentration concerning 
cellulose and hemicellulose (16.8 and 10.1% less than lignin, respectively). Lignin acts as a fiber binder, 
filling the spaces between cellulose and hemicellulose which confer mechanical resistance to the cell wall 
and, consequently, to the entire structure (Ramírez & Enríquez, 2015). Furthermore, lignin has functional 
groups (hydroxyl, methoxyl, carbonyl, carboxyl, and sulfonates) which allow the adsorption process 
(Khezami., 2005; Ramírez & Enríquez, 2015). Likewise, cellulose is considered a substance capable of 
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removing contaminants, due to the presence of hydroxyl groups, which are linked to hemicellulose. These 
groups promote interaction with cations, favoring contaminant adsorption (El-bisi, 2014). Together 
cellulose, hemicellulose and lignin form the cell wall of peanut shells, giving porosity and allowing 
caffeine and triclosan solutions to interact with different components of the cell wall (Al-Qodah et al., 
2017).  

The extractives are in lower concentration (between 4.2 and 21.0%) than polysaccharides; they give color, 
smell and flavor to the shell. The presence of extractives can decrease the availability of pores and could 
interfere with the adsorption of caffeine/triclosan (Pholosi et al., 2013). According to León et al., 2020, a 
higher extractives content suggests a reduction in the adsorption of caffeine and triclosan. 

Comparison of the peanut shell characterization with previous studies indicates that the amount of 
cellulose is between 1.7 and 2.8 times lower, while the amount of lignin and hemicellulose are higher 
(1.1-1.3 and up to 2.9 times, respectively) (R. Li et al., 2018; Messina et al., 2015; Taşar et al., 2014). The 
differences could be attributed to the growing conditions of the peanut (different weather conditions), the 
maturity of the product before being consumed, the processing conditions, among others (Mo et al., 
2018). 
 

Table 12. Chemical composition of peanut shells. 

Chemical  
Composition 

Previous studies [%] Current study 
[%] (Messina et al., 2015)  (Taşar et al., 2014) 

Humidity 6.5 - 8.9 ± 0.1 

Lignin 30.9 31.6 36.2 ± 4.4 

Cellulose 54.6 34.7 19.4 ± 5.9 

Hemicellulose 14.5 9.0 26.1 ± 1.7 

Extractives - 13.8 15.2 ± 0.4 

Volatile material 68.8 76.0 74.1 ± 0.4 

Ash 5.5 5.5 3.1 ± 0.1 

Fixed carbon 19.20 - 13.8 ± 0.4 

 
Figure 17 shows the TGA curve for peanut shells. Three very marked weight loss regions are identified. 
The first (10.8%) goes from 20 to 122.6 °C and it is attributed to the loss of water (humidity) from the 
peanut shell. The second important loss (52.1%) occurred between 122.6 and 409.5 °C. The final stage 
(410.3 – 600 °C) produced a weight loss of 72.1%. These losses are attributed to the degradation of 
polysaccharides (hemicellulose, cellulose and lignin) and the carbonaceous material in the peanut shell (S. 
Wang et al., 2020). 
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Figure 17.  Thermogravimetric analysis of peanut shell. 
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Figure 18 shows the peanut shell FTIR spectra before/after the adsorption of contaminants. For peanut 
shells before adsorption, the first band (3350 cm-1) is attributed to the OH- groups present in lignin, 
cellulose and hemicellulose. At 2920 cm-1 appear the band related to the C=O stretch and the bands 
around 1700 and 1369 cm-1 are assigned to the carboxyl and hydroxyl groups, respectively. The presence 
of C-O bonds from cellulose appears at 1259 cm-1, and the presence of lignin and the vibration of its 
aromatic rings are associated with the bands at 1620, 1509 and 1422 cm-1. Meanwhile, the 1024 cm-1 band 
is related to the C-H2 group in cellulose and the band at 1369 cm-1 corresponds to C-H bonds present in 
cellulose and hemicellulose (R. Li et al., 2018; Zhu et al., 2009). 
 
The FTIR spectra of peanut shells in their different particle sizes after caffeine adsorption does not 
present a great difference between them. However, the transmittance decreased between 1530 and 1183 
cm-1 concerning the FTIR spectra of peanut shells before adsorption. A decrease in the bands at 1369 cm-1 
(belonging to cellulose), 1509 cm-1 (belonging to hemicellulose) and 1620, 1509, and 1422 cm-1 
(belonging to lignin) are shown because these groups have an affinity with caffeine. The band at 1620 cm-

1 is a little wider probably due to the caffeine showing a band at 1642 cm-1; something similar occurs with 
the 1024 cm-1 band widening (R. Li et al., 2018; Zhu et al., 2009). Nevertheless, caffeine bands located 
between 1024 and 1548 cm-1 can be more intense in the small particles, probably because the amount of 
caffeine adsorbed by the peanut shells is higher in this particle size.  

As with caffeine, the FTIR spectra of peanut shells in their different particle sizes after triclosan 
adsorption are very similar to each other. The biggest difference between the spectra before and after 
adsorption is a slight decrease in transmittance. Changes in the bands at 3350 and 2920 cm-1 are shown 
probably because they join the triclosan molecule. Something similar occurs in the bands between 1024 
and 1700 cm-1, these suggest that an adsorption process occurs. Moreover, they coincide with the bands of 
functional groups that correspond to cellulose, hemicellulose and lignin, groups that are involved in the 
adsorption process (Almeida-Naranjo et al., 2021b). 
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Figure 18.  FTIR spectra of peanut shell before and after adsorption of caffeine and triclosan. bca= before 

caffeine adsorption, aca= after caffeine adsorption, bta= before triclosan adsorption, ata= after triclosan 
adsorption. 

Figure 19 corresponds to SEM images of small, medium, and large particles. An irregular morphology 
and the presence of pores are observed, which coincides with the results of R. Li et al. (2018). The 
morphological characteristics observed in peanut shells suppose good adsorption properties that will favor 
the removal of caffeine and triclosan. 

The surface area of the peanut shells, obtained with a BET multipoint test, was 1.7 m2/g. It is lower than 
the surface area found in previous studies (2.4 and 5.0 m2/g). This is probably due to the differences 
between peanut species and their particle size (177 – 250 µm and 250 – 500 µm) (Lochananon & 
Chatsiriwech, 2008). The pore volume and pore diameter determined by the Barrett-Joyner-Halenda 
(BJH) method were 0.005 cm3/g and 3.14 nm, respectively. According to the IUPAC standard, a pore 
diameter between 2 and 50 nm is characteristic of mesoporous materials (Wei et al., 2019). Figure 19 also 
shows the nitrogen adsorption-desorption isotherm for the peanut shells studied. This is a type III 
isotherm, according to the Brunauer, Deming, Deming and Teller (BDDT) classification, and corresponds 
to a macroporous or non-porous material with the little affinity between the adsorbate and the adsorbent. 
So once the molecule is adsorbed, it acts as if it is free to adsorb another molecule; thus some parts act as 
monolayers and some others as multilayers (Sultan et al., 2018). 
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Figure 19.  SEM images of small, medium, and large particles, nitrogen adsorption-desorption isotherm 
and pore radius distribution of small particles 

 

3.2. Adsorption Tests 

Figures 20a and 20b show the removal of caffeine/triclosan using different doses of small (120 – 150 
µm), medium (300 – 600 µm) and large (800 – 2,000 µm) particles of PS, and different contact times. 
The optimal doses of PS in the removal of caffeine (Figure 20a) for small, medium, and large particles 
were 10.0, 17.0 and 35.0 g/L, achieving removals of 85.6 (± 1.4), 84.1 (± 0.1) and 87.8 (± 2.7)%, 
respectively. Figure 20b shows that the optimal doses of peanut shells in the triclosan removal for small, 
medium, and large particles were 0.1, 1.0 and 10.0 g/L, achieving removals of 89.3 ± 1.5, 90.8 ± 0.3 and 
90.9 ± 4.6%, respectively. 

A higher dose of PS is required to remove caffeine/triclosan when the peanut shell size increases. This is 
because the smaller particle size has a higher surface area available to adsorb caffeine/triclosan (Taşar et 
al., 2014). Therefore, small particles were the best to remove caffeine and triclosan. Nevertheless, when a 
higher dose of peanut shells is used, the color of the solution turns dark (color released by the peanut 
shell) (Pholosi et al., 2013). This problem creates competitive adsorption between water, the compounds 
released from the peanut shells and caffeine/triclosan (Couto et al., 2015). 

Figures 20c and 20d show the removal of caffeine and triclosan for the three different PS granulometry 
studied, using the optimal doses at different contact times. The optimum contact time for caffeine with the 
three particle sizes of peanut shells was 180 min. Removal percentages after this time were 85.0 ± 1.4, 
89.7 ± 0.3 and 88.8 ± 1.2% for the small, medium, and large particles, respectively. Meanwhile, the 
optimum contact time using the three particle sizes of peanut shells for triclosan adsorption was 45 min. 
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The removal percentages for small, medium and large particle sizes were 90.1 ± 2.1, 89.2 ± 2.7 and 94.9 
± 1.4%, respectively.  

The highest adsorption of caffeine/triclosan occurs in the first 30/15 minutes. This is because the active 
sites at the beginning of the process are empty, and adsorption happens quickly on the external surface of 
PS. This is followed by slow adsorption that happens inside the pores until the equilibrium is reached 
(Santaeufemia et al., 2019). 

Furthermore, a higher affinity between triclosan and peanut shells was observed, since triclosan has a 
higher hydrophobicity (log Kow= 4.76). High hydrophobicity makes triclosan only a little soluble in water 
with a bioaccumulation potential in peanut shells (Dhillon et al., 2015). This explains why the doses of PS 
and the contact times used to remove triclosan are lower than the ones used to remove the same 
concentration of caffeine (log Kow = – 0.7).  
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Figure 20.  Optimal dose of peanut shells and contact time for the removal of a), c) caffeine and b), d) 
triclosan. Green line: small particles, blue line: medium particles and red line: medium particles. 

Caffeine/triclosan concentration= 30 mg/L, stirring rate= 150 rpm. 
 

3.3. Adsorption kinetics and isotherm models 

Table 13 and Figures 19a and 19b show data for the non-linear pseudo-first and pseudo-second-order 
kinetics models for caffeine and triclosan adsorption. According to the values of R2, ꭓ2, and SSE for the 
three particle sizes, the model that best fits the removal of both contaminants is the pseudo-second-order 
model. The maximum adsorption capacity in the adsorption kinetics tests for caffeine and triclosan was 
obtained with the small particles, reaching values of 3.2 and 289.3 mg/g, respectively. The fitting to the 
pseudo-second-order kinetic model complemented with the several functional groups presented in peanut 
shells suggest chemical adsorption, which indicates that speed control is given by reactions between 
peanut shells and caffeine/triclosan, rather than by a mass transfer. This involves the exchange of 
electrons between the OH- or ligand groups and the contaminants (Al-Qodah et al., 2017).  

Likewise, in previous studies, in which peanut shells were used to remove sulfonamides (R. Li et al., 
2018), PB5 dye (Tanyildizi, 2011), and some metals such as Cu (II), Cd2+, Hg2+, Pb (II) (Taşar et al., 
2014; Zhu et al., 2009), the kinetic models were also fitted to pseudo-second-order kinetics. The same 
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adjustment was obtained, using adsorbents such as thermally modified verde-lodo bentonite (Oliveira et 
al., 2019), oxidized biochar from pine needles (Anastopoulos et al., 2020a), rice husk, coconut fiber, corn 
cob (Almeida-Naranjo et al., 2021a) in the removal of caffeine and kenaf-derived biochar (Cho et al., 
2021), activated carbon from coconut pulp waste (Khoriha et al., 2018) and char from palm kernel shells 
(Triwiswara et al., 2020b) in the removal of triclosan. The authors conclude that the adsorption of both 
contaminants occurs by chemisorption (Almeida-Naranjo, et al., 2021a; Anastopoulos et al., 2020a; 
Khoriha et al., 2018; Triwiswara et al., 2020b). 

Table 13. Parameters for non-linear adsorption kinetic models for caffeine and triclosan removal. 

 
Particle 

size 
(µm) 

Pseudo-first-order model Pseudo-second-order model 
Qe 

[mg/g] 
K1 

[1/min] 
R2 SSE 𝝌𝟐 

Qe 

[mg/g] 
K2 

[g/mg*min] 
R2 SSE 𝝌𝟐 

T
ri

cl
os

an
 120 – 150 255.350 0.154 0.509 6724.559 4.805 289.324 0.001 0.766 3199.143 2.280 

300 – 600 25.863 0.174 0.737 27.087 0.189 28.573 0.008 0.918 8.455 0.059 
800 – 
2,000 

2.907 0.081 0.927 0.159 0.011 3.270 0.036 0.969 0.067 0.005 

C
af

fe
in

e 120 – 150 2.993 0.031 0.868 0.067 0.004 3.267 0.016 0.964 0.018 0.001 
300 – 600 1.782 0.086 0.757 0.059 0.005 1.892 0.077 0.929 0.017 0.001 

800 – 
2,000 

0.901 0.092 0.772 0.011 0.002 0.951 1.134 0.961 0.011 0.002 

 

Table 14, and Figures 21c and 21d show the data calculated for the Langmuir, Freundlich and Sips non-
linear isothermal fittings. Triclosan adsorption best fitted the Sips model for small (120 – 150 µm), 
medium (300 – 600 µm), and large (800 – 2,000 µm) particles with an R2 equal to 0.997, 0.973, and 
0.989, and a qm of 238.98, 29.45, and 7.38 mg/g, respectively. This is corroborated by the SSE and ꭓ2 
values, which are the lowest values among the three isothermal models applied. The Sips model combines 
the Freundlich and Langmuir models, considering the heterogeneity of peanut shells as in the Freundlich 
model and the monolayer formation of the Langmuir model. In addition, at the beginning of the 
adsorption, the model will resemble Freundlich, with no apparent limit on the adsorption capacity of 
triclosan. As the adsorption continues, the model with the best fit is that of Langmuir. It was observed that 
the experimental triclosan adsorption data also fit the Sips model when using activated carbon from 
coconut shells (raw and modified) (Bernal et al., 2020) and gas masks (Sharipova et al., 2016), and empty 
palm cluster biochar (Choudhary & Philip, 2022).  
 
For the caffeine adsorption, R2 values close to 1 (0.84 – 0.995) were obtained for the three isotherm 
models used. Small (120 – 150 µm) and large (800 – 2,000 µm), particles have a better fit to the 
Freundlich model while medium particles fit the Langmuir and Sips models. However, considering the 
value of 1/n calculated with the Freundlich model (< 1) and the adjustment of the experimental data 
(experimental qe) when using more concentrated caffeine solutions (closer to the Langmuir model), it was 
determined that the correct fit is to the Sips model. Values of 1/n greater than 1 indicate cooperative 
adsorption and those smaller than 1 correspond to monolayer adsorption (Khezami et al., 2005). These 
results would indicate a combination of the Freundlich (low concentrations of caffeine) and Langmuir 
(high concentrations of caffeine) models. Lower values of SSE and ꭓ2 for the Sips model confirm that this 
is possible. Similar results were obtained when using the grape stalks, grape stalk chemically modified, 
and activated carbon from the grape stalks in the caffeine removal (Portinho et al., 2017). 
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Figure 21.  Adsorption kinetics (a, b) and isotherm models (c, d) for caffeine and triclosan.  

 
Most of the research previously performed using peanut shells was carried out to remove heavy metals 
and dyes. As mentioned before, there are only a few studies performed to remove ECs. R. Li et al. (2018), 
achieved removals between 32.8 and 72.8% and adsorption capacities between 8.2 and 18.2 µg/g in the 
removal of sulfamerazine, sulfamethazine, sulfathiazole and sulfamethoxazole using 500 – 600 µm size 
peanut shell particles. The adsorption of the four contaminants was fitted to the Freundlich and the 
pseudo-second-order model. Meanwhile, Tomul et al., 2020, used particles with a 150 – 250 µm size and 
achieved adsorption capacities of 56.1 and 24.5 mg/g for the removal of diclofenac and bisphenol, 
respectively (Tomul et al, 2020).  
Even though caffeine/triclosan removal using peanut shells has not been sufficiently studied, we can 
mention that the adsorption capacities of peanut shells obtained are comparable to or even higher than 
those reached with other agricultural residues. Triclosan removal using activated carbon from coconut 
pulp (595 µm) was fitted to a pseudo-second-order kinetics model and the Langmuir isotherm (qm= 38.91 
mg/g) (Mohd-Khori et al., 2018). These results are similar to those obtained with the medium size peanut 
shell particles even though raw (untreated) peanut shells are used. Likewise, in the study carried out by 
Triwiswara et al., 2020, the triclosan removal using rice husk treated at 300 °C (150 – 500 µm) was fitted 
to the pseudo-first-order kinetics and to Langmuir model (qm = 72.7 mg/g) (Triwiswara et al., 2020). This 
adsorption capacity is lower compared to that obtained with small peanut shell particles. In the case of 
caffeine, the adsorption capacity of hydro chars from pistachio shells (500 – 1000 µm) obtained with the 
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Langmuir model was slightly higher (5.5 mg/g) than the capacity obtained with large particles of peanut 
shells (Román et al., 2018). Meanwhile, using grape stalks with a mean particle size of 700 µm, the 
adsorption data best fitted the Sips model with a qm = 89.2 mg/g, which was much higher than the value 
obtained in this work (Portinho et al., 2017). 

Table 14. Parameters for the non-linear Langmuir, Freundlich and Sips adsorption models for caffeine and triclosan 
removal 

  
Particle size 

(µm) 

Non-linear Langmuir model Non-linear Freundlich model Non-linear Sips model 

qm 

[mg/g] 
KL 

[L/mg] 
R2 SSE 𝝌𝟐 

KF 

[(mg/g)/ 
(mg/L)n] 

1/n R2 SSE 𝝌𝟐 
qm 

[mg/g] 
KS 

[L/mg] 
1/n R2 SSE 𝝌𝟐 

T
ri

cl
os

an
 120 – 150 253.559 1.317 0.947 962.730 0.995 145.638 0.176 0.719 5109.194 5.288 238.975 1.359 1.737 0.997 53.348 0.055 

300 – 600 32.049 1.396 0.838 63.380 0.548 18.328 0.168 0.561 171.613 1.490 29.647 1.585 3.645 0.973 10.721 0.094 

800 – 2,000 4.041 0.707 0.959 0.100 0.008 1.846 0.280 0.985 0.036 0.003 7.376 0.083 0.456 0.989 0.028 0.002 

C
af

fe
in

e 120 – 150 3.522 2.619 0.838 0.186 0.016 2.370 0.196 0.976 0.028 0.002 6.899 0.141 0.325 0.958 0.049 0.004 
300 – 600 3.147 0.289 0.993 0.012 0.001 0.804 0.492 0.980 0.033 0.004 3.273 0.264 0.959 0.993 0.012 0.001 

800 – 2,000 1.490 0.139 0.977 0.014 0.005 0.225 0.582 0.995 0.003 0.001 1.978 0.072 0.802 0.987 0.008 0.003 

 
3. Conclusions 

The adsorption of caffeine and triclosan is favorably influenced by the composition of the peanut shells 
and their particle size, being the small particles (120 – 150 µm) the ones that achieved the highest 
removal efficiency with the lowest dose. Moreover, the lower solubility (10 mg/L) and the higher 
hydrophobicity (log Kow= 4.30) of triclosan favor its removal. The optimal contact time/peanut shell dose 
were 4/3.5-100 times lower than those found for the caffeine removal. The adsorption kinetics shows that 
the processes fit the pseudo-second-order model, which means that a chemisorption occurs for both 
contaminants. Regarding the adsorption isotherms, the model that best fits the data for three particle sizes 
was Sips (R2 between 0.958 and 0.997). The results obtained contribute to the valorization of peanut 
shells and may become the basis for formulating an alternative to remove ECs with different water 
solubilities and hydrophobicity. 

 

Discussion about Articles 1 and 2 

According to the results obtained in Articles 1 and 2, it was observed that the type of adsorbent, its size 
and the characteristics of the contaminant influence the adsorption process. PS and RH showed 
differences in their adsorption capacity, being PS the one with the highest capacity for triclosan (between 
1.3 and 7.6 times), this difference is attributed to the composition of the residues. The PS has a higher 
content of lignin (10.7%), which is the biopolymer that favors the removal of contaminants (Mo et al., 
2018; Pode, 2016), while the RH has a higher content of ash (around 14.9% more), related to silica 
presence. Silica influences negatively in the adsorption process (Chowdhury et al., 2011).  

In the case of caffeine, the adsorption capacity of PS and RH are very similar and much lower than in 
triclosan (up to 29.5 times). This is due to the high solubility of caffeine in water (21.6 g/L) and low 
bioaccumulation/hydrophobicity (log Kow= 0.07) (Álvarez-Torrellas et al., 2016). In addition, the 
influence of adsorbent particle size was very important for both PS and RH, reaching the maximum 
removal efficiencies for caffeine/triclosan using the smallest particle size (120 – 150 µm). This happens 
because smaller particles have more active sites (H. Kaur et al., 2018). 

The results obtained are a very important premise, because to choose an adsorbent it is necessary to know 
its adsorption capacity, especially if it will be used in continuous adsorption processes. In this case, in 
terms of adsorption capacity, PS is a better option than RH. However, from the cost/benefit point of view, 
the fact that PS must be ground and the grinding process involves energy consumption should also be 
analyzed, while RH can be used without being ground. Or in turn, the influence of using PS on their size 
of origin can be analyzed.  
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3.4.Batch adsorption processes using residues and their magnetic composites  

 
After establishing that PS (presumably referring to polystyrene) is more efficient than RH (likely 
referring to rice husks), further analysis of additional agro-industrial residues becomes imperative. 
Among the abundantly available residues in Ecuador and worldwide, fruit peels stand out (e.g., banana: 
35.4 – 47.2 million tons/year, orange: 12 – 20.8 tons/year) (Martínez-Ruano et al., 2018; Portinho et al., 
2017), along with coconut fiber (50 million tons/year) (Lin & Cramon-Taubadel, 2019), and corn cobs. 
These residues have demonstrated efficacy in removing certain ECs, achieving efficiencies surpassing 
70%, which are comparable to other adsorbents. Consequently, leveraging the adsorptive capacity for 
wastewater treatment presents a viable option for valorizing fruit peels, corn cobs, and coconut fibers. 

Despite the promising outcomes with magnetic adsorbents, scant research has addressed EC removal. 
Thus, the objective of this section was to assess the potential enhancement in caffeine/triclosan removal 
from synthetic solutions using magnetic composites derived from high-production agro-industrial 
residues in Ecuador. The investigation encompassed the analysis of various parameters in batch 
adsorption, such as adsorbent dosage, contact time, and quantity of impregnated nanoparticles. The 
acquired data underwent fitting to diverse isotherm and kinetic models. Furthermore, the capacity of 
magnetic particles to facilitate adsorbent separation from the aqueous solution was evaluated. 

All these endeavors are geared towards augmenting the adsorption efficacy of agro-industrial residues in 
EC removal. Moreover, attempts will be made to stimulate EC removal through composite engineering 
and nanostructuring. This aims to ascertain whether these composites/nanostructures can be employed in 
continuous adsorption processes to handle larger volumes of wastewater while exhibiting advantages over 
raw agro-industrial residues in EC removal. 
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Article 3. Caffeine removal from synthetic wastewater using magnetic fruit peel 
composites: material characterization, isotherm and kinetic studies 

Almeida-Naranjo, C. E., Aldás, M. B., Cabrera, G., & Guerrero, V. H. (2021). Caffeine removal from 
synthetic wastewater using magnetic fruit peel composites: Material characterization, isotherm and 

kinetic studies. Environmental Challenges, 5, 100343. 

ABSTRACT 

This work investigated the adsorption capacity of banana and orange peels, magnetite and their 
corresponding magnetic composites in the removal of caffeine from synthetic wastewater. The 
characteristics of the adsorbents were studied using proximal analysis, Fourier transform infrared 
spectroscopy (FT-IR), Raman spectroscopy, scanning electron microscopy (SEM), energy dispersive 
spectroscopy (EDS), Brunauer, Emmett and Teller (BET) analysis and X-ray diffraction. Batch 
adsorption tests were conducted to determine the influence of the adsorbent dose (0.5 and 10.0 g/L), 
contact time (5 – 180 min) and initial caffeine concentration (10 – 50 mg/L) in the caffeine removal. The 
fittings of the experimental data to the pseudo-first-order, pseudo-second-order, Elovich, and diffusion 
kinetic models, as well as to the Langmuir, Freundlich and Sips isotherm models were also studied. The 
use of magnetic peels improved around 1.7 times the adsorption capacity of peels. The effective doses 
were 3.5 g/L of orange peel, 9.5 g/L of banana peel, 2.5 g/L of orange peel composite, 5.5 g/L of banana 
peel composite, and 5 g/L of magnetite, achieving caffeine removal efficiencies of 95.5 ± 0.3%, 90.5 ± 
0.5%, 93.6 ± 0.2%, 89.2 ± 0.01% and 54.8 ± 0.8%, respectively. The adsorption using the peels, 
magnetite, and their magnetic composites better fitted the pseudo-first-order kinetic model and the 
Langmuir and Sips isotherm models. 

1. Introduction 

The availability of clean water is not only essential for life, but also of crucial importance for social and 
economic development. Paradoxically, this same development and the growth of the population demand 
the consumption of larger amounts of water (4600 km3/year) and are related to the contamination and 
subsequent impacts (Boretti & Rosa, 2019). During the last few decades, the potential environmental 
impacts of a series of new anthropogenic contaminants have attracted the attention of the scientific 
community and the public in general. These so-called “emerging contaminants” (ECs) include 
pharmaceuticals, personal care products, endocrine disrupting compounds, illegal drugs, among others. 
These substances have been found in water bodies and wastewater in concentrations between ng/L and 
µg/L (e.g., pharmaceuticals between 0.02 ng/L to 50.00 µg/L). Several studies determine that ECs are 
both potentially toxic and very persistent, and they can directly or indirectly affect several organisms due 
to bioaccumulation and biomagnification (Quesada et al., 2019). Besides this, their removal is not 
effectively performed in conventional wastewater treatment plants (WWTPs). Conventional mechanical-
biological WWTPs were used achieving an efficiency around 60% (Kot-Wasik et al., 2016). Therefore, it 
is desirable and necessary to improve the traditionally used treatment technologies and to develop non-
conventional technologies. The efforts in this sense must consider not only the performance that needs to 
be achieved but also the capital and technology requirements (Ishaq et al., 2020). 

Caffeine is a stimulant of the central nervous system, present in drinks such as coffee, tea, soft drinks, and 
energy drinks; becoming one of the most widely consumed pharmaceuticals (177.7 mg/person/day) 
(Korekar et al., 2019). Caffeine has been found in the WWTP influents and effluents (0.1 to 20 µg/L), in 
groundwater (10 to 80 ng/L), and in rivers, lakes and sea water (3 to 1500 ng/L) (Álvarez-Torrellas et al., 
2016). The presence of caffeine in aquatic ecosystems represents a risk for biota (e.g., zebra fish, Mytilus 
californianus, Ruditapes philippinarum, Carcinusmaenas, etc.) due to this physicochemical properties 
and the chronic toxicity (Korekar et al., 2019). Therefore, the search for alternatives to remove caffeine 
from wastewater is important. Treatments such as biochemical degradation, photolysis, reverse osmosis, 
ozonation, advanced oxidation and adsorption process are used in the caffeine removal (Sotelo et al., 
2014).  

Adsorption is an economical, easy-to-implement, highly efficient and environmentally friendly process to 
remove various types of contaminants. One of the most widely used and marketed adsorbent materials is 
activated carbon; but this cost (20 – 22 USD/kg) could limit the use at large scale (Portinho et al., 2017; 
Sotelo et al., 2014). Several non-conventional adsorbents have been used in the removal of emerging 
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contaminants, including heavy metals, from aqueous environments (Zamora-Ledezma et al., 2021). For 
instance, fungal strains biomass for Pb(II) ion removal and inactive bacterial strains biomass for Cd(II) 
ion removal were used, achieving high efficiencies (Long et al., 2019; Zamora-Ledezma et al., 2021). 
Other adsorbent materials used for the caffeine removal from solutions and real wastewater were 
polymeric resins, nanomaterials, carbon nanotubes, biochar, modified graphite sheets, zeolites, 
aluminosilicates, among others. Furthermore, organic, lignocellulosic or agro-industrial residues (husk, 
shells, peels, leaves or fruit seeds, stalks) and new-generation adsorbents (nanoparticles and composites) 
are also presented as an alternative (Bachmann et al., 2021). In any case, the adsorbent material used 
should exhibit desirable characteristics such as selectivity, high surface area, high adsorption capacity, 
low cost, long service life, and recyclability (Rigueto et al., 2020). Agro-industrial residues are available 
at low or no cost and have a porous surface with the presence of functional groups that improves the 
adsorption process (Portinho et al., 2017). In particular, around 12.0 to 20.8 tons of orange peels and 35.4 
to 47.2 million tons of banana peels are produced annually worldwide, and do not have a defined use 
(Martínez-Ruano et al., 2018; Portinho et al., 2017). Moreover, they have already been used in the 
removal of some ECs, reaching efficiencies higher than 70%, which are comparable to other adsorbents. 
Banana peels have been used in the removal of atrazine (> 90%), ametrine (> 90%), sulfamethoxazole 
(70%), 17-ethinylestradiol (> 80%) and estrone (> 80%) (De Sousa et al., 2019). Therefore, the adsorptive 
removal of contaminants from wastewater could be an alternative of fruit peel valorization. 

However, some peels have low adsorption capacity and separability from aqueous media. The adsorption 
capacity of peels will be enhanced with the impregnation of nanoparticles (iron oxides, titanium dioxide, 
zinc oxide, carbon nanotubes, among others), since nanoparticles have a greater specific surface. The 
difficulties of separation between the adsorbent and the aqueous medium could be solved with the 
preparation of magnetically modified adsorbents. Magnetic separation is a fast, efficient and cost-
effective method that can be used in both small-scale and large-scale wastewater treatment. Thus, 
magnetic composites with an agro-industrial residue matrix could be an alternative for the contaminant 
removal (Ahmed et al., 2020). Magnetite (Fe3O4) is an iron oxide commonly used in the adsorption of 
contaminants due to the magnetic character, low-cost, environmentally friendly nature and the possibility 
of treating large volumes of wastewater. Magnetite has highly active surface sites and high surface area 
(between 30 and greater than 200 m2/g), achieving adsorption capacities around 100 mg/g in the removal 
of ECs (Zheng et al., 2018, Ahmed et al., 2020). Magnetic composites (agro-industrial residues + 
magnetite) have been used in several studies with heavy metals and dyes (i.e. brilliant black, methylene 
blue), obtaining efficiencies between 90 and 99% (Çatlıoğlu et al., 2020; Zheng et al., 2018). Zheng et al. 
(2018), reported that diclofenac was removed using a magnetic composite (MOF-100(Fe)) obtaining a 
removal efficiency of 80%.  

Despite the efficiency obtained with magnetic adsorbents, only a few studies have been carried out to 
remove ECs. Therefore, the objective of this work was to evaluate if the caffeine removal from synthetic 
solutions improves when magnetic composites (fruits of high production in several countries around the 
world, and particularly in Ecuador) are used. For the study, the influence of the adsorbent dose, contact 
time and initial concentration of caffeine were evaluated, the data obtained were adjusted to different 
isotherm and kinetic models. Likewise, it was determined whether the presence of the magnetic particles 
facilitates the separation of the adsorbent from aqueous solutions. 

2. Materials and methods 

2.1. Material conditioning and composites synthesis 

The orange peels were collected at the southern zone of Quito city (-0.266667; -78.5333), while the 
banana peels were donated by one the companies that processes the fruit in Ecuador. The iron salts used 
were FeCl3·6H2O and FeSO4·7H2O from Sigma Aldrich. Sodium hydroxide and all the other reagents 
used were at least 98.0% w/w pure. Peels were cut and washed with drinking and distilled water to 
remove impurities. Then the peels were dried at 60 °C for 24 h, grinded in a knife mill (Thomas Wiley, 
model 3379-K05, Thomas Scientific) and sieved. The material between 125 and 149 µm was used in 
adsorption tests (Castro et al., 2021).  

