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Abstract

Biochar, a carbon-rich by-product of the pyrolytic processing of lignocellulosic biomass in
a zero or low-oxygen environment, has the potential application as a promising adsorbent for the
elimination of a variety of pollutants. This work proposes and outlines a detailed method to
investigate the adsorption mechanisms of biochar towards organic compounds in water, which was
used to investigate a range of biochars with the objective of determining what compounds biochars
are best suited to adsorb in real-world applications. Ibuprofen, acetaminophen, methyl orange and
methylene blue were selected as four test compounds that are representative of organic pollutants
and were used to investigate biochars produced by four woody and four non-woody biomasses
under different pyrolysis temperatures and flow gases, N2 and CO,. While biochars that had mainly
hydroxyl functional groups showed good adsorption of aromatic compounds with electron-
withdrawing groups, biochars with carbonyl groups were found to have greater adsorption
capacities for aromatic compounds with electron-donating groups. This suggests that the
electrostatic interactions and - m EDA interactions are both heavily influenced by the same
functional groups, resulting in possible competition between the mechanisms. Subsequently,
further investigation of the effect of the physical properties on adsorption mechanisms of biochar
was performed where HNO3, H202, and KOH, post-treatment on different woody biochars
prepared under CO; at 800°C were chosen for further study. While the mineral content was not
seen to have a significant role in these interactions, oxygen-functional groups dominated in
contributing to negatively charged sites and thus electrostatic interactions of biochar. It was also
found that OH groups increased electrostatic interactions for all the biochars, while increasing -
7 electron donor-acceptor interactions with compounds with electron-withdrawing groups, as was
seen for biochars activated with CO». Carbonyl functional groups increased these interactions with
compounds containing electron-donating groups. Overall, five types of adsorption mechanisms
were identified. Five of these biochars were selected that displayed each of these five main
mechanisms, which were investigated for adsorption with complex mixtures of aromatic
compounds, which is more representative of wastewater. The oxygen-containing functional groups
had the largest influence on competitive adsorption, as they often provide the greatest number of
adsorption sites for organic compounds via both electrostatic and - 7 electron donor-acceptor

interactions. In general, the biochars with different oxygen-containing functional groups, carbonyl
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and hydroxyl in particular, had greater synergetic adsorption when combing compounds. Finally,
a bio-magnetic adsorbent was produced from different biomasses via co-pyrolysis with iron-rich
red mud, a waste product of the aluminum industry that is rich in iron oxide, for easier removal
post adsorption. The resulting biochar-red mud composite material demonstrated good adsorption
and had magnetic properties. Mixing ratios of biomass and RM were also tested to determine
optimal composition for magnetic and adsorptive properties of the composites, where better
adsorption performance was found with a ratio of 1:2 for RM/biomass. A threshold of biomass to
RM ratio was also found to maintain magnetic properties, where the magnetic properties of the
adsorbents decreased gradually when a greater ratio of biomass to RM was used, with the 1:9

RM:DF having the optimal properties of all composites tested in this study.

Keywords: Biochar, Pyrolysis, Adsorption Mechanisms, Water treatment, Competitive adsorption,

Bio-magnetic adsorbent.
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Summary for Lay Audience

Biochar is a charcoal-like product that is made by decomposing farm, food, and other waste
products in high-heat environments in the absence of oxygen to prevent combustion. This process
is referred to as pyrolysis, and the biochar that is produced can be used to adsorb a variety of
pollutants in water sources including drugs and other small molecules that may have detrimental
effects on health and the environment. Since biochar may have different chemical bonds on its
surface, as well as different pore sizes and surface areas depending on what is used to produce the
biochar, many biochars can adsorb different molecules better than others. This thesis first proposes
a method to investigate what makes biochar able to adsorb aromatic molecules, which are common
pharmaceutical compounds in water sources. This is done by using common drugs such as
Ibuprofen and acetaminophen, as well as common dyes including methyl orange and methylene
blue as test molecules to see how biochars made from woods and grasses behave differently in
terms of adsorption. It was found that biochars with bonds to oxygen atoms tended to have higher
adsorption capacities of aromatic molecules (containing carbon ring structures), attributed to a
charge transfer between the adsorbing molecule and the biochar. This was because oxygen groups
can both donate or withdraw electrons from the biochar, allowing it to attract molecules of
opposing charge. This highlights the importance of both aromatic and oxygen groups on biochar
surfaces in terms of adsorption. This was confirmed when the biochars were purposefully altered
to have more of these oxygen groups by post-treatment with oxidizing acidic and basic chemicals.
It was then found that when the oxygen groups were bonded to hydrogens there was a decrease in
adsorption of negatively charged molecules, as these were repelled by the oxygen groups. Overall,
five types of adsorption were identified, all of which were investigated for their adsorption in
mixtures of two molecules together. In general, it was found that the biochars with different kinds
of oxygen groups had the most favourable adsorption results as molecules did not compete for
adsorption sites with both types of groups. Finally, a bio-magnetic adsorbent was produced from
biomasses mixed with iron-rich red mud, a waste product of the aluminum industry rich in iron
oxide. The processes were shown to be successful in converting all biomass species and
demonstrated good adsorption and magnetic properties of the produced composites, with the best

being the 1:9 RM: DF composite.
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Chapter 1

1 Background Motivation and Introduction to Pyrolysis



1.1 Environmental Motivation

Various water sources for water treatment are facing enormous threats due to increasing
contamination from a wide range of organic and aromatic pollutants raising concerns about
public health (7-3). Excessive human activity, including agricultural activities, industrialization,
and simply pollution without sufficient regulative measures introduced many organic pollutants
into the water environment (4—6). These compounds can include antibiotics (7), dyes (3),
hormones, petroleum hydrocarbons, and persistent organic matter (6) which can have highly
detrimental effects on human and animal health and the whole ecosystem. Organic compounds
such as dyes or antibiotics can damage the immune systems of aquatic organisms and cause
human cell abnormalities due to poor biodegradability and high carcinogenicity (1,8,9). To
counter this, many wastewater treatment techniques such as adsorption, photocatalytic
degradation, and advanced oxidation processes have been studied; however, adsorption is
considered the most economical and effective (1,10). Adsorption has been found to be a simple,
low-cost, low energy-demanding and highly efficient method for removal of a wide range of
challenging organic compounds, including dyes, pharmaceuticals, per- and poly-fluoroalkyl
substances (PFAS), and phenols (1//-14). Among different adsorbents, biochar has recently been
the focus of many publications for removing organic and aromatic compounds as it can be
produced from a wide variety of sources, often repurposing waste products (7,2,15,16). Biochar
is the stable carbon-rich by-product of the pyrolytic processing of plant and animal biomass in a
zero or low-oxygen environment (/7-79). It has the potential application as a promising
adsorbent for the elimination of a variety of pollutants in both soil and aqueous environments
due to its favourable adsorption properties, which are dependent on a variety of factors including
the conditions of the pyrolysis process and original feedstock (76,20-23). Compared to current
water treatment methods, biochar presents a potentially more sustainable approach as it is a low-
cost and renewable adsorbent made using readily available biomaterials and can be optimized for
specific adsorbates (20,24,25). Biochars also have minimal effect on the original properties of
water whereas other methods such as chlorination and boiling generate carcinogenic by-products
and increase concentrations of compounds such as metals (20).

