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SUMMARY

Water is a scarce commodity, continuously exposed to various organic micropollutants,
mainly resulting from daily anthropogenic activities. Although these compounds are
normally detected in water bodies at very low concentrations, they can also pose a
serious threat to the environment and human health. In this regard, pesticides could be
considered the micropollutants group with the greatest concern to society.

The adsorption process is recognised as a well-known technique for treating pesticide-
contaminated waters. However, conventional adsorbents, such as activated carbon from
mineral sources, can still considerably harm the environment. In contrast, biochar is a
porous, carbonaceous material resulting from the pyrolysis of biomass in oxygen-
depleted conditions. The considerable interest in biochar, mainly due to its remarkable
physicochemical properties and its low environmental impact, has led to consider it as a
promising alternative adsorbent with great potential in wastewater treatment fields.

The research derived from this work focuses on the synthesis of biochar from rice husk
as feedstock, its characterisation, and its evaluation as an adsorbent material capable of

removing different pesticides from wastewater.

Biochar was synthesized from pre-treated rice husk feedstock at 500 °C for 4 h under an
N2-H2 (95:5) atmosphere and, subsequently physically activated by CO. at 800°C for 1
h. The resulting biochars, both non-activated and activated, were characterised by
several techniques to determine their main physicochemical properties. Both presented
high alkaline pH values, high ash content and low carbon, hydrogen, and oxygen
percentages. The surface area and morphology confirmed the noteworthy change in
biochar surface, from 1.22 to 379.95 m? g %, upon activation. Moreover, the FTIR

spectra confirmed the presence of Si-containing functional groups on activated biochar.

Furthermore, it was also evaluated the adsorption performance of activated biochar in
the removal of three pesticides with different n-octanol-water partition coefficients
(clothianidin, thiacloprid and atrazine). Using a Milli-Q water matrix and assessing the
pesticides adsorption individually, the biochar adsorption trend was firstly clothianidin,



then thiacloprid and finally, atrazine. On the other hand, when they were evaluated
simultaneously from the same aqueous solution, biochar exhibited a greater affinity for
thiacloprid, followed by clothianidin, and lastly atrazine.

The experimental equilibrium data for thiacloprid and clothianidin was adequately
described by the Langmuir model, and the maximum adsorption capacity was quite
similar for both, 4068 and 4078 umol g*, respectively. In contrast, the atrazine
adsorption on biochar was reasonably well adjusted by the Freundlich model, indicating
also linear adsorption. Furthermore, in all three cases, the effect of pH on pesticide-
biochar adsorption was studied and led to the conclusion that electrostatic interactions

were not the main mechanism of adsorption in any case.

An experimental study with a real wastewater matrix from a municipal plant was also
performed to observe the influence of ions and organic matter on the active sites of
biochar. The results evidenced a similar trend of biochar toward clothianidin and
thiacloprid, since both achieved around 42-43 % of adsorption at 73 h, whereas for the
same time, the adsorption atrazine only was about 23 %. In contrast, for the same
conditions but with milli-Q water, the three pesticide adsorption was almost complete
within approximately 30 h.

In conclusion, the outcomes indicated that CO2-physically activated biochar from rice
husk biochar can be used as a readily available adsorbent for the removal of
clothianidin, thiacloprid and atrazine from contaminated water, both individually and

simultaneously.

Keywords: Adsorption, Atrazine, Biochar, Clothianidin, Thiacloprid, Wastewater
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1. INTRODUCTION

1.1. WATER ISSUES

Water resources are essential to human life, socio-economic development, and
ecosystem health. During the past several decades, human water withdrawal has
increased considerably, mainly due to rapid population growth and rising living
standards (Huang et al., 2021). According to the World Wildlife Fund (WWF)
estimations, at the current water consumption rate, in 2025 two-thirds of the world
population could face water scarcity (Lopez-Vinent et al., 2021). Furthermore, other
issues, such as climate change are also expected to considerably reduce water
availability in the future (Rafiei-Sardooi et al., 2022).

To minimize this backdrop, providing an adequate quantity and quality of water is a
main objective of the global water community. It is enshrined in Goal 6 of the United
Nations (UN) Sustainable Development Goals (SGDs): Ensure availability and
sustainable management of water and sanitation for all (Gleick & Cooley, 2021).
Specifically, SDG Target 6.3. states: “By 2030, improve water quality by reducing
pollution, eliminating dumping and minimizing release of hazardous chemicals and
materials, halving the proportion of untreated wastewater and substantially increasing
recycling and safe reuse globally” (UN General Assembly, 2015).

1.2.  MICROPOLLUTANTS

Micropollutants (MPs) are natural or synthetic organic compounds, resulting from daily
anthropogenic activities, mainly detected in the surface and groundwater at trace levels,
from a few ng L to several pg L™ (Sousa et al., 2019). In recent decades, the
widespread presence of many such substances has become an increasingly global
environmental concern. Despite their low concentrations in water bodies, conventional
wastewater treatment plants (WWTPs) cannot warrant the complete removal of these
complex substances, leading to their continuous introduction into the environment,
where they can cause serious toxic and allergenic effects on living organisms (Serrano
etal., 2019).



Micropollutants can be divided into six major groups: pharmaceuticals, personal care
products, steroid hormones, surfactants, industrial chemicals, and pesticides (see Figure
1) (Luo et al., 2014).

} Micropollutants

Pharmaceuticals Personal | Steroid Surfactants Industrial Pesticides
hormones S

care chemicals
roducts
| products |

Figure 1. Categories of micropollutants in the aquatic environment (Luo et al., 2014).

Due to the potential risks of these substances, linked to their presence in natural waters
and their resistance to conventional wastewater treatments, numerous micropollutants
have been also labelled as contaminants of emerging concern (CECs). Even though the
names are commonly used interchangeably, CECs are not subject to any water quality
regulations, while MPs may have previously been regulated and included as priority
substances (PSs) in related legislation (Cruz Alcalde, 2020).

1.3. EUROPEAN WATER POLICY

The European Union Water Framework Directive (EU WFD, 2000/60/EC) was a
significant milestone in the European water policy and has served as the legal basis for
the EU Members States to protect their freshwater bodies, both surfaces and
groundwater (Barbosa et al., 2016; Weisner et al., 2022). A main goal of the EU WFD
was to monitor certain chemical pollutants, known as priority substances, and ensure
that they do not exceed specific concentration thresholds in surface water, the so-called
Environmental Quality Standards (EQSs) (Pesqueira et al., 2020; Tiedeken et al., 2017).
In 2008, Directive 2008/105/EC finally ratified a total of 33 priority substances and
their respective EQS (Barbosa et al., 2016).

Directive 2013/39/EU updated the above-mentioned directives, recommending the
monitoring of 45 PSs (12 organic compounds and 4 metals were added to the earlier
list) and highlighted the demand to develop new water treatment solutions (Sousa et al.,
2019). Furthermore, Directive 2013/39/EU also led to creating a Watch List (WL) of

substances that were not routinely monitored but which might pose a significant risk
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due to potential toxicological effects when presented in water bodies. The full list was
published in the Decision 2015/495/EU (Pesqueira et al., 2020). The compounds
included in it had to be monitored Europe-wide to gather data on their occurrence in
water bodies. Based on the information collected, a risk assessment had to be carried
out, and the Watch List compounds might be included in the PSs list, thereby adopting
the consequent EQS (Gusmaroli et al., 2019).

In June 2018, the second updated version of the EU Watch List was published by
Decision 2018/840/EU. Most of the compounds present in the first are still
characterized due to insufficient monitoring data to perform a proper risk assessment.
Consequently, many have also been included in the second release (Gusmaroli et al.,
2019). The 2" Watch List includes 15 CECs: 7 pesticides, 5 pharmaceuticals and 3

steroid hormones (Jurado et al., 2019).

1.4. PESTICIDES

Approximately half of the compounds included in the 2" Watch List (7 out of 15) and
PSs list (23 out of 45) are pesticides. It represents around 50 % of the overall European
priority and emerging concern substances, which is not a coincidence given the nature
of these compounds (Cruz Alcalde, 2020).

According to the World Health Organization (WHO), pesticides are chemical
compounds used to kill pests, including insects, rodents, fungi, and weeds. They play a
significant role in the public health and agricultural sectors, controlling disease vectors
and crop pests (Rezende-Teixeira et al., 2022). Based on the United Nations Food and
Agriculture Organization (UN-FAO) statistics, around 4.16 million tonnes of pesticides
were employed in agricultural use in 2019 globally. Asia and the Americas were the top
and second-largest pesticide users in 2019, 51.5 % and 32.7 %, respectively. Regarding
the EU, pesticide use in the same year represented about 8.35 %. (FAO, 2022).

With the increasing use of pesticides in modern agriculture, the variety of pesticides has
become even more diverse. Based on their target organisms, pesticides can be divided

into insecticides, herbicides, fungicides, nematicides, and avicides (Liang et al., 2022).



1.4.1. Neonicotinoids

Neonicotinoids (NNs), also known as neonics, are currently the most widely consumed
insecticides worldwide. They were introduced to the global market in the early 1990s,
and by 2010, seven major neonicotinoid compounds represented about one-third of the
global insecticide market (Sgolastra et al., 2020). Their fast-growing popularity is
mainly related to their versatility of use, high efficacy, long persistence, and systemic

nature (Naumann et al., 2022).

Neonicotinoids are derived from nicotine, so they can bind strongly to nicotinic
acetylcholine receptors (nAChRs) in the central nervous system of insects, causing
nervous stimulation at low concentrations, but receptor blockage, paralysis, and even
death at high concentrations (Goulson, 2013; Li et al., 2018). Recent studies reveal that
these insecticides can also cause adverse effects on invertebrate and vertebrate non-
target organisms (Pietrzak et al., 2020). Moreover, chronic exposure to them may
provoke certain types of developmental disorders in human health (Cruz-Alcalde et al.,
2017). It was also shown that neonicotinoids indirectly reduce fish and bird populations

by disrupting their food webs (Naumann et al., 2022).

This class of insecticides are small molecules with high water solubility and low
volatility, hence their high potential to leach into surface or underground waters, being
one of the current worldwide concerns about the extensive use of neonicotinoids (P.
Zhang, Ren, et al., 2018; P. Zhang, Sun, et al., 2018).

Clothianidin

Clothianidin (CTD), as the second generation of neonicotinoids, is currently one of the
most known and available neonic insecticides on the agrochemical market (Fierascu et
al., 2020; C. Zhang et al., 2020). The structural features of clothianidin (see Table 1) are
an open-chain N-nitroguanidine skeleton and a chloro-thiazole ring. This chemical
compound is moderately soluble in water (327 mg L™ at 20 °C) and presents low

hydrophobicity (log Kow = 0.7) and a pKa value of 11.09.
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This neonicotinoid pesticide is currently on the 2" WL for monitoring in water bodies.
However, due to the risk clothianidin also poses to pollinators, especially honeybees, its
use on open field crops was banned in 2018 by the EU through Implementing
Regulation (EU) 2018/784. Hence, its usage is now only authorised in permanent

greenhouses (European Commission, 2018).