The co-precipitation method was used for the synthesis of magnetite. For this purpose, FeCl3.6H2O and 
FeSO4.7H2O were used, in a 3:2 M ratio. The mixture was heated to 70 °C with constant bubbling of 
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argon and stirring at 1250 rpm. An 8.0 M NaOH solution was added to reach a pH= 11. Then, the 
materials were separated from the aqueous solution by using a magnet. Magnetite was washed with 
distilled water to achieve pH=7.0 and dried at 80 °C for 12 h. The synthesis of magnetic composites 
began with the procedure used for the synthesis of magnetite. Immediately after reaction with NaOH, 
5.00 g of the previously conditioned peels were added to the magnetite solution. The mixture was kept 
under constant stirring at 70 °C for 30 minutes. The composite was magnetically separated, washed until 
pH= 7.0 and dried at 80 °C for 12 hours (Castro et al., 2021; Kapur & Mondal, 2016). 

2.2. Material characterization 

The materials were characterized using ASTM standards to evaluate their physical chemical 
characteristics. Lignin, hemicellulose and cellulose (ASTM D1106-21); (ASTM D1109-21), extractives 
(ASTM D1107-21; ASTM D1110-21), moisture content (ASTM D 4442-20), ash (ASTM D 1102-21), 
volatile matter (ASTM E 872-19) and pH (D 4972-19) were determined. 

The main functional groups of the synthesized adsorbents were identified by Raman and Fourier 
transform infrared spectroscopy (FT-IR). The Raman analysis were made using a Horiba Scientific 
equipment, LabRam Evolution model, with a wavelength laser of 532 nm, power of 50 mW at 5.0% of 
fraction, hole size of 180 and rate of 2.4. The FT-IR analysis were made using a Perkin Elmer Spectrum 
200 spectrometer within the 4000 – 500 cm-1 range.  

The morphology of the adsorbents was studied using a Tescan Mira 3 equipped with a Schottky field 
emission gun at 20 kV. EDS was performed in a SEM chamber, using a detector Bruker X-Flash 6|30 
with a 123 eV resolution. X-ray diffraction patterns were recorded in a Panalytical diffractometer model 
AERIS RESEARCH, using a copper X-ray tube (Kα, λ = 1.54056 Å) at 40 kV and 15 mA. The 
diffractogram analysis was performed on the average of four measurements between 5° and 85° (-2, 
Bragg-Brentano geometry) using the HighScore Plus software. The surface characteristics of the 
adsorbents (surface area, pore size and pore volume) were determined with BET analysis, using a 1LX 
micrometer NOVA touch. The adsorbents were conditioned under vacuum up to 100 °C with a heating 
rate of 10 °C/min, then they held for 1440 min. 

2.3. Batch adsorption tests 

The batch adsorption tests were carried out to determine the dose of adsorbents and contact time that 
achieve the highest caffeine removal. Moreover, the influence of the initial concentration of caffeine was 
analyzed. The caffeine removal was evaluated using a 30 mg/L caffeine solution. In previous studies 
caffeine solutions between 5 and 5000 ppm using crude (grape stalk) and modified/advanced/non-
conventional adsorbents (activated carbons, nanoparticles and nanocomposites) were applied 
(Anastopoulos et al., 2020; Panneerselvam et al., 2011; Rigueto et al., 2020). 

The process was carried out at room temperature (22.7 ± 1.0 °C), pH = 6.9 ± 0.24 and stirring at 150 rpm. 
The adsorbent material dose used were between 0.5 and 10.0 g/L. Eight tests were carried out for each 
adsorbent material with reaction times between 5 and 180 minutes. Finally, to determine the influence of 
initial caffeine concentration in the adsorption process, solutions between 10 and 50 mg/L were used. The 
batch tests were carried out in triplicate, using distilled water as control. After each experiment the 
adsorbent was removed from the aqueous phase using magnetic separation and a 0.20 µm pore size filter 
membrane. Measurements of caffeine concentrations were performed in an Analytik Jena Specord 210 
Plus UV – VIS spectrophotometer, at 287 nm. 

2.3.1. Kinetic and isotherm study tests 

Kinetic and isotherm studies were conducted at room temperature (22.7 ± 1.0 °C), pH = 6.9 ± 0.24 and 
stirring at 150 rpm using the optimal dose and contact time, respectively. In the adsorption kinetic tests, 
caffeine solutions of 30 mg/L and in the isothermal ones, caffeine concentrations between 10 and 90 
mg/L were used. The kinetic, isotherm and their respective statistical analysis were carried out using the 
same models and equations used in Article 1. 
 
3. Results and Discussion 

3.1. Physical-chemical characterization 
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Table 15 summarizes the physicochemical properties of the peels. The moisture is higher (21.2%) in the 
banana peel. Both peels have high volatile material contents (between 69.8 and 77.1%) due to their 
organic nature (lignin, cellulose, hemicellulose, lipid, protein and carbohydrate presence) (Kamsonlian et 
al., 2011). The total extractives content is higher in the orange peel (around 10%) than in the banana peel. 
This value represents the content of oils, fats and proteins, components that form bonds between the 
contaminant and the adsorbent and allow the efficient contaminant removal (Orozco et al., 2014).  

Fruit peels have a low ash content, between 6.4 and 8.2%. Ash content of 5.0% and 4.0% have been 
reported for banana and orange peels. Ash represents the inorganic matter that is formed by minerals 
(e.g., silica) and micronutrients. In high concentrations, the adsorption process could be affected due to 
ash low adsorption capacity (Pathak et al., 2017). The lignin (23.1 – 16.6%), cellulose (33.3 – 50.0%) and 
hemicellulose (15.4 – 15.9%) contents are higher in orange and banana peels compared to the other 
components, respectively. This is because agro-industrial residues are abundant in polysaccharides 
(cellulose and hemicelluloses) and lignin, which are part of the structure of the cell wall. Lignin, cellulose 
and hemicellulose indicate the presence of carboxyl, hydroxyl and other functional groups capable of 
interacting with contaminants. The high content of lignin, cellulose and hemicellulose suggests that 
orange and banana peels could be effective bio-adsorbents for the removal of organic contaminants 
(Almeida-Naranjo, et al., 2021a). 

Table 15. Chemical composition of peanut shells. 

Parameter Orange peel 
(mean + SD) 

Banana peel 
(mean + SD) 

pH 5.2 ± 0.0 6.3 ± 0.0 
Moisture (%) 65.0 ± 0.4 86.2 ± 0.3 

Volatile material (%) 77.1 ± 0.1 69.8 ± 0.1 
Ash (%) 8.2 ±0.1 6.4 ± 0.3 

Extractives (ethanol-toluene) (%) 18.4 ± 2.6 8.8 ± 1.7 
Extractives (water) (%) 5.9 ± 0.5 4.7 ± 0.6 

Total extractives (%) 24.3 ± 3.2 13.5 ± 2.3 
Lignin (%) 23.1 ± 0.5 16.6 ± 1.1 

Hemicellulose (%) 15.4 ± 0.3 15.9 ± 0.1 
Cellulose (%) 33.3 ± 3.0 50.0 ± 1.0 

 
3.2. Instrumental Characterization 

Figure 22a shows Raman spectra for magnetic composites. They show the presence of magnetite bands 
(319.20, 535.98 and 668.33 cm-1 on magnetite, 638.13 cm-1 on the orange peel composite and 619.40 cm-1 

on the banana peel composite). Additionally, there are other bands belonging to maghemite, formed from 
the oxidation of magnetite (around 350, 500 and 700 cm-1). Therefore, the magnetic composites and 
magnetite are a mixture of magnetite and maghemite particles. The additional peaks in the composites are 
attributed to the nature of peels (Shebanova & Lazor, 2003).  

Figure 22b shows the infrared spectra for orange and banana peels. They present intense peaks at 3281.3 
and 3321.8 cm-1, for orange and banana peels respectively, the bands are characteristic of hydroxyl 
groups (O-H). The peaks at 2917.8 cm-1 (orange peel), 2918.7 and 2851.2 cm-1 (banana peel) correspond 
to the C-H vibrations of the stretch methyl (CH3), methylene (CH2) and methoxy groups (O-CH3), main 
components of lignin and pectin. The peaks around 1730 cm-1 are characteristic of the carbonyl group (C 
= O) stretch, they represent the presence of aldehydes, ketones and the carbonyl ester group. The peaks 
around 1600.0 cm-1 represent the C = C bond stretch and could show the presence of benzene, aromatic 
rings, or amino acids. At 1422.2 cm-1 and 1442.5 cm-1 (orange and banana peel, respectively) the presence 
of aliphatic, aromatic groups, vibrations of methyl, methylene and methoxy groups resulting from the 
vibration of the aromatic ring of lignin (Feng et al., 2009). The bands around 1000.0 cm-1 represent the C-
O group from alcohols, phenols and carboxylic acids and represents the band of hemicellulose, cellulose 
and lignin. Finally, the band in the region of 500.0 cm-1 was attributed to the presence of amino groups 
(Alaa El-Din et al., 2018; Dahiru et al., 2018). In the magnetite, there were bands around 3371.9 cm-1, 
typical of hydroxyl groups. The vibration of the carboxylate and amide groups is presented in the band 
around 1624.7 cm-1. At 1110.80 cm-1 the stretching vibration of C-OH and C-O was presented. The 
intense peak at 547.69 cm-1 is related to the stretching vibration of Fe-O (iron oxides) evidencing the 
magnetic particle presence (Gupta & Nayak, 2012).  
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The FTIR spectra for the composites show that the peaks of the functional groups from peels are 
maintained. However, the hydroxyl and C-H groups have reduced their intensity due to the reactions 
generated in the magnetite impregnation process. The peak of the carbonyl group decreases in the spectral 
images. The peaks at 611.32 and 552.51 cm-1, for orange peel composite and banana peel composite, 
respectively; evidence the presence of Fe-O iron oxides in the materials (Dahiru et al., 2018; Kapur & 
Mondal, 2016). The presence of the functional groups presents in lignin, cellulose, hemicellulose and in 
the iron oxides indicate that materials could be good adsorbents. 
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Figure 22.  a) Raman spectra and b) FT-IR spectra of adsorbent materials. 

 
The XRD pattern of magnetite and composites is shown in Figure 23. Magnetite (peaks at 2θ= 31.8, 35.6 
and 62.9°) and maghemite (peaks at 2θ= 35.6, 43.4 and 57.1°) were identified. In composites the most 
important bands of magnetite (peaks at 2θ= 35.6 and 62.9°) were found (Yuchen Liu et al., 2014). 
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Figure 23.  XRD analysis of adsorbent materials. 

 
Table 16 shows the parameters of BET analysis for adsorbents. The surface area of orange and banana 
peels is low (0.8 and 0.08, respectively). The results obtained coincide with those reported by previous 
studies (orange: 0.83 m2/g and banana: < 0.1 m2/g) (Feng & Guo, 2012; Yuchen Liu et al., 2014; 
Stavrinou et al., 2018). The low values of surface area and pore volume are attributed to the presence of 
pectin, lignin and viscous compounds that the fruit peels present. This is verified by what is observed in 
Figure 24. Despite the heterogeneous surface, it is observed that the particles are compact mainly in 
banana (Figure 24b), leaving very little spaces (pores) between them. Heterogeneous surfaces favor the 
adsorption process (Oyekanmi et al., 2019). 

According to Figure 24, the surface of the composites showed the presence of smaller particles of 
different sizes distributed randomly on the fruit peels, due to the inclusion of magnetite nanoparticles 
(57.3 m2/g). As a result, composites increased their surface area and pore volume as suggested by Ahmed 
et al., (2020) and Çatlıoğlu et al., (2021). Panneerselvam et al., (2011), also show an increase in the 
surface area of tea waste when impregnating them with magnetite nanoparticles. The presence of Fe in 
both composites were confirmed with EDS graph with the peak at 6.4 keV (Figs. 24d and 24f). On the 
other hand, the N2 adsorption-desorption isotherms of materials are type II according IUPAC 
classification. This is characteristic of non-porous or microporous materials (Çatlıoğlu et al., 2021).  
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Table 16. Surface area, pore volume and pore diameter of adsorbents 

Adsorbents Surface area 
(m2/g) 

Pore volume*10-3 
(cm3/g) 

Pore diameter 
(nm) 

N2 adsorption/desorption isotherm 
Volume adsorbed/desorbed (cm3/g STP) vs 

Relative pressure (P/Po) 
Black line: Adsorption isotherm 

Orange line: Desorption isotherm 
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Figure 24.  SEM images and EDS of materials. a) Orange peel, b) banana peel, c) orange peel composite, 
e) banana peel composite. d) and f) EDS of orange peel composite and banana peel composite, respectively. 

 
2.3. Adsorption process 

The material dose used for the caffeine removal is showed in Figure 25a. An increase in the dose of fruit 
peels and composites produces a higher efficiency, due to the greater surface area and functional groups 
present (Ahmed et al., 2020). The highest caffeine removal efficiencies (mean ± SD) achieved with 
orange and banana peels were 95.5 ± 0.3% and 90.5 ± 0.5%, using 3.5 g/L and 9.5 g/L, respectively. The 
higher dose of banana peels required could be due to their lower lignin contents in their composition 
(around 7.0% less) compared with orange peels. A higher lignin content in the orange peel suggests the 

a)                                     b) 

 

e)                                       f) 

 

c)                                      d) 
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formation of bonds between the hydroxyl and carboxyl functional groups and caffeine, process by which 
caffeine was efficiently removed (Almeida-Naranjo, et al., 2021a).  

The carbonyl group, C=C group and C-O group present in the orange peel have a higher intensity than 
those of the banana peel. In addition, the SEM images for the peels show amorphous morphologies, the 
orange peels are the ones that present higher porosity. This is characteristic of agro-industrial residues, 
and favors the retention of caffeine (J. Liu et al., 2016). 

Figure 25b shows that magnetite (using a dose of 5 g/L) reached a maximum caffeine removal of 41.3 ± 
0.5%, after 3h of contact time. In the caffeine removal, electrostatic interaction occurs by H-bond 
interaction (hydrogen bridges) and the π-π interaction. In some carbonaceous materials, the carbon 
surface has polar groups with hydrophilic behavior, such as -NH, -OH, -O and -COO. Consequently, 
caffeine adsorption could occur by dipole-dipole interactions (Rigueto et al., 2020). However, the 
agglomerates and non-homogeneous size distribution formed during magnetite synthesis (showed in SEM 
images) produce a reduction of active sites in the surface (Zheng et al., 2018). The composites improved 
the caffeine removal (9.0% for orange peels and 23.0% for banana peels). In this case, 2.5 g/L of 
magnetic orange peel and 5.5 g/L of magnetic banana peel removed 93.6 ± 0.2% and 89.2 ± 0.01%, 
respectively; after 3h of contact time. An improvement in the removal percentage using composites has 
been also reported by Edathil et al., (2018) when coffee waste was used as a matrix to synthesize a 
magnetic coffee waste by dispersing Fe3O4 nanoparticles on its surface via a single pot precipitation 
method in order to remove Pb+2 from aqueous solutions (18% compared with waste without 
modification).  
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Figure 25.  Optimal conditions for caffeine removal: a) optimal dose, b) optimal contact time. Black line: 

orange peel, cyan line: banana peel, blue line: magnetite, orange line: orange peel composite, green line: 
banana peel composite.  

 
The use of the 8.0 M NaOH solution generated the degradation of the peel’s components due to the 
demethylation of the methyl ester present in lignin, cellulose and hemicellulose. In the FT-IRs (Figure 
22b) the demethylation process is observed in the changes that the composites present compared with the 
fruit peels, showing a decrease in the intensity of the bands around 1750 cm-1 and an increase in the 
intensity of the bands around 1000 and 1640 cm-1. The amount of the carboxylate ion increases on the 
peel surface in this process (Kapur & Mondal, 2016; Stavrinou et al., 2018). According to Feng et al., 
(2010), the carboxyl groups are responsible for the binding between adsorbent and the adsorbate, 
increasing the adsorption capacity of caffeine. Furthermore, the presence of NaOH causes the swelling of 
lignocellulosic compounds, which increases the surface area and reduces both the degree of 
polymerization and the crystallinity of the fruit peels, thus it favor the adsorption capacity of them 
(Sharma et al., 2018). Therefore, the higher caffeine removal using composites appears to be influenced 
by the change that the fruit peels have undergone in the magnetite co-precipitation process than by the 
magnetite (caffeine removal around 50%) itself. However, separating the composites from the aqueous 
solution after the adsorption process was easier than removing the fruit peels (Figure 26).  

 
Figure 26.  Photographs of the magnetic separation of the composites from the aqueous phase after 

caffeine adsorption. 

After caffeine  
adsorption 

Orange peel composite 

Banana peel composite 

Magnetic  
separation 
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Figure 25b shows the removal as a function of contact time using the optimal dose of each material. The 
fruit peels and their composites showed rapid adsorption during the first 10 min, then the adsorption 
gradually slows down until equilibrium is reached. Banana peel, magnetite and composites reached 
concentrations close to the equilibrium (optimum contact time) at 60 minutes, while the orange peel 
achieved the equilibrium in 45 min. The maximum removals were 93.7 ± 0.06, 89.3 ± 0.1, 91.9 ± 0.1 and 
85.9 ± 0.4% for orange peel, banana peel, orange peel composite and banana peel composite, 
respectively.  
Adsorption on magnetite is slower, the maximum caffeine removal was 54.8 ± 0.8% with a dose of 5 g/L 
in 60 min. Once the maximum electrostatic interaction is reached, the process efficiency decreases. 
Probably, this occur due to the low magnetic intensity of the magnetite particles due to the agglomerate 
formation, so agglomerates of magnetite are not in the nanometric order. Some researchers have found 
that often the relative adsorption efficiency decreases because of particle aggregation/agglomeration that 
leads to a specific surface reduction. Agglomeration/aggregation could become an obstacle between the 
caffeine molecules and the empty sites of the adsorbents (De Sousa et al., 2019; Panneerselvam et al., 
2011).  

On the other hand, it was determined that an increase in the initial caffeine concentration (from 10 to 50 
mg/L) reduced their removal efficiency. This reduction was 6.1, 5.8, 13.7, 6.5 and 9.1% for orange peel, 
banana peel, magnetite, orange peel composite and banana peel composite, respectively. The decrease in 
the caffeine adsorption is produced by the presence of a greater quantity of caffeine molecules that are 
competing for the active sites available in the adsorbents (Bachmann et al., 2021). 

2.1.1. Kinetic model  

The adsorption kinetics determines the residence time required to complete the adsorption process. The 
pseudo-first-order, pseudo-second-order and Elovich models performed well (SSE= 0.046 – 12.006 and 
χ2= 0.005 – 0.868) with R2 values ranging from 0.887 to 0.994 for fruit peels, from 0.974 to 0.997 for 
magnetite, and from 0.936 to 0.998 for composites. The parameters of kinetic adsorption model are 
shown in Table 17 and Figure 27. 

Peels, magnetite and orange composite were best adjusted to the pseudo-first-order model and banana 
composite was best adjusted to the pseudo-second-order kinetic model. However, the qe value obtained 
using the pseudo-first-order model is closer to the experimental qe value, as with the other 4 adsorbents. 
Although the pseudo-first-order model adequately describes the adsorption kinetics of the experimental 
data for all adsorbents, this model does not reveal the adsorption mechanisms.  

Table 17. Kinetic parameters calculated from pseudo-first-order, pseudo-second-order and Elovich models for the 
adsorption of caffeine. 

   Adsorbents 
   Orange  

peel 
Banana 

 peel 
Magnetite Orange peel 

composite 
Banana peel 
 composite Kinetic model Parameter Unit 

Experimental  
data 

qe mg/g 8.889 3.088 3.091 12.174 5.269 

Pseudo-first 
 order 

qe mg/g 8.977 3.072 3.118 11.972 5.056 
K1 1/min 0.095 0.074 0.034 0.089 0.112 
R2 - 0.985 0.994 0.997 0.991 0.981 

χ2 - 0.179 0.009 0.005 0.192 0.062 

SSE - 1.249 0.046 1.571 10.474 12.006 

Pseudo-second  
order 

qe mg/g 9.918 3.445 3.695 13.328 5.518 

K2 g/(mg min) 0.013 0.028 0.010 0.009 0.030 

R2 - 0.956 0.987 0.991 0.984 0.998 

χ2 - 0.539 0.017 0.017 0.333 0.005 

SSE - 3.279 0.093 1.567 8.078 10.346 

Elovich 

α mg/(g min) 5.437 1.416 0.227 5.696 6.483 

β mg/g 0.635 1.788 1.158 0.452 1.286 

R2 - 0.887 0.952 0.974 0.936 0.976 
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χ2 - 0.868 0.015 0.048 0.625 0.008 

SSE - 7.926 0.485 1.566 11.529 10.345 

 

0 20 40 60 80 100 120 140 160 180
0

3

6

9

12

0

3

6

9

12

0

3

6

9

12

0

3

6

9

12

0 20 40 60 80 100 120 140 160 180
0

3

6

9

12

t (min)

Magnetite
t (min)

Orange peel composite

0 2 4 6 8 10

q
t 

(m
g/

g)
q

t (m
g/g)

Banana peel 

Orange peel

0 2 4 6 8 10

 Experimental data
 Pseudo first order model
 Pseudo second order model
 Elovich model

Banana peel composite

 
Figure 27.  Pseudo-first-order, pseudo-second-order and Elovich kinetic models for adsorption of 

caffeine. 
 

Generally, a solid-liquid adsorption process is characterized by a diffusion process, so it will be necessary 
to analyze this model (Tran et al., 2017). If the intraparticle diffusion curve passes through the origin, 
then intraparticle diffusion is the only one that limits the adsorption rate. However, Table 18 and Figure 
28 show the presence of two linear regions, so the adsorption process is controlled by a multi-step 
mechanism. At first, there were a rapid diffusion of caffeine on the external surface of the adsorbents and 
later an intraparticle diffusion occurs. In the latter, the caffeine molecules migrate from the outside of the 
adsorbents into their pores, where the adsorption took place (Yuchen Liu et al., 2014). 

Table 18. Kinetic parameters calculated from intraparticle diffusion model for caffeine adsorption. 
  Adsorbents 

  
Orange peel Banana peel Magnetite Orange peel  

composite 
Banana peel 
composite Parameter Unit 

Kp1 mg/(g min1/2) 1.782 0.424 0.443 1.526 0.504 
C1 mg/g -0.515 0.234 -0.436 1.904 1.689 
R2

 - 0.869 0.940 0.980 0.849 0.949 
Kp2 mg/(g min1/2) 0.023 0.009 0.068 0.024 0.023 
C2 mg/g 8.641 2.996 2.243 11.914 4.970 
R2 - 0.947 0.993 0.810 0.772 0.482 
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Figure 28.  Intraparticle diffusion kinetics for adsorption of caffeine 
 
2.1.2. Adsorption Isotherms 
The contaminant distribution between the liquid phase and the adsorbent at equilibrium is determined by 
the adsorption isotherms. The Langmuir, Freundlich, and Sips models were used to determine the caffeine 
distribution in the adsorbents, the data are presented in Table 19 and Figure 29. Langmuir's model 
assumes that the adsorbent has active sites with the same energy (homogeneous surface) and caffeine 
adsorption occurs in a monolayer without lateral interaction. Freundlich's model assumes that active sites 
have different energy (heterogeneous surface) and that adsorption occurs in multilayers. Meanwhile, the 
Sips model is a combination between the Langmuir and Freundlich models (Sahoo & Prelot, 2020).  

The studied materials have a higher correlation factor with the Langmuir and Sips isothermal model with 
values of correlation coefficients (R2) between 0.927 and 0.999. A similar result was obtained by N’diaye 
& Ahmed Kankou  using Ziziphus Mauritiana seeds in the caffeine removal (N’diaye & Ahmed Kankou, 
2019). KL (Langmuir) and 1/n (Freundlich) values are < 1, so the caffeine adsorption is favorable in the 
adsorbents (Nguyen et al., 2021). Furthermore, lower values of SSE (0.079 – 1.76) and χ2 (0.001 – 0.040) 
were achieved for three models, being slightly higher for the Freundlich model. Likewise, the adsorption 
capacity values obtained from the Langmuir and Sips models are close to the values of the experimental 
adsorption capacity. Therefore, the results suggest that the caffeine adsorption take place onto a 
homogenous surface (Medina et al., 2010; Panneerselvam et al., 2011; Sharma et al., 2018). 

Besharati & Alizade (2018) demonstrated strong positive evidence that the adsorption of malachite green 
dye onto lignocellulosic adsorbents impregnated with magnetite nanoparticles (tea waste, peanut husk, 
Azolla and Fig leaves) follows the Langmuir isotherm, as well as the caffeine adsorption onto magnetite 
impregnated used black tea (Mahmood et al., 2018). In addition, the crystal violet dye adsorption on 
magnetized orange peels also exhibits a reasonable fit to the Langmuir model (Ahmed et al., 2020). 
Stavrinou et al. (2018) demonstrated that the Langmuir isotherm was found to describe satisfactorily the 
biosorption of methylene blue and orange G onto banana peels. Besides, the adsorption of rhodamine B 
using acid modified banana peels showed the same behavior. Beltrame et al. (2018), showed that the 
adsorption of caffeine onto the surface of the prepared activated carbon fibers from pineapple plant leaves 
was fitted to the Langmuir isotherm model. The material with the highest adsorption capacity was the 
orange peel-magnetite composite (qm= 25.6 mg/g), while the material with the lowest adsorption capacity 
was magnetite (qm= 3.26 mg/g).  
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Table 19. Isotherm parameters calculated from Langmuir, Freundlich, and Sips models. 

   Adsorbents 
   Orange 

peel 
Banana 

peel 
 

Magnetite 
Orange peel 
composite 

Banana peel 
composite Isotherm model Parameter Unit 

Langmuir 

qm mg/g 15.188 6.761 4.905 25.604 11.668 
KL L/mg 0.978 0.310 0.049 0.412 0.238 
R2 - 0.978 0.981 0.927 0.999 0.993 

χ2 - 0.028 0.008 0.016 0.002 0.005 

SSE - 1.154 0.126 0.183 0.091 0.121 

Freundlich 

KF (mg/g)1-1/n 7.152 1.679 0.465 7.636 2.569 

1/n - 0.394 0.558 0.539 0.522 0.541 

R2 - 0.966 0.970 0.876 0.987 0.972 

χ2 - 0.042 0.013 0.027 0.022 0.020 

SSE - 1.760 0.1971 0.309 1.332 0.519 

Sips 

qm mg/g 16.085 6.590 3.259 26.992 8.500 

KL L/mg 0.896 0.326 0.095 0.366 0.400 

n - 1.211 0.979 0.509 1.052 0.650 

R2 - 0.980 0.981 0.968 0.999 0.973 

χ2 - 0.025 0.009 0.007 0.001 0.020 

SSE - 1.036 0.126 0.079 0.072 0.502 
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Figure 29.  Langmuir, Freundlich and Sips isotherm models for adsorption of caffeine 
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Table 20 lists some results of adsorption for caffeine removal from aqueous solutions with different 
adsorbents. Values of specific area, dose, pH, qm and isotherm model are shown. Several of the 
adsorbents used in caffeine removal have a higher adsorption capacity than fruit peels and composites. 
This is linked to the high surface area of these adsorbents. However, most of these adsorbents are 
activated carbons, whose cost is higher than that of fruit peels and even composites. This cost is not 
analyzed in any of the studies. On the other hand, there are materials with adsorption capacities that are 
comparable to those of the materials studied. Despite the high surface area of graphene and the complex 
synthesis, the adsorption capacity is comparable to that of the orange peel composite. While the 
composite coffee residues + chitosan, charcoal from rice husk and charcoal from rice husk + corn cob 
present adsorption capacities similar to those obtained with fruit peels, magnetite and banana peel 
composite (Beltrame et al., 2018a; 2018b; Besharati & Alizadeh, 2018; Couto et al., 2015; Danish et al., 
2020). 

Table 20. Results of caffeine removal onto different adsorbents. 

Material Specific 
area 

[m2/g] 

Dose 
[mg/L] 

pH qm 
[mg/g] 

Isotherm 
 model 

Reference 

Commercial PAC 882.6 3000 6.2 51.8 Freundlich  
Rigueto et al., 

2020 
Composite from coffee residues and chitosan - 200 6.0 8.66 Freundlich 

Charcoal from rice husk 63 1000 5.0 2.09 Langmuir 
Charcoal from rice husk blended with corn cob 144 1000 5.0 8.04 Langmuir 

Graphene 570.2 50 7.5 22.73 Langmuir 
Acacia mangium wood (activated carbon) - 3000 7.7 30.3 - Danish et al., 

2020 
Pineappple plan leaves (activated carbon) 1031 25 7 155.5 Langmuir Beltrame et al., 

2018 
Babassu coco (activated carbon) 980 10 3 186.9 Langmuir Couto et al., 

2015 
Tea leaves - - - 435 Langmuir,  

Freundlich 
Seedher and 
Sidhu 2007 

Raw grape stalk - - - 89.194 Sips Portinho et al, 
2017 Grape stalk modified by phosphoric - - - 129.568 Sips 

Activated carbon from grape stalk 1099.86 - 4 

916.7 
 

Sips 

Coconut waste (activated carbon) - - - 171.23 Langmuir De Souza et al, 
2017 

Peach stones (helium, activated carbon) 1064 120 4.8 260 Sips Torrellas et al., 
2015 Peaches stones (activated carbon) 1216 120 6.3 260 Sips 

Peaches stones modified by oxidation (activated 
carbon) 

959 120 6.3 270 Sips 

 

3. Conclusions 

The performance in the adsorption process improved with the use of the composites due to the chemical 
modification with sodium hydroxide (demethylation) and higher magnetite surface area. The 
demethylation increases the number of carboxylate ligands on the composite surfaces allowing the 
caffeine removal from synthetic wastewater. Using 2.5 g/L of orange peel composite and 5.5 g/L of 
banana peel composite an 8.6% and 21.2% higher efficiency in the caffeine removal was achieved 
compared with non-modified orange and banana peel. The adsorbents fitted well to the Langmuir and 
Sips isotherm models achieving adsorption capacities between 4.9 and 25.6 mg/g. While the fruit peels, 
magnetite and composites were adjusted to the pseudo-first-order kinetic and the adsorption process is 
controlled by a multi-step mechanism. The challenge for future work is to synthesize nanoparticulate 
magnetite and achieve a homogeneous distribution on fruit peels or other types of residues, with the aim 
that the nanoparticle presence favors the removal of contaminants such as caffeine. 
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Article 4. Triclosan/Caffeine removal using coconut fiber, corn cob, and magnetic corn cob 
in batch process and filter bed columns 

 

The findings presented in Article 3 offer intriguing insights, particularly regarding the enhanced 
adsorption capacity facilitated by the presence of nanoparticles within the two utilized fruit peels. 
Nevertheless, a pivotal investigation awaits: the examination of whether this observed improvement 
translates to the realm of continuous adsorption processes, spanning a spectrum of agro-industrial 
residues featuring diverse attributes such as larger size and composition, all of which are more readily 
available within the country. 

In pursuit of this crucial objective, the research detailed in this article embarks upon an exploration that 
encompasses coconut fibers and corn cobs as the initial subjects of scrutiny. This comprehensive 
evaluation seeks to identify the residue endowed with the most favorable adsorptive traits. Furthermore, 
an indispensable facet to ascertain is the optimal dosage of iron oxide nanoparticles to be infused within 
this chosen residue. It is imperative to emphasize that the determination of this latter variation holds 
significant weight, as an excessive presence of nanoparticles within the composite matrix could 
potentially lead to a diminution in its overall adsorption capacity. 