Biochar has been reported to be well suited to remove aromatic-based contaminates, due to

its large surface area and porosity, abundant surface oxygen-containing functional groups and



aromatic surface structure (2,18,26,27). Previous studies have investigated biochar’s potential in
adsorptive removal of pesticides, pharmaceuticals, polychlorinated biphenyls, steroid hormones,
and dyes (16,18,26—29). The mechanisms for the adsorption of aromatics on biochar have not
been fully characterized and the mechanisms may depend on both the chemical and physical
properties of the biochar. Biochar also has the subsequent problem of separation of the adsorbent
from the aqueous media after adsorption and filtration limiting the large-scale application (30).
This can further lead to the possible desorption of the adsorbed pollutants, leading to secondary
pollution (30). Biochar also offers the benefit of biomass conversion which provides a method of
recycling common waste products, as it enables the transformation of organic residues into
valuable products and renewable energy sources. The conversion of lignocellulosic biomasses
such as woods, grasses, straws, husks etc. have all been found to be successful biomasses to

produce valuable and effective adsorbents for various compounds (37-34).

1.2 Introduction to Pyrolysis

Pyrolysis is a complex, multi-step process by which organic matter is thermally
decomposed between 200-800°C which provides the energy required to break down the
feedstock’s chemical structure (35). The gaseous by-products include hydrogen, carbon dioxide,
carbon monoxide, and methane, while the overall process also produces oil, and char, in different
proportions depending on process conditions and feedstock type (36). Overall, pyrolysis is
composed of two mechanisms — primary and secondary (37). The primary mechanism involves
the breaking of chemical bonds of the polymeric cellulose and hemicellulose that comprises the
feedstock and releases volatile compounds, which undergo further reactions as part of the
secondary mechanism (38). The initial phase of thermal decomposition results in the creation of
benzene rings that combine to form the solid char residue with organic matter continuing to
decompose up to 800°C (39). Because this organic matter is composed of long polymeric chains,
decomposition results in depolymerization of these long chains into monomers releasing water,
incondensable gas, condensable vapours, and other volatile compounds during the primary
mechanism (37). The latter is released at a much higher rate during the initial phase of pyrolysis,
from 250-300°C (37). The final stage of the primary mechanism creates small-chain organic
compounds and incondensable gases due to the association of covalent bonds within the

monomers (38,40). Whereas in the secondary mechanism, unstable compounds either crack or



recombine to restructure (37). During cracking, these compounds break down and form
molecules with low molecular weights, while during recombination volatile compounds combine
to form inert or volatile compounds with high molecular weights. Moisture content also plays a
large role in the pyrolysis process, as a high amount of moisture will yield mostly liquid by-
products including oils mixed with condensed water from pyrolysis, while a low moisture
content will generate a product with more ash content and less oil (4/). Pyrolysis can also be
done either fast or slow, depending on the heating rate which can drastically affect the pyrolytic
products.

The final products of pyrolysis include solid residual products, known as biochar, as well
as liquids known as pyrolysis oil or bio-oil, and tar. The yield of these products depends on the
type of material treated, as well as the pyrolysis conditions such as temperature, heating rate,
residence time, pressure, feed particle size and type of reactor (42). For purposes requiring
greater bio-oil than biochar, shorter residence times are needed in high-temperature pyrolysis,
whereas slower pyrolysis yields greater char content (42). Rapid or fast pyrolysis maximizes the
production of high-quality liquid oil that has the potential to be upgraded to hydrocarbons in
petrol and diesel (37). During fast pyrolysis, organic matter is thermally treated in the absence of
oxygen at about 600—-650°C at high heating rates of up to 1000°C/s (37,43). This causes the
organic matter to decompose rapidly, producing mostly vapours and aerosols, with small
amounts of gas and coal. This method can produce large yields of high-quality fuel oil that can
be used as energy sources for industrial applications in engines, turbines, and boilers (37).

Slow pyrolysis is a pyrolysis technique where lignocellulosic biomass is pyrolyzed in
continuous or batch systems, which slowly heat the organic matter in an anaerobic environment
at temperatures greater than 400°C, with heating rates ranging between 5 to 7 “C/min, and 20 to
100 °C/min (35). The maximum residence time under these conditions ranges from minutes to
hours during which volatile organic compounds undergo cracking and recombining to produce
char and other fractional liquids as seen in secondary pyrolytic reactions (37). This combination
of low heating rates, low temperature, and high residence times results in a greater yield of high-
quality char, while minimizing the production of liquid and gaseous products (37,41).

Pyrolysis may also be carried out under different pressures and gases. In practice,
pyrolysis is most commonly done at atmospheric pressure as creating a vacuum or high pressure

drastically increases the cost of process equipment (42). Operation under high pressures results



in generally greater yields of biochar and gases, while lower pressure or vacuum results in
increased production of liquid products (42). The use of inert gas such as N as the pyrolytic gas
is most common for facilitating thermal degradation, however, the use of reactive pyrolysis
atmospheres such as CO» are also used. In this case there is a noted decrease in the solid yield of
the biochar product, with a greater yield of liquid products in particular acetic acid indicating that
the CO» was in fact reacting with either the biomass char or volatile products (44). While the
yield of the biochar product decreases with the use of CO> flow gas, the surface area and
adsorptive properties of the char may increase as a result of the increased reaction between the
char and the gas for the pyrolysis process, which may be fluidized or fixed-bed reactors as shown
schematically in Figure 1.1, where both possess exterior heating pyrolysis reactors transfer heat
from the exterior surface to the interior of the metal and the main difference being in the
continued mixing of the biomass in the fluidized bed as opposed to a stagnant bed for the fixed
reactor (44). The main methods for heat transfer occur due to gas-solid heat transfer using
convection and solid-solid heat transfer using conduction, where a fluidized bed provides greater
conduction and thus heat transfer between solids (45,46). The constant motion of the bed further
results in agitation and friction between chars can increase the physical eroding of the carbon
layer increasing surface area (45,46). This thesis employs the use of fixed bed pyrolysis, as
depicted in Figure 1.1a using slow pyrolysis to optimize the production of biochar in order to

study the subsequent adsorptive properties towards aqueous aromatic compounds.
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Figure 1.1 Schematic diagram of pyrolysis in a) fixed bed and b) fluidized bed reactors

1.3 Biochar Characterization Methods

This section with describe the various techniques to qualitatively and quantitatively
investigate these characteristics. There are currently many different characterization methods
used to identify the physical characteristics of biochar, including the surface area, porosity and
pore distribution measured by nitrogen adsorption and desorption, surface functional groups
often measured using FTIR spectroscopy, elemental composition measured using elemental

analysis, and thermal stability using thermogravimetric analysis.