Thiacloprid

Thiacloprid (TCP) is also a second-generation neonicotinoid insecticide widely used in
modern agriculture to control hymenopterous insects and, over the last decades, has
become one of the most concerning contaminants (Yang et al., 2022). Thiacloprid (see
Table 1) has three important biologically active groups in its structure: chloro-pyridine
and thiazolidine rings and the cyanoimino group. This chemical compound also has
very high stability and moderate solubility in water (185 mg L™ at 20 °C). Furthermore,
thiacloprid presents a low octanol-water partition coefficient (log Kow = 1.26) and does

not dissociate in aqueous solutions.

Regarding honeybees, the N-cyanoimine neonicotinoids (thiacloprid) have considerably
lower toxicity than the N-nitroimine neonicotinoids (clothianidin). However, in 2020,
the EU by Implementing Regulation (EU) 2020/23 did not renew the approval of the
active substance thiacloprid, as it cannot be proven that the presence of thiacloprid
metabolites in groundwater will not lead to unacceptable effects on groundwaters and
harmful effects on human health (European Commission, 2020). Moreover, this neonic

pesticide is still on the 2" WL for monitoring in water bodies.

1.4.2. Triazines

Triazines are a group of herbicides that presents a substituted heterocyclic ring structure
composed of a CsH3sNsz moiety. They are considered among the most important classes
of pesticides (Manousi et al., 2022). According to the arrangement of the nitrogen
atoms, exist three triazine isomers: 1,2,3-triazine 1,2,4-triazine and 1,3,5-triazine. The
latter, which is probably the most common form, is also known as symmetric triazines
(s-triazines) (Chauhan et al., 2021).



The action mechanism of s-triazine herbicides is based on the inhibition of
photosynthesis, as they can bind to the QB protein in the photosystem |1 reaction centre
and block the flow of electrons through the photosynthetic electron transport chain
(Semren et al., 2018).

Atrazine

Atrazine (ATZ) is a herbicide from the s-triazines group, widely used in corn and sugar
cane crops, being extensively spread worldwide due to its high effectiveness in
combating weeds (Salomon et al., 2022). This chemical compound is represented by a
triazine ring substituted with a chlorine, ethylamine and isopropylamine group (see
Table 1). It also presents a low water solubility (34.7 mg L at 26 °C), a moderate
hydrophobicity (log Kow = 2.61) and a pKa of 1.70 (Aldeguer Esquerdo et al., 2021).

Due to its structural stability, long residual period and non-biodegradable properties,
atrazine could persist for a long time after being transported to surface and
groundwaters, which would harm water quality and ecosystems (Jiang et al., 2020).
Atrazine is also classified as Group 2B by International Agency for Research on Cancer
(IARC), meaning that it is possibly carcinogenic to humans (Phan et al., 2022).
Moreover, according to the risk assessment report of the US Environmental Protection
Agency (EPA), atrazine could have some harmful impact on fish, terrestrial and aquatic

plants, and it might also adversely affect reptiles and amphibians (He et al., 2019).

In 2004, atrazine was not included in the EU list of authorised products, owing to its
significant risk of contaminating groundwaters (European Commission, 2004).
However, it is still widely used in agriculture in other countries, such as the United
States, Brazil, China, and India (de Albuguerque et al., 2020).

Atrazine is one of the 45 substances listed in the Directive 2013/39/EU on water policy
as priority water pollutants. In addition, in terms of water quality for human
consumption, the EU, by Directive 2020/2184/EU, set the maximum allowable atrazine
level for drinking water at 0.1 pg L™, while the WHO established at 2 pg L™ (Steffens et
al., 2022).
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Table 1. Compound names, solubility in water values, octanol-water partition coefficients and chemical

structures of pesticides clothianidin, thiacloprid and atrazine.

Compound Solubility in

Log K Chemical Structure
name water (mg L™?) g Kow

o cl /j\/H
Clothianidin 327 0.70 _<S N ZN-No,

Thiacloprid 185 1.26 o

Atrazine 34.70 2.61 e

1.5. ADSORPTION

Several techniques are available for pesticide removal from aqueous solutions, which
can be classified into biological, chemical, and physical processes. Examples of these
treatment technologies include advanced oxidation processes (AOPSs), photocatalysis,
biodegradation, membrane techniques, filtration, and adsorption (Mondol & Jhung,
2021; Saleh et al., 2020). Among them, adsorption presents superior advantages (see
Figure 2) over some other methods for removing contaminants at low concentrations
(V. S. Tran et al., 2015). Nevertheless, the adsorption process also presents some
drawbacks, including the high cost of typical adsorbents.

. . Adsorbent
) . High Easy design and No sludge
Cost-effective efficiency operation recc;gﬁ?é for production

J

Figure 2. Advantages of the adsorption process (Sharifi et al., 2022).


https://commonchemistry.cas.org/detail?cas_rn=210880-92-5

1.5.1. Adsorption fundamentals

Adsorption is a surface phenomenon in which a solution containing an adsorbable
solute (adsorbate) meets a solid with a highly porous surface structure (adsorbent). The
liquid-solid intermolecular attraction forces drive some solute molecules from the
solution to concentrate or deposit on the solid phase surface, thus decontaminating the
liquid phase (Nageeb, 2013). The opposite process, namely the detachment of an
adsorbate molecule from the adsorbent surface, is generally known as desorption.

The adsorption process on an adsorbent from the aqueous phase involves the following
steps: i) mass transfer of the solute by diffusion from the bulk fluid phase to the solid
external surface (film diffusion), ii) mass transfer of the adsorbate by internal diffusion
into the adsorbent pores and the adsorbed phase (intraparticle diffusion), and iii)

adsorption of the adsorbate on active sites of the solid (Girish & Murty, 2016).

Depending on the interactions between the solid phase surface and the adsorbate in the
last step, the adsorption process can be classified as physical adsorption (physisorption)

or chemical adsorption (chemisorption).

Physisorption is due to relatively weak attractive forces, involving mainly van der
Waals interactions, supplemented in many cases by electrostatics contributions.
Multilayers are generated on the adsorbent surface in this fast and reversible method (de
Gisi et al., 2016; Rathi & Kumar, 2021).

In contrast, chemisorption is due mainly to chemical bondings. It is a slower method,
only generates a monolayer, and occurs at temperatures higher than the critical
temperature of the adsorbate. Under favourable conditions, both processes can occur

simultaneously or successively (de Gisi et al., 2016; Rathi & Kumar, 2021).

In general, the adsorption mechanism of organic compounds, such as pesticides, on
biochar (see Figure 3) can be mainly explained by pore-filling, hydrogen bonding
formation, hydrophobic effect, electrostatic reactions, and electron donor-acceptor
(EDA) interactions (Ambaye et al., 2021; X. Wang et al., 2020).
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Figure 3. Adsorption mechanisms of heavy metals and organic contaminants on biochar (X. Wang et al.,
2020).

1.5.2. Factors affecting the adsorption process

Different variables should be considered when studying an adsorption process since
they can considerably influence it. Adsorption performance is primarily influenced by
physicochemical factors (see Figure 4) and adsorbent properties. Furthermore, some
consideration must also be given to adsorbate characteristics, such as its weight,
structure and molecular size, its octanol-water coefficient and polarity (R4p6 & Tonk,
2017). Further explanation about how these variables can affect the process will be

introduced during the discussion of the results.

Initial Nature of

;ZZ?ES% conentration adsorbate and g::;asc:rzgﬁ
of adsorbate adsorbent

pH solution Corir:)r?gmg Contact time Temperature

Figure 4. The main factors affecting the adsorption process (Rathi & Kumar, 2021).

1.5.3. Adsorption isotherms

Adsorption isotherms are the presentation of the amount of adsorbed solute per unit of
adsorbent weight as a function of the equilibrium concentration in the bulk solution,
under thermodynamic equilibrium conditions (Nageeb, 2013). To select a model that

describes well the adsorption system, the experimental data are used to generate the



different isotherm profiles (see Figure 5). The isotherm model which best fits the
isotherm profile is chosen as an equilibrium representation of the adsorption system
(Yousef et al., 2020). The so-called Langmuir and Freundlich isotherms are the most

commonly used adsorption models.

(a)_.The “C” isotherm (b)_The “L” isotherm
Q

with strict plateau

e

without strict plateau

» C > C
(c) The “H” isotherm (d)_The “S” isotherm
Q Q
point of inflection
> C > C

Figure 5. The four main types of isotherms profiles (Limousin et al., 2007)

Langmuir isotherm model

The Langmuir model (1918) is one of the oldest empirical methods used to describe the
adsorption isotherms. It assumes monolayer adsorption onto a homogeneous surface,
containing a finite and fixed number of adsorption sites available of uniform energies
and that there is no interaction between the adsorbed species (Salman et al., 2011). The

Langmuir isotherm (Piccin et al., 2011) can be described by Equation (1).

S B ®

Where Ce is the equilibrium concentration of solute (umol L), ge is the amount of
adsorbed solute per unit weight of adsorbent (umol g?), also known as adsorption
capacity, K is the Langmuir constant (L umol™?), which is related to adsorption energy

and capacity, and gm is the maximum monolayer adsorption capacity (umol g2).

Langmuir isotherm is characterized graphically by a plateau, an equilibrium saturation
point at which no further adsorption can occur after a molecule occupies a site (Foo &

Hameed, 2010). Therefore, according to Figure 5, it would be classified within the "L"

10



Removal of micropollutants from wastewater...

type isotherms. The essential characteristics of the Langmuir isotherm model can be
expressed in terms of a dimensionless constant, known as the separation factor (R.) and
represented by Equation (2) (H. N. Tran et al., 2017).

RL:; )

1+ K. C,

Where K is the Langmuir equilibrium constant (L pmol™?), and C, is the initial
adsorbate concentration (umol g?1). R. value indicates the adsorption process to be
unfavourable (R > 1), linear (RL = 1), favourable (0 < RL <1), or irreversible (RL = 0)
(Ayawei et al., 2017).

Freundlich isotherm model

The Freundlich isotherm (1906) is the oldest known model which considers the non-
ideal and reversibility of the adsorption process. Unlike the Langmuir, the Freundlich
isotherm model is based on multilayer adsorption on a heterogeneous surface, with a

non-uniform distribution of adsorption heat and affinity (Yousef et al., 2020).