 

ABSTRACT 

The efficiency of corn cobs (CC), coconut fiber (CF), magnetite and magnetic composites of corn cobs in 
removing caffeine and triclosan was investigated in batch adsorption tests and fixed bed columns. The 
adsorbents were characterized by analytical methods (ASTM standards) and instrumental methods 
(microscopy, spectroscopy, BET.). Batch adsorption tests were performed to determine the influence of 
adsorbent particle size (small=120 – 150, medium= 300 – 600 and large= 800 – 1200 µm), residue dose 
(0.001 – 50 g/L), contact time (2.5 – 60 min) and the percentage of nanoparticle impregnation (1:1, 1:2, 
1:4) in the removal of caffeine and triclosan (30 mg/L). The results of the batch tests were fitted to the 
pseudo-first-order and pseudo-second-order kinetic models, as well as the Langmuir, Freundlich and Sips 
isotherm models. In the continuous adsorption tests, the adsorbents that presented higher efficiencies in 
the batch tests were tested. Both the corn cobs (cellulose= 45.5 w/w.%) and the coconut fibers (lignin= 
40.5 w/w%) have high contents of lignocellulosic material, low surface area (0.4 – 1.8 m2/g) and a surface 
irregular with the presence of different functional groups (OH, C=O, C-O-H). Nanoparticles (size ~ 15 
nm) present a relatively high surface area (66.3 m2/g) but do not considerably increase the surface area of 
composites (1.4 – 2.2 m2/g). The optimal doses for CC (0.3, 1.0 and 2.0 g/L) were lower than those for 
CF (1.0, 2.0, 4.0 g/L) for small, medium, and large particles, respectively; achieving triclosan removals 
between 85.3 and 92.6% for CC and between 47.1 and 81.0% for CF for, respectively. While the optimal 
dose of nanoparticles and composites was between 3.75 and 25 times lower than that determined for the 
CC. The optimal contact time was 20 min for the small CC particles and 30 min for the CC (medium, 
large), magnetite and composites. For CF it was 40 min (small) and 60 min (medium and large). The 
experimental data of CC, small and medium CF, magnetite and composites were adjusted to the pseudo-
second-order model (R2= 0.89 – 0.99) while the isotherm data for adsorbents, were fitted better to the 
Langmuir and Sips isothermal models (R2= 0.97 – 0.99). In fixed bed columns, small particles show 
clogging, being the medium particles those that had better hydraulic behavior and a saturation time of 
1400 and 70 min for triclosan and caffeine, respectively. The composite, as in the batch tests, presented 
better adsorption capacity than the raw CC (1.5 times for both contaminants). The experimental data of 
fixed bed columns were well-fitted to the Bohart-Adams model. 

1. Introduction 

In today's world, people produce, consume, and use widely pharmaceutical and personal care products. 
The residues/by-products of these chemical substances are part of the so-called emerging contaminants 
(ECs). ECs enter the environment in small quantities (ng/L – μg/L) continuously through the WRRF, 
since these facilities cannot eliminate them. Upon reaching the aquatic environment, ECs present a great 
potential for environmental risk (chronic toxicity, endocrine disruption and bioaccumulation) (Patiño et 
al., 2015) and even adverse effects on public health have been recorded (Gavrilescu et al., 2015). 
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Among the EC commonly found in different water resources are caffeine and triclosan. Caffeine is 
considered the most consumed psychoactive substance in the world because it has stimulating 
characteristics (Porthino et al., 2017). It is found naturally in about 60 plant species, of which the best 
known are coffee, cocoa, and tea leaves. Moreover, it is found in soft drinks, energy drinks and some 
drugs (Almeida-Naranjo et al., 2021a). The global average consumption of this substance is 
approximately 70 mg/person-day (Viviano et al., 2017), but it varies depending on the country. For 
example, in the US, its consumption is between 140 and 210 mg/person-day (Rodriguez del Rey et al., 
2012). Between 0.5 and 10.0% of caffeine is not metabolized and it is excreted in the urine and feces, 
reaching the WRRF (Viviano et al., 2017). However, other sources of caffeine in wastewater are leftover 
beverages that are poured down the drain, along with utensil rinsing, which causes the caffeine 
concentration in wastewater to be approximately 20 to 300 µg/L (Sauvé et al., 2012). In treated effluents, 
it varies based on the level of treatment achieved between the processes (from primary to tertiary) which 
reach from 0.1 to 20 µg/L. Regarding surface water bodies (rivers, lakes and seas), the concentrations 
decrease, reaching concentrations between 0.003 to 1.5 µg/L (Busse & Nagoda, 2015; Dafouz & 
Valcárcel, 2017). The presence of caffeine in bodies of water has adverse effects, due to continuous 
exposure. This substance can alter different organisms, causing growth problems, bioaccumulation and 
behavioral alteration, triggering problems at the highest trophic levels (Rosi-Marshall et al., 2013; Dafouz 
& Valcárcel, 2017). 

On the other hand, triclosan (a synthetic antimicrobial) is used in some personal care products such as 
deodorants, toothpaste, shampoo, lotions, body washes, and other products such as detergents and 
washing substances for dish/children's toys (Luo et al., 2019). Just as caffeine was found in WRRF 
effluents (European countries = 2 – 47,800 ng/L). Meanwhile in the USA, China and Japan it was found 
in surface waters (up to 2,300 ng/L, 500 ng/L and 365 ng/L, respectively) (Zhang et al., 2016). Triclosan 
has also produced toxic effects in different aquatic organisms, blocking the enzyme that transports 
proteins to aquatic organisms in algae (Zhang et al., 2021). In addition, during wastewater treatment 
processes, triclosan acts as a potential precursor for dioxins and halo chlorine disinfection byproducts 
(Zhang et al., 2016; Zhang et al., 2021). 

Due to the potential risks of triclosan and caffeine to humans and the environment, their disposal from 
wastewater is critical. Different processes and technologies have been studied to reduce the concentration 
of both ECs in wastewater. In the removal of ECs, tertiary and advanced treatments are often used 
efficiently. However, these advanced technologies are rarely applied in WRRFs, due to the high 
implementation/operation/maintenance costs involved (Tejedor et al., 2020). The removal of caffeine and 
triclosan occurs through biological and physical-chemical processes. Within the latter, is the adsorption 
process (Wang et al., 2016). 

Adsorption can be defined as a process in which different materials are used, where the contaminant is 
retained by molecular interactions, occupying the spaces of the adsorbent material and removing it from 
wastewater. The most commonly used material in the removal of ECs is activated carbon. However, its 
main disadvantage is its excessive cost of regeneration and disposal after its use (Thompson et al., 2016). 
Therefore, it has been necessary to search for alternative materials such as agro-industrial residues. These 
materials are found in abundance (1,549.42 x 109 tons/year on a global scale) and have little or no 
commercial value (Almeida et al., 2021a). Among these are corn cob and coconut fiber, which have been 
tested to remove different contaminants from wastewater (e.g., dyes: acid red 40 ~ 95%, heavy metals: Cd 
~ 81% and Cr VI > 95%, etc.) (Tokay & Akpınar, 2021). Both residues are characterized by their high 
content of hemicellulose (18 – 34%), cellulose (34 – 45%), and lignin (4 – 45%), biopolymers associated 
with the removal of ECs (Almeida-Naranjo et al., 2021a). 

However, some agro-industrial residues have low adsorption capacity and separability from aqueous 
media. Both deficiencies will be enhanced with the impregnation of nanoparticles such as iron oxides 
since these nanoparticles have a greater specific surface area and magnetic character. Magnetic separation 
can be used in both small and large-scale wastewater treatment as it is a fast, efficient, and cost-effective 
method. Thus, magnetic compounds from an agro-industrial residue matrix could be an alternative for the 
removal of ECs (Ahmed et al., 2020). Magnetite (Fe3O4) is an iron oxide that is used in the adsorption of 
various types of contaminants (e.g., ECs=100 mg/g) due to its high surface area (between 30 and more 
than 200 m2/g), magnetic character, low-cost, non-toxic and the possibility of treating large volumes of 
wastewater (Zheng et al., 2018, Ahmed et al., 2020). On the other hand, magnetic compounds (agro-
industrial residue + magnetite) have been used to remove heavy metals, dyes and some ECs, obtaining 
high efficiencies (e.g., brilliant black= 99%, methylene blue= 99%, diclofenac=80%) (Çatlıoğlu et al., 
2020; Zheng et al., 2018) . 
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Information on the use of corn cobs, coconut coir, magnetite nanoparticles, or their compounds in the 
removal of caffeine and triclosan is limited. Therefore, the objective of this work was to determine the 
adsorption capacity of these materials to remove caffeine and triclosan. Moreover, the kinetic and 
isothermal models in batch adsorption processes and the breakthrough curves in continuous adsorption 
were studied. 

2. Materials and methods 

2.1. Residue conditioning 

Corn cob comes from a micro-enterprise that is dedicated to the preparation of humitas in Sangolqui city. 
However, corn comes from Loja city (location S 3° 59′ 35.3″, W 79° 12′ 15.2″). Coconut fiber (CF) was 
obtained from Lomas de Sargentillo city (location S 1° 53′ 00″, W 80° 05′00″). The residues were 
conditioned with the same methods used in Articles 1 and 2, obtaining three different sizes (120 – 150, 
300 – 600, 800 – 2,000 μm). 

2.2. Iron oxide nanoparticles and composites synthesis 

Iron oxide nanoparticles were synthetized following the same procedure described in Article 3. After 
determining the best adsorbent between CC and CF, it was impregnated with iron nanoparticles (to form 
composites) in three residue/iron oxide weight ratios: 1residue:1IO, 2residue:1IO and 4residue:1IO. 
Composites were synthetized using the coprecipitation method just like in the case of banana/orange peel 
composites (Almeida-Naranjo, et al., 2021b). 

2.3. Adsorption tests 

2.3.1. Batch adsorption tests 

The adsorption batch tests were performed using 100 mL Erlenmeyers at room temperature (24 ± 0.35 
°C), in dark conditions, to avoid the caffeine/triclosan photo-degradation. A volume of 20 mL of aqueous 
solutions of 30 mg/L of caffeine (solvent: water) and triclosan (solvent: 0.01 M NaOH solution) were 
prepared. The caffeine/triclosan solution (30 mg/L) was stirred at 300 rpm for 20 seconds, to ensure 
uniform wettability of the adsorbent. To improve the dispersion of iron oxide nanoparticles, they were 
sonicated for 1 min at 70% of amplitude, using a Misonix sonicator S-4000 model. After this, the 
adsorption process was carried out at 150 rpm using different doses of each adsorbent (between 0.001 and 
50 g/L). Each test was performed in triplicate and distilled water was used as a control system. 

The optimal adsorption dose was determined for the adsorbents, using a contact time of 60 min. The 
optimal contact time was determined using the optimal dose of each adsorbent in times between 2.5 and 
60 minutes. At the end of the test, to remove the adsorbent (CC, CF and composite), the samples were 
filtered using a 0.45µmpore fiberglass filter. The iron oxide nanoparticles were magnetically separated 
from the aqueous medium. 

2.3.2. Isotherm and kinetic study test 

The data obtained from the adsorption kinetics and adsorption equilibrium isotherms were fit to the same 
models used in Articles 1 and 3, using equations from 1 to 7. 

2.3.3. Fixed-bed columns  

The fixed bed column tests were carried out using the residue (in its three particle sizes: 120 – 150, 300 – 
600 and 800 – 2,000 µm) and the composite with the best adsorbent characteristics. Columns of high= 6 
cm and diameter= 1 cm were used, they were packed with 4 and 5 cm of material. The residue/composite 
was washed with distilled water until the wash water was colorless. Columns were operated using the 
caffeine/triclosan solutions (30 mg/L) with hydraulic loads of 2 and 4 m3/m2-day, which are in the range 
of hydraulic loads used with commercial adsorbents such as granular activated carbon (Sandoval et al., 
2011). The fixed-bed column tests were performed in duplicate. 

Effluent-time concentration curves were used to evaluate the adsorption of caffeine/triclosan in a 
continuous adsorption process. The amount of caffeine/triclosan adsorbed at the breakthrough time (qb) 
and saturation time (qs) (mg/g) was calculated using (11) and (12) equations: 
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q =
Co *Q

1000*m
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(11) 

q =
Co *Q

1000*m
 1 −

C

Co
 

(12) 

 

where Co is the initial concentration of caffeine/triclosan (mg/L), Cb and Cs are the effluent concentration 
(caffeine/triclosan) at the breakthrough time and the saturation time, respectively (mg/L), Q is the 
volumetric flow (mL/min), m is the RH mass and tb and ts are the breakthrough and saturation time when 
C/Co is respectively 0.1 and 0.9. The data obtained were fit to the non-linear Bohart-Adams model (13), 
due to its ease and rapid evaluation of adsorption performance (Peñafiel et al., 2021). 

 
𝐶

Co 
=

1

1+𝑒
∗ ∗

∗ ∗
  

(13) 

where KBA is the rate constant of the Bohart-Adams model (L/(min*mg)), No is the maximum adsorptive capacity 
(mg/L), h is the bed height (cm), t is the service time of the column (min), 𝑢 is the linear flow velocity (cm/min), and 
Ct is the concentration at time t. 

Also, the empty bed contact time (EBCT), the percentage of fractional bed utilization (%FBU), and the height 
of the mass transfer zone (hMTZ) (cm) were calculated according to Peñafiel et al., 2021, using equations 
from 14 to 16, respectively: 

EBTC=
V

𝑄
∗ 100 

(14) 

%FBU=
q

q
∗ 100 (15) 

ℎMTZ= 1 −
q

q
∗ ℎ 

(16) 

 
Where Vc is the fixed-bed volume (L); Q is the flow rate (L/d) and Vb is the volume treated at 
breakthrough (L). 
 
2.4. Analytical and instrumental methods 
Physical-chemical characterization and instrumental analysis of CC and CF was carried out with the same 
ASTM standards and equipment described in the previous articles. An FTIR, Raman, BET and SEM 
characterization was performed on the composite, using the same equipment as that used for the 
characterization of magnetic fruit composites. Meanwhile, iron oxide nanoparticles were characterized 
using FTIR, Raman, BET, SEM, and transmission electron microscopy (TEM) with selected area electron 
diffraction (SAED). TEM analysis was performed to determine the shape and size of nanoparticles. 

2.5. Statistical analysis  

As in Articles 1-3, the optimal dose for each material particle size was determined by performing an 
ANOVA statistical analysis with a single factor analyzed by Tukey's test, with a significance level of 
95.0%, using the Minitab 18 software version 1.0. The statistical analysis of data from kinetics (pseudo-
first-order, pseudo-second-order, and Elovich), isotherm (Langmuir, Freundlich, and Sips), and Bohart-
Adams non-linear models considered the calculation of means, standard deviation, error, and linear 
regressions using Microsoft Excel Solver version 2016. The coefficient of determination (R2), the chi-
square (χ2), and the sum of squared errors (SSE) were calculated (equations 8-10 and 16-18) to determine 
the models that best fit the caffeine and triclosan adsorption data: 

 𝑅 = 1 −
∑( , , )

∑( , , )
   (16) 
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χ =
(𝑉 , − 𝑉 , )

𝑉 ,

 
(17) 

𝑆𝑆𝐸 = (𝑉 , − 𝑉 , )  (18) 

where Ve,exp are the experimental value of parameters (q, Cf/Co for batch tests and fixed-bed columns, 
respectively), Ve,cal are the calculated parameters using the Solver tool, Ve,mean is the mean of Ve,exp values 
(Nguyen et al., 2021). 

3. Results and Discussion 

3.1. Material characterization 

3.1.1. Physical-chemical characterization of residues 

Table 21 shows the physical-chemical characterization of CC and CF. Results evidenced that CF had the 
highest lignin (40.5 ± 0.5% w/w) and the lowest hemicellulose (19.8 ± 0.3% w/w) content, meanwhile CC 
reported the highest cellulose (45.5 ± 1.0% w/w) and hemicellulose (33.3 ± 0.8% w/w) content. 
According to Mo et al. (2018) and Pode (2016) lignocellulosic compounds, from agro-industrial residues 
generate a fibrous and porous structure with the presence of several functional groups (e.g., methoxy, 
methyl, hydroxyl, phenolic, ether and carboxyl), that provide to agro-industrial residues good adsorbent 
characteristics. However, a higher lignin content favors the contaminant removal process through 
adsorption processes. Therefore, CF can be expected to have a higher caffeine/triclosan adsorption 
capacity than CC, due to its higher lignin concentration. However, the CF adsorption capacity could be 
affected by the presence of extractives. Extractives could reduce the active sites of CF (Chowdhury et al., 
2011). 

Table 21. Physical-chemical characteristics of residues. 

Parameter Units Adsorbent 
CC CF 

Lignin  
 

% w/w. 
 

15.4±0.2 40.5±0.5 
Cellulose 45.5±1 28.3±0.6 

Hemicellulose 33.3±0.8 19.8±0.3 
Water extractives 1.6±0.1 4.4±0.1 

Ethanol-toluene extractives 1.1±0.1 4.3±0.2 

 

3.1.2. Instrumental characterization of materials 
 
3.1.2.1. SEM, TEM and BET analyses 

The results of the BET analysis are shown in Table 22. The values of the surface area and pore volume 
are relatively low in both CC and CF, which is characteristic of agro-industrial residues. This is due to the 
presence of polysaccharides and other substances (Almeida-Naranjo et al., 2021). The surface area of the 
CF is comparable with previous studies that report a surface area <2 m2/g, such as that of Brito Pires et al. 
(2020), in which the CF presented an area of 1.54 m2/g. Likewise, the CC surface area is inside the range 
obtained by other authors (0.4 – 0.78 m2/g) (Hoang et al., 2019; Pezhhanfar et al., 2021). 

Figure 30 shows the SEM images of CF and CC. The SEM image of CF shows a large number of 
globular protuberances that are embedded in the surface of the fiber, the same ones that are known as 
"tylides" (Rout et al., 2001). The surface of the CC also presents heterogeneous pores and cavities 
(Pezhhanfar et al., 2021). The irregular and porous surface of CF and CC could favor the removal of 
triclosan.  

Iron oxide nanoparticles have a relative high surface area, this is associated with their small size (around 
15 nm); this size was determined by TEM analysis (Figure 31c). Iron nanoparticles have a cubic shape 
and their size is comparable to that of nanoparticles synthesized by Braga et al., (2121). Despite this, 
probably the specific surface area and pore volume of these nanoparticles could be higher but they present 
clumping, this can be noted in Figure 31b and the SEM analysis (better quality) of the 4CC:1IO 
composite (Figure 31a). This is a problem of magnetic nanoparticles; therefore, it is important to improve 
their dispersion in the composite synthesis. 
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On the other hand, CC composites present a higher surface area and pore volume than CC. According to 
Ahmed et al., (2020); Çatlıoğlu et al., (2021); Çatlıoğlu et al., (2020); Panneerselvam et al., (2011), this is 
due to the presence of the iron oxide nanoparticles (around 66 m2/g). The surface area of CC is similar to 
the surface area of magnetic moringa (2.14 m2/g), but magnetic CC has a lower pore diameter and pore 
volume than magnetic moringa. This difference could be because the moringa was chemically/thermally 
treated before the impregnation of the iron oxide nanoparticles (Cusioli et al., 2021). 

In the SEM images of the composites, the presence of nanoparticles (small white dots) is observed, this 
suggests a good formation of the composites (Cusioli et al., 2021). Similar images (presence of small 
particles on the surface of the matrix) can be seen in the studies carried out by Almeida-Naranjo et al. 
(2021b) and Hoang et al. (2019) in which they used fruit peels and biochar from CC, respectively.  

In the composite 2CC:1IO it is observed (Figure 30) that the distribution of the nanoparticles is not 
homogeneous, even the presence of agglomerations can be seen. This reduces the surface area and pore 
volume relative to the 1CC:1IO composite. In the case of the 4CC:1IO composite, there is a slight 
increase in the surface area compared to the 1CC:1IO composite. This increase may be because there are 
more nanoparticles in the 1:1 composite, and there is a greater probability that they will agglutinate, and 
the agglutinated nanoparticles (being larger particles) in addition to having a smaller area (than without 
agglutination) can clog the pores of the CC. Hoang et al. (2019) report a 1.9-fold increase in the surface 
area of biochar from CC when impregnating 20 w/w.% magnetic nanoparticles, this increase is similar in 
this study. These results suggest that the 1CC:1IO composite would be the most efficient in contaminant 
removal due to its larger specific surface area.  

Table 22. BET analysis of materials 

Parameter Units Adsorbent 
CF  

(120 – 150 µm) 
CC  

(120 – 150 µm) 
CC 

(800 -2,000 µm) 
1CC:1IO 2CC:1IO 4CC:1IO IO 

NPs 
Specific 

surface area 
m2/g 1.8 1.1 0.4 2.0 1.4 2.2 66.3 

Pore volume 
(x10-3) 

cm3/g 4.1 4.1 1.1 7.8 5.3 7.9 276.2 

Pore diameter nm 3.4 4.2 3.4 9.3 3.4 3.4 11.9 
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Figure 30.  SEM images of residues, iron oxide nanoparticles and CC composites 
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Figure 31.  a) SEM composite 4CC:1IO, b) TEM iron oxide nanoparticles and c) SAED of iron oxide 

nanoparticles. 
 

3.1.2.2. FTIR and Raman analyses 

Figure 32a shows the FTIR spectra for residues, iron oxide nanoparticles and CC composites. CF and CC 
present intense bands around 3250 cm-1. They are characteristic of hydroxyl groups (OH-). The bands 
around 2900 cm-1 correspond to the C-H vibrations of the stretch methyl (CH3), methylene (CH2), and 
methoxy groups (O-CH3), main components of lignin. The bands around 1700 cm-1 are characteristic of 
the carbonyl group (C = O bond stretch), they represent the presence of aldehydes, ketones and the 
carbonyl ester group. The bands around 1600 cm-1 (C = C bond stretch) show the presence of benzene, 
aromatic rings, or amino acids. Around 1400 cm-1 there is the band of the vibration of the aromatic ring of 
lignin (Almeida-Naranjo et al., 2021a). The bands around 1000 cm-1 represent the C-O group from 
alcohols, phenols and carboxylic acids that belong to hemicellulose, cellulose and lignin (Alaa El-Din et 
al., 2018; Dahiru et al., 2018). 
In iron oxide nanoparticles, there were a small band around 3500 cm-1, typical of hydroxyl groups. The 
bands around 1600 and 1100 cm-1 are attributed to the vibration of the carboxylate/amide groups and the 
stretching vibration of C-OH and C-O, respectively. Meanwhile, the band around 550 cm cm-1 is related 
to the stretching vibration of iron oxides (Fe-O bonds) evidencing the presence of the magnetic particles 
(Almeida-Naranjo et al., 2021b).  

On the other hand, the FTIR spectra for the composites show that the bands of CC are maintained. 
However, the intensity of bands of OH- and C-H groups were reduced due to the reactions produced in 
the nanoparticle impregnation process. Something similar (a decrease) occurs with the band of the C=O 
group. The bands around 500 cm-1, for composites, showed the presence of Fe-O iron oxides (Gupta & 
Nayak, 2012; Panneerselvam et al., 2011). The presence of the functional group’s characteristics of 
lignocellulosic compounds and in the iron oxides suggest that the materials could be good adsorbents. 

Figure 32b shows the Raman spectra for the iron oxide nanoparticles and CC composites. They show the 
presence of magnetite bands: around 193 (weak), 306 (weak), 538 (weak) and 668 (strong) cm-1, similar 

a) 

b) 
c) 

200 nm 20.0 1/nm 



 

100 
 

bands were found in the three composites. However, in nanoparticles and composites there are other 
bands belonging to maghemite, formed from the oxidation of magnetite (around 350, 500 and 700 cm-1) 
(Slavov et al., 2010). Therefore, the iron oxide nanoparticles (alone and in composites) are composed of a 
mixture of magnetite and maghemite particles. The other bands in the composites are attributed to the CC 
(residue presence) (Almeida-Naranjo et al., 2021b).  
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Figure 32.  a) FT-IR and b) Raman spectra of the materials studied. 

 

3.2. Optimal batch adsorption conditions using CC and CF for triclosan removal 

Figure 33a presents the relationship between the increase in the adsorbent dose and the contact time with 
respect to the triclosan removal. The optimal doses of CC (0.3, 1.0 and 2.0 g/L) were lower than those of 
CF (1.0, 2.0, 4.0 g/L) for small (120 – 150 µm), medium (300 – 600 µm) and large particles (800 – 2,000 
µm), respectively. Initially until reaching the optimal dose, an increase in the dose of the adsorbents (for 
the three particle sizes) favored the triclosan removal, reaching efficiencies between 85.3 and 92.6% for 
CC and between 47.1 and 81.0% for CF. By increasing the amount of the adsorbents, their amount of 
active sites and their surface area increase (Yanxia Li et al., 2019). However, doses higher than the 
optimal decrease the triclosan removal between 8.5 and 21.0, and between 3.9 and 66.5% for CC and CF, 
respectively. An excess of CC or CF could cause interaction between their particles generating 
agglutination and therefore the decrease of the surface (overlapping of the adsorption sites) that will be in 
contact with triclosan (Mohd-Khori et al., 2018; Żółtowska-Aksamitowska et al., 2018). 

On the other hand, the optimal contact time (Figure 33b) for the triclosan removal was 20 min for the 
small CC particles, and 30 min for the medium and large particles of CC. Meanwhile the optimal contact 
time using CF was higher, specifically 40, 60, and 60 min for the small (120 – 150 µm), medium (300 – 
600 µm) and large particles (800 – 2,000 µm), respectively. Therefore, CC is more efficient than CF, 
which is attributed to the higher (3.2 times) extractives concentration of CF, as mentioned before 
(Almeida-Naranjo, et al., 2021a). 

The effectiveness in the triclosan removal by the small CC particles could be attributed to the larger pore 
size compared to the small CF particles. An adsorbent with a larger pore size will allow the triclosan 
(molecule size = 1.42 x 0.69 x 0.75 nm) to have greater access to the inner pores (Triwiswara et al., 
2020a). 
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Figure 33.  Optimal adsorption conditions for triclosan adsorption. a) Optimal dose, b) Optimal contact 

time. Green line: CC adsorption, orange line: CF adsorption. 
 

3.3. Batch adsorption tests 

3.3.1.  Kinetics using CC and CF for triclosan removal 

Table 23 shows the fittings for pseudo-first and pseudo-second-order non-linear models used to describe 
the experimental adsorption kinetics data. The kinetics data for small (120 – 150 µm) and large (800 – 
2,000 µm) particles of CC were better fitted to the pseudo-second-order model (R2 = 0.985, 0.988, 
respectively). Indeed, the experimental value of Qe is near to the Qe of the pseudo-second-order model. In 
the case of CF, the small (120 – 150 µm) and medium (300 – 600 µm) particles were better fitted also to 
the pseudo-second-order model (R2 = 0.889–0.988). In spite of, the experimental Qe value of small CF is 
near to the Qe of pseudo-first-order model, so small CF fitted to pseudo-first-order model. The triclosan 
adsorption in the CC and CF that fit to pseudo-second-order model is controlled by an electron 
sharing/exchange between CC/CF functional groups and triclosan molecules (chemisorption processes) 
(Beltrame et al., 2018). Other studies proved that triclosan kinetics adsorption data were fitted to the 
pseudo-second-order model, the adsorbents used were graphene and multi-walled carbon nanotubes (F. 
Wang et al., 2017; Zhou et al., 2013). Meanwhile, medium CC (300 – 600 µm) and large CF (800 – 2,000 
µm) adsorption data were fitted to pseudo-first-order model (R2= 0.995 and 0.985, respectively). 
Additionally, the experimental Qe value of both residues is near to the Qe of pseudo-first-order model, this 
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suggest that the adsorption of triclosan is produced by a physisorption process. Other adsorbents, such as 
rice husk modified thermally and activated carbon used in the removal of triclosan also fitted data to 
pseudo-first-order kinetics model (Triwiswara et al., 2020a; F. Wang et al., 2017).  

Table 23. Parameters for the kinetics models fitted for the data obtained for triclosan removal using to the CC and CF. 

Models 
Adsorbent CC CF 
Size (µm) 120 – 150 300 – 600 800 – 2,000 120 – 150 300 – 600 800 – 2,000 

Qe exp. (mg/g) 81.307 26.561 13.005 23.742 13.431 5.191 

Pseudo-first-order 

Qe (mg/g) 78.464 26.975 12.223 24.408 13.007 6.394 
K1 (min-1) 0.408 0.112 0.422 0.089 0.273 0.033 

R2 0.675 0.995 0.657 0.929 0.750 0.985 
χ2 0.444 0.013 0.076 0.180 0.106 0.018 

SSE 226.006 1.799 6.067 21.426 9.841 0.605 

Non-linear pseudo-
second-order  

Qe (mg/g) 83.450 31.970 13.190 29.389 14.058 8.559 
K2 (g min mg-1) 0.008 0.004 0.050 0.003 0.029 0.003 

R2 0.889 0.988 0.955 0.969 0.906 0.975 
χ2 0.151 0.033 0.009 0.077 0.039 0.031 

SSE 77.066 4.633 0.111 9.342 3.690 1.017 
Qe exp.= Qe experimental value 

3.3.2. Adsorption isotherms using CC and CF for triclosan removal 

The Langmuir, Freundlich and Sips non-linear models were used to study the adsorption of triclosan on 
the CC and CF particles; the isotherm data are presented in Table 24. Langmuir's model assumes that the 
adsorbent has active sites with the same energy (homogeneous surface) and the triclosan adsorption 
would occurs in a monolayer without lateral interaction. Freundlich's model considers that active sites 
have different energy (heterogeneous surface) and that adsorption occurs in multilayers. Meanwhile, the 
Sips model is a combination between the Langmuir and Freundlich models (Sahoo & Prelot, 2020).  

The isotherm data for CC and CF, in their three particle sizes, have a higher correlation factor with the 
Langmuir and Sips isothermal models with values of correlation coefficients (R2) between 0.971 and 
0.999. The values of KL (Langmuir) and 1/n (Freundlich) are lower than 1, so the triclosan adsorption is 
favorable in the three particles size of both residues (Nguyen et al., 2021). Furthermore, lower values of 
SSE (0.12–8.12) and χ2 (0.005–0.031) were achieved for both models, while higher values were achieved 
for the Freundlich model SSE (1.61–20.15) and χ2 (0.045–0.297). Likewise, the adsorption capacity 
values obtained from the Langmuir and Sips models are close to the values of the experimental adsorption 
capacity. Therefore, the results suggest that the triclosan adsorption take place onto a homogenous 
surface. Other residues such as thermally modified rice husk at 300°C and sewage sludge biochar also fit 
the Langmuir model when used in triclosan removal (Czech et al., 2021; Triwiswara et al., 2020a). 