1.3.1 BET Surface Area Analysis

The surface areas and pore volumes of carbonaceous materials are critical properties in
many environmental processes given the significant role that they can play in adsorption. The
Brunauer-Emmett-Teller (BET) equation was originally developed to predict monolayer
coverage of non-porous materials from measured multilayer physisorption of N2 (47). Adsorption
is defined as the adhesion of atoms or molecules of gas to a surface where the amount adsorbed
depends on the exposed surface, however, also depends on the temperature, gas pressure and
strength of interaction between the gas and solid (48). In BET surface area analysis, nitrogen is
usually used as the adsorbate gas due to its availability in high purity and its strong interaction
with most solids (48). However, besides N>, CO» is additionally used to characterize porous
materials since N2 is kinetically unable to access pores less than 0.5 nm, and CO- facilitates
monolayer adsorption and avoids the volume-filling effects commonly observed when using N>,
due to the larger quadrupole moment of CO> (49). Because the interaction between gaseous and
solid phases is usually weak, the surface is cooled using liquid N in order for the adsorption
amounts to be detected (48). Known amounts of nitrogen gas are then released stepwise into the
sample cell while relative pressures less than atmospheric pressure are achieved by creating
conditions of partial vacuum (48). After the saturation pressure, no more adsorptions occur
regardless of any further increase in pressure. After the adsorption layers are formed, the sample
is removed from the nitrogen atmosphere and heated to cause the adsorbed nitrogen to be
released from the material and quantified (48). The data collected is displayed in the form of a
BET isotherm, which plots the amount of gas adsorbed as a function of the relative pressure.
There are five types of adsorption isotherms possible (48,50).

Type I isotherms, seen in Figure 1.2, are pseudo-Langmuir isotherms and are obtained
when P/Po <1 and ¢ > 1 in the BET equation (1), and depict monolayer adsorption. This occurs
when the average pore diameter of the material is less than 2nm, resulting in monolayer
adsorption pyrolysis Temperature on Biochar RM Composite(48).

A type II isotherm, such as in Figure 1.2, is obtained when ¢ > 1 in the BET equation (1).
At very low pressures, the micropores fill with nitrogen gas. In describing pore sizes, the
notation of Dubinin is commonly adopted where micropores are defined as pores with a diameter
of less than 2 nm, mesopores have diameters in the range 2-30 nm, and macropores are those

pores with diameters larger than 30 nm (57). At the knee, monolayer formation is beginning, and



multilayer formation occurs at medium pressure. At the higher pressures, capillary condensation
occurs.

A type III isotherm is obtained when the ¢ < 1 and shows the formation of a multilayer.
Because there is no asymptote in the curve, no monolayer is formed, and BET is not applicable.

Type IV isotherms occur when capillary condensation occurs. Gases condense in the tiny
capillary pores of the solid at pressures below the saturation pressure of the gas. At the lower
pressure regions, it shows the formation of a monolayer followed by a formation of multilayers.
BET surface area characterization of mesoporous materials, which are materials with pore
diameters between 2 - 50 nm, gives this type of isotherm.

Type V isotherms are very similar to type IV isotherms and are not applicable to BET.

P/Po_ _ L1, CZ1 P/

P
—_ VimC c Vi
V(1 Po) m 0

(1)

The BET equation, (1), uses the information from the isotherm to determine the surface
area of the sample, where V is the volume adsorbed at pressure P and absolute temperature T; Po
is the vapour pressure of the gas at temperature T. Vi, is the volume of gas adsorbed when the

adsorbent surface is covered with a unimolecular layer and is termed the monolayer (57). The

constant C is mathematically related to the heat of adsorption. If the function ( (Pi) /V(1 —P/Py)
0

is plotted against P/Py, a straight line should result, the slope and intercept of which give the
values of Vim and C, respectively (51).
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Figure 1.2 Adsorption isotherms for classification of BET isotherm results of concentration
plotted against amount of adsorbate gas adsorbed by the sample
The BET method of calculating the surface area does come with some limitations,

including needing the relative pressures lower than 0.3, otherwise there is the onset of capillary
condensation, and at relative pressures that are higher than 0.025, to prevent only monolayer
formation (48). Furthermore, when the BET equation is plotted, the graph should be of linear
with a positive slope, otherwise the BET method was insufficient in obtaining the surface area.
The monolayer capacity, Xm, can be calculated with using equation (3), and once X is

determined, the total surface area, S, can be calculated with the equation (4), where Lay is



Avogadro's number, A, is the cross sectional area of the adsorbate and equals 0.162 nm? for an

absorbed nitrogen molecule, and My is the molar volume, equal to22414 mL (48).
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Single point BET can also be used by setting the intercept to 0 and ignoring the value of
C. The data point at the relative pressure of 0.3 will match up the best with a multipoint BET
(48). Single point BET can be used over the more accurate multipoint BET to determine the
appropriate relative pressure range for multi-point BET (48). The Surface area measurements
taken in this thesis, were all calculated using multi-point BET using a Nova 2000e Surface Area

and Pore Size Analyzer (Quantachrome Instrument, Florida, US).

1.3.2 Attenuated Total Reflectance (ATR)-FTIR Spectroscopy

Fourier-Transform Infrared (FTIR) spectroscopy is used for structural analysis and
characterization of functional groups present on biochar surfaces. Structural analysis is
performed using FTIR for this thesis using Platinum® attenuated total reflectance (Pt-ATR)
attachment equipped with a diamond crystal in the main box of a Bruker Tensor II spectrometer.
Infrared spectroscopy probes the molecular vibrations and biochar surface functional groups can
be associated with characteristic infrared absorption bands, which correspond to the fundamental
vibrations of the functional (52). A normal mode of vibration is infrared active (i.e., it absorbs the
incident infrared light) if there is a change in the dipole moment of the molecule during the
course of the vibration (52). All vibrations which are symmetrical with respect to the center are
infrared inactive, in contrast, the asymmetric vibrations of all molecules are detected (52). Strong
IR absorptions are observed for groups with a permanent dipole (i.e., for polar bonds). As such,
the carbonyl groups, hydroxyl groups, asymmetric C-O-C stretches, and asymmetric aromatic
carbon stretches are most commonly observed in FTIR spectra of biochar samples (53-56).