The nonlinear form of the Freundlich equation (H. N. Tran et al., 2017) can be
expressed as shown in Equation (3).

9,= Ke C¢" ()

Where ge is the amount of adsorbed solute per unit weight of adsorbent uptake at
equilibrium (umol g2), Ce is the equilibrium concentration of solute (mmol L), Kk is
the Freundlich constant (umol g)/( pmol L™)", also related to adsorption capacity, and
n (dimensionless) is the Freundlich intensity parameter. The exponent n is related to the
energetic heterogeneity of the adsorbent surface and determines the curvature of
isotherms: favourable (n < 1), linear (n=1) or unfavourable (n > 1) (Eckhard Worch,
2012).

According to the Freundlich equation, this isotherm, which is also part of the "L"

isotherms, does not reach a plateau with increasing concentration since the solid clearly
does not show a limited sorption capacity (Limousin et al., 2007).
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1.6. ADSORBENT MATERIALS

Selecting, developing, and characterizing the adsorbent material is an essential point for
correctly designing an adsorption process for any application. Focusing on water
treatment applications, some characteristics that a proper adsorbent must present are
good chemical and mechanical stability, low cost and availability, and especially
excellent surface and physicochemical characteristics. So, in this way, the adsorbent
shows a higher adsorption capacity, with a faster kinetic, thus achieving a higher overall
efficiency (Dotto & McKay, 2020).

Adsorbents can be classified into natural adsorbents, either organic or inorganic, and
synthetic adsorbents. The main natural adsorbents include clays, minerals, zeolites, and
charcoal, while synthetic adsorbents are prepared from different types of waste, whether

from agricultural, industrial, or household activities (Nageeb, 2013).

Activated carbon (AC), a material mainly derived from charcoal, is recognized as one of
the most popular and widely used adsorbents in the water and wastewater treatment
processes (Justo Llopis, 2015) because its large surface area, considerable microporosity
and high adsorption capacity (Vinayagam et al., 2022). However, this typical adsorbent
presents some compelling problems related to its high associated costs, regenerative
capacity, and end-of-life disposal (Ponnuchamy et al., 2021). Over the past few years,
researchers have mainly focused on the development of new cost-effective and

environmentally friendly adsorbents for industrial applications, such as biochar (BC).

1.6.1. Biochar

Biochar is generally defined as a porous, carbonaceous material produced by thermal
conversion of biomass, either from vegetal and/or animal origin, in an oxygen-depleted
atmosphere (Phuong et al., 2016). There are diverse thermal conversion techniques,
such as pyrolysis, gasification, torrefaction, and hydrothermal carbonization. Depending
on its residence time and temperature, pyrolysis can be divided into flash, fast and slow
pyrolysis. From these techniques, slow pyrolysis seems to be the most cost-effective

and efficient method for biochar production (see Table 2) (Varjani et al., 2019).
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Table 2. Characteristics of pyrolysis processes (Nidheesh et al., 2021; C. Wang, 2021)

Slow pyrolysis Fast pyrolysis Flash pyrolysis

Temperature (°C) 300 - 700 500 — 1000 900 - 1200
Residence time minutes to hours  seconds to minutes few seconds

Heating rate (°C/s) 01-1 10 - 200 > 1000

Biochar yield (%) 35-50 15-35 10-20

Reaction conditions such as pyrolysis temperature, residence time, and heating rate play
a key role in biochar synthesis. Among these three parameters, pyrolysis temperature is
probably the most significant factor since it affects the structural characteristics,
morphology, and aromaticity, also known as the H/C atomic ratio. The carbonization
degree and the production of biochar are mainly influenced by residence time, whereas
the heating rate might impact biochar stability (R. Z. Wang et al., 2019). In addition, the
feedstock type, and its properties such as the structure, shape, size, and chemical
composition (lignocellulosic compounds and minerals contents) can also considerably
influence physicochemical and structural changes in the biomass during the pyrolysis
process. It determines many characteristics of the resulting biochar: ash and moisture
content, fixed carbon and volatile components fractions, pH, surface area, elemental

composition, and porosity, among others (Nartey & Zhao, 2014; Yavari et al., 2017).

Biochar receives much interest as a soil amendment because of its carbon sequestration
potential and its ability to minimise the climate change effects. However, over the last
decade, it has been gaining more ground to use biochar as an alternative adsorbent for
the removal of pollutants from aqueous solutions (Chemerys & Baltrénaité, 2016). Such
interest stems mainly from the outstanding properties biochar can achieve, such as a
large specific surface area (SSA), well-developed pores, a high amount of surface
functional groups, significant resistance to mineralization and polyaromatic carbons
compositions (Nzediegwu et al., 2022; Yavari et al., 2017). Nevertheless, to acquire
these desired properties, several experimental studies have revealed the need to modify

biochar and hence improve the overall adsorption performance (Qiu et al., 2021).
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1.6.2. Modified biochar

In recent years, researchers have proposed diverse methods for biochar modification.
This procedure can be generally undertaken in two forms. The first one is based on the
modification of the raw materials used to prepare biochar (pre-pyrolysis modification),
whereas the second one involves only modifying the resulting biochar (post-pyrolysis
modification) (Qiu et al., 2021). The biochar modification process can be mainly
classified into chemical and physical activation (see Figure 6). Additionally, it is also
worth mentioning that biochar engineering is gaining recent popularity as it allows for

improving the catalytic efficiency and the remediation performance of biochar.

Chemical activation may be performed either before or after the pyrolysis process by
blending the feedstock or biochar, respectively, with chemical agents such as acids,
bases, and oxidants (Xu et al., 2021). This type of activation increases the biochar
microporosity, reduces the mineral matter and also significantly increases the functional
groups on the biochar surface (Gupta et al., 2022). In contrast, physical activation
methods mainly include steam activation, and gas activation, such as CO2, N2, NH3, Oa,
air or their mixtures, or ball milling modification. All these post-pyrolysis methods may
not only considerably change the surface area, pore volume and pore distribution of
biochar but also affect, to a lesser extent, its surface chemical properties such as surface
functional groups, hydrophobicity, and polarity (Enaime et al., 2020; Tan et al., 2017).

Developing pore Improving surface

structure : . functional groups
Physical Chemical
Elevated activation activation ; :
hydrophobicity High polarity

High aromaticity High porosity

Figure 6. Main changes in biochar properties resulting from different activations (Krasucka et al., 2021).
Following this line of research, it is hypothesised that is feasible to produce a CO»-

physically modified biochar capable of effectively removing various types of pesticides

from wastewater.

14



Removal of micropollutants from wastewater...

2. OBJECTIVES

The main objective of this work is focused on synthesizing CO»-physically activated
biochar from the biomass waste valorisation, specifically from rice husk feedstock, and
testing whether it is effective as an adsorbent to remove three micropollutants with
different partition coefficient n-octanol/water (clothianidin, thiacloprid and atrazine)

from wastewater.

In parallel, to better understand and achieve the main goals, more specific objectives are

also proposed:

e Assessing the effectiveness of the pre-treatment used to remove the silicon
content of the feedstock.

e Evaluating the changes produced in biochar properties by activating it physically
with carbon dioxide.

e Studying the affinity of biochar toward the three pesticides, when presented both
individually and simultaneously in the aqueous solution.

e Evaluating the influence of pH on the adsorption capacity of the three pesticides
on biochar and determining whether the electrostatic interactions are the main
adsorption mechanism between pesticide-biochar.

e Finding a good isotherm model which can describe the adsorption process of
each pesticide onto biochar.

e Studying and comparing the influence of the water matrix on the adsorption

process, assessing the competition of other compounds in the wastewater matrix.
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3. MATERIALS AND METHODS
3.1. CHEMICALS AND REAGENTS

3.1.1. Micropollutants

Relevant chemical information about the priority micropollutants employed in this
project is gathered in Table 3. All compounds were analytical grade standards
purchased from Sigma-Aldrich (Germany). These pesticides were mainly selected
according to their octanol-water partition coefficient (see Table 1) as this parameter may

significantly affect the adsorption process.

Table 3. Main information of the micropollutants employed in this project.

- Molecular Molecular Weight CAS
Compound Abbreviation

Formula (g mol?) Number

Atrazine ATZ CsH14CINs 215.68 1912-24-9
Clothianidin CTD CeHsCINSO,S 249,68 210880-92-5
Thiacloprid TCP C10HoCIN4S 252.72 111988-49-9

3.1.2. Other chemicals

Table 4 summarizes the rest of the chemical reagents employed in this project, including

information about its molecular formula, the company from was acquired and its usage.

Table 4. Summary of all the rest chemical reagents used in this project.

Molecular

Name Company Used for
Formula

o ) - HPLC analysis

Acetonitrile CHsCN Fisher ) )
- Adsorption experiments
o - HPLC analysis
Orthophosphoric acid H3POg4 Panreac )
- pH adjustment
Calcium chloride CaCl; Panreac - pHpzc measurement
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Table 4. (continued)

Molecular
Name Company Used for
Formula
o - pH adjustment
Sulphuric acid H2SO4 Panreac
- BufferatpH 2
Acetic acid CH3COOH Panreac - BufferatpH 4
Sodium acetate CH3COONa Panreac - BufferatpH 4
Dipotassium - BufferatpH 7
K2HPO4 Panreac
phosphate and pH 12
Potassium phosphate
_ KH2PO4 Panreac - BufferatpH 7
monobasic
Sodium bicarbonate NaHCOs Panreac - Bufferat pH 10
- Buffer at pH 10
Sodium carbonate Na>COs Panreac - Remove impurities from
biomass
_ _ - pH adjustment
Sodium hydroxide NaOH Panreac
- BufferatpH 12
Hydrochloric acid HCI Panreac - Alkalinity
Nitrogen N2 Abello Linde - Synthesize biochar
Carbon dioxide CO2 Abell6 Linde -  Activate biochar

3.2. WATER MATRIX

3.2.1. Milli-Q water

The main adsorption study research presented in this work was performed with
ultrapure water (UPW), produced by a Milli-Q purification system (Millipore, USA),
with an average resistivity of 18.2 MQ cm and a Total Organic Carbon (TOC) < 2 ppb.
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3.2.2. Wastewater samples

The real application section of this project was performed with a secondary effluent,
collected from the WWTP located at Gava - Viladecans. Specifically, the wastewater
was from the output of a line which uses an integrated fixed-film activated sludge
(IFAS) system, a combination of the conventional activated sludge (CAS) and
separation by ultrafiltration. The main physicochemical characteristics of this secondary

effluent are listed in Table 5.

Table 5. Main physicochemical parameters of the secondary effluent employed.