Table 24. Isotherm model using CC and CF in the triclosan removal 

Isotherm 
model 

Parameter 

 
Unit 

Adsorbents 

CC size (µm) CF size (µm) 

120 – 150 300 – 600 800 – 2,000 120 – 150 300 – 600 800 – 2,000 

Langmuir 
 

qm [mg/g] 285.556 92.081 16.383 96.929 20.930 7.854 

KL [L/mg] 0.1153 0.122 0.958 0.078 0.895 0.307 

R2 - 0.999 0.999 0.989 0.999 0.980 0.971 

χ2 - 0.006 0.009 0.014 0.004 0.031 0.017 

SSE - 4.013 1.709 0.856 0.670 2.776 0.4344 

Freundlich 
 

KF [(mg/g)1-1/n] 40.243 11.786 8.495 8.689 10.414 2.652 
1/n - 0.565 0.647 0.220 0.685 0.229 0.315 
R2 - 0.986 0.994 0.850 0.997 0.889 0.891 
χ2 - 0.297 0.045 0.188 0.024 0.173 0.064 

SSE - 20.148 8.432 11.263 4.132 15.478 1.612 

Sips 

qm [mg/g] 293.076 117.278 16.499 96.890 20.084 7.627 

KL [L/mg] 0.109 0.072 0.946 0.075 0.959 0.326 

1/n - 0.971 0.919 0.973 0.966 0.809 1.081 

R2 - 0.999 0.994 0.989 0.999 0.984 0.972 

χ2 - 0.005 0.044 0.014 0.008 0.025 0.017 

SSE - 3.557 8.121 0.844 1.346 2.223 0.422 
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Before presenting the results obtained, it is important to indicate which is the residue that will be used in 
the composites, despite its characterization was already presented in the previous point. Corn is a very 
important crop in Ecuador (dry corn production is greater than 1 million tons) (Martillo-Aseffe et al., 
2020) since it is produced in the 4 regions of the country, mainly in the Coast (hard corn= 300,000 
hectares planted) and Sierra (soft corn=67,000 ha planted) (Nopsa-Hernández, 2019). Corn harvest 
residues (leaves and stems) are used as feed for livestock, while gophers are left in the field or burned in 
the open. Few documented studies are related to its energy use (Martillo-Aseffe et al., 2020).  
On the other hand, coconut is grown only in the coastal region, mainly in the provinces of Esmeraldas and 
Manabí. Considering also that CC had better adsorbent characteristics, it was decided to use CC as the 
matrix of the composites. In addition, the largest CC (800 – 2,000 µm) was used because it presented 
lower efficiency than the other two particle sizes and therefore the impregnation would increase its 
adsorption capacity. Furthermore, the use of this particle size in continuous adsorption processes can also 
avoid clogging problems inside the column. Small particles could cause a hydraulic malfunction of the 
fixed bed columns because they produce poor hydraulic conductivity and thus higher head losses and a 
decrease in the efficiency of contaminant removal (Le et al., 2020). 

3.3.3. Optimal dose and adsorption time for triclosan removal with iron oxides and CC 
composites 

Figure 34 shows the optimal dose/contact time for the triclosan removal using iron oxides and CC 
composites. The optimal dose of nanoparticles and composites is lower (between 3.75 and 25 times) than 
that determined for the CC. This is because nanoparticles and composites have higher specific surface 
area and different functional groups (Table 22). An increase in the specific surface area favors the 
adsorption capacity, due to the presence of more active sites (Noreen et al., 2013). The optimal dose of 
the composites is almost twice that of the nanoparticles; however, it is also less than that of the CC alone. 
In other words, the presence of nanoparticles favors the removal of caffeine/triclosan. Despite this, the 
1CC:1IO composite requires a higher dose of material, a greater number of nanoparticles implies that 
they could be occupying the active sites of the matrix (CC) or, in turn, a greater number of particles 
generate a greater attraction of them and therefore an agglutination process. On the other hand, the other 
composites need the same quantity, the efficiencies achieved (2CC=87.84±1.80 and 4CC=86.28±1.40) 
don’t show statistical differences (p value<0.05). The optimal contact time was 30 min for all materials.  

Braga et al. (2011), obtained removal efficiencies (89.7-96.5%) slightly higher than those obtained using 
doses between 0.01 and 0.05 g/L and triclosan solutions of 10 mg/L. While using 0.8 g/L of core-shell 
structured magnetic covalent organic framework nanocomposites, efficiencies greater than 90% were 
achieved. Triclosan solutions had a concentration of 1 mg/L (Yanxia Li et al., 2019). 
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Figure 34.  a) Optimal contact time and optimal dose using iron oxide nanoparticles, b) Optimal dose 

using CC composites; for the triclosan removal 
 

3.3.4. Kinetics and isotherm model for triclosan removal with iron oxide and CC composites 

Figures 35 and 36 present the fittings to the kinetics and isothermal models that followed the 
experimental data obtained in the removal of triclosan using iron oxide nanoparticles and composites, 
respectively. The adsorption of triclosan with magnetite (Figure 35a) fitted better to the pseudo-second-
order model (R2=0.951). Similarly, the three CC composites fitted better to the pseudo-second-order 
model, presenting the highest R2 (between 0.921 and 0.977) (Figure 36a). 

The pseudo-second-order model that fits the triclosan adsorption onto iron oxide nanoparticles and 
composites suggest a chemisorption and more than one-step may be involved in sorption, as explained by 
Almeida-Naranjo et al. (2021b). Moreover, χ2 and SSE were lower in the pseudo-second-order model. 
The adsorption of triclosan on the adsorbents is rapid over the first 10 min of contact time; then it remains 
constant as the contact time increases. This could indicate that the adsorption process is carried out by 
strong chemisorption or strong surface complexation (M. Liu et al., 2011). This is because triclosan is 
gathered on the adsorbent surface as the time progresses, as explained by Sharif et al. (2018). A rapid 
adsorption of triclosan onto adsorbents within 10 min is due to the availability of a large number of 
vacant sites on them (Castro et al., 2021). Other magnetic materials used in triclosan removal also fit a 
pseudo-second-order kinetic model. Using the core-shell structured magnetic covalent organic framework 
nanocomposites, the authors associate the pseudo-second-order model with an adsorption process that can 
be divided into two steps. The first was dominated by a diffusion process through Van der Waals forces 
that occurred in the first 10 minutes, while the second step was dominated by special intermolecular 
interactions of the π-π stacking of the benzene ring between triclosan and the magnetic composite, and a 
space embedding effect of triclosan on the mesoporous surface (Yanxia Li et al., 2019). 

Meanwhile, regarding the isotherm models: triclosan adsorption fits better to Sips model (Figure 35b) 
using iron oxide nanoparticles (R2= 0.996), composites 2CC:1IO and 4CC:1IO fit better to Langmuir and 
Sips models (R2= 0.989-0.998), and composite 1CC:1IO was fit to Langmuir and Freundlich (R2= 0.999) 
models (Figure 36b). In composites 2CC:1IO and 4CC:1IO the R2 values for Langmuir and Sips models 
are very close, but the χ2 values were lower for the fittings to the Sips models. As a result, the isotherms 
for these composites were considered better fitted to the Sips model. Sips model, which follows a 
combination of Freundlich and Langmuir isotherm models. Low triclosan concentrations correspond to 
the Freundlich isotherm, meanwhile high concentrations predicts a monolayer adsorption capacity 
(Langmuir model) (Rajput et al., 2016). In the case of composite 1CC:1IO, present the same values for R2 
and χ2, This means that there is a fit to both models, initially a monolayer adsorption occurs and over time 
a multilayer is formed (Almeida-Naranjo et al., 2021b). Moreover, KL values in the Langmuir model and 
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1/n (Table 25) in the Freundlich model, show a value less than 1, which indicates that the adsorption was 
favorable both in the composites and in the iron oxide nanoparticles (Nguyen et al., 2021). 
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Figure 35.  a) Kinetics model fitting, b) isotherm model fitting for triclosan removal using iron oxide 

nanoparticles. 
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Figure 36.  Fittings to the (a) kinetics, and (b) isotherm models for triclosan removal using CC 

composites. 
 
 

Table 25. Parameter values for the kinetics and isotherm models fitted to the data about triclosan removal using iron 
oxide and composites. 

Material IO 1CC:1IO 2CC:1IO 4CC:1IO 

 Models Parameter Units  

Kinetics models 

Pseudo-first-order 

Qe  [mg/g] 282.268 81.261 110.162 97.165 
K1  [min-1] 0.118 15.948 21.024 18.833 
R2 - 0.921 0.362 0.419 0.398 
χ2 - 1.951 422.458 1582.442 901.198 

Pseudo-second-order

Qe  [mg/g] 328.400 100.064 161.693 132.632 
K2  [g*min/g] 4.284x10

-4
 0.003 8.992x10

-4
 0.001 

R2 - 0.951 0.921 0.977 0.937 
χ2 - 1.204 118.574 62.147 93.662 

Isotherm models 

Langmuir 
 

q
m
 [mg/g] 652.141 1057.970 1765.48 1373.244 

K
L
 [L/mg] 0.200 0.006 0.006 0.006 

R
2
 - 0.990 0.999 0.989 0.997 

χ
2
 - 0.522 3.311 85.121 634.617 

Freundlich 

K
F
 [(mg/g)

1-1/n
] 138.207 7.839 11.489 9.841 

1/n - 0.495 0.876 0.923 0.906 

R
2
 - 0.992 0.999 0.983 0.999 

χ
2
 - 0.432 3.311 100.470 0.672 

Sips 

q
m
 [mg/g] 1007.53 86.677 561.118 765.451 

K
L
 [L/mg] 0.068 0.941 0.029 0.014 

1/n - 0.723 78.125 1.300 1.100 

R
2
 - 0.997 -3.659x10

-10
 0.992 0.998 

χ
2
 - 0.138 4069.357 83.690 15.700 

 

In addition to the pseudo-first and pseudo-second-order models, a diffusion analysis was performed. This 
is because several ECs have been shown to adjust to this process when adsorbed on agro-industrial 
residues (Tran et al., 2017). For which the data obtained in the experiments were adjusted to this model 
(equation 19). 
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𝑞 = 𝑘 √𝑡 + 𝐶 (19) 

 

Table 26 shows the parameters for the intraparticle diffusion model. As mentioned in Article 1, if the 
curve qt versus t1/2 passes through the origin, then the adsorption process is limited only by intraparticle 
diffusion. However, Figure 37 shows two linear zones, indicating that the adsorption process is controlled 
by a two-step mechanism. In the first stage, triclosan is transported from the aqueous medium to the 
external surface of the adsorbents (CC, IO, and their composites) through the hydrodynamic boundary 
layer, that is, film diffusion occurs. In the second stage, a slow diffusion (intraparticle diffusion) of the 
triclosan molecules occurs from the outside of the adsorbent towards its pores. In the final stage, triclosan 
is rapidly adsorbed into the pores of the adsorbent (Tran et al., 2017). Moreover, in the first linear zone, it 
is observed that the highest intercept value (C) is presented by the IO nanoparticles and decreases as the 
CC content increase. This indicates that the contribution of surface adsorption is greater when IO is 
presents.  

Table 26. Parameter values for intraparticle diffusion model fitted to the data about triclosan removal using CC, iron 
oxide and composites. 

 

 

 Parameters CC IO 1CC:1IO 2CC:1IO 4CC:1IO 
Intraparticle 

diffusion 
Kp1 [mg/(g min1/2)] 1.027 38.159 12.418 19298 18.580 

C1 [mg/g] 7.320 42.005 32.540 27.841 21.698 
Di [cm2/s] 2.000x10-6 5.627x10-17 2.000x10-6 8.333x10-7 1.000x10-6 

Ri 0.443 0.851 0.660 0.813 0.823 
C/Qref 0.557 0.149 0.340 0.187 0.177 

R2 0.931 0.801 0.964 0.874 0.938 
SSE 0.368 20.705 2.731 5.245 10.737 

Kp2 [mg/(g min1/2)] 0.040 3.903 2.669 7.951 2.791 
C2 [mg/g] 12.726 260.950 23.148 85.774 100.864 

R2 0.713 0.721 0.781 0.958 0.929 
SSE 0.210 40.453 1.703 7.879 1.702 

Bangham diffusion α - 0.457 0.352 0.446 0.362 
k0 [dm3/g] - 0.099 0.211 0.099 0.114 

R2 - 0.901 0.971 0.956 0.960 
Film diffusion D1 [cm2/s] 7.596x10-8 1.730x10-17 1.460x10-7 4.390x10-7 3.026x10-7 

R2 0.967 0.935 0.941 0.878 0.985 
Pore Diffusion D2 [cm2/s] 1.321x10-6 4.703x10-17 1.675x10-6 1.745 x10-6 1.346x10-6 

R2 0.947 0.729 0.995 0.889 0.947 
Chemisorption 

diffusion 
qe [mg/g] 5.718 88.834 30.861 43.960 38.000 

KCD [mg/(g min1/2)] 3.453 88.834 30.861 43.960 38.000 
R2 -4.326 0.740 -0.484 0.735 0.522 



 

108 
 

1 2 3 4 5 6 7 8
0

50

100

150

200

250

300 CC
1CC:1IO
2CC:1IO
4CC:1IO
IO

Q
t 

(m
g/

g)

t1/2 (min)1/2
 

Figure 37.  Intraparticle diffusion kinetics for adsorption of triclosan. 
 

The diffusion coefficient of intraparticle diffusion, Di, for triclosan adsorption on adsorbents can be 
calculated using the equation 20: 

𝐷 =
0.03 ∗ 𝑟

𝑡 .

 
(20) 

where Di is the intraparticle diffusion coefficient (cm2/s), t0.5 is the time to complete half the adsorption 
(min) and r is the radius of the adsorbent particle (cm). 

Intraparticle diffusion plays a role in the rate-limiting step if Di values are between 10−5 and 10−13 cm2/s, 
then intraparticle diffusion plays a role in the rate-limiting step, especially for chemisorption systems. 
This is observed in composites and in CC, meanwhile Di value for IO is out the range (Table 26).  

On the other hand, the initial behavior of the triclosan adsorption process can be analyzed using the 
intraparticle diffusion (Ec. 21): 

𝑅 =
𝑞 − 𝐶

𝑞
 

(21) 

where Ri is the initial adsorption factor of the intraparticle diffusion model, C is the initial adsorption 
amount and qref is the final adsorption amount. 

The Ri values were 0.96, 0.08, 0.76, 0.42, and 0.18 for the CC, IO, 1CC:1IO, 2CC:1IO, and 4CC:1IO, 
respectively. They were showed in Table 26. In the case of CC (1 > Ri > 0.9), there is a weak initial 
adsorption (zone 1), the 1CC:1IO composite has an initial intermediate adsorption (zone 2: 0.9 > Ri > 
0.5), the other two composites have a strong initial adsorption (zone 3: 0.5 > Ri > 0.1) and the IO 
approaches complete initial adsorption (zone 4: Ri < 0.1). Therefore, the IO and the chemical 
modification that occurs in the impregnation process of the nanoparticles influence the surface adsorption 
of triclosan. Indeed, surface adsorption was dominant in the IO and composites. This is associated with 
the higher reactivity of the IO, which allows faster triclosan adsorption kinetics due to shorter diffusion 
paths within the adsorbents. 

Moreover, the obtained data were fit to the Bangham diffusion model (Ec. 22): 
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𝑙𝑜𝑔𝑙𝑜𝑔
𝐶

𝐶 − 𝑞 𝑚
= log

𝑘 𝑚

2.303𝑉
+ 𝛼 log 𝑡 

(22) 

where C0 is the initial concentration of triclosan (mg/dm3), V the volume of solution (dm3), m the dose of 
adsorbents used per dm3 of solution (g/dm3), qt the amount of triclosan retained at time t (mg/g), α (<1) 
and k0 are constant.  

The nonlinearity of the curves of the loglog (C0/(C0 –qt*m)) versus t plot (Figure 38) suggests that the 
diffusion of triclosan molecules into the pores of IO and composites only controls the rate. Meanwhile, 
the adsorption of triclosan on the CC does not fit this model. No trend is observed in the K0 value with 
respect to the amount of impregnated IO, this could be related to the agglomeration of the nanoparticles. 
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Figure 38.  Bangham diffusion model for triclosan  
 

On the other hand, intraparticle diffusion is controlled by both film and pore diffusion. The film diffusion 
coefficients can be calculated using the equation 23. It is assumed that the adsorbent has the shape of a 
sphere of radius a and that diffusion follows Fick's Law. 

𝑞

𝑞
= 6

𝐷

𝜋𝑎

.

𝑡 .  
(23) 

The fractional uptake (qt/qe) of triclosan is suggested to be a function of the t0.5 (Figure 39). The 
adsorbents exhibited swift initial triclosan adsorption, followed by slow adsorption into the pores. This 
trend is similar to that obtained in the intraparticle diffusion graph (Figure 37). Film diffusion is active in 
the triclosan adsorption mechanism in CC and composites, as the film diffusion coefficients are between 
10−6 and 10−8 cm2/s. While for the IO the diffusion of the film was not active in the triclosan adsorption 
mechanism.  
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Figure 39.  Fractional Uptake of triclosan in CC, composites and IO 
 

For moderate and large times, the relation between weight uptake and diffusion equation is: 

𝐵 = −0.4997 − ln 1 −
𝑞

𝑞
 (24) 

where Bt= D2π2/a2. The Bt vs t plot allows identifying whether external transport or interparticle diffusion 
controls the adsorption rate. The Bt vs t plots for triclosan adsorption (Figure 40) have a linear trend in the 
early stage of the adsorption process (up to 20 min). However, they do not pass through the origin, 
indicating that the external mass transfer of triclosan is rate-limiting in the early stages (Ofomaja 2011). 
The intercepts of the graphs intersect the y-axis at 0.45, -0.08, 0.06, -0.25, and -0.10 for the CC, IO, 
1CC:1IO, 2CC:1IO, and 4CC:1IO, respectively. This indicates that the lines of the IO and the composites 
were closer to the origin than those of the CC. This suggests that there is a greater involvement of 
external mass transfer in the rate-determining step of IO and composites. 

The values of the pore diffusion coefficient (D2), for triclosan adsorption on the adsorbents, were 
calculated using the value of the slope (B) of the Bt vs t graph (Ec. 25). The D2 values are presented in 
Table 26. An influence of the nanoparticles on the D2 value concerning CC is not observed. The D2 
values for IO are very low compared to CC and composites. This suggests that there is a restriction of 
triclosan molecules on the inner surface of IO. Despite this, pore diffusion does not control the adsorption 
speed (D2 outside the range of 10-7-10-13 cm2/s). 

𝐵 = 𝜋
𝐷

𝑟
 

(25) 
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Figure 40.  Boyd's diffusion of triclosan in CC, composites and IO 
 

In this paper, the adsorbents show a good fit for both the pseudo-second-order and the intraparticle 
diffusion models. This suggests that the overall rate determination step could be complex. Therefore, the 
empirical kinetic model of diffusion-chemisorption (non-linear) proposed by Sutherland (2004) was 
applied, Equation 26. 

𝑞 =
𝑞 𝐾 𝑡 .

𝑞 +𝐾
 

(25) 

where qt (mg/g) is the rate of change of concentration of the solid phase is equated to a function of the 
rate of mass transfer of triclosan from the liquid phase to the adsorption site, KCD (mg/g x min0.5), and qe 

(mg/g) is the equilibrium capacity. 

The values of qe, KCD, and R2 for triclosan adsorption are shown in Table 26. The R2 values for the IO, 
2CC:1IO, and 4CC:1IO were relatively high (0.52 - 0.74). While CC and 1CC:1IO present negative R2 
values. The results also show that the presence of nanoparticles increases the equilibrium capacities and 
the chemisorption-diffusion rate constant. An increase in the chemisorption-diffusion rate indicates that 
both diffusion and chemisorption processes become increasingly important in the rate-determining step . 

3.4. Adsorption in fixed bed columns for triclosan/caffeine removal with CC and CC composites  

The tests in the fixed-bed columns were carried out to determine the influence of the bed height and the 
hydraulic load on the removal of caffeine/triclosan using three particle sizes of CC and CC composite. 
The efficiencies in the removal of caffeine/triclosan achieved using the 4 and 5 cm heights did not show 
significant differences (p> 0.05) in the three CC and composite particle sizes. On the other hand, the 
hydraulic load= 4 m3/m2-day, produced clogging in the columns that used the small RH at 30 min of 
operation, so it was not possible to construct the breakthrough curve for this hydraulic load and establish 
its influence on the three particle sizes. The experimental breakthrough curves for the three CC particle 
sizes and composite using a bed height= 4 cm and a hydraulic load= 2 m3/m2-day are presented in Figure 
41, and the main results are summarized in Table 27.  



 

112 
 

The size of the adsorbent particles is a very important parameter in the operation of fixed bed columns, 
since it defines the available surface area and the void fraction and the available path for the movement of 
wastewater (Sivarajasekar et al., 2018). An increase in particle size decreased the adsorption capacity at 
breakthrough time (qb) and saturation time (qs). However, this is not true for small CC (120 – 150 µm) 
particles, this may occur because over time there began to be clogging in the filter that used this particle 
size. But if it holds between medium (300 – 600 µm) and large particles (800 – 2,000 µm). The medium 
CC particles allow a shorter diffusion path for the caffeine/triclosan molecules. Therefore, the molecules 
of caffeine/triclosan will easily penetrate the pores of the CC, resulting in higher adsorption rate (A. 
Gupta & Garg, 2019; Sivarajasekar et al., 2018). The effect of particle size on adsorption capacity in both 
breakthrough time and saturation time is less for caffeine, probably due to its physicochemical 
characteristics (e.g., low water solubility, polarity and high hydrophobicity) (Álvarez-Torrellas et al., 
2016; Rigueto et al., 2020). Something similar happens with the values of the breakthrough/saturation 
time. Therefore, an increase in CC particle size results in faster bed depletion and lower volume (Vb) of 
treated water (Jaria et al., 2019; Peñafiel et al., 2021).  

The medium CC particles also had lower hMTZ than the large particles for both contaminants 
(caffeine/triclosan). A smaller particle size allows for a higher mass transfer rate and thus a smaller mass 
transfer zone (Gupta & Garg, 2019). Which indicates that the medium CC has better performance. A 
similar behavior was observed in cadmium adsorption when using date palm trunk fiber with size ranges 
of 250–355 and 560–630 µm (Al-Shawabkeh et al., 2021). A smaller mass transfer zone with a higher 
slope can also be identified on the Cf/Co vs. t plot (Figure 41). Increasing hMTZ in the larger RH reduced 
fractional bed utilization (FBU). The larger particles leave larger spaces between each other (the fraction 
of voids in the bed increases), so the contact time between the caffeine/triclosan and the CC particles 
decreases and this reduce de fraction of bed which is being effectively used (Sivarajasekar et al., 2018).  

Moreover, with the data in Table 27, it can be seen that the presence of nanoparticles in the CC favors its 
performance as a filter material, since it increases the adsorption capacity, FBU and Vb and decreases the 
value of hTMZ, this is true for caffeine and triclosan. 

Table 27. Main results of adsorption experiments in fixed bed columns. 

Contaminant 

Adsorbent Mass 
(g) 

Vc 

(L) 
EBTC 

(d) 
FBU 
(%) 

hMTZ 
(cm) 

C/C0=0.1 C/C0=0.9 

tb 

(min) 
Vb 

(mL) 
qb 

(mg/g) 
 ts 

(min) 
qs 

(mg/g) 

Triclosan 

CC(120 – 150 µm)  0.849  
 

0.003 

 
 

0.436 

26.18 2.95 40 20 1.05  1400 4.01 

CC(300 – 600 µm)  1.001 58.32 1.67 100 15 1.87  1400 3.21 

CC(800 – 2,000 µm)  0.769 37.62 2.50 25 12.5 0.65  700 1.73 

4CC(800 – 2,000 

µm):1IO  
0.769 59.24 1.63 60 30 1.55  1250 2.62 

Caffeine 

CC(120 – 150 µm)  0.849 84.32 0.62 20 5 0.33  230 0.39 

CC(300 – 600 µm)  1.001 78.67 0.85 30 5 0.43  300 0.55 

CC(800 – 2,000 µm)  0.769 52.18 1.91 25 3.5 0.27  270 0.53 

4CC(800 – 2,000 

µm):1IO  
0.769 57.26 1.71 25 12.5 0.47  495 0.82 
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Figure 41.  Effect of particle size and contaminant type on breakthrough curves. 

 
Table 28 shows the results obtained by fitting the Bohart-Adams model to the experimental data of the 
adsorption process. This table shows the decrease in KAB with increasing particle size, indicating that the 
process is dominated by external mass transfer. Likewise, it is observed that the composite has a higher 
adsorption capacity than CC alone. 

Table 28. Bohart-Adams parameters for caffeine and triclosan adsorption. 

Contaminant 
Particle  

size 
KAB  

[L/(min*mg)] 
N0 

[mg/L] 
R2 χ2 SSE 

Triclosan  

CC(120 – 150 µm)  1.197x10-4 1911.214 0.814 0.046 0.294 

CC(300 – 600 µm)  7.963x10-5 4457.433 0.930 0.024 0.179 

CC(800 – 2,000 µm)  1.160x10-4 2042.210 0.980 0.002 0.002 

4CC(800 – 2,000 µm):1IO  1.106x10-4 2772.448 0.934 0.019 0.121 

Caffeine 

CC(120 – 150 µm)  3.109x10-3 216.254 0.977 0.016 0.093 

CC(300 – 600 µm)  2.583x10-3 203.457 0.999 2.27x10-4 2.27x10-4 

CC(800 – 2,000 µm)  1.756x10-3 255.427 0.960 0.003 0.002 

4CC(800 – 2,000 µm):1IO  1.292x10-3 378.748 0.964 0.011 0.100 

No= adsorption capacity, KBA= Bohart-Adams constant 

As with RH and PS, it was determined that the adsorption process is influenced by the composition of the 
adsorbent and its particle size. In this case, CC had a higher adsorption capacity (between 2.2 and 5.83 
times) than CF. in the removal of triclosan. This is attributed to the higher concentration of extractives 
(3.2 times) that CF presents. Likewise, the smallest particles of the two residues (120 – 150 um) reached 
an adsorption capacity between 12.7 and 17.8 times greater than the larger sizes (300 – 600 and 800 – 
2,000 um), due to the greater surface area and greater number of active sites. Since CC presented better 
adsorptive capacity than CF, it was chosen as the matrix of a magnetic composite (presence of iron oxide 
nanoparticles). The composites presented higher adsorption capacity (between 1058 and 1765.5 mg/g) 
than CC (16.5 mg/g) alone, due to their increased number of active sites and their greater diversity of 
functional groups. This indicates that CC composites are an alternative for the removal of ECs such as 
triclosan in batch adsorption processes. 

Likewise, CC in its three particle sizes (120 – 150, 300 – 600 and 800 – 2,000 µm) and the most efficient 
composite (weight ratio 4CC800 – 2,000 um:1IO) were used in tests of continuous adsorption processes 
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to remove caffeine and triclosan. In these processes, it was shown that although the smaller particles (120 
– 150 um) presented greater efficiency in the batch adsorption processes, they produced hydraulic 
problems in the continuous adsorption processes (clogging) while the operation time increased. This 
decreased the useful life of the filter bed, making it comparable to that of larger particles. Therefore, the 
medium particles presented better hydraulic performance, an equal saturation time (1400 min) for 
triclosan and longer for caffeine (70 min more) and an adsorption capacity compared to the medium 
particles. On the other hand, the composite, as in the batch tests, presented better adsorption capacity than 
the crude CC: 1.5 times for both contaminants. With which it is verified that the CC composite could be 
also used in continuous adsorption processes. However, using it on a larger scale is currently practically 
impossible. This is because the synthesis process used on a laboratory scale produces only small amounts 
of composite (about 3 g). Moreover, the washing of the composite to lower the pH (from 11 to 7) is not 
very efficient in terms of the amount of water consumed, around 5 L of distilled water were consumed by 
synthesis. Therefore, it is necessary to look for green synthesis processes that can be scaled to obtain a 
greater amount of composite and thus use it to treat larger volumes of wastewater. It is for this reason that 
in the following chapter only raw agro-industrial residues were used to remove contaminants present in 
the wastewater. 

4. Conclusions 

The CC in the three particle sizes used was more efficient than the CF for the removal of triclosan (up to 
38.2%) in batch adsorption processes. On the other hand, the presence of nanoparticles impregnated in the 
CC favored the removal efficiency of triclosan. Being the 4CC:1MG composite the most efficient, no 
significant differences with the other composites was showed. The presence of nanoparticles decreased 
the dose (25 times) of adsorbent used. In terms of kinetics and isotherms, the experimental data for CC, 
small and medium CF, magnetite and composites fit the pseudo-second-order model and the Langmuir 
and Sips models. In fixed-bed columns, the particles 300-600µmpresented the best hydraulic behavior 
and the material was saturated at 1400 and 70 min for triclosan and caffeine, respectively. The composite, 
as in the batch tests, presented better adsorption capacity than the raw CC (1.5 times for both 
contaminants). The experimental data from the fixed bed columns fit the Bohart-Adams model well. 

 

Conclusions of Chapter 3 

Based on the outcomes detailed in this chapter, a compelling deduction can be drawn: the agro-industrial 
residues employed in the batch adsorption processes have proven to be notably effective in eliminating 
caffeine and triclosan. Indeed, one of the initial research hypotheses has been substantiated, corroborating 
the notion that the utilization of agro-industrial residues would yield heightened caffeine/triclosan 
removal rates. Moreover, it has been underscored that the incorporation of nanoparticles into the residues 
not only enhances the elimination of these contaminants (thereby reducing the required adsorbent dosage) 
but also facilitates their extraction from the aqueous milieu. 

However, the inherent limitation of batch adsorption processes lies in their restricted capacity to handle 
modest volumes of wastewater, alongside the energy-intensive agitation demands. To surmount these 
challenges, the subsequent chapter proffers an innovative approach: the integration of agro-industrial 
residues within filtration/biofiltration technologies. It is important to note that experiments involving iron 
oxide nanoparticles and their composites have been excluded from consideration. The rationale behind 
this omission stems from the inefficient scaling up of nanoparticle and composite synthesis. To illustrate, 
the production of a mere 3g of composite on a laboratory scale necessitated an arduous 48-hour timeline 
and an astonishing 1.5 kg of packing material for a single column. 

In essence, the pivotal conundrum concerning nanostructured materials revolves around the quest for 
viable alternatives that enable the large-scale and cost-effective production/synthesis of nanostructures 
and composites. This imperative pursuit is driven by the aspiration to subject such materials to rigorous 
testing in the treatment of substantially greater quantities of wastewater. 
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4.  Optimization of operational parameters and configuration in 
continuous filtration processes used to remove contaminants 

from water  

 

The United Nations has set forth ambitious sustainable development goals for 2030, including universal 
access to clean water and sanitation. Astonishingly, more than 3 billion people globally (approximately 
42%) still lack access to fundamental sanitation services encompassing connection and treatment (Malik 
et al., 2015; Mateo-Sagasta et al., 2015). This glaring disparity has a direct nexus with poverty, 
significantly affecting developing nations (with a gross national income per capita range of $1,035–
$12,615), where treatment and connection rates merely reach 30% and 50%, respectively. In stark 
contrast, developed countries (with a per capita income exceeding $12,615) boast coverage exceeding 
75% across both aspects (Malik et al., 2015).  

Within municipal wastewater, domestic wastewater constitutes a substantial majority, accounting for over 
80% of the total volume (Panikkar et al., 2010). Given its prodigious volume and the escalating global 
demand for water resources, domestic wastewater can be perceived as an unconventional yet potentially 
manageable water source. However, the volume (reaching up to 400 L hab-1-/day) and quality of domestic 
wastewater are contingent upon consumption patterns and income levels of the population (Villamar et 
al., 2018). The quality parameter encompasses factors such as solid content (100 – 350 mg TSS/L), 
organic matter (250 – 1600 mg COD/L, 110 – 800 mg BOD5/L), nutrients (20 – 120 mg TN/L, 2 – 23 mg 
TP/L), pathogens (up to 108 NPM/100 mL) (Villamar et al., 2018), as well as recently recognized 
emerging contaminants (e.g., pharmaceuticals and personal care products, each at levels below 1 mg/L) as 
previously indicated (Awfa et al., 2018). Consequently, discharge and regulatory constraints could 
impede the utilization of untreated domestic wastewater. 