The stretching vibrations can be modelled using the harmonic oscillator model in which a
chemical bond is represented by two-point masses linked by a spring (52). The bond strength is
analogous to the spring constant, k, and the point masses (m; and mz) model the masses of the
atoms or chemical groups involved in the bond. The oscillation frequency m is given by the

equation (5)
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v = (L) (M) (5)

2mc mim;

The vibration frequency, m, thus depends on the bond strength, meaning that the
frequencies are very sensitive to the electrostatic effects surrounding the bond (52). For example,
the involvement of one of the atoms in a hydrogen bond will induce a weakening of the bond
strength, and thus a frequency downshift of the stretching mode of the chemical group, which
can give an insight into the types of interaction happening between adsorbents and the biochar
surface functional groups.

A significant limitation of FTIR spectroscopy, especially for biochar, is that transmission
spectroscopy does not work on a solid and opaque sample such as biochar. This issue is
overcome using attenuated total reflectance (ATR) as a sampling technique in conjunction with
IR spectroscopy, enabling the sample to be examined directly in either a solid or liquid state with
little to no preparation. In ATR sampling, a beam of infrared light is passed through an ATR
crystal, usually made from a material with a very high refraction index such as diamond, the
infrared (IR) light travels through a crystal before being totally internally reflected at least once
at the crystal-sample interface and travelling to the detector (57). Different materials can be used
as ATR crystals; however, the main properties are selected so that the refractive index of the
crystal as well as its chemical stability in different pH ranges are high enough such that total
refraction may occur allowing for the production of an evanescent wave (46). During the internal
reflection, the evanescent wave that is created penetrates into the sample and is absorbed
depending on the molecular vibrations of the sample, as shown schematically in Figure 1.3 (57).
The penetration depth, d,, of the evanescent wave into the sample, usually between 0.5 and 2
mm, is defined by the refractive index difference between the sample and the ATR crystal given
by equation (6) where A is the wavelength of light and n; and n2 are the indices of refraction for
the ATR crystal and the medium to be probe, and @ is the angle of incidence (57,58). The number
of reflections is determined by the length of the ATR crystal and the angle of incidence, while the
signal-to -noise ratio depends on the number of reflections (58). The IR beam then leaves the

crystal at the opposite side of the crystal as it enters and is analyzed by the FTIR spectrometer
(58).
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Figure 1.3 Illustration of evanescent wave in ATR crystal penetrating into sample for adsorption
in ATR-FTIR spectroscopy (57)

1.3.3 Proximate and CHNS-O Elemental Analysis

Proximate analysis was originally developed for analysis of wood charcoal (59). More
recently, however, this method has been utilized for assessing the quality of biochar to determine
basic characteristic information including moisture, volatile matter (VM), fixed carbon (FC) and
ash content (59). Ash content is related to the liming value and inorganic element content of
biochar while VM and FC have been used to estimate the labile and recalcitrant biochar
fractions, respectively (59,60). Proximate analysis determines moisture content as the percent
mass loss on heating air-dry samples to 105°C in an air atmosphere, VM as percent mass lost
between 105°C and 950°C, and percent ash as mass remaining after combustion at 750°C for 6 h
(59).

CHNS elemental analysis involves the introduction of an accurately weighted sample into
a high-temperature furnace (around 1000°C) where an inert high-purity gas is passed through,
illustrated in Figure 1.4. Once the sample is placed into the reaction vessel by the autosampler,
oxygen is then injected along with the inert carrier gas (He) in order to cause a flash-combustion
of the sample, where the exothermic combustion of the tin sample capsule brings the temperature
in the furnace above 1800°C (61). In the combustion process, carbon is converted to carbon
dioxide; hydrogen to water; nitrogen to nitrogen gas/ oxides of nitrogen and sulphur to sulphur
dioxide (61). If other elements such as chlorine are present, they will also be converted to
combustion products, such as hydrogen chloride (67). The combustion products are swept out of
the combustion chamber by an inert carrier gas such as helium and passed over heated (about
600°C) high-purity copper at the base of the combustion chamber or in a separate furnace. (61)

The function of this copper is to act as a reducing agent in order to remove any oxygen not
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consumed in the initial combustion and to convert any oxides of nitrogen to nitrogen gas which
are then passed through the absorbent traps in order to leave only carbon dioxide, water, nitrogen
and sulphur dioxide (67). This allows for the accurate detection of carbon, hydrogen, nitrogen
and sulfur respectively, where the oxygen content is then determined based on subtraction of
these values from the known initial mass of the sample. Detection of the gases can be carried out
in a variety of ways including (i) gas chromatography (GC) separation followed by
quantification using thermal conductivity detection (ii) a partial separation followed by thermal
conductivity detection (CHN but not S), (iii) a series of separate infrared and thermal
conductivity cells for detection of individual compounds (6/). The analysis in this thesis was
done using Neytech Vulcan D-550 muftle oven and elemental analysis of carbon, hydrogen,
nitrogen, and sulfur was undertaken using model Thermo Flash EA 1112 series CHNS analyzer

(Thermo Fisher Scientific, USA).
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Figure 1.4 Block diagram of instrumentation for elemental CHNS-O analysis (617)
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1.3.4 Scanning Electron Microscope (SEM) — Energy Dispersive X-Ray (EDX)
Spectroscopy