Parameter Value

pH 7.6

UV2s4 (cm™t) 0.3
TOC(mgCLY 25.0
NOs/NO (mg L) <04
Alkalinity (mg CaCOs L) 414.4
Total Suspended Solids (mg L™?) 38.0

3.3. BIOMASS MATERIAL

Rice husk (RH) was collected from a local agricultural region in Mocache Canton,
Ecuador. The husk was firstly reduced in size by a ball mill and, subsequently, sieved to
achieve the size of 250 um. The reduced feedstock was washed with a sodium carbonate
solution at constant stirring for 72 h to remove dirt and water-soluble impurities such as
silicon content. The resultant material was dried at room temperature and later in an air
oven at 60 °C for 24 h. Once the weight was steady, rice husk was ready to use as

feedstock for biochar production.

3.4. EXPERIMENTAL DEVICES

3.4.1. Synthesis and activation of biochar

The biochar synthesis process consisted of two stages: carbonization and activation.
Both the carbonization and physical activation processes of the rice husk biochar (RHB)
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were carried out in a high-temperature horizontal tube furnace (stainless steel 1000 x 30
mm) KOSMON customised (see Figure 7). It was equipped with a homogeneous heated
zone (100 x 30 mm) and a temperature controller with 8-stage heat treatments.

Figure 7. Experimental device to synthesize the rice husk biochar.

3.4.2. Adsorption experiments

The adsorption experiments were performed using the batch adsorption technique. The
experimental setup (see Figure 8) includes a set of 100 mL graduated glass bottles as
reactors for the adsorption study of each pesticide, whereas 1 L bottles were also used to
test the mixture of the three micropollutants simultaneously. These different bottles
were placed on an orbital shaker to mainly guarantee a correct agitation without
affecting the biochar structure. The Fisherbrand™ Multi-Platform Shaker (Figure 8 —
left) was mainly employed for the adsorption isotherms studies and the mix of
pollutants, whereas for the rest of the experiments, the shaker used was the Cole-
Parmer™ SSM1 Stuart™ Orbital Shaker (Figure 8 — right).

Figure 8. Experimental device for adsorption experiments.
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3.5,  ANALYSES

3.5.1. Micropollutant concentrations

The concentration of all three pesticides during adsorption experiments was quantified
by High Performance Liquid Chromatography (HPLC Infinity Series, Agilent
Technologies). The HPLC column used was a Teknokroma C-18 Mediterranea Sea (250
mm X 4.6 mm; 5 um particle size). Referent the mobile phases, acetonitrile (ACN) and
ultrapure water acidified with orthophosphoric acid (at pH ~3) were used in different
volumetric proportions depending on each method (see Table 6). The flow rate was set
around 1 mL min. The sample injection volume varied from 3 to 100 pL depending
mainly on the compound and the range of concentrations to be determined. All samples

were injected directly after filtration through 0.45 pm PTFE membranes.

Table 6. Method characterization for each micropollutant.

Micropollutant % ACN % UPW (at pH ~ 3) Detection (nm)
CTD 50.0 50.0 268.4
TCP 50.0 50.0 242.4
ATZ 60.0 40.0 220.4

3.5.2. Wastewater analysis
Alkalinity

The alkalinity of the wastewater sample was measured through a potentiometric titration
method with a SenslON™ + MM374 pH multimeter (Hach, USA). The titration was
conducted with 0.1M HCI and the pH of 4.3 was fixed as the endpoint. Alkalinity is
related to the ability of water for neutralizing acids.

Total Organic Carbon (TOC)

Total organic carbon content was quantified following the Standard Methods 5310B
procedure (APHA, 2005). It was employed a 5055 TOC-VCSN analyser equipped
jointly with an ASI-V autosampler, both from Shimadzu (Japan).
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pH measurement

The pH resultant of the wastewater sample was measured with a SenslON™ + MM374

multimeter, correctly calibrated every 24 hours with pH 4.00, 7.00 and 10.00 buffers.

Total Suspended Solids (TSS)

The total suspended solids correspond to the amount of tiny particulate matter that
remains in suspension in water. TSS content was measured by the experimental setup
shown in Figure 9. Briefly described, a 0.45 um MF-Millipore™ Membrane Filter was
weighed and placed into the filter holder of the funnel filtration membrane. With the
turned-on vacuum pump, the water sample passed through this filter. Then it was placed
in the oven for about 2 h and later, 1 h in the desiccator until it was at room temperature.
Finally, it was weighed again and by weight difference, the total suspended solids

content was calculated.

Figure 9. Assembly for total suspended solids determination.

Ultraviolet absorbance

Spectrophotometer DR6000 UV-Vis (Hach, USA) was used for measuring ultraviolet
absorbance. Specifically, the ultraviolet absorbance at 254 nm (UV2s4) is a characteristic
parameter to give information about the level of unsaturated carbon bonds of the

organic compounds (aromaticity).
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3.5.3. Biochar characterization

The different characterization tests, as well as the measurement instruments employed

in this section of the study, are presented further below.

pH and Electrical Conductivity (EC)

Biochar may present organics and inorganics active groups on its surface which can
alter the pH of the solutions to which it is added. Therefore, the pH of both non-
activated and activated biochar was measured according to Fidel et al. (2017) method.
Briefly, biochars were mixed with deionized water at a 1:10 (w/v) ratio, equilibrated for
1 h and measured the pH of the solution by SenslON™ + MM374 pH multimeter
(Hach, USA). Employing the same equipment but with a conductivity probe, the same

mixtures were equilibrated for 24 h and then measured for electrical conductivity.

Point of zero charge (pHpzc)

The point of zero charge is an important characteristic parameter of biochar since it
provides information about its acidity/basicity and its net surface charge in solution (EI-
Sayed et al., 2014). The pHpzc was determined by employing the pH drift method
(Stephanie et al., 2021). Several 20 mL aliquots of 0.1M NaCl solutions were prepared
and adjusted from pH 3 to pH 12 through 0.1M H2SO4 and 0.1M NaOH. Subsequently,
20 mg of activated biochar sample was added to each of these aliquots and shaken at
280 rpm for 24 h. The difference between the final and initial pH values was plotted
against the pHinitia. The pHpzc is reported as the intersection point of the curve at which
ApH = 0.

Proximate analysis

Moisture content (Mc) was quantified according to the American Society for Testing
and Materials (ASTM) D2867 procedure (CEFIC, 1986). Biochar samples were
weighed before and after drying in an air oven at 105 °C for 24 h. The moisture content

in both biochars was calculated using Equation (4).
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Ash content (Ac), which represents the not organic fraction of the moisture-free biochar,
was determined by ASTM D2866 procedure (CEFIC, 1986). Crucibles with ~1.00 g of
biochar samples were placed in the N 11/HR Chamber Furnace (Nabertherm, Germany)
(see Figure 10) at 650 °C for 13 h to achieve a constant weight. The ash content in both

non-activated and activated biochar was calculated by Equation (5).

Volatile matter (Vp) refers to content that becomes gaseous when heated above 950 °C.
It was determined by International Organization for Standardization (ISO) 562-1981
procedure (CEFIC, 1986). Approximately 1.00 g of different biochar samples were also
placed into the N 11/HR chamber furnace (Nabertherm, Germany) at 950 °C but only
for 7 minutes. The volatile matter content of biochars was calculated by Equation (6).

_B-F
_F-G
Ac—ﬁloo (5)

_ 100 (B-F)-Mc (B-G)
D™ (B-G)(100- M) 100 (6)

Where G is the mass of the container (g), B is the mass of the container with the original

sample (g) and F is the mass of the container with the dried sample (g).

Figure 10. Chamber furnace employed for measuring ash and volatile matter content.
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The fixed carbon (Fc) content represents the carbon that remained in the biochar
material in the pyrolysis process after the devolatilization. Fixed carbon content in both
biochars was calculated from the difference between moisture, ash, and volatile matter,
as shown in Equation (7):

Fc =100-% Mc - % Ac - % Vp )

Ultimate analysis

The ultimate analysis provides information on the elemental composition of a material
(C,H, O, N, S) and can be also an indicator of both aromaticity and polarity. The CHNS
and O determination both in non-activated and activated biochars was measured by
duplicated through Thermo Scientific™ FlashSmart™ Elemental Analyzer, according
to the ASTM D5373 method.

The specific area, pore volume and particle size distribution

The surface physical properties of non-activated and activated biochar were measured in
triplicate by N2 adsorption measurements, performed on the gas adsorption analyzer
TriStar 3000 (Micromeritics, USA). Previously to measurements, biochar samples were
outgassed at 40 °C overnight in a vacuum system. Nitrogen adsorption-desorption
isotherms were measured at liquid nitrogen temperature (77 K) by starting at low
pressure and measuring the volume adsorbed, given in cm® STP g (Phuong et al.,
2016). The surface area (Sget) and the average pore diameter were calculated from the
N2 isotherms by the Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-
Halenda (BJH) method, respectively. Furthermore, the micropore volume (Vmicro) Was
assessed by the t-plot method.

FESEM Analysis

Field Emission Scanning Electron Microscopy (FESEM) is a high-resolution vacuum
microscopy technique that offers lofty spatial resolution images of the external
morphology of materials. The surface morphology and structural characteristic of both
biochar samples were assessed by using the FESEM JSM-7100-F (JEOL, Japan) (see

Figure 11). The samples were previously carbon-coated to provide conductivity to the
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sample and thus improve the electron signal emission. It was jointly employed a
Pentafex-INCA EDS Detector (Oxford Instruments, UK) to thus determine qualitatively
the chemical composition of different selected point locations on the biochar samples.

Figure 11. The FESEM JSM-7100-F used for morphology biochar samples.

Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared spectra were obtained through the Spectrum Two™ FTIR
spectrometer (PerkinElmer, USA). To study the different functional groups, present on
the activated biochar samples surface, several scans with 4 cm™ resolution were realized

at wavenumbers from 450 to 4000 cm™.

Figure 12. Spectrometer employed for FTIR analysis.
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3.6. EXPERIMENTAL PROCEDURE

3.6.1. Synthesis and activation biochar procedure

Concerning the carbonization step, the pre-treated feedstock was weighed, placed in
boat-type ceramic crucibles, and inserted in the middle of the horizontal tube furnace. It
was slowly pyrolyzed at a controlled constant flow under an N2-H (95:5) atmosphere,
with a temperature ramped from ambient (~ 25 °C) to 500 °C at a heating rate of 5 °C
mint. After pyrolyzing for 4 h at this target temperature, the reactor was allowed to cool
down to room temperature. The resultant biochar was weighed, labelled as non-

activated biochar, and stored for further activation.