To address these challenges, treatment technologies encompassing conventional activated sludge systems 
and innovative passive options like biofiltration have emerged as potential avenues to enhance wastewater 
quality and enable efficient recyclability. The selection of the most suitable technology hinges on 
economic considerations, with a substantial portion of capital costs (approximately 80-90%) allocated to 
collection infrastructure (Libralato et al., 2012). While conventional methods such as activated sludge 
systems incur investment costs ranging from 65 to 200 USD per capita in centralized water resource 
recovery facilities catering to populations exceeding 2,000 individuals (Vera et al., 2016), non-
conventional techniques like biofiltration may prove more suitable for decentralized contexts 
accommodating fewer than 2,000 inhabitants (Massoud et al., 2009). In fact, these non-conventional 
methods offer economic, social, and environmental advantages, potentially yielding investment costs 
between 35 and 630 USD per capita, along with reduced emissions by nearly 50%. For instance, the 
implantation area could be considered an influential factor within the wastewater technology investment 
costs. Biofiltration typologies (0.1–6 m2 hab-1) require higher surface area than centralized conventional 
technologies (activated sludge < 0.1 m2 hab-1) and result economically unfeasible for large populations (> 
2,000 habitants), not only because of the required space but also due to the support material requirements 
(Arora & Kazmi, 2015; Kumar et al., 2015; Vera et al., 2016). 

The realm of biofiltration boasts a diverse array of technologies employed for domestic wastewater 
treatment, as elaborated in section 1.3.2. Notably, hybrid biofilters integrating plants, earthworms, and 
microorganisms (referred to as HB) have gained prominence as a viable alternative (Samal et al., 2017b). 
These biofilters uniformly share a dual facet: a biotic element (plants/earthworms/microorganisms) and a 
supporting medium. This unique combination facilitates concurrent physical (sedimentation, 
precipitation), chemical (adsorption, ionic exchange), and biological (degradation, transformation, 
uptake) processes. 
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However, a crucial component in biofiltration—the support material—can comprise up to 50% of the 
total investment cost when utilizing conventional substrates such as gravel. Consequently, exploration of 
alternative materials becomes imperative. Non-conventional substances, including agro-industrial 
residues, chitosan, biochar, wood residue, and peat, among others, hold promise as viable alternatives for 
support purposes (Mohan et al., 2014; Zhou et al., 2015). Notably, organic materials like agro-industrial 
residues may cost up to 100 times less than traditional options (Gupta et al., 2009). The selection of an 
organic support material hinges not only on its availability but also its inherent properties, encompassing 
physicochemical stability (lignin/hemicellulose content), surface area (at least 80 m2/g), pore diameter (at 
least 20 Å), functional group presence (phenolic hydroxyls, methoxyl, carboxylic), and adsorption 
capacity (Almeida-Naranjo et al., 2021a; Tejedor et al., 2020). Moreover, many agro-industrial residues 
exhibit compatibility with biotic components, although certain degradation byproducts of lignin 
degradation have demonstrated toxicity in earthworms like Eisenia foetida (Savigny) (LC50 of 0.6 and 0.7 
µg/cm3 for 2,4-dinitrophenol and 4-nitrophenol, respectively) (Neuhauser et al., 1985). Additionally, most 
agro-industrial residues are also non-toxic (compatible) to biotic component, even though some of the 
products of the incomplete degradation of lignin have shown high toxicity levels in earthworms such as 
Eisenia foetida (Savigny) (Neuhauser et al., 1985). For instance, the reduction in survival (< 46.7%) and 
weight (< 32.1%) of Eisenia foetida (Savigny) in vermifilters has been attributed to bed filter material 
composition (100% v/v of peanut shells) and its hydrolysis (Tejedor et al., 2020).  

Despite their tremendous potential as bed support in biofilters targeting contaminant removal from 
wastewater, widely available materials such as rice husk, peanut shells, corn cob, and coconut fiber have 
yet to undergo exhaustive exploration (Anastopoulos et al., 2020). For instance, while activated 
carbon/biochar derived from corn cob have exhibited relative efficiency in batch adsorption processes for 
ciprofloxacin (74%) (El-Bendary et al., 2021) and chlortetracycline (60%) (L. Zhang et al., 2018), the raw 
corn cob itself remains largely unstudied for emerging contaminants removal.  

The forthcoming chapter endeavors to bridge this knowledge gap by elucidating the optimization of 
operating parameters and configurations within continuous filtration processes tailored for contaminant 
removal from water. Initial focus centers on assessing the efficiency of caffeine and triclosan removal 
using corn cob-based filter media in continuous filtration systems. Subsequently, the study explores the 
viability of rice husk, peanut shells, corn cob, and coconut fiber as potential mediums for vermifiltration 
technologies, anchored in their caffeine removal efficiency and affinity with the Eisenia foetida (Savigni) 
species. Caffeine serves as the model contaminant due to its intricate removal characteristics (high water 
solubility and polarity) compared to other pollutants. Lastly, the chapter delves into a mesocosm-scale 
study involving diverse biofilter types for the removal of macro-contaminants from synthetic wastewater. 
The materials employed in these biofilters are subjected to comprehensive physical-chemical and 
morphological characterizations, thus unraveling the intricate interplay between material properties and 
contaminant removal efficacy, including toxicity considerations. This comprehensive endeavor holds the 
potential to shed light on the intricate relationship between bed support material attributes and the 
removal of both macro and emerging contaminants within biofiltration systems, thereby elevating their 
overall performance. 
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Article 5. Caffeine and triclosan removal using corn cob biofilters (large 
columns) 

ABSTRACT 

The support material is extremely important in a biofilter, since it directly impacts the efficiency, 
operation and cost of the treatment. In this research, corn cob of different granulometry was used as filter 
support material: small particle (SPF= 0.8 – 2.0 cm), medium particle (MPF= 2.0 – 3.5 cm), large particle 
(LPF= 3.5 – 5.7 cm) and mixed particle (MxPF) (SPF+MPF+LPF). The filters were evaluated to remove 
caffeine and triclosan from 30 mg/L aqueous solutions. For this, 28 filters were operated in parallel under 
three nominal hydraulic flows (HRL= 1, 2 and 4 m3/m2-day) with intermittent feed (6 h/day). The corn 
cob was characterized at the beginning and at the saturation of the filters. The results showed that the corn 
cob presents good adsorbent properties, reaching efficiencies of up to 98.5% and 99.0% for caffeine and 
triclosan, respectively. Higher efficiencies (SPF > MPF ≥ MxPF >LPF) and low clogging are observed at 
lower hydraulic velocities, attributed to a smaller particle size (p ≤ 0.05, only between the LPF and the 
others, operating with HLR= 2 m3/m2-d) and longer contact times. The hydraulic conductivity for all had 
values between 48.3 and 185.1 mm/h. Mixing the different particle sizes (MxPF) increased the removal of 
caffeine and triclosan compared to the MPF and LPF filters, but did not improve the hydraulic 
performance of the filter or the saturation time of the material. The filters that operated with triclosan 
(MPF) presented a longer saturation time (1.6 times) than caffeine, the same behavior was observed with 
the degradation of the material. 

1. Introduction  

The need to satisfy some human requirements in terms of food, health, personal care, among others, has 
led to the use/consumption of different products. The residues of these products (pharmaceuticals, 
personal care products, pesticides, hormones, plasticizers, etc.) are known as emerging contaminants (EC) 
and have been found in wastewater and in different bodies of water (Almeida-Naranjo et al., 2021b). This 
presence in the aquatic environment has generated several adverse effects (e.g., chronic toxicity, 
endocrine disruption and development of resistance to pathogens) on the biota, despite the low 
concentrations (ng/L-mg/L). Among the EC commonly found are caffeine and triclosan (Quadra et al., 
2019; Triwiswara et al., 2020a). 

Caffeine is an alkaloid from the methylxanthine family, generally used as a stimulant. It is characterized 
by its high solubility (21.6 g/L at 25 °C) and relatively low toxicity (log Kow= 0.5) (Rigueto et al., 2020). 
It has been found worldwide in wastewater (e.g., Singapore= 3.6 mg/L), surface waters (e.g., Costa Rica= 
1.1 mg/L) and even in aquatic organisms (1.6 – 344.9 ng/g) (Quadra et al., 2019). Because of high 
consumption worldwide, mainly in coffee (10-58848 mg/person-day) (Korekar et al., 2019; Quadra et al., 
2019). The presence of caffeine in the environment has caused negative effects, on aquatic organisms and 
terrestrial insects, such as: lethality, decrease in general stress, affect energy reserves and metabolic 
activity (oxidative stress/lipid peroxidation), affect reproduction and development (neurotoxic effects) (Li 
et al., 2020). 

On the other hand, triclosan is a commonly used antibacterial (world production = 1500 tons/year) in 
mouthwashes, toothpastes, disinfectants, deodorants, clothing, textiles and furniture, etc. It is 
characterized by its high capacity for bioaccumulation (log Kow= 4.3), low solubility in water (10 mg/L at 
25°C) (Kaur et al., 2018) and for being an endocrine disruptor (Triwiswara et al., 2020a). It has also been 
found in various water resources (river water= 6x10-5 – 74.3 μg/L, seawater= up to 58.3 ng/L, 
groundwater= up to 13.1 ng/L, drinking water= up to 9.74 ng/L) and in tributaries of WRRF (e.g., 
Brazil=1.3 μg/L, China=0.06 – 2.9 μg/L, Chile=0.2 ng/L) (Triwiswara et al., 2020a; Yin et al., 2022). 
However, the COVID-19 pandemic has increased its level (Milanović et al., 2021; Yin et al., 2022). 
Triclosan has caused reproductive effects in aquatic organisms (invertebrates, fish, amphibians, algae, and 
plants). In addition, it has been linked to health problems in humans (antibiotic resistance, skin irritation, 
endocrine disruption, prevalence of allergies, etc.) (Triwiswara et al., 2020). 

The effects of both ECs make their removal essential. Therefore, technologies such as membrane reactors 
(removal: caffeine= 93.7%, triclosan= 89.7%), Photo (UVC)-Fenton (pZVI) (caffeine=99.5% and 



 

118 
 

triclosan= 100%) (Li et al., 2022), activated sludge systems (caffeine=98.5%, triclosan= 89.5%) 
(Chtourou et al., 2018), were used efficiently. Despite their performance, these technologies/processes are 
characterized by being expensive. A low-cost alternative to remove caffeine/triclosan is batch adsorption 
process and the technologies where this process occurs (filtration: trickling filters, and biofiltration: 
constructed wetlands, biofilters, vermifilters) (Tejedor et al., 2020). In a constructed wetland with 
horizontal subsurface flow, efficiencies of 91.9% and 94.5% were reached for caffeine and triclosan, 
respectively (Chtourou et al., 2018). Meanwhile, in biofilters the performance achieved was caffeine= 50 
– 100% and triclosan= -22 – 99% (Devault et al., 2021). 

The filter bed material plays a fundamental role in the operation and efficiency of biofiltration 
technologies. The commonly used materials are sand, gravel, anthracite and granular activated carbon 
(Loh et al., 2021). However, these materials represent more than 50% of the investment costs, so 
alternative materials are continually being sought. Agro-industrial, industrial and forestry residues can be 
an alternative due to their high availability and good adsorptive characteristics. Presenting high 
efficiencies in the removal of organic matter and nitrogen (> 80%) (Almeida-Naranjo et al., 2021a; 
Tejedor et al., 2020). However, its research/application is still limited for ECs. 

Corn cobs are a very abundant residue worldwide (158.1 million tons/year) (Bergonzoli et al., 2020), so it 
could be an alternative to be used as filter beds. Furthermore, it was used in batch adsorption processes, 
demonstrating high efficiency in the removal of other ECs such as sulfamethoxazole (around 80%) (Juela, 
2022). Therefore, the objective of this research was to determine the efficiency in the removal of caffeine 
and triclosan in biofilters that have corn cob as filter bed. The influence of the particle size, the 
combinations and the hydraulic load on the removal of both ECs was investigated. 

2. Materials and Methods 

2.1. Corn cob conditioning and characterization 

Corn cob (CC) is the same that was used in Article 4. CC was cleaned to remove the remains of corn and 
washed. To reduce the amount of energy consumed in the drying process of the CC, this time they were 
first ground using a Thomas knife mill and dried at 80 °C for around 12 h. The corn cob particles were 
sieved and classified in three different size groups: 0.8-2.0 mm (small), 2.0-3.5 mm (medium) and 3.5-5.7 
mm (large). Small CC was selected because it was worked with in Article 3 and it was necessary to know 
how it works in larger-scale systems. It has also been used in previous studies showing good results 
(Kandra et al., 2014; Tejedor et al., 2020; Tosuner et al., 2019). The other two sizes were chosen because 
it is necessary to use larger particles when using full-scale filtration systems, in previous studies using 
same size or even whole CCs (Ali et al., 2014; Arsalan et al., 2021). 

Later they were characterized as the same performed in the Article 1 and 2. Corn cob was stored in bags 
at room temperature. 

2.2. Experimental Model 

2.2.1. Physical characteristics 

The experimental model consisted on 28 columns made of acrylic (diameter=12, height= 100 cm). The 
support medium was composed of two layers: 15 cm of support layer (gravel,  = 10 – 25 mm) and 75 cm 
of active layer (CC of different particle size). Considering the particle size of the corn cob, 4 types of 
filters were used: small particle (SPF,  = 0.8-2.0 cm), medium particle (MPF,  = 2.0-3.5 cm), large 
particle (LPF,  = 3.5 -5.7 cm) and mixed particle (MxPF). The active layer of mixed particle filters was 
composed of three sublayers of 25 cm each, described from bottom to top as follows: active layer 3 ( = 
3.5 -5.7 cm), active layer 2 ( = 2.0-3.5 cm) and active layer 1 ( = 0.8-2.0 cm). Figure 42 details the 
biofiltration typologies scheme. In the placement of the filter medium inside the columns, no compaction 
was performed. The tests were carried out inside a greenhouse. 
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Figure 42.  Filtration typologies scheme 

2.2.2. Operational strategy 

At the first stage, each filter worked in parallel using three different nominal hydraulic load rates 
(HLR=1, 2 and 4 m3/m2-d). These hydraulic loads were used because they are inside the range of loads 
used in a low rate filter (up to 4 m3/m2-d) (Chepngeno et al., 2020). Moreover, Tejedor et al., (2020) used 
loads of up to 1.5 m3/m2-d using peanut shell (0.8-2.0 cm), to remove macro contaminants from synthetic 
wastewater. Considering this, it was assumed that using higher loads with caffeine and triclosan solutions 
would allow determining the effect of this operating parameter in the removal of them. Filters were fed 
with caffeine solutions (30 mg/L, pH=7.08±0.18) from a 120 L elevated tank. During the first 10 days of 
operation, the material was washed using drinking water at a flow rate of 5 mL/min. On the other hand, to 
determine the hydraulic retention time (HRT), after the filter washing process, 5 L of drinking water was 
passed through them and the time it took for the first drop of water to come out was taken. HRTs 
achieved were 19.6 (±5.9), 9.8 (±2.7) and 4.9 (±2.1) h for HLR of 1, 2 and 4 m3/m2-d respectively. 

The filters were operated until the material presented saturation (removal = 0%). The following days, the 
caffeine solution was drip-fed and the flow rates (around 5, 10 and 20 mL/min) were controlled with a 
LongerPump peristaltic pump model BT100-1L. Intermittent feed of 6 h/day were used. This intermittent 
feeding was used because it is in the range used by Chicaiza et al., (2020) (4 – 24 h/d). In this study, it 
was determined that a feeding of 8 h/d is more efficient, but they worked with vermifilters and 
earthworms prevent them from clogging. Since the filters in this study only have filter material, then, as a 
precaution, a lower feed was used. When the optimal operating conditions for caffeine removal (optimal 
nominal hydraulic head rate and particle size) were determined, the second stage was started. In this 
stage, the filters were operated with the optimized parameters to remove triclosan present in solutions of 
30 mg/L and pH=7.87 (±0.92). Caffeine was initially used because by optimizing the configuration and 
operation parameters for this removal, these conditions would surely also be favorable for triclosan, since 
caffeine is more difficult to remove than triclosan due to the high polarity. The caffeine/triclosan 
solutions were prepared with drinking water (pH= 6.74 ± 0.20)/NaOH solution 0.01M, respectively. The 
tests in the two stages were carried out in duplicate, and a filter that functioned as a control fed with 
drinking water was placed. Environmental conditions (humidity and temperature) were measured twice a 
day. The maximum values of temperature and humidity were 50 °C and 99%, and the minimum 11.1 °C 
and 10 %, respectively. 
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2.3. Analytical methods 

2.3.1.   Influent/effluent monitoring 

The concentrations of triclosan/caffeine in the influent and effluent were daily measured using a Horiba 
Analytik Jena Spercord 210 Plus UV-VIS spectrophotometer at 294/287 nm, respectively. Furthermore, 
hydraulic conductivity and head loss were daily monitored with a manual piezometer located 25 and 50 
cm below the upper level of each filter.  

2.3.2. Support material characterization 

Physical-chemical characterization and instrumental (FTIR and BET) analysis (used in Articles 1, 2 and 
3) were performed to characterized corn cob. FTIR analysis was performed before and after (in the corn 
cob that show more visible changes) the caffeine/triclosan removal. Moreover, SEM analysis was 
performed in a Phenom ProX scanning electron microscope equipped with an EDX-detector operating at 
10 kV and Prosuite-EDS software. 

2.4. Statistical analysis 

Statistical analysis of significant differences between filter particle size (SPF, MPF, LPF, MxPF), 
hydraulic loading rates (1.0, 2.0 and 4.0 m3/m2-d) and performance were analyzed by one-way analysis of 
variance (ANOVA). A significance level of 0.05 was defined. Parametric variance analysis was used for 
normal datasets (Tukey test), while non-parametric variance analysis (Kruskal-Wallis) was used for non-
normal distributions. The software used was OriginPro version 2019.  

3. Results and discussion 

3.1. Corn cob characterization 

Figure 43 shows the CC particles that were used in the different filter media, their shape and size can be 
distinguished. 

 
Figure 43.  Raw corn cob particles by size. a) Small CC (0.8-2.0 cm), b) Medium CC (2.0-3.5 cm), c) 

Large CC (3.5-5.7 cm) used in filters. 
 
3.1.1.  Physical-chemical characterization 
Table 29 shows the results of the physical chemical characterization of the corn cob. A high content of 
cellulose, hemicellulose and lignin is observed. Lignocellulosic materials have a high density of 
functional groups mainly hydroxyl and carbonyl, which impart good adsorptive properties to the 
adsorbent (León et al., 2019). The functional groups are responsible for attracting contaminants to the 
surface of the adsorbent through different mechanisms (e.g., chemical bonds, attraction forces, ion 
exchange, etc.) (Almeida-Naranjo et al., 2021a). Meanwhile, the total concentration of extractives (2.7 
w/w%), both those soluble in water and those soluble in ethanol-toluene mixtures, are low compared to 
other residues (e.g., coconut fiber, orange peel) (Almeida-Naranjo et al., 2021a; Castro et al., 2021). 
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Higher extractive concentrations reduce the active sites of the residues and consequently their adsorption 
capacity decreases (Chowdhury et al., 2011). Therefore, this suggests that CC could remove efficiently 
triclosan/caffeine from wastewater through adsorption mechanism produced in filtration systems.  

The humidity of the CC is within the range presented by other authors (3.1-10.2 w/w%) (Miranda et al., 
2018; Sulaiman & Adetifa, 2019). The low humidity of the CC facilitates its drying process. If it is 
desired to dry large amounts of CC for use in large-scale filtration systems, the CC can be dried in 
environmental conditions, thus saving energy and avoiding the environmental impact generated by this 
use. On the other hand, the volatile solids concentration where there is the presence of lignin, cellulose, 
and hemicellulose was 91.53 (± 0.05) w/w.%; while that, of ashes was 1.41 (± 0.09) w/w.%. Volatile 
solids concentrations above 60% and low ash concentrations favor the adsorbent properties of the 
materials (Mussatto et al., 2010). 

Table 29. Physicochemical characteristics of corn cob 

Parameter Unit Value 

pH -- 5.87 ± 0.03  
Lignin w/w.% 15.37 ± 0.48  
Hemicellulose w/w.% 33.34 ± 0.79  
Cellulose w/w.% 45.51 ± 0.99  
Ethanol – toluene extractives  w/w.% 1.13 ± 0.05  
Water extractives w/w.% 1.57 ± 0.15  
Total extractives w/w.% 2.70 ± 0.08  
*Humidity w/w.% 5.19 ± 0.05  
Ashes w/w.% 1.41 ± 0.09  
Volatile material w/w.% 91.53 ± 0.05  
Fixed coal w/w.% 1.87 ± 0.08  

*Parameter defined on a wet basis, without *: parameter defined on a dry basis  
 

3.1.2.  FTIR, SEM and BET characterization 

Figure 44 shows the FTIR spectra obtained before and after caffeine adsorption. The material analyzed 
was CC of the small particle filter (SPF) that operated with an HLR= 1 m3/m2-d since it was the one that 
presented the greatest macroscopic changes. In the raw CC (black line), bands around 3300 and 2900 cm- 
are present, these correspond to the vibrations of the OH- group and the C-H bond, respectively. The 
bands near 1700 cm-1 and 1600 cm-1 are related to the presence of the double bond between C and O 
(carbonyl group). Between 1250-1200 cm-1 and around 1375 cm-1 the bending of the C-H group is 
reported. Both the C-H and C-O groups are characteristic of cellulose and hemicellulose. While the 
presence of lignin is evidenced by the bands around 1600, 1500, 1400 and 1300 cm-1. The bands around 
1160 cm-1 are characteristic of the C-O-C bond present in cellulose. The bands between 1000 and 1300 
cm-1 appear due to the vibration of the stretching of the C=O bond of the carboxylic and alcohol groups 
(Beltrame et al., 2018; Zhang et al., 2015). FTIR analysis showed that CC contains several functional 
groups (mainly carboxyl and hydroxyl) that could be the ones that attract caffeine and triclosan 
molecules. 
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Figure 44.  FTIR and photography of CC before and after caffeine removal. The CC subscripts represent 
the location of that material inside the filter.  

 

Figure 45 shows the SEM and BET results. The SEM image of CC (Figure 45a) shows a porous and 
rough surface with the presence of protrusions and pockets, characteristics that coincide with those 
presented by Ji et al. (2015) and other agro-industrial residues. On the other hand, the BET analysis 
indicates that the residues have a low surface area, which is also characteristic of agro-industrial residues. 
The value of surface area (0.42 m2/g) coincides with the study by F Yu et al., (2014) (< 0.7 m2/g). 
However is less than that found by Wanitwattanarumlug et al., (2012) (3.9 m2/g). These differences are 
mainly due to the different species of corn cob that exist, maturity of the corn, place of origin, type of 
conditioning, among others (Daffalla et al., 2020; Ji et al., 2015; Wanitwattanarumlug et al., 2012; Yu et 
al., 2014). Moreover, they differ highly from that obtained by Ji et al., (2015), which presents a surface 
area (87.4 m2/g) that is not common for this type of material.  

The pore volume and pore diameter determined by the Barrett-Joyner-Halenda (BJH) method were 0.001 
cm3/g and 3.41 nm, respectively. According to the IUPAC standard, a pore diameter between 2 and 50 nm 
is characteristic of mesoporous materials (Beltrame et al., 2018). Figure 45b shows the nitrogen 
adsorption-desorption isotherm for CC. This is a type III isotherm, according to the Brunauer, Deming, 
Deming and Teller (BDDT) classification, and corresponds to a microporous or non-porous material with 
little affinity between the adsorbate and the adsorbent. So once the molecule is adsorbed, it acts as if it is 
free to adsorb another molecule; thus some parts act as monolayers and some others as multilayers 
(Sultan et al., 2018) 
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Figure 45.  a) SEM image and results of BET analysis, b) nitrogen adsorption-desorption isotherm and 

pore size distribution (inset) for the CC particles (0.8-2.0 cm). 
 
3.2. Filter performance 

3.2.1.  Caffeine removal 

The results of the average removal of caffeine are presented in Figure 46. The efficiencies achieved were 
high (up to 98.5%), however they were decreasing relatively fast as function of operating time. In the 
initial stage of the operation (up to 24 h) sudden increases and decreases in the caffeine removal 
efficiency was observed, this is probably since the filters were stabilizing. Later, the filter behavior shows 
changes with a defined trend. Moreover, at some points, there are large deviations from the caffeine 
removal (up to 46.2%). This is attributed to the heterogeneity that the CC particles present and to the 
difference in compaction that could exist when filling the columns (Kandra et al., 2014). 

With the three HLRs, it is observed that the caffeine removal trend as follows: SPF > MPF ≥ MxPF 
>LPF. Thus, maximum efficiencies reached between 89.9 – 98.5%, 85.60 – 94.4%, 84.1 – 88.1% and 
47.0 – 63.5.0%, for saturation times (removal= 0%) between 156 – 204 h, 126 – 168 h, 96 – 156 h and 
120 – 150 h, respectively. As the particle size decreases, an increase in the removal of caffeine and in the 
saturation time of the filters is observed, this occurs due to the fact that the smaller particles present a 
greater surface area (greater active sites) for the caffeine to interact with the CC particles, thus favoring 
the adsorption capacity and prolonging the useful life (Iheanacho et al., 2021). Another factor that 
influences the contaminants removal is the shape of the material used in the filter bed. As can be seen in 
Figure 43, small (0.8 – 2.0 cm) and medium (2.0 – 3.5 cm) particles have irregular shapes, while larger 
particles (3.5 – 5.7 cm) have more homogeneous shapes. It has been shown that particles with irregular 
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and angular shapes present greater contaminants removal than more homogeneous particles (Kandra et 
al., 2014). However, only significant differences (p ≤ 0.05) were found between the LPF and the other 
filters that operated with HLR= 2 m3/m2-d. The influence of particle size was not significant (p > 0.05) in 
the filters that operated with HLR of 1 and 4 m3/m2-d (Figure 46). 
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Figure 46.  Filter performance in the removal of caffeine function of time. 
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Figure 47.  Filter performance in the removal of caffeine. Means with a common letter are not 
significantly different (p < 0.05). 

 
Furthermore, it is observed that the removal efficiency of caffeine is also related to the HLR (Figure 46 
and 47). This is evident when comparing the HRL= 1 and 2 m3/m2-d with the HLR= 4 m3/m2-d. An 
increase in HLR produces a decrease in the removal efficiency. This behavior occurs because a high HLR 
reduces the hydraulic retention time (HRT) or the contact time of wastewater inside the filter bed, that is, 
the caffeine solution leaving the filter probably does not reach the adsorption equilibrium and this results 
in lower removal efficiency. Meanwhile, lower HLRs increase the contact time between caffeine and CC, 
this increases mass transfer and diffusion between CC particles (Iheanacho et al., 2021), thus increasing 
removal efficiency around 0.1 – 6.0% and 1.8 – 26.3% for HLR=1 m3/m2-d and HLR=2 m3/m2-d, 
respectively. Something similar happened in the study by Arsalan et al., (2021), when CC (length= 5 cm, 
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 =2.5 cm) was used in the organic matter removal, an increase in the HRL from 27 to 71 m3/m2-d 
produced about 12.5% decrease in the removal. Likewise, Katam et al., (2020), found a decrease from 96 
to 86% in the caffeine removal by reducing the HRT from 12 to 8 h, respectively. In this study, 
polyurethane foam sponge cubes (2 × 2 × 2 cm) were used as the filter bed.  

In spite of this phenomenon is not observed when the HLR is increased from 1 to 2 m3/m2-d, since the 
highest caffeine removal efficiencies are achieved when operating with an HRL=2 m3/m2-d. This could be 
since in filters that operate with HRL=1 m3/m2-d, caffeine desorption increases, which increases the 
concentration in the effluent reducing the efficiency of the filtering systems. The separation of the 
contaminant from the CC can be a product of the material degradation. The degradation of the material 
was perceptible in all filters since changes in the organoleptic properties (color and smell) were observed 
(Figure 48). However, only the filters that operated with an HRL= 1 m3/m2-d generated unpleasant odor 
(characteristic of degradation processes). Also, mosquitoes were found on top of the filters. pH is another 
parameter that evidenced the material degradation. 

a) b) c) d) 
Figure 48.  CC at the saturation with caffeine using an HRL=1 m3/m2-d. a) SPF (204 h), b) MPF (168 h), 

c) MxPF (138 h) and d) LPF (150 h). 
 
The pH changes as function of time are shown in Figure 49. It is observed that the SPF, MxPF, MPF and 
LPF that worked with lower HLR presented a greater pH variation (up to 2.3, 2.0, 2.1 and 1.6, 
respectively) with respect to the filters that work with the highest loads (up to 2.0, 1.4, 1.6, 0.9, 
respectively). Different microorganisms can have different optimal pH values, and there is not a certain 
optimal range for all strains, many times changes in pH do not affect the microorganisms, but they can 
affect their efficiency in removing contaminants. In the removal of chromium (VI), pH changes of up to 2 
units were reported, the more acidic pH favored the denitrification process. However, there were no 
significant differences in the chromium removal when the most basic pH values were reached (H. Wang 
et al., 2018).  
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Furthermore, initially there is a decrease in pH and later the pH stabilizes or begins to increase. In the 
degradation of organic matter, ammonium and acid ions are produced. If acids (carboxylic, phenolic and 
humic acids) are generated during the degradation, the pH decreases, and if ammonium ions are 
generated, the pH increases (Sharma & Garg, 2019). Material degradation is produced by the bacteria 
presence. According to Arora et al. (2014), the material degradation is due to the presence of microbial 
communities. Microbes generate extracellular enzymes that are capable of breaking down cellulose, 
proteins, starch, sugars, and phenolic compounds that are present in the material. The decomposition 
processes are linked to changes in pH and these in turn can modify the adsorption/precipitation of 
contaminants in the filter bed (Arora et al., 2014). In addition, in previous studies such as the one carried 
out by Tejedor et al. (2020), it has been verified that HLRs close to 1 m3/m2-d (between 0.5 and 1.5 
m3/m2-d) in biofilters favor a greater growth of microorganisms. On the other hand, the environmental 
conditions of the filters are suitable for the development of bacteria, since mesophilic conditions (15 – 40 
°C), presence of water, pH between 4.5 and 8.5 and availability of food (in this case the material and 
caffeine) (Baltrėnas & Baltrėnaitė, 2020). 
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Figure 49.  pH performance in the removal of caffeine by particle size. Dot fuchsia lines= optimal pH 

range to the microorganism development. 
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The degradation of the material was verified with the result of the FTIR analysis (Figure 44). In the 
saturated SPF (material after caffeine removal), three samples of material located at different heights of 
the column were taken: top=CCtop, middle=CCmiddle, and bottom=CCbottom. This was done because 
different changes in the CC color was observed within the filter, as shown by the photos in Figure 48. 
Macroscopic changes could be associated with the longer operating time (204 h) of SPF compared to the 
other filters. Nevertheless, the FTIR spectrum does not show significant changes between the different 
saturated CC and the raw CC; but they are more noticeable in the CCtop. Changes are observed in the 
bands around 2900 (CH3, CH2, O- CH3 groups) and 1600 cm-1 (C=C groups); these could be associated 
with the degradation of the aliphatic structure and the humification of lignin, respectively. There are also 
changes in the band around 1100 cm-1 (C-OH and C-O groups), which indicates that the carbohydrates 
and polysaccharides were degraded (Hu et al., 2011). 
On the other hand, in the CCtop the presence of bands around 3700 and 2300 cm-1 can also be observed, 
which are characteristic bands of caffeine. The change in the intensity of the bands near 3300 (OH- 
groups) and 1750 cm-1 (C=O groups) can also be associated with the presence of caffeine in the CC 
(Paradkar & Irudaryaraj, 2002).  
So far, it has been determined that the removal of caffeine is favored by decreasing the HLR and the 
particle size. However, it is necessary to determine if the particle sizes favor the hydraulic operation of 
the filter. The hydraulic operation of the filters in the removal of caffeine is shown in Figure 50. 
Hydraulic conductivity values varied between 48.3 and 185.1 mm/h. While the head losses values were 
between -3.0 and 4.8 cm water. The SPF, MPF, MxPF and LPF filters, when operated with HLR=1 and 
2m3/m2-d, presented hydraulic conductivities lower than 100 mm/h. Being the SPF and MxPF the ones 
that presented the lowest conductivity values (around 50 mm/h). While with an HRL= 4 m3/m2-d, all 
filters presented a hydraulic conductivity greater than 100 mm/h. However, the LPF presented the highest 
hydraulic conductivity (between 118.3 and 185.1 mm/h). It is observed that both the hydraulic 
conductivity and the head losses are related to the characteristics of the CC (size and shape) and to the 
HLR. A smaller CC size decreases hydraulic conductivity and increases head losses. The mixture of the 
different sizes of CC did not favor the hydraulic operation of the filters, this occurs because the small 
material presented greater compaction over time and modified the wastewater flow (Le et al., 2020). This 
same phenomenon was observed in the SPF. Likewise, the irregular shape of the CC negatively 
influences the hydraulic operation of the filter, even though it benefited the caffeine removal. Because of 
irregular particles reduce the porosity of the bed and increases the specific surface area available for 
biofilm growth (Kandra et al., 2014). Moreover, hydraulic conductivities below 100 mm/h are not 
favorable since they could cause the accumulation of sediments and clogging. While hydraulic 
conductivities greater than 400 mm/h reduce the contaminant removal (Payne et al., 2015; Tejedor et al., 
2020). Therefore, the LPF working with HLR= 4 m3/m2-d shows the best hydraulic operation. 