Scanning electron microscopy (SEM) differs from optical microscopy as it uses electrons
rather than light to observe an object (62). SEM is different than traditional microscopy as it uses

electron emission rather than light, which allows for it to reach a magnification of 300 000X
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compared to 400-1000 times the original sizes that is achievable with optical microscopy (62).
Energy Dispersive X-ray Spectroscopy (EDX) works together with SEM to provide qualitative
and semi-quantitative information of the elemental composition of the sample (62). Similar to light
microscopes, SEM utilizes electrons as an analogue to light, following the scheme shown in Figure
1.5. SEMs produce an image by first aiming electrons produced from an electron source, usually
by heating tungsten or solid-state hexaboride filaments and directing them towards the sample
(63). The electron beam will diverge after passing through the anode plate from the emission
source, after which the condenser lens, converges the electron beam to around 5 nm and collimates
into a relatively parallel stream (63). A magnetic lens generally consists of two rotationally
symmetric iron pole pieces in which there is a copper winding providing a magnetic field which
further aids in focussing the electron beam (63).. The position of the focal point can then be
controlled by adjusting the condenser lens current. For modern electron microscopes, a second
condenser lens is often used to provide additional control of the electron beam (63). The images
are then formed by collecting the released electrons on a cathode ray tube (CRT). The depth of the
interaction of the electrons with the sample depends on the composition of the solid specimen, the
energy of the incident electron beam, and the incident angle (63). Two kinds of scattering
processes, the elastic and the inelastic process, are considered. The electrons retain all of their
energy after an elastic interaction, and elastic scattering results in the production of back-scattered
electrons when they travel back to the specimen surface and escape into the vacuum (63). On the
other hand, electrons lose energy in the inelastic scattering process, and they excite electrons in
the specimen lattice (63). When these low-energy electrons, generally with energy less than 50 eV,
escape to the vacuum, they are termed “secondary electrons” and can be excited throughout the
interaction volume; however, only those near the specimen surface can escape into the vacuum for
their low (63). Both the backscattered electrons and secondary electrons can be collected by the
detector to produce and image, where the more electrons the detector is able to interact with

generates a higher quality image.

14



Electron Source

I Anode

- - Condenser Lense
. - Scan Coils

‘ - Objective Lense

Backscattering Electron Detector

Sample

Detector

Figure 1.5 Schematic for the principal design of scanning electron microscope (62)

EDX is a technique that allows for elemental and chemical characterization of a
specimen. When the electron beam penetrates the sample, X-rays are generated which are
measured via the detector to determine the elemental composition (62). In order for this to occur,
a beam of electrons is focused on the sample, where the ground state electrons are excited thus
ejecting it from its’ shell and leaving behind an electron hole (64). The electron-hole is then filled
by a valence electron, releasing energy in the form of a photon, which occurs in SEM-EDX as x-
ray photons which are particular to specific elements (62) Heinrich illustrated that the intensity
of the incoming photons to the detector is correlated with the quantity of the determined element
(62). This is shown in Figure 1.6, where the K-shell electrons are shown to be excited, thereby

emitting characteristic x-rays which are termed as “K-lines” while those emitted from L and M
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shells are referred to as “L Lines” and “M Lines” respectively (65). Therefore, when an element
is heavier, x-rays produced from EDX are also found to be higher, meaning that incident
electrons of higher energy are required (65). The analysis done in this thesis was done using a
Hitachi SU3500 Scanning Electron Microscope combined with an Oxford AZtec X-Max50 SDD
energy dispersive X-ray (EDX) detector.

Incident electrons
M Shell

L Shell

K Shell

Characteristic X-rays

Figure 1.6 Schematic of principle for x-rays produced from electron guns in energy dispersive x-
ray spectroscopy (65)

1.3.5 Thermogravimetric Analysis

Given that pyrolysis is defined as the thermochemical decomposition of biomass at high
temperature, under the flow of either an inert or catalytic gas, understanding the effects of the
biomass in these conditions is essential to understanding the mechanisms of the pyrolysis process
(66). Thermalgravimetric analysis (TGA), whose instrumentation is given by the block diagram
in Figure 1.7, is a process whereby a sample is heated up to a desired temperature under the flow
of a gas and the mass is measured throughout (67). Many samples undergo reactions that evolve
gaseous byproducts, as in pyrolysis, which are removed and the changes in the remaining mass
are able to give insight into the reactions that are occurring (67). This can yield valuable
information on the composition of the biomass, and how that may affect the pyrolysis process,
and the resultant product. The differential thermogravimetric analysis (DTG) is determined by
taking the first derivative of the TGA plot, the mass loss vs the temperature, and more easily
depicts the changes in the mass throughout the pyrolysis of the sample. The TGA for this thesis
was performed using a Mettler Toledo TGA2.
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Figure 1.7 Block Diagram of instrumentation of thermogravimetric analysis (67)

1.4 Motivation and Objectives

This work aims to gain an understanding of the adsorption mechanisms that biochar has
towards aromatic compounds in water, beginning with the development of a method for the
investigation of adsorption mechanisms. The motivation for this is to find the underlying
physical characteristics that have the largest effect on the adsorption of these aqueous
compounds. Investigating the various adsorption mechanisms for organic compounds that are
adsorbed using biochars produced from different pyrolysis conditions and post-treatments such
as oxidation will allow for insight into how these processes affect the adsorption mechanisms as
well. This will allow biochars to be engineered and designed to optimize their adsorption
capacities, as well as possibly achieve specific adsorption of target compounds over others. The
benefit of targeting specific adsorbates would be the possibility of re-use of previously
inaccessible compounds, for example, the extraction of phenol can be recycled as it is a valuable
product in pharmaceutical synthesis. Furthermore, real-world applications of adsorbents for
environmental remediation will involve the adsorption of compounds in complex mixtures,

complicating the possible adsorption mechanisms that are taking place. Research on the
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adsorption of competing compounds in complex solutions is lacking in the literature, this work
fills that gap by exploring how the determined adsorption mechanisms of biochar by be affected
in these settings. Finally, one of the major problems for adsorption is the removal of the
adsorbent from the body of water after adsorption has taken place. This work further investigates

methods to ameliorate this issue, creating a value-added magnetic product.

1.5 Thesis Outline

Chapter 1 discusses the background of biochar, explaining how it is produced via pyrolysis
and how it can be used to address different environmental issues. Within this, the process of
pyrolysis is explained and how it allows for biomass to be thermochemically reduced to biochar.
The missing understanding of how different physical properties of biochar can affect the specific
adsorption mechanisms between biochar and intended organic compounds when used for
adsorption in wastewater, is also explored and aids in reinforcing the objective of the thesis, of
gaining a solid understanding of biochar’s adsorption mechanisms towards organic compounds
and the physical properties responsible.

Chapter 2 focuses on the development of a method in order to investigate adsorption
mechanisms towards organic compounds, specifically aromatic compounds. This method tests
the adsorption capacities of four test compounds, each with specific moieties that restrict the
possible adsorption mechanisms by which they can be adsorbed, thus differences in their
adsorptions allow for insight into the relative strength of adsorption mechanisms. This method is
then used in order to investigate the properties of biochar that are responsible for strengthening
certain mechanisms relative to others. This is done by observing changes in adsorption trends for
biochars produced under different pyrolysis conditions whose effects on physical properties are
well known. These pyrolysis conditions include inert or catalytic flow gas, pyrolysis
temperature, and biomass and biomass composition. The results revealed that the oxygen-
containing groups played one of the most significant roles in the adsorption mechanisms, where
carbonyl groups increased m-m EDA interactions and hydroxyl groups strengthened both -1
EDA interactions and electrostatic interactions. This is further investigated in the following
chapter.