Regarding the physical activation, non-activated biochar samples were previously
weighed, introduced also with ceramic crucibles into the tube furnace, and kept at 800
°C for 1 h, employing carbon dioxide as the oxidizing agent and with a heating rate of 5
°C mint. The resultant biochar was weighed, labelled as activated biochar, and stored
hermetically to also prevent oxidation. The conditions for both biochar carbonization
and activation were chosen based mainly on a prior study, performed with old rice husk

biochars, at different sizes and temperatures.

3.6.2. Adsorption experiments

Adsorption experiments for each pesticide separately were carried out in duplicate as

follows:

1. Different 100 mL solutions were prepared, each one with an initial concentration
of 5.00, 5.06 and 4.32 ppm for clothianidin, thiacloprid and atrazine tests,
respectively. In this manner, it was ensured the same initial amount of pesticide
was in each solution (2.00 umol). (Note: in the experiments in which the pH
effect was studied, 0.5 mL of different buffer solutions were previously also
added, thus assuring the pH value was constant at 2, 4, 7, 10 and 12,
respectively).

2. Approximately, 5.00 mg of activated biochar were added to the solutions. (Note:

the biochar dosage employed in all the kinetics experiments was 50 ppm).
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3. The initial pH (pre and post-adding biochar) and the initial temperature of the
solutions (normally at 22 °C £ 1° C ) were measured.

4. The mixtures were kept under constant stirring at 280 rpm with an orbital shaker
in a time range from 0 to 74 h, in most cases providing enough time to achieve
equilibrium,

5. Approximately, 1.5 mL samples were taken spread over the experiment time
(more samples at shorter times and fewer at longer times) from the reactor.

6. For clothianidin experiments, each taken sample was passed directly, through a
0.45 pum PTFE filter, to the HPLC vial. In contrast, for thiacloprid and atrazine
experiments, the 1.5 mL of the sample was mixed with 1.5 mL of acetonitrile in
a 20 mL vial and carefully shaken. Subsequently, a 1.5 mL volume from the
resultant mixture was passed through a 0.45 PTFE filter to the HPLC vial.

7. Finally, all samples were analysed following their respective method (see Table
6) in the HPLC.

8. Once the experiment was finalized, all the resultant pH and final temperatures

were measured again.

For the isotherms adsorption experiments, 100 mL solutions containing different initial
concentrations of pesticides (from 0.5 ppm to 25 ppm) were prepared. The biochar
dosage employed in all these experiments was also 50 ppm. The samples were shaken at
280 rpm for 200 h at pH~7. When equilibrium was reached, 15 mL of each sample was
quickly filtered into a 20 mL vial using a 0.45 um PTFE filter. Then, 1 mL was added to
HPLC vials and analysed.

The adsorption experiments of the three pesticides simultaneously at low concentrations
were performed by using a 1 L solutions, both Milli-Q water and wastewater, with an
initial concentration of TCP, ATZ and CTD of approximately 2.0 pmol L. A small
quantity of biochar was added to the mixture. Steps 3-5 were nearly identical to those
described above, with the exception that the amount of sample taken in this case was 15
mL. This quantity was rapidly filtered into a 30 mL vial using a 0.45 um PTFE filter
and then ~1 filtered mL was put into HPLC vials and analysed using a new HPLC

method created specifically for these three micropollutants.
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4. RESULTS AND DISCUSSION

This chapter summarizes the most relevant results obtained in this research project. The
results and discussion chapter can be mainly divided into four sections. Section 4.1
includes previous studies performed with other rice husk biochars and control tests for
pesticides. Section 4.2 is mainly dedicated to the characterization of the biochar
produced, both non-activated and activated. Section 4.3 includes all the adsorption
individual studies of the three pesticides, including pH effect and isotherms adsorption.
Finally, Section 4.4 is a real application section, mainly focused on the mixing studies

of the three pesticides for water and wastewater matrix.

4.1. PREVIOUS STUDIES AND CONTROL TESTS

4.1.1. Adsorption tests

The n-octanol-water partition coefficient is the ratio between the concentration of a
chemical in the n-octanol phase and the water phase at a specified temperature.
Therefore, this coefficient measures the differences in solubility of a chemical in these
solvents and indicates its hydrophilic or hydrophobic character. If the log Kow value is
relatively high, approximately above one, the substance is significantly lipophilic i.e.,
soluble in fats and lipids solvents. Conversely, if the log Kow values are below 1, the

chemical is considered to be rather hydrophilic, i.e., soluble in water.

Within the MPs selected, the atrazine and thiacloprid pesticides presented a log Kow
value higher than one, namely 2.61 and 1.26, respectively. For this reason, it was
assessed the adsorption effect of both pesticides, and just in case also clothianidin (log
Kow = 0.7), on the experimental material to be used (HPLC filters, syringes, and pipette

tips) since these might be adsorbed on them and cause a markedly experimental error.

Adsorption from syringes and pipette tips

None of the three proposed contaminants (CTD, TCP and ATZ) was adsorbed by the
syringes or the pipette tips employed in the experiments. It could be mainly because the

contact time was minimal.
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Adsorption from HPLC filters

At first, the adsorption was studied with a nylon 0.45 um filter for CTD, the pesticide
with the lowest n-octanol-water partition coefficient. In all conditions tested, the results
showed an adsorption value lower than 2 %. For TCP, whose log Kow value was higher,
tests were also repeated in triplicate, and the average adsorption for small quantities at
higher concentrations (5 ppm) was about 5 %, whereas, at lower concentrations (0.5
ppm), the adsorption increased to around 11 %. Therefore, it was decided to work by
dilution (50:50) with acetonitrile before filtering, and avoid thus adsorption of TCP on
the filter. As ATZ presented the highest log Kow, tests were directly carried out with this
dilution technique. The resultant adsorption for both pesticides (TCP and ATZ) with

this method was less than 5 % when passing through filters for all concentrations tested.

4.1.2. Previous biochar studies

Some preliminary experiments with CTD were conducted to find the most optimal
synthesis conditions leading to the production of a rice husk biochar with remarkable
properties. We were given 8 rice husk biochar samples, which had already been
synthesised and physically activated by another group. The variables studied were
biomass size and the pyrolysis and activation temperature (see Table 7). (Note: both the
pyrolysis and activation time for all biochar samples were 4h and 1h, respectively, so it

was not a variable studied in this project).

Table 7. Main variables of rice husk biochar samples to study in the preliminary experiments.

Sample Biomasssize  Pyrolysis temperature Activation temperature
1 600 °C
- 500 °C
2 800 °C
— 100 pm
3 600 °C
700 °C
4 800 °C
5 600 °C
............................................................... 500 °C
6 800 °C
............................................................... 250 pm
7 600 °C
............................................................... 700 °C
8 800 °C
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Figure 13 shows the comparison between the different activation temperatures studied,
i.e., 600 °C and 800 °C, both at 1 h of constant temperature. It was observed that biochar
activated at 800 °C achieved around 100 % CTD adsorption in 96 h in all cases,
independently of the biomass size and the pyrolytic temperature. However, for biochars
activated at 600 °C, at the same time, only 40.29 % was adsorbed in the best case. The

resultant adsorption profiles of these preliminary experiments are gathered in Annex 1.
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Figure 13. CTD adsorption removal (%) at different activation temperatures with biochars from (A)
100um and (B) 250um biomass sizes. [CTD], = 0.1 mg L'; [BC] =500 mg L%; T = 22.3 °C; Time = 96 h.

Table 8 shows the carbon and silicon content of the different biochars activated at 800
°C, obtained from two different biomass sizes (100 and 250 pum). It was noticed that, in
this case, biochars produced from smaller biomass had a higher silicon content and a
lower carbon percentage compared to those biochars from 250 um rice husk size.
According to Ahiduzzaman & Islam (2016), rice husk biochars with a high amount of
silica may inhibit biochar porousness.

Table 8. Carbon and silicon content in the 800 °C activated biochars from different biomass sizes.

Sample Biomasssize  Pyrolysis temperature (°C) % C % Si

2 500 31.6 52.0
100 pm

4 700 35.0 30.7

6 500 48.0 26.3
250 pm

8 700 70.2 17.1
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Regarding the pyrolytic temperature, results were in line with Singh Karam et al.
(2021), which indicated that performing two thermal processes (carbonisation and
activation) at such elevated temperatures might destroy the typical morphological

pattern of rice husk biochars.

Having explored the different variables to examine in these preliminary studies, and due
to the briefly aforementioned reasons, it was opted to synthesise our biochar from 250
um pre-treated rice husk, using 500 °C and 800 °C as the pyrolysis and activation

temperatures, respectively, as it is detailed in Section 3.6.1.

4.2. BIOCHAR CHARACTERIZATION

The results obtained from the different characterisation tests carried out with the biochar
synthesised in the current work are detailed below.

4.2.1. Basic properties

The electrical conductivity, pH, and yield resultant of both activated and non-activated
biochar are gathered in Table 9.

Table 9. Yield, pH, and EC data for non-activated and activated rice husk biochar.

Biochar Yield (%) pH EC (mScm™)
Non-activated 40.09 10.73 5.82
Activated 26.95 11.06 8.01

The biochar yield corresponded to the amount of biochar produced relative to the total
amount of initial feedstock. The experimental outcomes indicated that non-activated
biochar achieved a 40.09 % yield in the carbonisation step, which was within the typical
expected range, as was indicated in Table 2. In contrast, considering simultaneously
two-step pyrolysis, i.e., carbonisation and activation steps, the biochar achieved only the
26.95 %. This 13.14 % reduction in yield during the activation stage could be mainly

attributed to the presence of a secondary pyrolysis reaction and, the subsequent loss of
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volatile matter by thermal cracking at such high temperatures (Sahoo & Remya, 2020;
Singh Karam et al., 2021).

Regarding the pH, lower pyrolysis temperatures result in acidic biochars, whereas
higher temperatures produce biochars with more alkaline properties (Jung & Kim,
2014). According to Shi et al. (2019), the resultant biochar pH is a balance between its
acidic functional groups, such as -COOH, and its alkaline minerals, and both can affect
strongly in the adsorbent properties. The resultant pH values of our biochar were
considerably alkaline, 10.73 and 11.06 for non-activated and activated, respectively.
Therefore, it was not expected to find many acidic functional groups in biochar surfaces
when performing the infrared spectra. Furthermore, as also indicated by Singh Karam et
al. (2021), the high pH level of rice husk biochar could be mainly attributed to its ash

content, which might contain alkaline carbonates, alkali earth metals or organic anions.

The electrical conductivity of biochar, which is related to the quantity and nature of
salts dissolved in solution, increased from 5.82 to 8.01 mS cm™ through the physical
activation with CO». According to Singh et al. (2017), this enhancement could be
mainly attributed to the high concentration of ash caused by the loss of volatile matter
during the activation step. In addition, as stated by Park et al. (2021), it might also be
due to the crystallization of carbon elements, after the cellulose was thermally

decomposed.