The hydraulic conductivity values are low compared to those obtained by Tejedor et al., (2020). This is 
probably due to the fact that in that study only a fraction of the active layer (25%, height= 30 cm) had the 
same size as the one investigated (0.8 – 2.0 cm) and the rest was larger chips. The smaller particles leave 
smaller spaces between them that, over time, become clogged and hinder the passage of wastewater (Le et 
al., 2020). Therefore, the systems studied are probably not efficient when treating domestic wastewater, 
since their efficiency in hydraulic terms may be lower, that is, the filters may clog in shorter times. 

Although the MPF is susceptible to clogging (hydraulic conductivity less than 200 mm/h), it did not 
happen during the operation of the filters as in the case of the SPF. In addition, this filter has the second-
best caffeine removal efficiencies, and considering that the optimal HLR for these systems was 2, it was 
decided that the triclosan removal would be done under these operating parameters. The triclosan removal 
is presented as following. 
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Figure 50.  Hydraulic conductivity and head losses in the removal of caffeine. Black line= 1 m3/m2-d, 

blue line= 2 m3/m2-d, green line= 4 m3/m2-d. Dot fuchsia lines= optimal range of hydraulic conductivity to 
avoid clogging. 

 
3.2.2. Triclosan removal 

Figure 51 shows the triclosan removal in the MPF. Like caffeine, there are sudden changes at the 
beginning of the operation, which could be associated with the stabilization process of the filters. 
Efficiencies between 98.96 (±0.10) and 91.57 (±1.10)% were maintained for a period of 84 h of 
operation. That is the material presents a certain stability in the triclosan removal during this time and 
later the efficiency begins to decrease slowly until the CC reaches saturation at 246h of operation. The 
decrease in the removal of both caffeine and triclosan occurs because over time the active sites of the 
material are occupied with the contaminants, this occurs until all the sites are occupied (Almeida-Naranjo 
et al., 2021a). 

The behavior observed is different from that of caffeine since this stability period does not occur. 
Moreover, their removal and the saturation time of their filters are shorter (9.49% and 48h, respectively). 
These differences are produced by the different physical-chemical characteristics that caffeine and 
triclosan have. Triclosan's lower water solubility/high hydrophobicity compared to caffeine allows it to be 
more rapidly adsorbed. Likewise, the high Kow value results in a greater affinity of triclosan with organic 
matter, which is why it adheres easily to the surface of the CC (Montaseri & Forbes, 2016). 
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Figure 51.  Filter performance in the removal of triclosan 

 
On the other hand, the pH of the filter was maintained between 5.12 and 7.36 (Figure 52). The pH was 
higher than pH of filters used in the caffeine removal because the triclosan was prepared with 0.1 M 
NaOH solutions. However, triclosan filters also show pH changes, it would also indicate that the material 
is degrading. In Figure 53, a photograph of MPF that was fed with triclosan and the control filter that was 
used in this stage of operation is presented. As can be seen, the control filter material is more degraded 
than the one adsorbing triclosan even though the control operated with drinking water. This probably 
occurs because triclosan has some degree of toxicity to bacteria. Triclosan can alter the structure or 
function of microorganisms both in the environment and in engineered systems. For example, at 
concentrations between 0.02-4.0 mg/L, triclosan can decrease the abundance and diversity of denitrifies 
in aged biosolids from activated sludge systems (Gao et al., 2019). Furthermore, triclosan can interfere 
with the stability and topology of protein structures of viruses and bacteria due to its hydrophobicity (low 
Kow), inhibiting their biological function (Shrestha et al., 2020). 
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Figure 52.  pH performance in the removal of triclosan. Dot fuchsia lines= optimal pH range to the 
microorganism development. 
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a) b) c) 

Figure 53.  a) Control: MPF feed with drinking water b) MPF at the saturation with triclosan c) MPF 
duplicated. HRL=2 m3/m2-d.  

 

On the other hand, the hydraulic behavior of the MPF filter that operated with triclosan present hydraulic 
conductivity between 78.6 mm/h (at the beginning) to 62.1 mm/h (at the end). This is more stable over 
time than the one that worked with caffeine, as can be seen in Figure 54. This suggests that triclosan has 
an effect on the bacteria deposited in the material, in such a way that large changes in the filter system are 
avoided. A similar behavior is showed in the head losses. The head losses in the MPFs that operated with 
triclosan was lower (between -0.2 and -4.4 cm of water) than in the caffeine MPFs (between -2.8 and 2.0 
cm of water), in spite of the MPFs with triclosan worked for a longer time. Moreover, the head losses in 
triclosan have a definite trend, this may also be related to triclosan toxicity. 
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Figure 54.  a) Hydraulic conductivity and b) head losses in the removal of caffeine and triclosan. Particle 
size= medium and HLR= 2 m3/m2-d  

 

The CC removed caffeine and triclosan efficiently, it was evidenced that the particle size of the CC and 
the HLR influence it. The small particles (0.8-2.0 cm) operating with HRL= 2 m3/m2-d were the optimum 
configuration and operating conditions for caffeine removal, respectively. However, in hydraulic terms, 
small particles are not a good alternative since they caused clogging. Therefore, medium particles (2.0-3.5 
cm) were used in the triclosan removal. The removal efficiency of triclosan was higher for more time 
(>90% for 84 h) than that of caffeine, this is because caffeine has high water solubility/polarity and low 
Kow compared to triclosan. Furthermore, the filters that operated with triclosan presented a better 
hydraulic behavior, this is associated with the fact that triclosan could have a control effect on 
microorganisms due to its toxicity, this prevents/decreases the paths through which the solution circulates 
from being clogged by formation of biofilm. Thus, this section shows that agro-industrial residues can be 
efficient in the removal of emerging contaminants such as caffeine and triclosan. However, certain 
disadvantages of the material are also observed, such as its susceptibility to degradation and clogging of 
filters. Therefore, it is necessary to continue investigating the possibility of improving this type of system. 
One of the alternatives is to combine them with living beings, such as plants and earthworms, or mix 
them with other materials (e.g., raw, treated, composites) to improve their properties. Likewise, it is 
important to define the behavior that the filtering systems will have if they are feed with wastewater. It is 
for this reason that the following sections present the results of works related to these topics. 
 
4. Conclusions 

 
Filters (h=90 cm and = 10 cm) with ground corn cobs as bed material are an alternative to remove 
caffeine and triclosan, using hydraulic heads of up to 2m3/m2*-d and intermittent feed of 6 h/d. The filters 
that used material between 2.0 and 3.5 cm were the most efficient in terms of caffeine and triclosan 
removal (85.6-94.4% and 91.6-99.0%, respectively). While in the largest particles they presented the best 
hydraulic behavior (greater than 180 mm/h). Triclosan was more easily removed than caffeine, taking 
almost twice the time to saturate corn cob. However, degradation was observed in the superficial layer of 
the columns. Although the filter in which the mixture of CC particle sizes was used was not efficient in 



 

133 
 

terms of hydraulics or material degradation, the results obtained are a premise to continue studying other 
filter configurations. 
 
Although in this part of the investigation it was shown that corn cobs are an alternative to remove 
caffeine/triclosan in filtration technologies, it is important to determine their biocompatibility, as well as 
that of other residues. This in order to use biofiltration technologies in order to prolong, for example, the 
saturation time of the residue, its hydraulic behavior and reduce its degradation (hydrolysis). Well, this 
last problem could increase the content of organic matter in the treated water (effluent). Therefore, in the 
following section a study of the toxicity of rice husk, peanut shell, corn cob and coconut fiber is carried 
out, this test is complemented with the adsorptive capacity of these materials to remove caffeine. 
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Article 6. Caffeine adsorptive performance and compatibility characteristics 
(Eisenia foetida (Savigny)) of agro-industrial residues potentially suitable for 

vermifilter beds 
 
Almeida-Naranjo, C. E., Frutos, M., Tejedor, J., Cuestas, J., Valenzuela, F., Rivadeneira, M. I., Villamar 

C.A. & Guerrero, V. H. (2021). Caffeine adsorptive performance and compatibility characteristics 
(Eisenia foetida (Savigny)) of agro-industrial residues potentially suitable for vermifilter beds. Science of 

The Total Environment, 801, 149666. 
 

ABSTRACT 
The caffeine adsorptive performance and ecotoxicological characteristics (Eisenia foetida (Savigny)) of 
rice husk, peanut shell, corn cob and coconut fiber were studied, aiming to assess the suitability of these 
residues for vermifilter beds. For this purpose, the agro-industrial residues were characterized and the E. 
foetida Savigny toxicity was determined by acute and chronic toxicity tests. Batch adsorption tests were 
performed using caffeine solutions. Optimal adsorption conditions, kinetic models, isotherm type and the 
influence of three particle sizes (120 – 150, 300 – 600, 800 – 2,000 µm) in the caffeine removal were 
determined. Coconut fiber (120 – 150 µm) proved to be the most efficient residue for the caffeine 
removal (94.2%), requiring 4 g/L for 30 minutes. However, coconut fiber was the most toxic for 
earthworms (14d-LC50= 82%). The results obtained allow to define adequate strategies (e.g., mixing 
highly adsorptive residues with the less toxic ones) to choose the most effective materials for 
vermifiltration technologies. 

1. Introduction 

The negative impacts associated to wastewater production (4,600 km3/year) have rapidly increased during 
the last decades (Singh et al., 2019). Therefore, one key challenge is to remove contaminants, many of 
them persistent and very toxic, before water is used. For this reason, intense research is focused on 
developing materials and technologies to remove water contaminants (Ishaq et al., 2020).   

Pharmaceuticals and personal care products (PPCPs) are among the relatively new and concerning 
contaminants detected around the world. Caffeine (1,3,7-trimethylxanthine, CAF) is one of the most 
common PPCPs, found mainly in common drinks (cola drinks, tea, coffee, energy drinks), achieving an 
average daily consumption worldwide of 177.69 mg/(inhab day) (Anastopoulos et al., 2020b; Korekar et 
al., 2019). Furthermore, during the confinement due to the SARS-CoV-2 pandemic, the consumption of 
energizers, coffee and tea has increased (Abbas & Kamel, 2020). After it is consumed, CAF becomes a 
contaminant which is found in groundwater (0.02 – 23.97 µg/L), surface water (753.5 – 1,100 µg/L), rain 
water (0.18 µg/L), drinking water (0.5 – 5.0 µg/L), and wastewater treatment plant (WWTP) discharges 
(up to 303.6 µg/L). These concentrations are higher than those of other PPCPs (Korekar et al., 2019). 
Regarding toxicity, CAF concentrations up to 200 mg/L do not produce human health effects. 
Nevertheless, CAF evidences chronic toxicity on aquatic organisms, such as zebra fish, decreasing the 
growth rate on fish embryo development at concentrations greater than 2.6 µg/L (Korekar et al., 2019). 
While in aquatic organisms such as Mytilus californianus, Ruditapes philippinarum and Carcinusmaenas, 
CAF produces cellular stress (Anastopoulos et al., 2020a). 

PPCP removal in WWTPs is variable and depends on their physicochemical characteristics and the 
technology used. However, conventional WWTPs have relatively high implementation and operation 
costs (e.g., activated sludge system: 65 – 200 USD/inhab) and could not be applicable in decentralized 
contexts (< 2,000 habitants) (Tejedor et al., 2020). Non-conventional technologies as vermifiltration are 
an adaptable alternative for communities with < 2,000 habitants, and have been successfully used in the 
removal of PPCPs such as sulfamethoxazole, ciprofloxacin, tetracycline, ofloxacin, among others, 
reaching removals between 30 and 97% (Shokouhi et al., 2019). 

Vermifiltration is also interesting because of a series of advantageous features such as easy operation, 
minimal sludge generation and energy consumption (up to 80% less) (Chicaiza et al., 2020). The removal 
efficiency of vermifilters showed also greater stability than that of activated sludge systems. In addition, 
vermifilters reduce the PPCP toxicity because earthworms contribute to their mineralization (Shokouhi et 
al., 2019). 
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The vermifilter performance in PPCP removal is a function of the symbiotic relationships between a 
biotic component (earthworms + microorganisms) and a non-biotic component (bed filter material) 
(Chicaiza et al., 2020). Conventional materials such as wood chip, gravel and sand, combined by layer, 
have been used as bed filter material. However, their use represents around 50% of the investment cost 
(Zhou et al., 2015). Therefore, one of the key challenges to improve the feasibility, usability and 
performance of vermifilters lies on the selection and use of inexpensive and adequate bed filter materials. 
These materials should be widely available, easy to process, durable, high-performing, and easy to 
dispose (Tejedor et al., 2020). Non-conventional materials such as agro-industrial residues represent 
promising alternatives (Adugna et al., 2019; Tejedor et al., 2020).  

Agro-industrial residues are widely available; for instance, rice husk and coconut fiber achieved an annual 
generation of up to 150 and 57 million tons, respectively (Lin and Cramon-Taubadel, 2019; Pode, 2016). 
These residues have a relatively high specific surface area (0.034 – 120 m2/g), simple processing 
(washing, drying, grinding), and low or no costs (e.g., rice husk: 25.0 – 48.5 USD/ton) (Anastopoulos et 
al., 2020a; 2020b; Mo et al., 2018; Ngoc et al., 2018). Their high content of lignin (20 – 30%), cellulose 
(35 – 50%) and hemicellulose (15 – 30%), the presence of active surface functional groups (OH-, COOH-
, C6H6O, CH3O-) and their good chemical/mechanical stability, make them good adsorbents (Mo et al., 
2018; Pode, 2016). Additionally, most agro-industrial residues are also non-toxic to earthworms, even 
though some of the products of the incomplete degradation of lignin have shown high toxicity levels in 
earthworms such as Eisenia foetida (Savigny) (LC50 of 0.6 and 0.7 µg/cm2 for 2,4-dinitrophenol and 4-
nitrophenol, respectively) (Neuhauser et al., 1985). For instance, the reduction in survival (< 46.7%) and 
weight (< 32.1%) of Eisenia foetida (Savigny) in vermifilters has been attributed to bed filter material 
composition (100% v/v of peanut shells) and its hydrolysis (Tejedor et al., 2020).  

Despite their great potential as bed support in vermifilters intended to remove emerging contaminants, 
widely available materials such as rice husk, peanut shells, corn cob, and coconut fiber have not been 
sufficiently studied (Anastopoulos, et al., 2020b). Therefore, the aim of this work was to characterize the 
physicochemical properties of these residues, and to evaluate their caffeine adsorptive performance and 
ecotoxicological characteristics (Eisenia foetida (Savigny)), to assess their potential use for vermifilter 
beds. This could contribute to elucidate the relationship between the properties of bed support materials 
and the removal of PPCPs in vermifilters, and to improve their performance. 

2. Materials and Methods 

2.1. Agro-industrial residues conditioning 

This study was carried out in Ecuador, where rice husk (RH), peanut shells (PS), corn cob (CC), and 
coconut fiber (CF) were obtained from Bucay city (location S 2°11'23.1", W 79°09'49.6"W), Loja city 
(location S 3° 59′ 35.3″, W 79° 12′ 15.2″), Saquisilí city (location S 0° 50', W 78° 40'), and Lomas de 
Sargentillo city (location S 1° 53′ 00″, W 80° 05′ 00″), respectively. The residues were washed and dried 
at 80 °C for around 24 h. Then, they were ground using a Thomas knife mill and the adsorbent particles 
were sieved and classified in three different size groups: 120 – 150 µm (small), 300 – 600 µm (medium) 
and 800 – 2,000 µm (large), and later they were characterized as detailed.  

2.2. Experimental assays 

2.2.1. Batch adsorption tests 

The solutions used in batch adsorption were prepared from the dilution of a 100.0 ppm standard solution 
prepared with ReagentPlus® caffeine, 99.0% pure, from Sigma-Aldrich. The adsorption batch tests were 
performed using 100 mL beakers at room temperature, in dark conditions to avoid photo-degradation and 
stirring at 150 rpm. About 20 mL of CAF solution of 30 ppm was placed in each beaker, setting an 
adsorbent dose according to the particle size and type (RH, PS, CC or CF). The adsorbent dose used was 
between 1 and 50 g/L. Each test was performed in triplicate and distilled water was used as control 
system. 

The optimal dose for adsorption was determined for each adsorbent and for each particle size. For this 
purpose, the adsorbent was placed in contact with the CAF solution for 180 min. The optimal contact time 
was determined by placing the optimal adsorbent dose in contact with the CAF solution for up to 300 
min.  
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Adsorption kinetic and adsorption equilibrium isotherm studies were performed according to the optimal 
dose and contact time for each residue and particle size. In the adsorption kinetic tests, caffeine solutions 
of 30 ppm and in the isothermal ones, with concentrations of 10, 20, 30, 40, 50 and 60 ppm were used. 
Data collected were fitted to the pseudo-first and pseudo-second-order kinetic models and to the 
Langmuir and Freundlich isotherm models. These classical models have shown good fitting to the 
equilibrium models (R2 close to 1) described by agro-industrial residues in the removal of several 
contaminants (Anastopoulos et al., 2015).  

2.2.2. Compatibility tests: acute and chronic bioassays 

The earthworm’s tolerance (Eisenia foetida (Savigny)) to RH, PS, CC and CF were driven by acute and 
chronic compatibility studies. Eisenia foetida (Savigny) species was analyzed because it is considered a 
representative species of the earthworms’ soil fauna (OECD, 2015). The earthworms were obtained from 
a peri-urban farm located near Quito city. The species was verified by taxonomic records of ITIS (2020). 

The method OECD (2015) modified was used for compatibility tests. Initially, acute assays were carried 
out with concentrations of 1.5, 3.0, 6.5, 12.5 and 25% v/v for the four residues. However, the results did 
not show significant differences (p > 0.05), mainly RH respect to the control (residues= 0% v/v), so that 
higher concentrations were used in the definitive assays. Before each compatibility assay, intestinal 
contents from Eisenia foetida (Savigny) individuals were purged. Individuals were placed for three hours 
on moistened cellulose paper and washed with deionized water. The acute and chronic compatibility tests 
using RH, PS, CC and CF were carried out in triplicate under optimal environmental conditions (20 ± 2 
°C, pH 5 – 9, humidity 55 – 95%). The acute compatibility tests were carried out for 14 days. Ten 
clitiated two-month-old individuals with live weight from 0.25 to 0.65 g were placed in each container (V 
= 1.98 L). In the acute tests, for PS, CC and CF four different agro-industrial residue concentrations 
(control= 0, 25, 50 and 100% v/v) mixed with artificial soil (10% peat, 20% kaolin clay, 70% quartz 
sand) were evaluated. For RH three different concentrations (control= 0, 50 and 100% v/v) mixed with 
artificial soil were used. The lethal concentration (LC50) was determined as a function of mortality or non-
mobility of 50% or more of the exposed Eisenia foetida (Savigny) individuals. The earthworm chronic 
effects tests were carried out between 28 and 35 days under the same acute assays’ conditions (OECD, 
2015). 
 
2.3. Analytical and instrumental methods 

Composition of agro-industrial residue were determined according to the ASTM standards detailed 
before. The determination of total organic carbon and total nitrogen were carried out, using the wet 
digestion with sulfuric acid/potassium dichromate and Kjeldahl methods, respectively. 

The surface morphology of RH, PS, CC and CF particles, their functional groups and their surface area/ 
pore size/pore volume were analyzed with the same equipment of Articles 1 and 2. CAF concentrations in 
the batch adsorption tests were determined using an Analytik Jena Spercord 210 Plus UV-VIS 
spectrophotometer at 287 nm. 

2.4. Data analysis  

2.4.1. Adsorption batch tests 

Optimal dose and contact time were determined by performing an analysis of variance (ANOVA) with 
the CAF removal data obtained for each adsorbent particle size (large, medium, and small). Previously, 
normality was evaluated using Anderson Darling test. ANOVA parametric analysis was established using 
Tukey's test with a significance level of 0.05. The software used was Minitab 18 version 1.0. Moreover, 
the optimal adsorbent particle size was determined using OriginPro version 8.5 and comparing the 
adsorption efficiency with the adsorbent dose.  

2.4.2. Compatibility tests: acute and chronic bioassays 

Acute toxicity (LC50) was determined using Probit (normal distribution) or Spearman-Karber (non-normal 
distribution) tests. Chronic toxicity (NOEC) was determined using analysis of variance (ANOVA) with a 
significance level of 0.05. The Chi-square and Barlett tests were previously used to determine normality 
and variance homogeneity, respectively. Dunnett's test (normal distribution) and/or Kruskal-Wallis test 



 

137 
 

(non-normal distribution) were performed. The statistical programs were Toxtat (version 2.1), EPAProbit 
(version 1.5) and Spearman-Karber (version 1.5). 

3. Results and discussion 

3.1. Adsorbent’s characterization 

3.1.1. Physical-chemical characterization and proximal analysis 

Figure 55 summarizes the physicochemical characterization and proximal analysis of the agro-industrial 
residues. Results evidenced that CF (40.5 ± 0.5% w/w) and PS (36.2 ± 4.4% w/w) had the highest lignin 
content. CC (45.5 ± 1.0% w/w) and PS (19.4 ± 5.9% w/w) reported the highest and the lowest cellulose 
content, respectively. Meanwhile, CC (33.3 ± 0.8% w/w) and CF (19.8 ± 0.3% w/w) reported the highest 
and the lowest hemicellulose content, respectively. Lignocellulosic compounds, mainly lignin, from agro-
industrial residues generate a fibrous and porous structure with several functional groups (e.g., methoxy, 
methyl, hydroxyl, phenolic, ether and carboxyl) (Mo et al., 2018; Pode, 2016). 

Volatile solids showed concentrations with mean values between 63.5 (± 2.4) and 91.5 (± 0.0)% w/w. 
High values (≥ 60%) of volatile solids from agro-industrial residues are characteristic of better adsorption 
properties, due to lignin, cellulose and hemicellulose presence (Mussatto et al., 2010). On the other hand, 
ash content was relatively low in the studied residues, whose values were between 1.4 (± 0.1) and 18.2 (± 
4.6)% w/w. RH contains the highest ash percentage, probably due to the silica presence in form of 
silicon-cellulose (Chowdhury et al., 2011; Eliche-Quesada et al., 2017). Silica acts as a barrier between 
the functional groups present on the RH surface and the contaminants. Therefore, it can be expected that 
CF and PS will have higher CAF adsorption capacity than RH and CC since they have the highest lignin 
concentration. However, the adsorption capacity of CF and PS could be affected by the extractive 
presence because extractives reduce the active sites of the residues (Chowdhury et al., 2011). 
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Figure 55.  a) Physicochemical composition and b) proximal analysis of agro-industrial residues. 

 

3.1.2. FTIR, SEM and BET analyses 

Figure 56 shows the FTIR spectra obtained before and after CAF adsorption, and SEM images before the 
CAF adsorption, corresponding to the more efficient particle sizes (small) for RH, PS, CC and CF. The 
bands around 3300 and 2900 cm-1 correspond to the stretching vibrations of the OH- group and C-H 
bond, respectively. The bands between 1700 cm-1 and 1600 cm-1 correspond to the C=O bonds; while the 
bands between 1259-1216 cm-1 and 1375-1362 cm-1 are due to the C-H bending, both functional groups 
are present in the cellulose and hemicellulose. The vibration of the lignin aromatic ring is represented by 
several groups of bands (around 1600, 1500, 1400 and 1300 cm-1). The bands around 1160 cm-1 
represented the antisymmetric stretching of the C-O-C bond of the cellulose. The bands between 1000 
and 1300 cm-1 appeared due to the vibration of the C=O bond stretch of the carboxylic and alcohol groups 
(Beltrame et al., 2018; Zhang et al., 2015). The FTIR analysis showed the presence of several functional 
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groups in agro-industrial residues (mainly carboxyl and hydroxyl) that could be the main adsorption sites 
for the CAF removal.  

 

Figure 56.  SEM images before CAF adsorption, and FTIR spectra before (blue line) and after CAF 
adsorption (black line) by agro-industrial residues (small particle size). 

 

On the other hand, SEM images show that residues have an uneven surface where contaminants could be 
deposited. RH evidences an irregular surface with cavities and grooves and PS showed a compact and 
ordered porous surface. The CC exhibits a heterogeneous surface, characteristic of lignocellulosic 
materials. In the case of the CF surface, we observe a folding layer whose openings give rise to the pores 
(de Franco et al., 2017; Wang & Li, 2015). Therefore, agro-industrial residues show an irregular 
morphology with the presence of pores. These surface characteristics would facilitate the retention of 
CAF molecules. However, the medium (300 – 600 µm) and large (800 – 2,000 µm) particle sizes 
compared with the small particles showed less irregularity in their surface, so small particles could 
remove more CAF (Liu et al., 2016). 

Table 30 shows the parameters of BET analysis for agro-industrial residues. The surface area (SA) of 
agro-industrial residues is relatively low (1.12 – 1.80 m2/g) with minimal differences between them, being 
SACF> SAPS> SARH> SACC. The values obtained are within the range of the SAs obtained in other 
studies. The ranges of SAs were very wide (between 0.1 and > 7.0 m2/g) due to the different species 
existing in each residue (Daffalla et al., 2020; Kolar & Jin, 2019; Messina et al., 2015). The pore 
diameters of the four residues were between 2 and 50 nm, which according to the IUPAC is characteristic 
of mesoporous materials (Beltrame et al., 2018). 

Table 30. Surface area, pore volume and pore diameter of agro-industrial residues. 

Agro-industrial  
residue 

Surface area 
(m2/g) 

Pore volume*10-3 
(cm3/g) 

Pore diameter 
(nm) 

RH 1.18 6.36 9.95 
PS 1.73 4.84 3.15 
CC 1.12 4.20 4.12 
CF 1.80 4.08 3.44 

 
3.2. Adsorption optimization 
Figure 57 shows the influence of the adsorbent dose and contact time on the CAF adsorption. An increase 
in the dose and contact time favors the CAF removal, reaching efficiencies between 51.9% and 96.4%. 
This is because increasing the amount of the adsorbents, increases the number of active sites and the 
surface area (Żółtowska-Aksamitowska et al., 2018). However, a higher dose than the optimal (7 – 16 
g/L) does not produce a significant difference (p > 0.05) in the CAF removal using PS and CF. On the 



 

139 
 

other hand, the CAF removal efficiency decreased after the optimal dose was surpassed in the cases of 
RH (20 – 30%) and CC (10 – 30%). An excess of RH and CC could generate agglutination and the 
decrease of the surface that will be in contact with CAF (Noreen et al., 2013).  

The optimal contact time for the small, medium, and large particles of RH, PS and CC was 180 min. For 
CF, the optimal contact time was shorter for the small (30 min), medium (45 min) and large (60 min) 
particles. The highest removal percentage was achieved at 180 min for RH and CC (Figures 46e and 46g). 
Once that optimal time had elapsed, the efficiency decreased (0.03 – 0.10%/min) as the contact time 
increased. This decrease could occur because active sites of the agro-industrial residues were saturated. 
Moreover, the aggregates formed by RH and CC particles suggest an increase in the required contact 
times (Noreen et al., 2013; Żółtowska-Aksamitowska et al., 2018). 
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Figure 57.  a) – d) Effect of the agro-industrial residue dose and contact time on the CAF adsorption by 

agro-industrial residue. e) – h) Contact time of the optimal dose = 180 min. Optimal timing dose = optimal 
dose. 

 
Figure 58 shows the efficiencies achieved with the optimal dose and contact time for each particle size of 
the agro-industrial residues studied. The CF achieved the highest CAF removal efficiency (92.9 – 94.3%) 
using the least amount of residue, with mean doses of 4, 10 and 12 g/L for small, medium, and large 
particles, respectively. The higher CAF removal efficiency of CF, compared to the other residues, is 
related to its composition (lignin and volatile material) (Mo et al., 2018). However, the efficiency also 
depends on the presence of extractives. For instance, PS reports the second-highest lignin content 
(36.2%), but also the highest extractives content (15.3%); this limits its CAF removal efficiency, 
particularly for small particle sizes. In general, the CAF removal efficiency of agro-industrial residues 
showed direct lineal relationships with the lignin/cellulose/hemicellulose content (R2 = 0.76 – 0.89; p < 
0.05) and their granulometry (R2 = 0.97; p < 0.05). As previously mentioned, CF exhibited the best 
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adsorption performance considering the doses (4 – 12 g/L) and contact times (30 – 60 min) required, 
regardless of the particle size. In particular, the small CF particles showed higher CAF removals (10.5 – 
24.9%, at 30 min) than medium and large particles, due to their higher porosity. This was consistent with 
the results of the FTIR analysis (Figure 56). After CAF adsorption, the spectra of the four residues 
showed modifications for the three particle sizes. However, these changes were greater for the small 
particles, due to the higher CAF concentration (between 2.6 and 35.2%) in them. The intensity of the 
carbonyl group (1632 cm-1) and the bands related to lignin, cellulose and hemicellulose (2900 – 3200, 
1500 – 1180 cm-1) decreased after CAF adsorption. The band intensity reductions suggest an 
interaction/bond between the functional groups of the residues and the CAF functional groups. The 
spectra of RH, PS and CF show more noticeable changes than the CC spectra, probably because the three 
residues have a greater capacity to have CAF on their surface than CC (Noreen et al., 2013).  
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Figure 58.  Comparison of CAF removal efficiency using optimal conditions of agro-industrial residue 

dose and contact time.  
 
 

3.3. Adsorption kinetics  
 
Table 31 shows the fittings for pseudo-first and second-order models used to describe the experimental 
adsorption kinetics data. The maximum CAF adsorption capacities obtained for small particles of RH, PS, 
CC, and CF were 6.3, 3.0, 1.4 and 7.0 mg/g, respectively. The kinetics data for RH, PS, CC and CF in the 
three particle sizes are better fitted to the pseudo-second-order model (R2 = 0.957 – 0.999). This, 
combined with changes in the FTIR spectra of agro-industrial residues after CAF adsorption, suggests 
that chemisorption controls the CAF adsorption, and there is electron sharing between CAF and the 
functional groups on the residues surface (Beltrame et al., 2018; Castro et al., 2021).  