Chapter 3 investigates the effect that common post-treatment methods have on the adsorption

mechanisms of organic compounds in order to evaluate the effect of hydroxyl and carbonyl
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groups have on m-m EDA interactions. HNO3 post-treatment was used in order to evaluate the
effect of both mineral ash content and hydroxyl groups on electrostatic interactions. The former
was found to be negligible while the latter had a greater effect. Oxidation using H,O; treatment
added mainly hydroxyl groups, while KOH treatment increased aromaticity and carbonyl groups.
The H20; post-treatment increased both electrostatic and EDA interactions with compounds
containing EWGs, supporting the same correlation that was found in the previous chapter. KOH
treatment also showed an increase in -t EDA interactions, especially with compounds
containing EDGs, further supporting these findings as well.

Given that there is now a more established understanding of the properties of biochar and
how they affect the adsorption mechanism for compounds, biochar adsorption mechanisms are
able to be generalized into 5 types depending on the strength of the m-m EDA interactions and
whether they favour compounds with EDGs or EWGs, as well as if there are stronger
electrostatic interactions. These five types of biochars are evaluated for how their adsorption
mechanisms are altered in solution with multiple competing compounds in Chapter 4, which
showed that they are altered differently depending on the most dominant adsorption mechanisms
of the biochar.

Chapter 5 investigates the co-pyrolysis of biomass and red mud, an iron oxide-rich
bioproduct of the alumina processing industry, as a possible solution to difficulties in the
recovery of biochar after it is used as an adsorbent. The combination of biomass and iron oxide
in pyrolysis was found to produce a magnetic adsorbent as the volatile gasses of the biomasses
act as reducing agents for the iron oxide, reducing the iron to its magnetic form. This allows for
ease of separation of the adsorbent after adsorption. This was found to be successful with both
woody and non-woody biomasses, under various post-treatments and without the adsorption
mechanisms of the biochar being significantly altered. It was also found that very little red mud
was needed to make the product magnetic, with the optimal ratio being a 9:1 biomass to red mud
before pyrolysis.

Finally, the conclusions will be presented in Chapter 6 beginning with a summary and

conclusion and ending with suggestions for future work.
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Chapter 2

2 Method for the Investigation of Biochar Adsorption Mechanisms for Aqueous

Aromatic Organic Compounds

2.1 Statement of Authorship

The contents and some of the data of the following chapter have been submitted to be
published in the Journal of Biomass and Bioenergy. This includes the adsorption results and
physical characterization of the Douglas fir-derived biochars. The author of this thesis was
responsible for a majority of the work herein, including experimental design and execution
including biochar characterization, adsorption experimentation, data processing and analysis, as
well as the writing of the manuscript and participating in the editing and review of the
manuscript along with supervisors Dr. Yeung, Dr. Berruti and Dr. Klinghoffer.
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2.2 Chapter Abstract

Biochar has been proven to be a successful adsorbent for organic compounds in water
however, understanding the adsorption mechanisms through which this occurs has remained
vague due to a lack of methods to investigate specific mechanisms (/—5). The purpose of this
study was to develop a procedure to identify the mechanisms that are responsible for the
adsorption of aqueous aromatic compounds by biochars. This would make it possible to
determine which pollutants different biochars are best suited for removing, as well as develop a
better understanding of what biochar characteristics are more favourable for the adsorption of
certain pollutants in water. A series of adsorption experiments were performed using the four test
compounds, ibuprofen (IBU), acetaminophen (ACT), methyl orange (MO), and methyl blue
(MB) as representative organic pollutants under various pH values for four woody (RC, DF, PW,
and HL) and four non-woody (RH, MC, PH, and SG) biomasses pyrolyzed under different
pyrolysis temperatures and flow gases, N2 and COz. This was done by comparing the relative
adsorption of the compounds as well as considering their differences in adsorption capacities
with increasing pH. Biochars produced under CO; flow gas, at higher pyrolysis temperature and
with woody biomasses exhibited the greatest adsorption capacities for aromatic compounds due
to greater surface area and aromaticity resulting in strong - 7 interactions. In contrast, biochars
produced with non-woody biomasses and at lower pyrolysis temperatures had more oxygen-

containing functional groups and therefore stronger electrostatic interactions.

2.3 Introduction

The quality and availability of freshwater are decreasing due to the contamination of
natural water resources by harmful pollutants including nitrogen and phosphorous-containing
compounds, heavy metal ions and bioactive pharmaceuticals (6). The major sources of water
contamination are agricultural activities, industrialization, and simply pollution from the general
public as a result of population growth (7). Dissolved organic compounds in water pose a threat
to the environment as well as human and ecological health, as they mimic and antagonize natural
hormones, hinder metabolic processes, occupy hormone receptors and cause reproductive
developmental problems when consumed by human and aquatic species leading to long-term
adverse consequences on various ecosystems (8). These compounds include pharmaceuticals,

personal care products, surfactants, and pesticides and are most often a result of municipal

28



wastewater discharge, as these compounds are not completely removed during treatment (9).
Given how ubiquitous these compounds are in everyday life, sufficient and effective methods for
their removal from water sources are essential.

Biochar is the stable carbon-rich by-product of the pyrolytic processing of plant and animal
biomass in a zero or low-oxygen environment (2, /(). It has the potential application as a promising
adsorbent for the elimination of a variety of pollutants in both soil and aqueous environments due
to its favourable adsorption properties, which are dependent on a variety of factors including the
conditions of the pyrolysis process and original feedstock (2). Compared to current water treatment
methods, biochar presents a potentially more sustainable approach as it is a low-cost and renewable
adsorbent made using readily available biomaterials and can be optimized for specific adsorbates
(11—14). Pharmaceutical compounds are often treated with methods such as oxidation, enzymatic,
photocatalytic and photo electrocatalytic degradation and biodegradation by activated sludge,
however, these methods are often not effective (8). Adsorption onto activated carbon is a method
used to remove both organic pollutants as well as heavy metals from water sources, however, these
are often derived from non-renewable fossil fuels and can range from $2,000-$7,000 (3,8). Thus,
the use of biochar, which is an adsorbent produced from waste products, offers a promising
solution for cost-effective and sustainable adsorbent.