4.2.2. Proximate analysis

The proximate analysis was performed to assess the moisture, volatile matter, ash, and

fixed carbon content of both biochars. Results from this analysis are listed in Table 10.

Table 10. Moisture, volatile matter, ash, and carbon fixed content of non-activated and activated RHB.

Biochar Moisture (%) Volatile matter (%) Ash (%) Carbon fixed (%)

Non-activated 0.64 59.32 36.28 3.76

Activated 1.57 45.89 43.21 9.32
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An increment in moisture content from non-activated to activated biochar was observed
since it increased from 0.64 % to 1.57 %. Although both resultant percentages were
relatively low, this behaviour was contrary to what first was expected. According to
Nidheesh et al. (2021), the moisture content decreases with an increase in the pyrolysis
temperature, due basically to the loss of water molecules present in the feedstock.
Therefore, when activated at 800 °C, it was expected to find a lower moisture content.
However, this result could be owing to the hygroscopic nature of the resulting biochar.
It might adsorb water from the air during the different cooling, weighing, or packaging

processes, as also suggested by Zulkania et al. (2018).

Regarding the volatile matter content, namely the labile biochar fraction, it decreased
from 59.32 % to 45.89 % during the physical activation process. The results followed
the trend proposed by Jindo et al. (2014). Depending on the feedstock type, biochars
subjected to lower pyrolysis temperatures contain a higher volatile matter content and,
as increasing temperature, this volatile matter percentage gradually decreases. The 13 %
volatile matter decrease, obtained during the activation stage, roughly coincided also
with the aforementioned 13 % reduction in yield. Therefore, there could be a relation

between these two parameters, as supported by C. Wang (2021).

The ash content of biochar increased also during the activation stage, specifically from
36.28 % to 43.21 %, due mainly to the increment in pyrolytic temperature. This high
percentage in both biochars can be also attributed to the large ash content presented in
rice husk feedstock, typically around 20 % (Jongpradist et al., 2018). Moreover, the
high percentage of silica and other minerals contained in the feedstock could lead to
also obtaining a high ash content, as stated by Nurul Farhana et al. (2018). However,
Asadi et al. (2021) and Singh Karam et al. (2021) collected information from several
studies in which ash content also was studied in biochars from rice husk feedstock, and
the values ranged from 27.5 % to ~ 65 %. Therefore, the outcomes seemed to indicate

that our biochars were within the expected range.

The fixed carbon content, related to the recalcitrant biochar fraction, varied slightly at
the activation step. For non-activated biochar, it was only 3.76 %, whereas for activated
increased to 9.32 %. These two poor values of fixed carbon are mainly due to the high
ash content in biochars since ash particles can hinder the formation of aromatic
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structures, which contribute greatly to the fixed carbon content, as explained by
Choudhary et al. (2019).

Although these results were within the typical range expected when compared to other
biochar studies, it could be thought that the pre-treatment employed to remove the

silicon content from the rice husk raw material was not entirely effective.

4.2.3. Surface area, porosity, and physical structure

As shown in Table 11, pyrolysis carried out with N2 at 500 °C did not lead to substantial
development of the pore structure of biochar (see Figure 14), since the resultant BET
surface area obtained from the carbonisation step was only 1.22 m? g, whereas the pore
volume and average pore size were 4.48-10* cm3 g and 65.78 nm, respectively.

Table 11. Surface area, pore volume and pore size results for non-activated and activated biochar.

Biochar Seet (M?gY)  Porevolume (cm®g?)  Average pore size (nm)
Non-activated 1.22 4.48-10* 65.78
Activated 379.95 0.123 5.56

Figure 14. FESEM images of non-activated rice husk biochar (500°C-4h)
at (A) x33; (B) x850; (C) x1,000 and (D) x5,000 magnifications.
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Compared to pristine biochar, CO> physically-activated biochar was characterised by a
more developed pore structure (see Figure 15). The specific surface area and pore
volume resulting from the activation stage increased considerably to 379.95 m? g and

0.123 cm® g%, respectively, whereas the pore size decreased to 5.56 nm.

This great variation in pore properties can be attributed also to the high temperature
applied during the activation process. Pore-blocking substances (see Figure 14B), such
as volatile matter or ash, were partially driven off at 800 °C, which led to an increase in
the available surface area of biochar (see Figure 15B), as argued by Tomczyk et al.
(2020). However, according to Nidheesh et al. (2021), part of these blocking filaments
could also be inorganic crystals, such as sodium carbonate or silica crystals, and could

remain engrained.

at (A) x60; (B) x850; (C) x2,000 and (D) x3,500 magnifications.

Following the International Union of Pure and Applied Chemistry (IUPAC), biochar
porosity can be mainly classified into macropores (>50 nm), mesopores (2 - 50 nm) and
micropores (<2 nm) (Porada et al., 2013). At such a high activation temperature, the few
macropores of non-activated biochar and the walls between all the adjacent pores might
have been destroyed, thus causing more mesopores and the enlargement of specific
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surface area, as suggested by Claoston et al. (2014). The average pore size in different
studies of biochars ranged from 2 to 8 nm, so our biochar fell into the small mesoporous
regime. In addition, as reported by Yavari et al. (2017), a rice husk biochar activated at
the same conditions (800 °C for 1 h with CO>) led to a similar Sger of 334 m? gL,

In terms of surface morphology, it was mostly observed that both biochars presented a
tubular structure pattern (see Figures 14A and 15A). However, the enlarged images
showed morphological surface changes on the biochar upon the activation process. It
changed practically from a mostly blocked porous structure with an irregular shape in
non-activated biochar (see Figure 14C) to a well-developed porous, honeycomb-like

structure in activated biochar (see Figures 15-B to D).

Although a compositional analysis was not technically performed for quantifying the
silicon content presented in the biochar, it was possible to qualitatively verify, by EDS
detector, the large amount of Si in biochar (see Figure 16). It could be confirmed the
high percentage of silicon compared to other elements, and thus led to the conclusion
that the pre-treatment employed to remove silica had not been entirely effective. (Note:

Au peaks appeared because the coating was performed with gold in this case).

BIOCHAR(2) Full scale counts: 26131 BIOCHAR(2)_pt1 Cursor:  4.500 keV
Integral Counts: 868979 340 Counts
Si
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Figure 16. EDS graph of rice husk biochar.

4.2.4. Ultimate analysis

The analysis of the elemental composition of both biochars (see Table 12) indicated that
during the CO2-physically activation process, all the elemental contents were reduced,

except sulphur, which slightly appeared.
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Table 12. Ultimate analysis of non-activated and activated rice husk biochar.

Biochar % C % H % O % N %S
Non-activated 56.31 1.76 7.48 0.40 0.00
Activated 37.83 0.00 5.18 0.27 0.08

As expected, the hydrogen and oxygen content decreased mainly due to the increase in
the activation temperature, since occurred dehydration, decarboxylation, deacetylation,
and deoxygenation reactions (Binnal et al., 2022). Furthermore, the low nitrogen
content was within the typical range compared to other studies and it was mainly due to

the loss of ammonia and oxides by carbonization process (Singh Karam et al., 2021).

The carbon content was considerably reduced during the CO. physical activation
process, specifically from 56.31 % to 37.83 %. According to Jung & Kim (2014), this
decrease could be mainly justified by the Boudouard reaction (CO2 + C < 2CO). At
such high temperatures, above 800 °C, the carbon atoms of biochar are mainly removed
by CO, resulting in increased combustion. This could also complement the explanation
of the morphology transformation (from macropores into mesopores) or the high

amount of ash produced during the activation process.

The H/C atomic ratio for non-activated biochar was approximately 0.03, whereas, for
the CO»-physically activated biochar, it decreased to 0.00. This outcome indicated that
the carbonization of biochar was complete upon activation and the resultant biochar
presented long-term environmental stability. Conversely, the O/C atomic ratio for non-
activated and activated biochars were 0.14 and 0.13, respectively. As this ratio was
below 0.2, it could indicate that both biochars presented low polarity. These both low

ratio values were in line with the results suggested by Conte et al. (2021).

4.2.5. FTIR spectra

The FTIR spectra of the RHB activated with CO, for 1 h at 800 °C were provided in
Figure 17. The non-appearance peaks in the wavenumber regions between 3600-3100
cm! corresponded to an absence of hydroxyl groups, thus corroborating the low polarity
of biochar. The tiny peaks observed at 2987 and 2883 cm™ could be related to the C-H
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stretching vibration, but the lack of H content made us doubt it, whereas the weak
vibration shown in the 2000-2400 cm™ region corresponded to equipment noise.
According to Morales et al. (2021), the peak shown in the band 1430 cm™ could be
related to C-O stretching. However, Jindo et al. (2014) proposed C=C stretching for the
same band. The intense band at 1047 cm™ can be assigned to stretching vibrations of the
Si-O bond (Morcali et al., 2013). The bands found around 787 cm™ and 618 cm™ could
be attributed to the bending and stretching vibration of the Si-O-Si group, respectively
(Saha et al., 2014). These outcomes agreed with the aforementioned high silicon content
and showed low surface functional groups.
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Figure 17. FTIR spectra of rice husk biochar activated with CO- at 800 °C for 1 h.

4.2.6. Point of zero charge

Figure 18 presents the resultant pHezc value for the CO»-activated rice husk biochar. By
interpreting this profile, it could be noticed that the resultant pHpzc value was 10.23.
Therefore, when operating at pH conditions below this point, the biochar surface was
positively charged. In contrast, the residual charge on the biochar surface, at pH values
higher than 10.23, was negative as indicated by do Nascimento et al. (2022). Further
explanation will be presented in the following section about the adsorption mechanism

of the pesticides into the surface biochar.
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Figure 18. Experimental determination for pHpzc value for activated RHB.

Completed the characterization of both non-activated and activated biochar, it could be
concluded that the method used to remove the Si content from rice husk was not
effective and the activated biochar showed better porosity characteristics compared to
the non-activated. Therefore, it was decided to perform the adsorption studies using the
COq2-physically activated biochar, hereafter referred to as biochar, and check whether it
was able, despite its characteristics, to remove the pesticides from aqueous solutions.

4.3. ADSORPTION STUDIES

4.3.1. Adsorption at non-constant pH value

Table 13 summarises the adsorption experiments performed for each pesticide
separately without maintaining the pH value constant. It mainly includes the pesticide
studied, with its initial and final amount, the adsorption achieved per gram of adsorbent,

as well as the initial and final pH values.