The adsorption using small RH particles was better fitted to the pseudo-second-order kinetics model (R2 = 
0.973). However, its experimental qe value (6.3 mg/g) is closer to the qe obtained in the pseudo-first-order 
model (6.7 mg/g), which shows a good fitting (R2 = 0.959). Furthermore, the qe of the pseudo-first-order 
model is closer to the equilibrium adsorption capacity of the Langmuir isotherm (qe = 6.5 mg/g). Other 
studies have also fitted to pseudo-first-order kinetics models (qe = 5.4 – 6.5 mg/g), as in the case of 
oxidized biochar obtained from pine needles (Anastopoulos et al., 2020b).  
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Table 31. Kinetic parameters for the pseudo-first-order and pseudo-second-order on CAF  

Agro-
industrial 

residue 

Particle 
size 

qe exp. 
[mg/g] 

Pseudo-first-order Pseudo-second-order Pseudo-second-order fit 
Qt [mg/g] vs. t [h] 

Black line: small particle 
Blue line: medium particle 
Green line: large particle 

qe 

[mg/g] 
K1 

[h-1] 
R2 qe 

[mg/g] 

K2 

[g/(mg 
h)] 

R2 

RH 

Small 6.29 6.72 0.85 0.959 7.71 0.10 0.973 
7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0  

Medium 2.27 0.83 0.23 0.813 1.91 6.84 0.998 

Large 

0.72 

0.56 1.34 0.976 0.74 5.96 

0.994 

PS 

Small 3.04 1.54 1.01 0.889 3.16 1.92 0.996 3.0

2.5

2.0

1.5

1.0

0.5

0.0  

Medium 1.88 0.87 1.13 0.886 1.92 4.58 0.998 

Large 

0.94 

0.42 1.12 0.909 0.96 10.09 0.999 

CC 

Small 1.42 0.69 0.35 0.891 1.66 1.10 0.957 1.5

1.0

0.5

0.0  

Medium 1.03 0.81 1.51 0.884 1.16 2.67 0.982 

Large 0.84 2.12 3.58 0.885 0.97 3.18 0.976 

CF 

Small 7.02 1.38 0.33 0.564 7.09 1.46 0.999 

0 1 2 3 4 5

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0
 

Medium 3.17 0.71 0.14 0.494 3.18 3.95 0.998 

Large 2.69 0.85 0.53 0.743 2.75 20.39 0.997 

C0= 30 mg/L, RH dose= 4.0, 8.5 and 50 g/L, PS dose= 10, 17 and 35 g/L, CC dose= 11, 15 and 17 g/L, 
CF dose= 4, 10 and 12 g/L, for small, medium, and large particles, respectively 

3.4. Adsorption equilibrium 
 
The adsorption isotherm models evaluate the contaminant distribution on adsorbent surfaces, estimating 
the adsorbent adsorption capacity. Table 32 shows the parameters of Langmuir and Freundlich isotherm 
models fitted to the experimental data. The CAF adsorption for small size particles of RH, PS, CC and 
CF, for medium size particle of RH and CC and for large size particles of CF were best fitted to the 
Langmuir model. This model indicates a homogeneous adsorption with a monolayer surface coverage 
without interaction between the adsorbed molecules (Beltrame et al., 2018). On the other hand, the 
regression coefficients for the Langmuir and Freundlich models applied to large particles of RH and CC 
and medium particles of CF are very similar. This could mean that initially only monolayer adsorption 
occurs (chemisorption, Langmuir) and subsequently CAF is deposited to form multilayers (physisorption, 
Freundlich). This behavior is common for other adsorbents, such as hyacinth biochar, sepiolite, tea leaves, 
among others (Anastopoulos et al., 2020b). Finally, the Freundlich model was fitted to the CAF 
adsorption for the medium particle sizes of PS. The results of the isotherm models could be favorable as it 
indicates that residues bind to CAF through different mechanisms such as ion exchange, ion pairing, 
electrostatic attraction, hydrophobic bonding, hydrogen bonding and dispersion forces (Oliveira et al., 
2019). This would suggest that they can be efficient in removing other contaminant types. 

Regarding the adsorption capacities, CF show the highest ones, being 8.7, 5.4 and 4.4 mg/g for the small, 
medium, and large particle sizes, respectively. The adsorption capacity is related to the adsorbent size, 
adsorbent nature (functional groups/physicochemical properties), surface area and the adsorption type 
(physic/chemisorption) (Luo et al., 2018). The adsorption capacities (mg/g) for small/medium/large 
particles of RH (6.5/3.9/0.6), PS (3.9/3.2/1.2) and CC (2.3/2.3/0.12) were variable. These adsorption 
capacities are comparable to those found for hyacinth biochar (2.49 mg/g), commercial multi-walled 
carbon nanotubes (4.18 mg/g), oxidized pine needles biochar (5.35 mg/g), and bagasse biochar (3.52 – 
4.53 mg/g) (Anastopoulos et al., 2020). On the other hand, the surface area of agro-industrial residues, in 
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spite of be low (1.18 – 1.80 m2/g) are comparable with the adsorption capacity of pyrolyzed Gliricidia 
sepium biochar at 300 °C (4 mg CAF/g), the material presented a similar surface (1.02 m2/g) to that 
obtained (Keerthanan, et al., 2020b). There are other adsorbents, such as activated carbon, modified 
residues, and modified clay, with greater adsorption capacity for CAF (> 700 mg/g). These materials are 
generally subjected to physical or chemical modifications (Anastopoulos, et al., 2020; Oliveira et al., 
2019). In these cases, it is important to consider that modified residues can generate by-products more 
toxic than CAF. For instance, TiO2 nanoparticles have been impregnated in organic residues to provide 
them photocatalytic properties and remove emerging contaminants (León et al., 2020). However, the TiO2 
nanoparticles have produced effects in aquatic biota at the molecular level (Mahaye et al., 2017). This is 
relevant, if materials are used in filter beds in biofiltration technologies, where earthworms and 
microorganisms coexist. Such materials are also required to be compatible. 

Table 32. Isotherm parameters for the Langmuir and Freundlich models on CAF adsorption at different dose of agro-
industrial residues (C0= 30 mg/L, RH dose= 4.0, 8.5 and 50 g/L, PS dose= 10, 17 and 35 g/L, CC dose= 11, 15 

and 17 g/L, CF dose= 4, 10 and 12 g/L, for small, medium, and large particles, respectively). 

Agro- 
industrial  

residue 

Particle 
size 

Langmuir isotherm Freundlich isotherm 

qmax 

(mg/g) 
KL 

(L/mg) R2 KF 
((mg/g) (L/mg)1/n) 

 
n R2 

RH 

Small 6.49 0.49 0.962 2.09 2.62 0.931 

Medium 3.87 0.24 0.949 0.88 2.11 0.874 

Large 0.59 1.09 0.981 0.28 3.63 0.987 

PS 

Small 3.88 1.28 0.987 2.39 5.36 0.978 

Medium 3.15 0.29 0.992 0.75 1.86 0.982 

Large 1.16 0.23 0.963 0.22 1.71 0.997 

CC 

Small 2.29 0.16 0.953 0.65 3.11 0.596 

Medium 2.27 0.06 0.903 0.25 1.87 0.823 

Large 2.57 0.04 0.918 0.12 1.26 0.915 

CF 

Small 8.74 1.94 0.976 5.50 5.93 0.930 

Medium 5.47 0.55 0.961 2.21 2.99 0.964 

Large 4.43 0.48 0.996 1.60 2.66 0.936 

 
3.5. Ecotoxicology characteristics 
 
Figures 59 and 60 summarize the compatibility results of agro-industrial residues on Eisenia foetida 
(Savigny) individuals. The acute toxicity tests (Figure 59a) show that the concentration of PS and CF (%, 
v/v) that produced mortality (14 d-LC50) of the earthworms was 97 and 82%, respectively. Meanwhile RH 
and CC did not report acute toxicity. Earthworm mortality is a bioindicator of the palatability and 
suitability of the foods to which they are exposed (González-Moreno et al., 2020). On the other hand, 
chronic toxicity effects were determined with the individual growth and their reproduction. Reproduction 
was affected but not significantly (p > 0.05) at concentrations of 50 and 100%, v/v for PS and CC, 
respectively. Moreover, earthworm growth did not show significant negative effects (p > 0.05) for all 
residues. However, CC showed an increase in weight of 40.0 and 4.0% at concentrations of 25 and 50%, 
v/v compared to control (CC= 0%, v/v). Meanwhile, CF and PS at 100% v/v concentrations showed 
earthworm weight losses of 82.0 and 32.2%, respectively. On the contrary, RH at 50%, v/v showed an 
increase (0.1 g) in the earthworm weight; the other concentrations showed a decrease between 0.05 and 
0.92 g. Thus, both CF and PS are more incompatible with earthworms.  

Figure 59b showed that RH favored the production of cocoons in all concentrations (25, 50 and 100%, 
v/v), the highest production was at 50%, v/v (1.85 cocoons/earthworm). CC in concentrations between 25 
and 50%, v/v registered a cocoons production (0.64 – 0.86 cocoons/earthworm), like the control (0.71 
cocoons/earthworm). However, CC at 100%, v/v decreased the cocoons production per individual (0.19 
cocoons/earthworm). PS presented an increase in the cocoons production (0.35 – 0.41 
cocoons/earthworm) at concentrations of 25, 50 and 100%, v/v, which is compared to the control (0.10 
cocoons/earthworm). On the other hand, CF did not show a cocoons production per earthworm at 
concentration of 100%, v/v.  
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Figure 59.  Mortality of Eisenia foetida by each agro-industrial residue.  

 

The nature and composition of the filter bed material play a very important role in the earthworm 
behavior. The earthworms are the main drivers of the filter bed decomposition because they favor the 
fractionation by enzymatic and microbial enrichment, accelerating the degradation and mineralization of 
the residue (Chen et al., 2015). These microbial communities generate extracellular enzymes that degrade 
cellulose, proteins, starch, sugars and phenolic compounds, which favor the material degradation or 
change the pH due to the contaminant adsorption/precipitation (Arora et al., 2014). The initial pH of the 
agro-industrial residues was in a range between 6.1 and 6.6, while at the end of the toxicity tests the pH 
varied from 6.9 and 7.2 (Adugna et al., 2019). The increase in pH could be related with the ammonium 
ions generation. Despite this, the pH of agro-industrial residues is favorable for the earthworms because 
they could survive at pH range between 6.2 and 9.7 (Suthar, 2010). Therefore, gaseous pollutants were 
not development on our assays. Indeed, the compost production (> 2 months) within vermifilters generate 
CO2, NH4 and NO2, produced by the humic acids total degradation, which could influence on the filter 
bed pH (Sharma & Garg, 2019). Incomplete humic acids degradation by carbon source recalcitrant (e.g., 
lignin) generates the ammonium production, modifying slight changes in pH. Effectively, 
microbial/earthworm degradation of lignocellulosic residues takes longer times due to the complex 
structure of polysaccharides (Sharma & Garg, 2019). For instance, residues with lignin concentrations 
higher than 35% showed a low residue degradation during the first 30 days and only after 60 days a 
mature compost was obtained. Residues with lignin percentages around 25% decreased the maturation 
time to 50 days (Gong et al., 2018; Wang et al., 2014).  

C/N ratio for RH, PS, CC and CF were 31.1: 1, 41.4: 1, 83.2: 1, 57.7: 1, respectively. The optimal C/N 
ratio for vermicomposting is between 25:1 and 30:1 (Wang et al., 2014). Despite this, it is observed that 
CC does not present adverse effects in earthworms, that is, it does not present a nutritional deficit in the 
test time. This suggests that the incompatibility effect of CF on Eisenia foetida Savigni individuals is 
related to the low carbon source availability, due to the lignin is more difficult to degrade than cellulose 
and hemicellulose (Biruntha et al., 2019). Therefore, the agro-industrial residues compatibility was 
mainly caused by their composition.  
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3.6. Agro-industrial residues as filter bed within vermifilters 
 
The agro-industrial residue decomposition, offers nutrients for earthworms and microorganisms (Singh et 
al., 2017). The content of cellulose, hemicellulose and lignin indicates the presence of sugars, which are 
glucose components (glucan and xylan). Glucose favors the microorganism growth, which works in 
symbiotic relationship with earthworms (Saha, 2003). However, high concentrations of lignin 
(recalcitrant compound) in raw agro-industrial residues, make it difficult for microorganisms to access 
cellulose and hemicellulose, slowing down the availability of food for microorganisms and earthworms 
(Gong et al., 2018). Moreover, the presence of lignocellulosic materials (formed by phenolic compounds) 
and the extractives (formed by phenolic, aromatic, lipid, fat, terpene, etc.) cause negative effects in 
earthworms because they produce adverse effects on their growth and reproduction (Garg & Gupta, 2009; 
Z. Li et al., 2016; Pholosi et al., 2013; Saha, 2003). Lumbricus terrestris was exposed to oil mill 
residues/modified soil (40/60 and 80/20% w/w) embedded with a total soluble polyphenols concentration 
of 873 (± 55) mg/kg, reporting mortality at concentrations of 100.0 and 53.3% for 2 and 4 weeks of 
exposure, respectively (Sanchez-Hernandez et al., 2020). In our study, CF (14d-LC50: 82.0%) is the less 
compatible with Eisenia foetida (Savigny), as shown in Figure 60; this is due to its higher extractives 
content (2.5 and 3.3% for RH and CC) and the highest lignin concentration (4.3 – 25.1%, w/w). On the 
other hand, as previously mentioned, the ashes of the residues represent their silica content (Eliche-
Quesada et al., 2017). Silica is not toxic to earthworms, and they can even weather it due to the 
microorganisms they contain in their gut (Georgiadis et al., 2019).  

The compatibility studies on agro-industrial residues are limited because most of them are considered 
compatible or less suitable for detritivore species. However, few compatibility studies show that agro-
industrial residues have negative effects on the growth, reproduction, and mortality of earthworms. 
Organic residues can change the medium pH, being also nutritionally unbalanced by-products during its 
degradation that ultimately lead to toxicity. Indeed, to reduces these effects, organic residues have been 
mixed with others (Gong et al., 2018; Ramnarain et al., 2019). González-Moreno et al. (2020) studied the 
feasibility of using different residues proportions from coffee industries mixed with mature horse manure 
during vermicomposting using Eisenia andrei. In fact, 100%, v/v coffee residues produced a mortality 
between 87.5 and 100%; while that, residues/horse manure mixtures with ratios of 75/25, 50/50 and 25/75 
produced a mortality between 8.3 and 30%. Likewise, these mixtures favored the earthworms´ growth 
(1.01 – 4.39 mg/earthworm/day) and their reproduction (0.05 – 0.35 cocoons/g/week). On the other hand, 
the addition of the bamboo biochar to green waste with Eisenia foetida had the same effect. In this study, 
an increase in pH (0.6 – 0.8) was initially observed (30-40 days) and when the mature compost obtained 
(50 – 60 days) a decrease in pH (0.5 – 08), both changes are related to the degradation products of green 
waste. Thus, bamboo biochar at 6% w/w concentrations favored their growth (15.9 mg/earthworm/day) 
and reproduction (8.3 cocoons/g/day) (Gong et al., 2018). Both studies indicate that incompatibility 
effects are associated with the residue composition. 

The SEM images (Figure 56) of the four residues studied show porous structures, without sharp edges. 
That suggests that the materials favor the earthworm and microorganism’s development (Singh et al., 
2017, 2019). Likewise, earthworms could increase the material porosity in their ingestion-excretion 
process. In this way, the surface area would be increased between 4 and 10 times, increasing the 
adsorption capacity (Singh et al., 2019; Wang et al., 2010). This happened with the removal of 
sulfamethoxazole, trimethoprim and metronidazole, producing an increase around 9.0, 10.5 and 10.1%, 
respectively (Shokouhi et al., 2019).  
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Figure 60.  Influence of components from each agro-industrial residue on the Eisenia foetida growth. 

 
The vermifilter performance could be improved by analyzing the adsorption capacity of the filter bed 
material and its compatibility. If the bed material by itself (100%, v/v residue) is not friendly to living 
beings, such as CF, it can be mixed with other materials in suitable proportions as has already been done 
in previous studies. In this sense, river bed was mixed with vermicompost, sawdust with soil, and sludge 
with vermicompost, reaching organic matter removal efficiencies (COD) between 64 and 86%. Tahir and 
Hamid (2012) used CF mixed with goat manure under different proportions (100:0, 70:30 and 50:50%, 
v/v). Indeed, their study determined that CF: goat manure (100:0) was the material that showed the 
highest earthworm death rate (40%) (Tahir & Hamid, 2012). Something similar happens with RH and PS; 
using only RH, the lowest earthworm growth was achieved (9.29 ± 5.06 mg/earthworm/day) compared to 
RH mixed with fruit (banana, honeydew, papaya) residues at 50:50%, v/v (Lim et al., 2012). Meanwhile, 
Romero et al. (2018) indicated that the adult earthworm survival decreased by more than 50% using only 
PS. On the other hand, CC in this same study have not showed incompatible effects on earthworms (Lim 
et al., 2012; Romero et al., 2018). Therefore, the physicochemical, morphological and particle size 
characteristics of the bed filter material should favor the adsorption process and contribute to the 
development/reproduction of earthworms and microorganisms, making it more efficient. In addition, the 
results allow us to suppose that if the agro-industrial residues studied are combined in the appropriate 
proportions (good adsorption + compatibility), they can be used in vermifiltration at industrial scale. The 
future challenge would be to determine this proportions and the optimal hydraulic conditions for each 
material. 
 
4. Conclusion 

The adsorption capacity of low-cost adsorbents such as rice husks, peanut shells, corn cob and coconut 
fiber in the caffeine removal was determined. Likewise, the compatibility of these residues on Eisenia 
foetida (Savigny) organisms was determined. The lats, in order to determine the possible application of 
these agro-industrial residues within vermifiltration processes. The composition (lignin/extractives/ash) 
and the size of the agro-industrial residues notably influenced the caffeine removal. Caffeine removal 
improves as particle size decreases. The small (120 – 150 µm) particles of coconut fiber showed the best 
performance during caffeine adsorptive removal (94.2%/8.7 mg/g), requiring the shortest contact time (30 
minutes) and lowest dose (4 g/L). However, this was also the most incompatible residue (14d-LC50= 
82%) for Eisenia foetida (Savigny). Therefore, bed material composition also influences its compatibility. 
In this case, coconut fiber could be mixed in suitable proportions with less toxic and high adsorption 
residues, such as corn cob or rice husk, to obtain a friendlier filter bed material for the earthworms. This 
strategy could help improving the performance of vermifiltration technologies during emerging 
contaminant removal. 

With the results of Article 6, it was shown that residues alone (PS, RH and CC) or mixed (CF+CC) can be 
compatible with Eisenia foetida (Savigni) and that they are also efficient in removing caffeine. This 
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information is very important as it guarantees that the materials will allow the development of organisms 
in biofiltration technologies. However, it is considered necessary to first know how different biofiltration 
technologies (mesocosm scale) behave with synthetic wastewater. This is because the information found 
in the literature is very limited when using this type of filter materials to remove caffeine, triclosan and 
other ECs in different types of biofilters; which would make it difficult to justify the results obtained. In 
addition, the biota of biofilters requires a C/N ratio, the same that could not be obtained from 
caffeine/triclosan solutions. Nor will synthetic wastewater enriched with caffeine/triclosan be used 
because it is necessary to know the behavior of technologies with only synthetic wastewater; because it is 
still unknown if the presence of organic matter will have an effect on the caffeine/triclosan removal. 
Another unknown parameter when working with agro-industrial residues as a biofilter filter bed is the 
hydraulic behavior when wastewater is fed, since corn cob filters only worked with caffeine/triclosan 
solutions and previous studies carried out similar investigations. Nevertheless, the results of this part of 
this study will be an important premise for further studies. Therefore, for the last part of the research, a 
conventional material (wood chips) was partially replaced by PS, which was improved in different types 
of biofiltration (biofilters, constructed wetlands, vermifilters, and hybrid biofilters) and fed with synthetic 
wastewater. 
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Article 7. Performance of wood chips/peanut shells biofilters used to remove 
organic matter from domestic wastewater 

Tejedor, J., Cóndor, V., Almeida-Naranjo, C. E., Guerrero, V. H., & Villamar, C. A. (2020). Performance 
of wood chips/peanut shells biofilters used to remove organic matter from domestic wastewater. Science 

of The Total Environment, 738, 139589. 

ABSTRACT 

A continuously increasing global population and industrialization drives a rapidly growing clean water 
demand. Biofiltration is one of the main alternatives developed to improve wastewater quality and 
increase its recyclability. Support materials are extremely important when using this technology since 
they impact the cost of the treatment. In this work, we study the use of wood chips/peanut shell as support 
medium within biofilters incorporating microorganisms (BM), plants and microorganisms (BPM), 
earthworms and microorganisms (BEM) and plants, earthworms and microorganisms (hybrid biofilters, 
HB). These typologies were evaluated to remove organic matter from domestic wastewater. For this 
purpose, twelve biofilters were operated in parallel, feeding them with synthetic domestic wastewater 
under three different nominal hydraulic rates (0.5, 1 and 1.5 m3/m2-d). Previously, support materials were 
individually characterized and acute/chronic toxicity tests on plants (Schoenoplectus californicus) and 
earthworms (Eisenia foetida) were driven. Results showed that both materials have good adsorbent 
properties, providing adequate environmental conditions for biofiltration. Moreover, non toxicological 
response was reported when a 25 v/v% peanut shell fraction was selected. With this fraction used in every 
biofilter studied, the average hydraulic conductivity was between 321 and 502 mm/h, reaching organic 
matter removal efficiencies close to 80% (measured as COD), and between 40 and 63% (measured as 
VS). Higher efficiencies, attributed to the longer contact times, and lower clogging were observed at 
lower hydraulic rates. The incorporation of earthworms and plants improved the solids removal and 
reduced clogging. The statistical analysis indicated that the results obtained for biofilters operating at 0.5 
m3/m2-d showed significant differences (p < 0.05) with respect to those achieved with the other two 
hydraulic rates. In terms of typology, the results for BEM were the ones that presented significant 
differences. As a conclusion, low-cost organic materials (wood chip/peanut shell mix) can be successfully 
used as support medium, since they provide adequate environmental conditions for plants and 
earthworms, improving the operation and maintaining contaminant (organic matter) removal within 
biofiltration typologies. 

 

1. Introduction 

Access to clean water and sanitation is one of the sustainable development goals committed by the United 
Nations for 2030. However, more than 3 billion of the world population (approx. 42%) lack access to 
basic sanitation (connection, treatment) (Malik et al., 2015; Mateo-Sagasta et al., 2015) and this has been 
directly related to poverty. Developing countries ($ 1,035 – 12,615 per capita gross national income) only 
reach 30 and 50% of treatment and connection, respectively. Meanwhile, developed countries (> $ 12,615 
per capita) exceed 75% coverage in both (Malik et al., 2015).  

Domestic wastewater is the most important fraction (> 80% v/v) of the municipal wastewater (Panikkar et 
al., 2010). Given the large amount generated, and the continuously rising water demand, domestic 
wastewater can also be considered as an unconventional water resource that could be properly managed. 
However, its quantity (up to 400 L hab-1-/day) and quality depend on the consumption habits and income 
of the population (Villamar et al., 2018). The quality refers to the presence of solids (100 – 350 mg 
TSS/L), organic matter (250 – 1600 mg COD/L, 110 – 800 mg BOD5/L), nutrients (20 – 120 mg TN/L, 2 
– 23 mg TP/L), pathogens (up to 108 NPM/100 mL), and micro pollutants (e.g., pharmaceuticals and 
personal care products < 1 mg/L) (Villamar et al., 2018). Thus, both discharge and legislation could limit 
the use of domestic wastewater without adequate treatment.    

Treatment technologies, including those based on activated sludge systems or the ones related to passive 
technologies (e.g., biofiltration), represent alternatives to improve wastewater quality, increasing its 
recyclability. Decision making regarding the most convenient technology to be used depends on 
economic escalation (e.g.,80 – 90% of collection capital costs) (Libralato et al., 2012). Conventional 
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technologies (activated sludge systems) reach investment costs between 65 and 200 USD hab-1 under 
centralized wastewater treatment plants (WWTPs) operating for more than 2,000 habitants (Vera et al., 
2016). Meanwhile, non-conventional technologies (biofiltration) could be more adequate in decentralized 
contexts (< 2,000 habitants) (Massoud et al., 2009). In fact, economic (investment cost: 35 – 630 
USD/hab), social (appropriate technologies) and environmental (approx. 50% less emissions) attributes 
could be valued. For instance, the implantation area could be considered an influential factor within the 
wastewater technology investment costs. Biofiltration typologies (0.1 – 6 m2 hab-1) require higher surface 
area than centralized conventional technologies (activated sludge < 0.1 m2 hab-1) and result economically 
unfeasible for large populations (> 2,000 habitants), not only because of the required space but also due to 
the support material requirements (Arora and Kazmi, 2015; Kumar et al., 2015; Vera et al., 2016). 

There is a variety of technologies that are based on biofiltration for the domestic wastewater treatment. 
These technologies include trickling filters or biofilters based on autochthonous microorganisms (BM), 
vertical subsurface constructed wetlands or biofilters based on plants and microorganisms (BPM) and 
vermifilters or biofilters based on earthworms and microorganisms (BEM). Moreover, emergent hybrid 
biofilters based on plants, earthworms and microorganisms (HB) (Samal et al., 2017b) are also an option. 
The common feature between these biofilters is the presence of a biotic component 
(plants/earthworms/microorganisms) and a support medium. This dual condition favors simultaneous 
processes: physical (sedimentation, precipitation), chemical (adsorption, ionic exchange), and biological 
(degradation, transformation, uptake).  

The support material costs can reach up to 50% of the investment costs when using conventional 
materials (gravel). Therefore, it is necessary to think about alternative materials. Non-conventional 
materials that could be used for support purposes include agricultural byproducts, chitosan, biochar, wood 
residue and peat, among others (Mohan et al., 2014; Zhou et al., 2015). Moreover, organic material costs 
(e.g., agricultural byproducts) could be up to 100 times lower than conventional materials (Gupta et al., 
2009). The choice of an organic support material for biofiltration depends not only on its availability but 
also on its properties. In fact, organic support materials are characterized by their physicochemical 
stability (lignin/hemicellulose content), surface area (80 m2 g-1 at least), pore diameter (20 Å at least), 
presence of functional groups (phenolic hydroxyls, methoxyl, carboxylic), non-toxicity (pH 6, non-
extractives) and adsorption capacity (Ramírez-López et al., 2003; Gupta et al., 2009; Bhatnagar et al., 
2015; Zhou et al. 2015; Quesada et al., 2019). 

Peanut shells are agro-industrial residues that have usually no cost, being also abundant (up to 30 million 
ton/year) worldwide (Sawe, 2018). This agro-industrial residue is characterized by its content of lignin 
(41%), cellulose (37%) and hemicelluloses (9%) (Anike & Isikhuemhen, 2016). In addition, peanut shells 
report pH values close to 6.8, adequate surface area (at least 260 m2/m3) and porosity (at least 115 Å, 
74%) (Ramíırez-López et al., 2003). Thermally or chemically modified peanut shells have been mainly 
evaluated in adsorption batch tests to remove organic (e.g., dyes) contaminants, achieving performances 
greater than 60% (Duc et al., 2019). On the other hand, wood chips are an abundant, inexpensive and 
durable organic sawmill residue, which has been used mainly as active layer in vermifilters (BEMs) at 
industrial scale (Y. S. Li et al., 2007). In fact, wood byproducts have good adsorptive properties, due to 
their content of lignin (18–35%), cellulose (42%), hemicelluloses (33%), and extractives (< 5%). 
Additionally, their use as adsorbents would also benefit the environment since it would contribute to 
eliminate a disposal problem and could help to obtain clean water (Shukla et al., 2002). Wood chips 
generate adequate biotic environments (pH 6 – 8), having surface area up to 20,000 m2/m3 and an 
adequate porosity (75%) (Foo & Hameed, 2012; Shukla et al., 2002). Previous studies have reported the 
development of suitable environmental conditions for the operation of BEM, reaching organic matter 
removal greater than 90% as COD (T. Kumar et al., 2015). Moreover, chips chemical/thermally modified 
have demonstrated to remove inorganic (e.g., metals) and organic contaminants (e.g., emerging 
contaminants) with adsorption performance between 30 and 80% (Alidadi et al., 2018; Mohan et al., 
2014). 

Using mixed organic materials within different biofiltration typologies has not been reported. Few studies 
have evaluated the use of organic material within constructed wetlands, reporting an organic matter 
(BOD5) removal up to 93% (de Rozari et al., 2018). Therefore, the work aim was to compare the 
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performance of different biofiltration typologies using an appropriate wood chip/peanut shell support 
medium for organic matter removal from domestic wastewater. 

2. Materials and Methods 

2.1. Wastewater characterization 

The synthetic domestic wastewater was prepared following the method defined by Almeida-Naranjo et 
al., (2017). The wastewater was prepared daily, to preserve its characteristics. Table 33 summarizes the 
physicochemical characteristics of the synthetic wastewater, where the results resemble medium intensity 
real domestic wastewater (Villamar et al., 2018). 

Table 33. Synthetic domestic wastewater physicochemical characteristics 

Parameter Symbol Unit 
Value 

Mean Range 

Temperature T ºC 19.10 18.70–25.00 
pH -- -- 7.20 6.80 – 7.60 

Chemical Oxygen Demand COD mg O2/L 543.30 409.20–716.70 
Ammonium NH4

+ mg N-NH4
+/L 22.50 18.90–26.00 

Nitrite NO2
- mg N-NO2

-/L 0.01 0.01 – 0.05 

Nitrate NO3
- mg N-NO3

-/L 3.30 0.01 – 6.8 
Phosphates PO4

-3 mg/L 9.30 8.00 – 10.80 
Total Solids TS mg/L 370.00 340.00–420.00 

Volatile Solids VS mg/L 345.80 240.0 – 496.00 

 

2.2. Support material conditioning: wood chips/peanut shells  

Peanut shells were obtained in the city of Loja (southern Ecuador; location S 3° 59' 35.3'', W 79° 12' 
15.2'') and wood chips (coming from laurel) were obtained from a sawmill located in the city of Quito 
(northern Ecuador; location S 0° 13' 47.5'', W 78° 31' 29.8''). Samples of both residues were subsequently 
stored at 4 °C under dark conditions.  

Peanut shells and wood chips were conditioned on stages of washing with deionized water and drying at 
105 °C for 24 hours. Specifically, peanut shells were sieved (No. 10 – 20 meshes) to obtain a particle size 
between 850 μm and 2 mm. Both conditioned residues were stored in sterile bags at room temperature. 

2.3. Compatibility tests: acute and chronic bioassays  

Acute and chronic toxicity tests were performed to determine the tolerance of the individuals involved 
(Eisenia foetida and Schoenoplectus californicus) to peanut shells using the methods described by (C. 
Brami et al., 2017; OECD, 2015). Prior to testing, Eisenia foetida individuals were kept in moistened 
filter paper for three hours to purge their intestinal contents and washed with deionized water. Earthworm 
acute assays were driven in triplicate at optimum environmental conditions (20 ± 2 °C, pH 5 – 9, moisture 
55 – 95%) for 14 days. Ten clitiated individuals (> 2 months old) were placed in each container (15 cm x 
22 cm x 6 cm). Acute assays evaluated five different peanut shell concentrations (control, 12.5, 25, 50 
and 100 v/v%) mixed with artificial soil (10% humus, 20% clay, 70% sand). Lethal Concentration (LC50) 
as a function of mortality and non-mobility of 50% or higher of the exposed earthworms was measured. 
Earthworm chronic effect tests were driven under the same conditions (environment and procedure) used 
for the acute assays, but for 28 days. Live weight (g) and density (individuals’ m3) of adults, juveniles and 
cocoons were reported as No Observed Effect Concentration (NOEC) (OECD, 2015).  

Schoenoplectus californicus seedlings were washed with distilled water and transplanted to the support 
medium (Park et al., 2015). Acute and chronic assays were driven for 7 and 56 days, respectively. All 
bioassays were carried out in duplicate at optimum environmental conditions (20 ± 2 °C, pH 6 – 9). Two 
individuals (> 1 month old) were placed in each container (5 L volume). Five concentrations (control, 
12.5, 25.0, 50.0 and 100.0 v/v%) of peanut shells/gravel ( = 1.0 – 2.5 cm) were evaluated. Steinberg 
solution was weekly added to seedlings for supplying nutrients. Allometric measurement, such as: relative 
abundance (individual’s/m2), apical height (cm), basal diameter (cm), number of leaves (# leaves/ 
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individual) and chlorophyll a/b (g/g) were monitored. LC50 and NOEC were also determined (OECD, 
2002). 