Another prevailing issue with current activated carbon adsorbents is that because of the
heterogeneous nature of the surface, there remains some uncertainty surrounding its adsorption
mechanisms. This limits the design of treatment systems as it is difficult to predict the adsorption
capacity when the adsorption mechanisms remain unclear and are based solely on empirical
observations. Thus, the development of a systematic procedure to experimentally define the
adsorption mechanisms between certain pollutants and carbon surfaces would allow for a
comprehensive analysis and subsequent optimization of biochars with characteristics that are better
suited to the clean-up of commonly found environmental pollutants. In the report by Rivera-Utrilla
and co-workers, biochars of varying physical and chemical surface properties were used to identify
individual properties that are best suited for the adsorption of specific compounds. It was
concluded that the main variables affecting the adsorption onto carbon surfaces are: (i) the surface
area, pore size and pore distribution (ii) the surface chemistry of the adsorbent, as determined by

the surface functional groups and (iii) the pH of the solution (3).
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Aggarwal et al. explained biochar adsorption through two major mechanisms: electrostatic
and m-interactions (m stacking, m-H bonding, m- r electron donor-acceptor interactions) (7).
Electrostatic interactions have been hypothesized as a key mechanism resulting from acidic
oxygen surface groups on biochar being ionized in aqueous solution to produce hydrogen ions (7).
The role of oxygenated functional groups was additionally highlighted when, upon removal of
carboxylic groups from activated carbon via thermal treatment, a decrease in cation adsorption
was observed (715). The same trend was seen for positively charged ammonia which showed higher
sorption by more polar biochar, which was attributed to electrostatic interactions with the
negatively charged oxygen-containing groups on the surface (16). This was confirmed through the
effects of the pH of the solution; as pH increases, the concentration of negatively charged sites
increases due to the deprotonation of oxygen-containing surface functional groups (carboxylic
acid, lactones, and phenolics) (16). The significance of electrostatic interactions has often been
attributed to the general trend that has been observed for increased adsorption of organic
compounds at lower solution pH. The charge of the organic pollutants is dependent on the acid or
base dissociation constants (pKa or pKb) of the ionizable groups of the pollutant molecules, as
well as the pH of the solution; for example, the interaction with negatively charged biochar is seen
to be greatest when compounds are positive or neutral and weakest when negative. Many authors
have noticed the greater adsorption affinity of biochar when the pH of the reaction solution falls
below the pKa of the adsorbent (2, /7). Essanhow et al. looked into the adsorption of both ibuprofen
and salicylic acid by pine wood biochar at increasing pH and found that both adsorbates are seen
to have greater removal at more acidic pH (77). They noted that at higher pH, specifically pH
greater than the pKa of the adsorbates, both ibuprofen and salicylic decreased in adsorption which
was attributed to an increase in electrostatic repulsion from the negatively charged biochar and the
compounds (/7). When the pH is equal to the pH, there is 50% ionization of the adsorbate, and as
the pH surpasses the pKa the ionization ratio of the adsorbate ions increases exponentially (77).
Thus, the decrease in adsorption as the pH increased further supports evidence of electrostatic
interactions between adsorbates and biochar playing a large role in the adsorption capacity. As a
result, the surface charge of biochar is also an extremely important property in terms of the
adsorption of ionic molecules due to coulombic interactions. Biochar often bears electrical charge
deficits due to acidic oxygen-containing functional groups on its surface, such as hydroxyl and

carboxylic groups, which contribute to its typically negative charge and alkalinity (/18-21).
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Other researchers reported that, in addition to electrostatic interactions, - 7 interactions,
including m- 7 electron donor-acceptor (EDA) interactions, m-H bonding and m stacking, have
been found to play a large role in adsorption (2,22). Biochar pyrolyzed at a high temperature often
has a high micro-porosity and consists mainly of polyaromatic carbons which enhances the
adsorption of organic compounds, while higher proportions of aliphatic carbons and functional
groups are typical of biochars pyrolyzed at lower temperatures (2,4,23). The aromaticity of
biochar increases hydrophobicity, contributing to even greater adsorption of organic compounds
in aqueous solution (2,24,25). The higher the polarity of biochar, the higher the adsorption affinity
toward polar compounds, while greater aromaticity increases the adsorption of aromatic
compounds and may lead to induced electrostatic interaction such as - i interaction, - stacking,
and London dispersion forces (2,24). In addition, the adsorption capacity was positively correlated
with polar functional groups, as well oxygen-containing functional groups allow for H-bonding
interactions for adsorbents (H-bonding donor) and chemicals (H-bonding acceptor) (2,24).
Conversely, the H-bonding donor groups on the biochars allow for m-H bonding interactions with
the aromatic rings of organic compounds under acidic conditions (2,22). Given this prevalence of
n- EDA interactions in the absorbance capacity of biochar, surface aromaticity and polarity of
biochar are two very important factors when considering organic adsorption. However, how the
functional groups affect adsorption mechanisms has yet to be explicitly demonstrated.

Though both electrostatic and m-interactions play a large role in the adsorption of various
pollutants from water, it can be challenging to identify when these mechanisms are occurring, and
which is most influential. Studies on biochar in the literature often include adsorption data of
representative pharmaceutical compounds and dyes, however only to the extent of proving that
adsorption of these specific compounds is possible. While electrostatic and - 7 interactions are
proposed to be responsible for adsorption, there remains little evidence to prove this, r to indicate
which is the major mechanism. This makes it difficult to determine which biochar is best suited
for which environment.

This study aimed to develop a procedure to characterize the specific physical and chemical
interactions through which various biochars adsorb pharmaceutical compounds, specifically
electrostatic and m-interactions. The possible significant adsorption mechanisms for aqueous
organic compounds are schematically depicted in Figure 2.1 are: 1) coulombic/electrostatic

attraction/repulsion between charged sites on the adsorbent and adsorbate, 2) n-r electron donor-

31



acceptor (EDA) interactions between electron-rich m-systems and electron-deficient m-systems,
and 3) m-m stacking (6,24). Four organic compounds, ibuprofen (IBU), acetaminophen (ACT),
methyl orange (MO), and methylene blue (MB), were chosen as test compounds to investigate
these adsorption mechanisms. These chemicals were chosen as model contaminant compounds
due to their representative characteristics, including electron-donating and withdrawing groups

and ionic moieties, which vary depending on the pH of the solution.
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Figure 2.1 Schematic illustration of biochar adsorption mechanisms towards aromatic
compounds in water

2.4 Materials and Methods

2.4.1 Materials

Two types of common woody biomasses were used: pinewood (PW), Douglas fir (DF), and
red cedar (RC) chips were collected from a local furniture manufacturer in London, Ontario,
Canada. As well as four non-woody biomasses, switch grass (SG), miscanthus (MC), and
phragmites (PH), which were collected from near London, Ontario, Canada. Before the pyrolysis,
the biomasses were pulverized using a blade grinder mill (VM 0197, Vitamix, USA) and sieved to

the particle size range of 0.3-0.6 mm using standard test sieves (W.S. Tyler, USA).
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The compressed N> and CO» gases were purchased from Praxair Canada Inc.