Table 13. Summary of the experimental results for the adsorption of each pesticide separately with
[BClo=50 mg L™

MP initial amount  MP final amount  Adsorption
MP pHo pHF

(umol) (umol) (umol g BC)
CTD 858 7.48 1.95 0.99 178.61
TCP 8.95 7.45 1.99 1.25 139.78
ATZ 8.81 7.35 1.95 1.46 94.05
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Figure 19. Adsorption profiles of CTD, TCP and ATZ individually on rice husk biochar. [MP]o = 20
pmol L% [BClo=50 mg L; T=22°C.

As shown in Figure 19, under the same initial conditions, each pesticide was adsorbed
differently on the biochar surface. Regarding the clothianidin, the most hydrophilic
pesticide used, seemed to have the highest affinity for biochar since, for each gram of
this adsorbent, 178.61 pmol were removed from the aqueous phase (see Table 13). This
corresponded to ~ 48.78 % of adsorption. In contrast, at the same time and conditions,
the adsorption achieved for TCP and ATZ was 139.78 and 94.05 umol g%, respectively,
which corresponded approximately to 37.15 % and 25.52 %.

This trend seems to indicate that biochar had a higher attraction for more hydrophilic
compounds than for hydrophobic ones. Initially, the opposite effect was expected since
according to X. Wang et al. (2020), the removal of hydrogen- and oxygen-containing
functional groups at elevated temperatures (in our case, during the activation stage)
could lead to more hydrophobic biochars. However, the inorganic matter, such as silica,
contained in the ash particles was probably more hydrophilic than the carbon skeleton in
biochar. Therefore, the few polar silicon-containing functional groups of ash particles
could have a great impact and favoured biochar affinity toward more hydrophilic
compounds, such as clothianidin (Kozyatnyk et al., 2021).

It is important also to mention that the pH values increased from approximately 5.6 - 5.8
to 8.58 - 8.95 when biochar was added to the solution, mainly due to the high pH value
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of the biochar itself, which was 11.06. After completing the experiments, the final pH
values decreased to 7.35 - 7.48, thus showing the low buffering capacity of biochar, as
also claimed by Meiirkhanuly et al. (2019).

4.3.2. Adsorption mechanism

To better elucidate the adsorption mechanisms, such as electrostatic interactions, of the
three pesticides onto biochar, the correlations between the pKa value of the adsorbates,
the medium pH, and the biochar surface charges were assessed in this part. Different
experiments were carried out for each pesticide at different pH levels (2, 4, 7, 10 and

12). The outcomes obtained are shown in Figure 20.

Clothianidin, being a basic specie with a pKa-value of 11.09, was deduced to be in its
cationic form at pH < pKa, whereas its neutral form was predominant for pH > pKa.
Relating this to the surface residual charge of biochar (pHpzc =10.23), originally, it was
expected that, for pH values between 2-10, electrostatic repulsions would exist between
the amine-protonated (-NH2*) species of CTD and the biochar surface, also positively
charged. For pH values ranging from 10.23 to 11.09, an attraction was expected, as the
CTD was positively charged while the surface of biochar presented a negative residual
charge. Finally, at pH values above 11.09, the repulsive forces would be lower as the

CTD was in its neutral form while the surface of biochar was still negatively charged.

As can be observed in the results from Figure 20, it is true that at pH 12, i.e., pH > pKa,
the highest adsorption was achieved (50.17 %), corresponding to 171.89 pmol g*. In
contrast, the minimum adsorption was at pH 4 (pH < pKa), which corresponded to the
most positively charged state of biochar, as can be seen in Figure 18, thus existing more
repulsions. However, for the other pH levels, there was also no such considerable
variation, as the adsorption values achieved ranged from 37.81 % to 44.67 %.
Therefore, it could be considered that electrostatic interactions did not exert an
important effect on the clothianidin adsorption mechanism with this type of biochar.
Other processes such as the n-n electron donor-acceptor interactions or hydrogen bonds
may exert a more important role. These findings were further supported by P. Zhang,
Sun, et al. (2018).
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Figure 20. Adsorption percentage achieved after 74 h for CTD, TCP and ATZ at different pH values.
[MP]O =20 p.mol L_l; [BC] =50 mg L—l; T=220C

In the case of thiacloprid, it resulted more complex as no pKa value was observed, so it
was not in its ionised form, but different findings were obtained when the pH effect was
assessed. At more acidic pH conditions, namely at pH 2, about 109.92 pmol g could be
removed, which corresponded to 29.09 % of adsorption. In contrast, at more basic
values, such as pH 12, more than twice as much adsorption was achieved, namely 65.37
%, which was 225.29 umol g*. Excluding electrostatic interactions, the H-bonding or
the n-m EDA interactions could probably be the main mechanism responsible for the
TCP adsorption on biochar, as indicated by Kah et al. (2017). Therefore, it was possible
to indicate that thiacloprid adsorption on this biochar was enhanced under high pH

values (close to 12), but further depth studies would be required.

Atrazine, as aforementioned in Section 1.4.2., is also a basic specie presenting a pKa
value of 1.7. According to a speciation diagram constructed by do Nascimento et al.
(2022), the nitrogen contained in the triazine groups can be highly protonated (NH*) at
pH values below 4. Therefore, electrostatic repulsion should occur between the biochar
surface, with a positive residual charge, and these protonated ATZ species. In contrast,
for pH values within the range from 6 to 12, the predominant species were in their
neutral form, so the repulsion force should be gradually lower at increasing pH.
However, as can be seen from Figure 20, this trend was not followed in our case, as the

resultant adsorption percentage was oscillating at different pH values. Specifically, for
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pH 4 and 10, only about 20 % adsorption was obtained, whereas, at pH 2, 7 and 10,
between ~29-34 % adsorption of ATZ on biochar was achieved. After viewing the
results obtained up to this point of the study, it was possible to conclude that
electrostatic interactions were not the main adsorption mechanism of ATZ on biochar.
According to Kah et al. (2017) and Xiao & Pignatello (2015), pH was expected to have
little influence on ATZ adsorption and the uncharged atrazine mainly undergoes the n-n
EDA interactions, respectively.

Furthermore, it could be also mentioned that for all pH values (see Figure 20), except
for pH 12 which would require further research, the same trend was observed as in the
section 4.3.1, since the most hydrophilic compounds (clothianidin) achieved higher

adsorptions on the surface of biochar compared to hydrophobic ones (atrazine).

4.3.3. Adsorption isotherms

The equilibrium adsorption data of CTD, TCP and ATZ on biochar was assessed by
applying Langmuir and Freundlich models, as previously explained in Section 1.5.3,
and the results of their linear regressions were used to find out the fit model. The
estimated isotherms parameters of both adsorption models, as well as the regression
coefficients (R?), for the three pesticides, were gathered in Table 14.

Table 14. Isotherms parameters for the adsorption of CTD, TCP and ATZ on biochar at pH 7 and 23 °C.

Langmuir Freundlich
MP KL max KFr
(103 L pumol?) (H:0| gl R (umol gt)/(umol LH)" " R
CTD 4.79 4078 0.999 19.87 0.970 0.989
TCP 4.90 4068 0.998 19.99 0.978 0.995
ATZ *Nn.a. n.a. n.a. 18.95 1.003 0.999

*n.a.: non-available

As indicated in Table 14, the experimental equilibrium results obtained for atrazine
could not be linearly fitted to the Langmuir model, since the resulting estimated
parameters were negative values, and therefore had no physical significance. This result

might be expected, since as shown in Figure 21, the isotherm profile for atrazine did not
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exhibit the classical L-curve (see Figure 5b) with a strict plateau, unlike the TCP and
CTD profiles. This type of curve is mainly related to the Langmuir model and is
characteristic of dilute solutions in the adsorption systems (do Nascimento et al., 2022).
However, to confirm this trend, it would have been necessary to test with a higher initial

concentration of atrazine, but its maximum solubility in water was close.
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Figure 21. Experimental equilibrium data for CTD, TCP and ATZ adsorption on BC.
(pH 7 and T=23 °C).
Although both models showed a high correlation coefficient (R? ~ 0.99), the two
neonicotinoids data fitted better with the Langmuir model than the Freundlich one.
Interestingly, both pesticides presented similar results (see Figure 22A), since the
maximum adsorption capacity for CTD was 4078 pumol g%, whereas for TCP was nearly
4068 pmol g?. It suggested that both were adsorbed on the biochar surface as
monolayers, namely, each neonicotinoid molecule occupied one active site with no

competition among them, since all had the same energy.

Comparing the Langmuir constant, both outcomes also exhibited similar behaviour, as
the adsorption activation energy for thiacloprid and clothianidin was 4.90-107 and
4.79-10° L pmol?, respectively. However, it might appear that thiacloprid had a
slightly more affinity toward this biochar than clothianidin. Furthermore, in this case,
there did not seem to be a direct relationship between the log Kow coefficient of

pesticides and the adsorptive capacity of biochar.
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To determine the feasibility of the reactions, namely whether the adsorption system was
favourable or not, the dimensionless separation factor was calculated for both TCP and
CTD (as explained in section 1.5.2). The resultant values of R, were found in the range
of 0.98 — 0.62 for TCP, whereas for CTD ranged from 0.98 — 0.60. In both cases below
1, thus indicating that the adsorption of these two pesticides on biochar was favourable
(Depci, 2012).
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Figure 22. The linear plots of CTD, TCP and ATZ adsorption isotherms of (A) Langmuir and (B)
Freundlich models on biochar. (At pH =7 and T =23 °C).

Regarding the atrazine adsorption on biochar, its equilibrium data were fitted to the
linearized form of the Freundlich model (see Figure 22B). Due to its high coefficient of
determination, it was evidenced that the Freundlich isotherm explained the adsorption

phenomenon reasonably well.

The resulting Freundlich coefficient value, mainly related to the adsorption capacity,
was around 18.95 (umol g1)/(umol L)". On the other hand, the adsorption intensity or
surface heterogeneity value (the n parameter), was about 1, suggesting linear adsorption
for atrazine. In other words, the atrazine adsorption was approximately constant at all

tested concentrations (H. N. Tran et al., 2017).

As a result, the outcomes might suggest that the atrazine-biochar system was a
multilayer adsorption process with a distribution of surface energy (dos Santos et al.,
2019). However, as the Freundlich model is empirical, it should be noted that the

physical interpretation of the constants is not entirely reliable.
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44. APPLICATION WITH REAL WASTEWATER

Most wastewaters contain a variety of compounds which might mutually enhance,
interfere, or act independently in the adsorption process. In order to further explore the
applicability of this biochar to real water environments, three final experiments (see
Table 15) were conducted with all three pesticides simultaneously. Specifically, it was
studied the adsorption capacity of the biochar at different initial concentrations of these
pesticides (high and low-typical range) for different water matrices (milli-Q and

wastewater).