 

 

2.4. Experimental Model 

2.4.1.  Physical characteristics 

The experimental model consisted on twelve biofilters made of recycled polyethylene terephthalate (12 x 
90 cm). Four typologies were studied: biofilters (support medium + microorganisms, BM), vertical flow 
constructed wetlands (plants + support medium + microorganisms, BPM), vermifilter (support medium + 
earthworms + microorganisms, BEM) and hybrid biofilters (plants + support medium + earthworms + 
microorganisms, HB). The support medium was composed of three layers of 30 cm each one, being 
described from bottom-up as follows: support layer (gravel,  = 10 – 25 mm), middle layer (sand,  1 
– 2 mm) and active layer (25% peanut shells, 75% wood chips). Finally, the earthworm population 
density (10,000 individuals’ m3) and plants relative abundance (100 plants/m2) for the corresponding 
typology were defined (Kumar et al., 2015; Samal et al., 2017a). Figure 61 details the biofiltration 
typologies scheme. 

 

Figure 61.  Experimental scheme. BM = Biofilter with microorganisms, BEM = Biofilter with 
microorganisms and Eisenia foetida, BPM = Biofilter with microorganisms and Schoenoplectus 

californicus, HB = Biofilter with microorganisms, Eisenia foetida and Schoenoplectus californicus. 
 

2.4.2.  Operational strategy 

Each biofilter type operated in parallel using three different nominal hydraulic loading rates (0.5, 1 and 
1.5 m3/m2-d). The wastewater feed was carried out through a 75 L elevated tank. The biofilters were 
operated for 67 days. The first week, the support medium conditioning was carried out using synthetic 
wastewater with a flow rate of 5 mL/min. The plants and earthworms conditioning were carried out 
within 10 days later, using 800 mL/day of residual water. The next 50 days, the biofilter operation was 
carried out in trickling mode using intermittent hydraulic rates of 8 h/day. The optimal conditions, such as 
humidity (70–89%), temperature (~ 21 °C) and neutral pH were monitored and controlled three times a 
day. The number of measurements of flow rate and hydraulic rate were 200 and 50, respectively. On the 
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other hand, 150 data points were taken for pH, temperature and humidity. Details of the operation of each 
typology are summarized in Table 34. Biofiltration typology (BM, BPM, BEM, HB) and a subscript 
corresponding to monitored hydraulic rate (0.5, 1.0, 1.5) was assigned to each biofilter. 

 

 

Table 34. Operational strategy for each biofilter. The biofiltration typology (BM, BPM, BEM, HB) and a subscript 
corresponding to the nominal hydraulic loading rate (0.5, 1.0, 1.5 m3/m2-d) were used to identify each biofilter. 

 

  

 

 

 

 

 

 
 
2.5. Analytical methods 
 
2.5.1. Influent/effluent and biotic monitoring 

Influent and effluent were weekly characterized by Total/Volatile Solids (TS/VS; method: 2540B), 
Chemical Oxygen Demand (COD; method: 5220) and phenol compounds (method: 5530), which were 
measured according to APHA-AWWA-WPCF, (2005). For the influent, the NH4

+, NO3
-, NO2

- and PO4
-3 

concentrations were quantified using HACH methods. The Nessler Hach 8038 Method (Range 0.02 to mg 
NH3-N/L), the Hach 8039 Cadmium Reduction Method (Range: 0.3 to 30.0 mg NO3

-/L), the 
Diazotination Hach Method 8507 (Range 0.002 to 0.3 mg NO2

-/L) and the PhosVer 3 with digestion with 
ascorbic acid Hach Method 8048 (Range: from 0.02 to 1.10 mg PO4

-3/L), were used for the NH4
+, NO3

-, 
NO2

-, PO4
-3, respectively. In addition, hydraulic conductivity and head loss were daily monitored with a 

manual piezometer located 30 cm below the upper level of each biofilter column. Meanwhile, humidity 
and soil temperature were monitored by using XH300 Wireless equipment and pH was monitored by 
using a digital pH 6000 potentiometer. 

Biofilm was evaluated extracting a 15 cm depth support material samples (up to 200 g), which were 
suspended in buffer solution (7.47 g K2HPO4/L, 1.43 g KH2PO4/L), sonicated (BRANSON 1800 
ultrasound, 20 min) and used to quantify as Volatile Solids per area (American Public Health Association 
et al., 2017; Caselles-Osorio et al., 2007). Plants’ allometric measures/chlorophyll was weekly monitored. 
Meanwhile, earthworm allometric measurements were carried out at the beginning and at the end of the 
experiments as described by Schuldt et al., (2005). Moreover, spectrophotometric equations (wavelength: 
648.6 – 664.2 nm) are detailed by Porra, (2002). Steinberg growth medium was weekly prepared 
according to the procedure described by Park et al. (2015). 

2.5.2. Support material characterization 

Peanut shells and wood chips were characterized by lignin, hemicellulose and cellulose (method: D1106-
96, D1109-84), extractives (methods: D1107-96, D1110-84), moisture content (method: D4442-16), ash 
(method: D1102-84), volatile matter (method: E872-82) and pH (method: D4972-13) tests, according to 
ASTM (1998, 2001, 2003, 2013). 

2.6. Statistical analysis  

2.6.1.  Compatibility tests 

 Parameter (Mean ± Standard Deviation) 

Biofilter 
Flow 

[cm3/min] 

Hydraulic rate 
[m3 m-2 /day] 

pH 
Moisture 

[%] 
Temperature 

[°C] 
BM0.5 3.65 ± 0.21 0.46 ± 0.01 7.30 ± 0.20 80.12 ± 7.40 21.04 ± 1.60 
BM1.0 7.38 ± 0.38 0.94 ± 0.02 7.40 ± 0.20 78.88 ± 7.40 21.09 ± 1.60 
BM1.5 11.16 ± 0.50 1.42 ± 0.05 7.20 ± 0.20 81.43 ± 8.40 21.05 ± 1.50 

BPM0.5 3.61 ± 0.24 0.46 ± 0.02 7.40 ± 0.20 69.63 ± 5.70 21.11 ± 1.50 
BPM 1.0 7.38 ± 0.41 0.94 ± 0.01 7.40 ± 0.20 69.78 ± 6.40 21.20 ± 1.70 
BPM 1.5 11.13 ± 0.50 1.42 ± 0.03 7.40 ± 0.20 69.61 ± 5.20 21.04 ± 1.80 
BEM0.5 3.65 ± 0.28 0.46 ± 0.02 7.20 ± 0.10 80.64 ± 8.10 21.31 ± 1.70 
BEM1.0 7.41 ± 0.32 0.94 ± 0.02 7.30 ± 0.10 88.00 ± 7.80 21.13 ± 1.70 
BEM1.5 11.31 ± 0.40 1.44 ± 0.02 7.20 ± 0.10 89.48 ± 7.00 20.99 ± 1.80 
HB0.5 3.64 ± 0.22 0.46 ± 0.02 7.30 ± 0.20 75.30 ± 5.80 21.39 ± 1.80 
HB1.0 7.46 ± 0.32 0.95 ± 0.02 7.30 ± 0.20 80.31 ± 6.60 21.52 ± 1.80 
HB1.5 11.07±0.40 1.41 ± 0.03 7.30 ± 0.20 79.05±6.50 21.40 ± 1.77 
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Acute toxicity (LC50) was determined using Probit analysis or the Spearman-Karber method, when the 
dataset had a normal or non-normal distribution, respectively. NOEC (chronic effects) values were 
obtained using analysis of variance (ANOVA). The significance level was 0.05, while normality (Chi-
square test) and variance homogeneity (Bartlett´s tests) were previously verified. Parametric variance 
analysis was used for normal datasets (Dunnet test), while non-parametric variance analysis (Kruskal-
Wallis) was used for non-normal distributions. The statistical programs used were Toxtat (version 2.1), 
EPA-Probit (version 1.5) and Spearman-Karber (version 1.5). 

2.6.2.  Biofilter performance 

Significant differences between typologies (BM, BPM, BEM, HB), hydraulic loading rates (0.5, 1.0, 1.5 
m3 m-2 d-1) and performance (organic matter removal, hydraulic conductivity) were analyzed by 
multivariate analysis of variance (MANOVA). A significance level of 0.05 was defined. Normality 
(Shapiro Wilks) and homogeneity (Levene) were previously tested. The statistical software used was 
Infostat (version 2017). 

3. Results and discussion 

3.1. Conditioning phase 

3.1.1.  Material characterization 

Table 35 details the organic support material physicochemical characteristics (%, w/w) related to the 
environmental and adsorption properties. Peanut shells reported 31.7% lignin, 28.6% cellulose, and 
24.5% hemicelluloses. Meanwhile, wood chips registered average percentages of 32.5% lignin, 49.7% 
cellulose, and 12.8% hemicellulose. According to León et al. (2020), the presence of polar functional 
groups (such as OH-) from the chemical structure of lignin, cellulose and hemicellulose structures could 
favor the adsorption capacity of organic materials. These functional groups would participate in chemical 
binding through the cation exchange, influencing the contaminants adsorption (Gisi et al., 2016). 
Therefore, peanut shells and wood chips could strengthen the removal of dissolved organic matter via 
adsorption. Indeed, peanut shells and wood chips have been used separately to remove dissolved organic 
compounds (emerging contaminants), reaching up to 80% removal using particle size less than micron 
and depending on contaminant type (Alidadi et al., 2018; Duc et al., 2019; Mohan et al., 2014). However, 
both materials in this study were operated at particle size less than 2 mm, being likely that this size affects 
the optimal adsorption mentioned above, but the mix of materials within each biofiltration typology could 
diversify their adsorbent capacity.  

Environmental conditions are favored mainly by the pH of the material. Thus, average pH values of 
peanut shells and wood chips were 6.2 and 5.9, respectively. These values are within or close to the range 
(6.0 to 8.0) that favors biofiltration processes and the development of microbial and biota population 
(OECD, 2002; OECD, 2015; Ramíırez-López et al., 2003). 

Table 35. Organic support material physicochemical characteristics  

Parameter Unit 
Mean ± Standard Deviation 

Peanut shells  Wood chips 
pH -- 6.19 ± 0.014  5.89 ± 0.018 
Lignin % 31.71 ± 0.53  32.54 ± 0.17 
Hemicellulose % 24.45 ± 0.50  12.75 ± 0.04 
Cellulose % 28.57 ± 0.72  49.73 ± 0.69 
Ethanol – toluene extractives  % 6.14 ± 0.01  4.99 ± 0.21 
Water extractives % 9.15 ± 0.32    --  
Total extractives % 15.29 ± 0.31   --  
Humidity % 9.94 ± 0.40  9.58 ± 0.10 
Ashes % 3.81 ± 0.67  1.38 ± 0.02 
Volatile material % 79.74 ± 0.48  71.06 ± 0.12 
Fixed coal % 6.75 ± 1.14   17.99 ± 0.52 
Nitrogen % 0.71 ± 0.02  0.18 ± 0.05 

 

3.1.2.  Compatibility tests 

Table 36 summarizes compatibility tests (acute and chronic toxicity) of peanut shells on Schoenoplectus 
californicus and Eisenia foetida. Wood chips have been shown not to affect biota within biofiltration 
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systems (e.g.,vermifilters or BEMs). However, peanut shells have never been used as support medium 
within biofilters, and there is a risk of compatibility with biota. 

The peanut shells concentration (v/v,%) that produces mortality (LC50) on 50% or more of 
Schoenoplectus californicus and Eisenia foetida population was 79 and 97%, respectively. Chronic 
effects were also measured in both species. Chronic toxicity on Schoenoplectus californicus measured as 
apical growth and basal diameter reported no significant (p > 0.05) negative effects at peanut shells 
concentrations more than 25%. Meanwhile, chlorophyll a and b showed significant negative effects (p < 
0.05) for concentrations more than 12.5%. Chronic toxicity on Eisenia foetida was measured in growth 
(live growth) and reproductive (# cocoons, cocoons per individual) parameters. The individual 
reproduction (cocoons per individuals) was affected, but not significantly (p > 0.05) at concentrations 
more than 50%. Meanwhile, growth aspects (life weight) have not evidenced negative effects under no 
peanut shells concentration, increasing this parameter up to 40%.  

The vegetative growth inhibition observed in Schoenoplectus californicus could be associated to chemical 
composition of the support medium, which can be slowly hydrolyzed generating aromatic compounds 
(e.g., phenol compounds). Some agricultural byproducts report presence of extractives compounds (up to 
10 w/w%), which are rich in phenol structures (0.13–0.15 g/g) (Nepote et al., 2005; Anike et al., 2016). 
Chronic effects (vegetal metabolism) have been reported at phenol concentrations higher than 500 mg/L 
(Saleem et al., 2019). In our study, peanut shells reported extractives concentrations up to 5% (approx. 15 
g/L) and Schoenoplectus californicus evidenced chronic effects (chlorophyll) at concentrations higher 
than 12.5% peanut shells. Therefore, phenol compounds could be responsible for the decrease in vegetal 
photosynthetic capacity, being recommended and safe to work within biofilters with peanut shell 
concentrations less than or equal to 12.5%.  

Table 36. Compatibility evaluation of peanut shells on Eisenia foetida and Schoenoplectus californicus 

Species Assay Exposure time [days] Response Parameter  
Dose  

[v/v%] 

95%  
Confidence  

range  
[v/v%] 

Eisenia foetida 
Acute 14 Mobility LC50 97.0 * 74.2–127.7 

Chronic 35 
Live weight NOEC 50.0  

Cocoons per individual NOEC 50.0  

Schoenoplectus  
californicus 

Acute 7 Mortality EC50 78.7 * 58.9–115 

Chronic 56 

Chlorophyll a NOEC 12.5 *  
Chlorophyll b NOEC 12.5 *  
Apical height NOEC 25.0  

Basal diameter NOEC 25.0  

 
3.2.  Biofilter performance 

Figure 62 summarizes the COD effluent concentrations and the organic matter removal in the biofilters 
studied. As can be observed, the COD efficiencies of the biofilters studied are relatively high and close to 
80%. The average efficiencies obtained in the BEM were higher than those observed in the HB, BPM and 
BM biofilters, except for the cases in which a 1.5 m3/m2-d hydraulic rate was used. 

The COD removal in every biofilter studied was produced by different processes, among which we can 
mention the oxidative processes where the microorganism communities biochemically degrade organic 
compounds (Arora & Kazmi, 2015). These mechanisms are strengthened by the presence of macrophytes 
in the filter bed, because the roots provide a greater surface area for biofilm formation. In addition, they 
improve physical filtration processes and favor aerobic conditions by the inclusion of oxygen from the 
roots of Schoenoplectus californicus in BPM and HB biofilters (Samal et al., 2017b). The Eisenia foetida 
present in BEM and HB biofilters accelerates the degradation and stabilization of organic matter through 
fractionation, synthesis, enzymatic and microbial enrichment processes. 

Regarding the influence of the hydraulic rate, for each biofilter type, the average COD efficiencies 
obtained using 0.5 and 1.0 m3/m2-d were similar and higher than the efficiencies calculated when 1.5 
m3/m2-d was used. These results can be attributed to the longer contact times between the wastewater and 
the biofilter components, which allows the adsorption, transformation and reduction of the contaminants 
present in wastewater (Samal et al., 2017b). 
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Figure 62.  COD effluent concentrations (box-plot) and removal within biofilters (bar chart). a) BM, b) 

BPM, c) BEM and d) HB. * = Significant statistical differences between hydraulic rates, ** = Significant 
statistical differences between the biofilter type. 

 

The VS average removal efficiencies observed in the biofilters studied are presented in Figure 63. These 
efficiencies were between 40 and 63%. The VS removal in HB and BPM biofilters is a consequence of 
mechanisms such as sedimentation, filtration through the Schoenoplectus californicus root system and 
biofilm adhesion that participates in aerobic and anaerobic degradation within the filter bed (Samal et al., 
2017b). The incorporation of Eisenia foetida in HB and BEM biofilters increases the solid removal. These 
organisms consume the organic and inorganic particles retained in the filter and fragment them by 
muscular action in the digestive tract (Arora & Kazmi, 2015).  

 
Figure 63.  VS effluent concentrations (box-plot) and removal within biofilters (bar chart). a) BM, b) 

BPM, c) BEM and d) HB. * = Significant statistical differences between hydraulic rates.  
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3.3. Biota behavior 

Figure 64 summarizes the biota behavior within biofilters. Biofilm (Figure 64a) located in the active layer 
(30 cm depth) reached values between 90 and 150 g VS/m2, decreasing up to 1.7 times by a hydraulic rate 
increase from 0.5 to 1.5 m3/m2-d. Biodiverse biofilters (BPM, BEM, HB) showed greater biofilm and 
variability influenced by the hydraulic rate. The highest biofilm density (150 g VS/m2) was obtained 
within BPM at a 0.5 m3/m2-d hydraulic rate. This phenomenon could be related to the presence of root 
plants, which generate favorable microenvironments for growth of facultative microorganisms (Villamar 
et al., 2015). Moreover, earthworms graze some pathogenic bacteria, which could control the microbial 
population in HB and BEM (Arora & Kazmi, 2015). However, the successful biofilm growth achieved for 
all biofiltration typologies is favored by the composition of the organic support material, aspect that is 
mentioned by Ramirez-López et al. (2003). In addition, this fact highlights the importance of 
compatibility tests thanks to the symbiotic relationship of plants, earthworms and bacteria. 

Earthworm growth (live growth, g/m2) (Fig 64b) ranged between 200 and 550 g/m2, increasing up to 2.8 
times by a hydraulic rate increase from 0.5 to 1.5 m3/m2-d. The highest live weight (550 g/m2) was 
reached by HB operating at a 1.5 m3/m2-d hydraulic rate. Thus, plants slightly favored the increasing of 
annelid weight up to 27%. Meanwhile, the growth of earthworm population (Figure 64c) showed values 
from 973 to 19,275 individual’ m-2, the earthworm population being up to 25% greater in HB than in 
BEM. Moreover, hydraulic rate increasing from 0.5 to 1.5 m3/m2-d favored up to 50% the growth 
population for HB. Adults, juvenile and cocoons were reported at the end of biofilter (BEM, HB) 
operation with a population average distribution of 13, 74 and 13%, respectively. In specific, juveniles 
increased 100% at the end of operation for both biofilters. In general, it was possible to see the success of 
the earthworm survival thanks to the control of optimal environmental conditions (20 °C, pH 7.2 – 7.4 
and up to 89% moisture content), which are reported suitable by the bibliography (OECD, 2015). In fact, 
the population growth (up to 18,000 individuals m-2) obtained by all biofilters is within the range reported 
by bibliography (up to 20,000 individuals m-2) (Arora & Kazmi, 2015; Kumar et al., 2015; Li et al., 
2007). Moreover, higher hydraulic rates (1.5 m3/m2-d) favored both individual and population growth 
thanks to the maintenance of higher, but adequate moisture contents (70 – 90%) (Kumar et al., 2015). The 
supremacy of juvenile individuals demonstrates success in the annelid reproduction under continuous 
operation conditions of biofiltration typologies. Finally, results evidenced that the biological diversity, 
specifically the presence of plants would favor earthworm growth. Indeed, Samal et al. (2017a) studying 
HB performance has reported earthworm population growth increasing up to 8%. Our work reported up to 
3 times greater increase in annelid population perhaps favored also by support medium (Ramírez-López 
et al., 2003).  

Plant growth measured as apical height/basal diameter and relative abundance (individual’s/m2) was 
detailed in Figure 64d. Apical height varied between 25 and 51 cm, while basal diameter ranged from 4.9 
to 16.5 cm, being maintained despite increases in the hydraulic rate. Meanwhile, relative abundance 
ranged between 358 and 2,829 individuals m-2. This parameter increased within BPM up to 5.5 times, but 
it was decreased in HB up to 3 times by hydraulic rates increasing (1–1.5 m3 m-2 d-1). Results evidence 
that basal diameters are not influenced by the biofiltration typology or hydraulic rate, but the apical height 
increases slightly (up to 22%) in HB. Xu et al., (2013) report the apical height increasing of P. australis, 
T. augustifolia and C. indica within HB at percentages of 23%, 15% and 61%, respectively. Meanwhile, 
Samal et al., (2017b) attribute the plant height increasing to the earthworm action, because they improve 
the soil porosity and hence providing an adequate environment for root growth. On the other hand, BPM 
showed greater plant relative abundance (up to 7 times) than HB. This phenomenon could be explained 
by competition for nutrients with earthworms. 
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Figure 64.  Biofilm, earthworm behavior and allometric measurements within BEMs. a) Biofilm, white 

box = 0.5 m3/m2-d, light grey box = 1.0 m3/m2-d and grey box = 1.5 m3/m2-d; b) Live weigh, white box = 
0.5 m3/m2-d, light grey box = 1.0 m3/m2-d and grey box = 1.5 m3/m2-d; c) Individuals number per age, 

white box = 0.5 m3/m2-d 1 Hydraulic rate, light grey box = 1.0 m3/m2-d and grey box = 1.5 m3/m2-d. A= 
adult earthworms, J = juvenile earthworms, C = cocoons. In the X axis, B= individuals quantity before 

operation, E= individuals quantity at the end of operation; d) Apical height, white box = 0.5 m3/m2-d, light 
grey box = 1.0 m3/m2-d and grey box = 1.5 m3/m2-d. Basal diameter, striped white box = 0.5 m3/m2-d, 

striped light grey box = 1.0 m3/m2-d, striped light grey box = 1.5 m3/m2-d and relative abundance, striped 
white bar = 0.5 m3/m2-d, striped light grey bar = 1.0 m3/m2-d, striped light grey bar. 

 
Figure 65 shows relation between effluent phenols concentrations and allometric measurements. In 
general, the average phenolic content varied between 10 and 187 mg/L, which were lower generally when 
a 0.5 m3 m-2 /day hydraulic rate was used. This may be associated with a reduction in the shear effect on 
the biofilter surface and less organic material detachment. On the other hand, Spearman's correlation 
results showed a direct relationship (R2 = 0.2 – 0.8, p < 0.05) between the Schoenoplectus californicus 
allometric measurements and the phenol compounds content in the BPM and HB biofilter effluents. 
Indeed, studies reported that phenol compounds are regulators of gene expression in plan-microbe 
interactions (Saleem et al., 2018).  

 
Figure 65.  Phenols concentration vs. allometric measurements. a) BPM apical height, b) BPM basal 

diameter, c) BPM leaves number, d) HB apical height, e) HB basal diameter and f) HB leaves number. 
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Hydraulic operation (hydraulic conductivity, head losses) from biofiltration typologies are detailed in 
Figure 66. Hydraulic conductivity values varied between 250 and 700 mm/h. Meanwhile, head losses 
ranged from -1.4 to 8.3 cm of water column. The lowest hydraulic conductivity (250 mm/h) and the 
highest head losses (-1.4 cm water column) was reached by BM. The best hydraulic performance was 
reached by HB with average hydraulic conductivity close to 400 mm/h and head losses 0.1 cm of water 
column. Payne et al. (2015) mentioned that hydraulic conductivities below 100 mm/h should not be 
allowed, to avoid sediment accumulation and clogging. Meanwhile, hydraulic conductivities above 400 
mm/h reduce contaminant removal operational efficiencies. All biofiltration typologies studied were 
above 100 mm/h, but under hydraulic rates more than 1 m3/m2-d they exceed the maximum hydraulic 
conductivities suggested. However, positive head losses were only reported between 25 (BM) and 6 
(HB)% of the operation time, being the rest of the time close to 0 cm of water column for all biofilters. 
Definitely, hydraulic parameters can be controlled or improved by the presence of earthworms and root 
plants, which mix the support medium avoiding clogging (Payne et al., 2015; Samal et al., 2017b). 

 

Figure 66.  Hydraulic conductivity and head losses. a) BM, b) BPM, c) BEM and d) HB. Black line = 0.5 
m3/m2-d Hydraulic loading rate, green line = 1.0 m3/m2-d Hydraulic loading rate and blue line = 1.5 m3/m2-

d Hydraulic loading rate. 
 
4. Conclusion 

Wood chips/peanut shells are an adequate and inexpensive support material for biofiltration typologies 
(BM, BPM, BEM, HB) treating domestic wastewater to remove organic matter. On the one hand, 
separately wood chips and peanut shells show good adsorbent properties (lignin/cellulose > 29%), 
providing adequate conditions (pH close to 6) for the growth of plants, earthworms and associated 
microorganisms. However, peanut shell extractive contents (< 5%) could be toxic. Thus, a concentration 
of 25 v/v% peanut shells demonstrated that would not generate acute or chronic effects on plants 
(Schoenoplectus californicus) and earthworms (Eisenia foetida). Different types of biofilters (BM, BPM, 
BEM, HB) using organic support material (wood chips/peanut shells) and operating hydraulic rates of 0.5, 
1.0 and 1.5 m3/m2-d can reach efficiencies close to 80% as Chemical Oxygen Demand and between 40 
and 63% as Volatile Solids. Lower hydraulic rates (0.5 m3/m2-d) incorporating plants and earthworms 
(HB) keep head losses close to 0.1 cm of water column with hydraulic conductivities below 400 mm/h. 
Therefore, the use of low-cost organic materials with adequate properties (adsorbent/environmental) and 
biological diversity would improve the operation and disposal of organic matter in biofiltration systems.  
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5.  Conclusions and outlook  

Low-cost adsorbents, such as rice husk, peanut shells, corn cob, coconut fiber, and orange/banana peels, 
have demonstrated remarkable efficiencies ranging from 72.5% to 95.5% (3.5 mg/g to 15.2 mg/g) for 
caffeine removal, and 81.0% to 98.7% (96.9 mg/g to 285.6 mg/g) for triclosan removal. The removal of 
these emerging contaminants (ECs) has been significantly influenced by their underlying 
physicochemical properties. Similarly, the composition (lignin/extractives/ash) and size of the agro-
industrial residues have played a substantial role in determining the removal and adsorption capacity for 
both caffeine and triclosan. Notably, orange peels and coconut fiber have proven to be more efficient than 
other residues in caffeine removal, achieving impressive adsorption capacities of approximately 15.2 
mg/g and 7.0 mg/g, respectively. Meanwhile, corn cob has emerged as the superior residue for triclosan 
removal, displaying adsorption capacities of up to 286.0 mg/g. The incorporation of iron oxide 
nanoparticles has further enhanced the adsorption capacity of residues, resulting in a 1.7 and 4.8-fold 
increase in caffeine and triclosan adsorption, respectively. 

While it's important to note that not all the studied residues, nanoparticles, and composites conformed 
uniformly to the same kinetic models and isotherms, there were instances where particle size exerted a 
discernible influence. Nevertheless, the kinetic and isothermal models predominantly aligned with the 
pseudo-second-order and Sips models, respectively. However, it must be acknowledged that despite the 
favorable fit with these models, the exact chemisorption/physisorption mechanism responsible for EC 
removal cannot be definitively guaranteed. Conversely, in the context of fixed bed columns, it was also 
observed that a smaller particle size (120 – 150 µm) exhibited superior adsorption capacity (up to 352.7 
mg/L caffeine and 3797.2 mg/L triclosan), with a commendable fit to the Bohart-Adams model. 
However, these columns did encounter issues related to clogging. 

Turning to the matter of toxicity, the findings indicate that coconut fiber (14d-LC50= 82%) and peanut 
shells (14d-LC50= 32%) are the most toxic to Eisenia foetida (Savigni), while rice husk and corn cob 
display no toxicity and even contribute positively to the development of earthworms. Despite this, the 
possibility of blending residues presents itself as a potential approach to mitigate toxicity and enhance 
overall efficiency. 

Taking into consideration both adsorption capacity and toxicity, coconut fiber and peanut shells have 
been identified as the preferred options for utilization in filtration and biofiltration technologies. 
However, composites have not been included in this stage due to limitations stemming from laboratory 
capacity, reagent availability, and excessive water consumption, all of which hinder large-scale 
production. The utilization of coconut fiber as a filter bed in columns (with dimensions h= 75 cm coconut 
fiber + 15 cm gravel), operating at parameters of 2 m3/m2-d and 6h/d, has proven to be effective in 
achieving caffeine and triclosan removal rates surpassing 90%. Notably, the physicochemical attributes of 
ECs (saturation time: caffeine= 179 h, triclosan= 246 h) and particle size exerted a significant influence 
on performance. Particles ranging from 2.0 to 3.5 cm demonstrated superior efficiency not only in the 
removal of ECs but also in terms of hydraulic behavior (hydraulic conductivity < 100 mm/h). 
Furthermore, a combination of coconut fiber sizes yielded favorable caffeine/triclosan removal outcomes 
compared to using 2.0 – 3.5 cm and 3.5 – 5.7 cm particles. However, this did not translate to 
improvements in hydraulic conductivity (~50 mm/h). Likewise, peanut shell biofilters exhibited robust 
performance in the removal of organic matter (80%), and the presence of microorganisms, earthworms, 
and plants contributed positively to their hydraulic behavior. Importantly, the material of these filters did 
not exhibit degradation issues, a contrast to observations made with coconut fiber filters. Consequently, 
the utilization of agro-industrial residues presents itself as a viable and effective alternative for 
deployment in filtration/biofiltration technologies, particularly for the removal of various contaminants 
(characterized by differing physical-chemical properties) such as organic matter, caffeine, and triclosan. 
This efficacy stems from their strong adsorptive capacity, low toxicity, and abundant availability, 
positioning them as desirable adsorbents. 

However, it is noteworthy that despite the commendable adsorbent characteristics of agro-industrial 
residues, their efficiencies remain slightly lower than those achieved by more expensive materials like 
activated carbon. The significance of this research is substantial, as it bridges the gap between controlled 
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laboratory studies and real-world application, which is often hindered by factors such as prohibitive costs, 
operational complexities, and limited practicality. 

Certainly, it is unquestionably imperative to undertake forthcoming research endeavors that serve to 
complement and conclude the current study. In the context of batch adsorption processes, the 
determination of the isoelectric point of both the residues and the ECs holds utmost significance as it 
stands to optimize the removal process. Equally fundamental is the enhancement of composite synthesis 
methodologies, aimed at achieving a higher material yield within a shorter timeframe while generating 
reduced byproducts. This enhancement is vital to facilitate their application in continuous adsorption 
processes on a larger scale and, potentially, in filtration technologies. Additionally, a comprehensive 
evaluation of composite toxicity across diverse organism types (worms, macrophytes, microorganisms) is 
imperative, with the goal of facilitating their utilization in biofiltration technologies, either partially or as 
complete replacements for filter materials. 

The assessment of the photocatalytic degradation capacity of iron oxide nanoparticles is another essential 
facet of this study, as it holds the potential to extend the operational lifespan of the composite. A more 
profound investigation into the removal mechanism observed in continuous adsorption processes is 
equally significant, warranting comprehensive exploration. 

Furthermore, the blending of agro-industrial residue mixtures within filters and biofilters will be carried 
out to ascertain potential enhancements in efficiency and reductions in toxicity. The configuration of 
filters will be systematically varied, incorporating parameters such as active layer height, particle sizes, 
and residue mixtures, all aimed at optimizing the removal of emerging contaminants. A thorough 
examination of filter behavior when subjected to real wastewater is indispensable, shedding light on the 
potential influence of organic matter presence on EC elimination. Moreover, the behavior of filters in 
scenarios involving multiple ECs in water will be scrutinized to establish potential interactions and 
outcomes. 

Ultimately, a strategic approach will be devised to determine the most suitable application or management 
route for saturated residues, aimed at averting the transference of contaminants absorbed in filter material 
to other environmental matrices. Composting presents a viable alternative, particularly for residues with 
caffeine, given that the presence of caffeine at low concentrations favors the proliferation of 
microorganisms. The potential for reusing raw or heat-treated saturated materials in the removal of other 
contaminants will be rigorously analyzed. Furthermore, if the mechanical and chemical characteristics of 
these materials remain intact, they could be harnessed as reinforcements for composites. Similarly, the 
utilization of ashes derived from saturated materials as additives in blocks, adhesives, and cement 
presents yet another avenue for sustainable resource management.  
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