Table 15. Summary of the main experiments, and their initial conditions, in the real application section.
(Note: MPg refers to CTD, TCP and ATZ)

Exp Water matrix MPo (umol) BCo(mg L) pH
1 Milli-Q 20.00 50.00 Adjusted to 7.0
2 Milli-Q 2.00 50.00 Adjusted to 7.0
3 Wastewater 2.00 50.00 ~7.6

As can be observed from Table 15, no experiment at high pesticide concentrations was
performed with wastewater matrix, since micropollutants in wastewater are normally at
trace levels, therefore it would not be realistic. Furthermore, the pH of the milli-Q water

matrix was also adjusted to pH 7, to approximate thus the real value of the wastewater.

First, we sought to test the identical conditions that had been applied for the individual
experiments, namely high initial pesticide concentrations and a milli-Q water matrix.
The goal was to determine for which of the three pesticides, biochar had the highest
affinity. As shown in Figure 23, when all pesticides were mixed, biochar clearly showed
a higher preference for thiacloprid, since each gram of biochar managed to remove from
the aqueous solution approximately 82.62 pumol of TCP at 74h. However, at the same
time, merely 28.26 and 22.84 umol g of CTD and ATZ, respectively, were adsorbed.
These findings were in line with the hypothesis proposed in the preceding section, that
TCP had a slightly higher affinity toward biochar than CTD due to its Langmuir
constant value. However, in this case, this difference was starker than originally

expected.
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Figure 23. Adsorption profile of CTD, TCP and ATZ simultaneously on biochar with milli-Q water.
[ATZ]o = [CTD]o = [TCP]o= 20 umol L%; [BC]o =50 mg L*; T = 23°C; pH, = 7.01.

From these results, it can also be seen that the adsorption rate for any micropollutant
was practically not higher than 25 %. This might be because the range of micromoles of
pesticide per gram of biochar was too high, 400 umol g* in this case, so there could be

too many micromoles to adsorb for so little adsorbent.

By testing on the same water matrix (milli-Q water), but with much lower
concentrations although still higher than the MP values found in water environments, a

considerable change in adsorption efficiency was observed (see Figure 24).
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Figure 24. CTD, TCP and ATZ adsorption percentage achieved after 30h on biochar with milli-Q water.
[ATZ]o = [CTD]o=[TCP]o=2 pmol L*; [BClo =50 mg L; T =22.8 °C; pHo = 7.01
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Within only 30 h, the TCP content of the solution had been entirely adsorbed on
biochar, whereas for CTD and ATZ, the adsorption percentage achieved for each one
was approximately 93.63 % and 81.79 %, respectively. These outcomes also reinforced
the previous trend of the biochar preference for thiacloprid, followed by clothianidin
and atrazine. In addition, this significant improvement in adsorption removal compared
to the previous experiment was mainly due to the 90 % decrease in the pesticide-biochar
ratio. In this case, this ratio was around 40 pumol g, so there were fewer adsorbate
molecules for the same amount of adsorbent, therefore facilitating the adsorption

process.

Finally, it was decided to assess the influence of the water matrix. Therefore, identical
conditions as the previous experiment were replicated, but this time with a wastewater
sample. As depicted in Figure 25, both clothianidin and thiacloprid followed a similar
adsorption trend, achieving around 42-43 % of removal at 73 h. On the other hand,
atrazine clearly showed the lowest adsorption capacity on biochar, as only 77.16 pmol
g* were removed, which corresponded to about 23 % of adsorption.
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Figure 25. Adsorption profile of CTD, TCP and ATZ simultaneously on biochar with wastewater matrix.
[ATZ]o = [CTD]o = [TCP]o=2 pmol L%; [BC]o =50 mg L%; T = 23.5°C; pHo = 7.6.

When these results were compared to the outcomes of the previous experiment, it could
be noted that the water matrix had a considerable effect on the adsorption efficiency.
Practically, more than 80 % or even total pesticide adsorption was achieved at 30 h with
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the Milli-Q water matrix (see Figure 24), whereas for the same time, no more than 30 %

of pesticide content was adsorbed with the wastewater matrix (see Figure 25).

From the different physicochemical parameters that characterised the real wastewater, it
can be concluded, as expected, that wastewater is a more complex system than ultrapure
water. The milli-Q water had a TOC value below 2 pg L™ and did not present ions or
turbidity. Therefore, no other compounds contained in the water matrix could interfere
in the adsorption process and only the three pesticides were expected to be adsorbed on
the biochar surface. In contrast, the wastewater matrix presented a higher TOC value
(25 mg L) and also nitrate/nitrite ions, among other characteristics (see Table 5). The
presence of this dissolved and particulate organic matter in the solution could strongly
compete with the target compounds for the different active sites of biochar, hindering
thus the adsorption efficiency of these pesticides. In general, the different results
achieved with each water matrix showed significant variations due, in part, to the

presence of competing ions and organic matter.

Regarding the low adsorption capacity of atrazine onto biochar when compared to the
other two neonicotinoids (see Figure 25), it could be affected, among other factors, by
the presence of nitrate ions in the wastewater matrix. According to Xing et al. (2020),
the removal efficiency of atrazine decreased considerably when NOsz™ ions were present
in the solution, as they competed more, as explained above, with the target compound
(atrazine) for occupying the active sites of biochar. In any case, the adsorption of
atrazine was worse in all the situations analysed, so it was expected that in real water

would act in the same way.
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5. CONCLUSIONS

This work demonstrates that CO»-physically activated biochar can be synthesised from
rice husk, and despite its resultant characteristics, it can be employed as an adsorbent to

remove these three concerning pesticides from wastewater effluents.

The biochar obtained from the carbonization stage at 500 °C for 4 h resulted in
significantly alkaline (10.73), with a low surface area (1.22 m? g'!) and high ash content
(36.28 %). The CO»-physical activation at 800 °C for 1 h provoked a complete change
in its structure, as the ash content (43.21 %) and the surface area (379.95 m? g1) were

considerably increased, whereas the elemental content of biochar declined significantly.

Pre-treating the feedstock with sodium carbonate proved to be ineffective to remove the
silicon content. However, it was found that the Si-containing functional groups of
biochar could play a key role and favour the adsorption process, tending towards the
more hydrophilic compounds. This fact was confirmed by the results of studies carried

out on each pesticide separately, as biochar followed the trend: CTD > TCP > ATZ.

Electrostatic interactions did not seem to be the main adsorption mechanism between
pesticides-biochar. Furthermore, the pH effect did not strongly influence the ATZ and
CTD adsorption, unlike TCP, which increased more than twice as much when moving
from pH 2 (109.92 umol g*) to pH 12 (225.29 umol g4).

Assessment of adsorption isotherms revealed that ATZ adsorption on biochar seems to
be reasonably well explained by the Freundlich model, whereas CTD and TCP were
better described by the Langmuir model. It also indicated that the adsorption process
was favourable, and that TCP had a higher affinity to biochar since it presented a greater
Langmuir constant. This pattern was confirmed when all pesticides were tested

simultaneously, as the adsorption biochar trend was TCP > CTD > ATZ.

Experiments with a real wastewater matrix showed lower adsorption capacity compared
to the milli-Q water matrix one. This reduction was attributed to the competition and
interference of organic matter and ions for the adsorption sites on the biochar.
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6. FUTURE PERSPECTIVES

It should be noted that this work has been the start of a new line of research within the
Advanced Oxidation Process Engineering group and it also received some advice and
assistance from a group that had previously worked with biochars. It was performed at a
lab-scale and, therefore, further experiments should be conducted in pilot-scale columns
as fixed-bed adsorbers, to determine the feasibility of implementing it in the future as a

tertiary treatment technology.

Furthermore, it would be interesting to try to synthesise this biochar, under the same
conditions, but previously eliminate the large part of silicon contained originally. This
would reveal how decisive or important the silicon content was in the adsorption
process. Other activation methods, such as physical activation by steam or chemical
acidification, could be assessed, as it would be interesting to determine how activation
can affect the resulting properties.

Finally, as this line of work progress, it should attempt to develop new catalysts from

iron-impregnated biochars, characterise them, and focus on assessing their catalytic

activity in Fenton-oxidation reactions.
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7. NOTATION
ACN Acetonitrile
AC Activated Carbon
AOP Advanced Oxidation Process
ASTM American Society for Testing and Materials
Ac Ash content
ATZ Atrazine
BJH Barrett-Joyner-Halenda
BC Biochar
BET Brunauer-Emmett-Teller
CTD Clothianidin
CEC Contaminant of Emerging Concern
CAS Conventional Activated Sludge
EC Electrical Conductivity
EDA Electron Donor-Acceptor
EPA Environmental Protection Agency
EQS Environmental Quality Standard
EU European Union
FESEM Field Emission Scanning Electron Microscopy
Fc Fixed Carbon
FTIR Fourier Transform Infrared
HPLC High Performance Liquid Chromatography
IFAS Integrated Fixed-Film Activated Sludge
IARC International Agency for Research on Cancer
ISO International Organization for Standardization
IUPAC International Union of Pure and Applied Chemistry
MP Micropollutant
Mc Moisture Content
NN Neonicotinoid
nAChR Nicotinic Acetylcholine Receptor
PHpzc Point of Zero Charge
PS Priority Substance
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RH
RHB
RL

SSA
SGD
TCP
TOC
TSS
UPW
UN
UN-FAO
Vb
WWTP
WL
WFD
WHO
WWF
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Rice Husk

Rice Husk Biochar

Separation Faction

Specific Surface Area
Sustainable Development Goal
Thiacloprid

Total Organic Carbon

Total Suspended Solids
Ultrapure Water

United Nations

United Nations Food and Agriculture Organization
Volatile Matter

Wastewater Treatment Plant
Watch List

Water Framework Directive
World Health Organization
World Wildlife Fund
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1: ADSORPTION PROFILES OF PRELIMINARY EXPERIMENTS
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Figure Al. Adsorption profile of CTD on biochar from rice husk (100 um) pyrolyzed at 500 °C for 4 h

Adsorption (%)

at different activation temperatures. [CTD]o=0.1 mg L; [BC]=500mg L*; T =22.3°C
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Figure A2. Adsorption profile of CTD on biochar from rice husk (100 um) pyrolyzed at 700 °C for 4 h

at different activation temperatures. [CTD]o=0.1 mg L*; [BC] =500 mg L*; T=22.5°C
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Figure A3. Adsorption profile of CTD on biochar from rice husk (250 um) pyrolyzed at 500 °C for 4 h
at different activation temperatures. [CTD]o=0.1 mg L*; [BC]=500mg L*; T =22.3°C
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Figure A4. Adsorption profile of CTD on biochar from rice husk (250 um) pyrolyzed at 700 °C for 4 h
at different activation temperatures. [CTD]o=0.1 mg L*; [BC] =500 mg L*; T=22.3°C