Methylene blue (MB), methyl orange (MO), ibuprofen (IBU), and acetaminophen (ACT) used

as adsorbates were purchased from Sigma Aldrich, Canada.

2.4.2 Procedure for Pyrolysis

All biomasses were pyrolyzed using a tube furnace at 10°C/min until 500°C or 800°C and
held for 3 hours with a flow gas rate of 2 mL/min. CO, flow gas was used for all of the biochars,
while N> was used for PH and RC at 800°C. Each of the biochars was prepared separately, and
after pyrolysis were washed with DI water and dried at 105°C overnight.

2.4.3 Methodology for Investigation of Biochar Adsorption Mechanisms for

Aqueous Aromatic Compounds

The structures of the four test compounds ibuprofen (IBU), acetaminophen (ACT),
methyl orange (MO), and methylene blue (MB) under acidic and basic conditions are shown in
Figure 2.2 while the properties of the compounds are summarized in Table 2.1. IBU is a weak
carboxylic acid with a pKa of 4.5 (26). Since it is only weakly electron withdrawing at pH >
pKa, it is mainly adsorbed via -  stacking, electrostatic interaction between the aromatic
groups of the biochar within the composite and the adsorbate compound (27). All of the
compounds investigated were found to be active in the UV-visible spectrum, making them well-
suited for UV spectroscopy for the determination of their concentrations in solution. As well,
molecules were chosen such that their structures, sizes and molar masses do not vary
significantly (within 150-300 g/mol) in order for their adsorption capacities in mg adsorbate per

mg adsorbent could be accurately compared.

Table 2.1 Physical characteristics of aromatic compounds used as adsorbates for investigation of
adsorption mechanisms of biochar

Compound | Abbreviation pKa Molar Size (nm) Wavelength
Mass of Max. UV-
(9/mol) Vis
Absorbance
Peak (nm)
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Ibuprofen IBU 4.5(90) 151.2 ~1nm X 220
0.6nm(91)

Acetaminophen | ACT 9.3(92) 206.3 ~1nm X 243
0.6nm(91)

Methyl Orange | MO 4.5(93) 327.3 ~1.7nm X 464
0.8nm(94)

Methylene MB 3.8(95) 319.9 ~1.7nm X 668

Blue 0.8nm(96)

The pKa of ACT is 9.3, when the pH surpasses the pKa, its’ structure loses a phenolic
proton resulting in a negatively charged product (35). The decrease in adsorption after pH 8 can
then be explained through electrostatic repulsion from the many negatively charged surface sites
originating from oxygenated functional groups, or metal oxides on the surface. ACT has a neutral
charge under acidic conditions with electron-donating groups (EDGs), while MO in similar
conditions is a zwitterionic compound at pH < pKa of 4.5 and has an electron-withdrawing group
(EWGQG) of sulfonyl (36). Because MO is zwitterionic when the pH is 4.5 or below, any
electrostatic attraction or repulsion forces it may experience in these conditions from one charge
will be balanced by the other opposing charge. Any adsorption of MO at low pH would thus be
mainly due to EDA interactions with the deactivated ring. EDA interactions with EDGs and
EWGs can then be determined from the differences in adsorption capacity between ACT and MO
at low pH. ACT has a neutral charge below neutral pH with electron-donating groups, while MO
is a neutral (zwitterionic) compound with only an EWG when the solution pH is lower than its

pKa of 4.5¢(31).

The MO adsorption curves can further be used to evaluate the influence of the m- m EDA
interactions in comparison to electrostatic interactions. After deprotonation of the amine, which
takes place after the pH surpasses 4.5, MO gains an electron-donating group and an activated
aromatic ring (36). Consequently, MO can then undergo EDA interactions with adsorbates with
both EWG and EDGs but would also experience electrostatic repulsion. As the pH increases, so

does the amount of negatively charged sites on the surface of the adsorbent, as oxygen-
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containing functional groups are deprotonated. This results in a decrease in adsorption of MO
due to electrostatic repulsion to the negatively charged aromatic amine group, but also an
increase due to EDA interactions with both aromatic rings. Whether the adsorption will increase,

or decrease would be dependent on which mechanism is stronger.

Lastly, the relative strength of the electrostatic interactions can be determined by the
adsorption capacity of MB in comparison to the other compounds. Since MB is a positively
charged dye with a +2 charge at pH < pKa of 3.8 and a +1 charge at pH > pKa, MB is a cationic
dye that remains positively charged regardless of the pH of the solution. As the pH increases the
biochar surface typically becomes negatively charged and the electrostatic interactions with MB
would then be proportional to its adsorption (37). MB and ACT are both comprised of an activated
aromatic ring due to electron-donating groups. However, only MB is positively charged at the pH
range we studied, while ACT is electrostatically neutral below pH 9 or anionic at above pH 9. This
means that an equal adsorption capacity for both compounds under acidic conditions would
indicate that MB is adsorbed due to n-m EDA interactions over electrostatic.

Current research into biochar adsorption often states that the physical properties, such as
surface area, surface functionality, mineral/ash content, etc. of the adsorbent strongly influence
the adsorption of organic compounds, however, there remains little investigation of the specific
adsorption mechanisms and how large a role these properties play in them. Specifically, the
oxygen-containing functional groups originated from the pyrolysis of the lignocellulosic biomass
predominantly comprised of carboxylic, lactonic, and phenolic groups (38,39). These functional
groups can be responsible for electrostatic interactions via the negatively charged sites that arise
upon deprotonation, as well as m-interactions (n-n stacking, n-m EDA interactions, and Hrn
interactions) as there are often substituents on the polyaromatic surface. While the pH of the

solution influences the electrostatic interactions, © interactions are independent.
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Figure 2.2 Structure of a) ibuprofen (IBU), b) acetaminophen (ACT), ¢) methyl orange (MO),
and d) methylene blue (MB) at pH below and above individual pKa values (28,30,31,33)

2.4.4 Adsorption Experiments

The mechanisms for adsorption were determined by placing 0.1 g of each adsorbent sample
in a 20.0 mL test tube containing 15 mL solution of 1 mM H3PO4 and 25 ppm of the test
compound at the desired pH. Adsorption experiments were carried out at relative pH values of 2,
6, 8, and 11. The H3POgsacted as a pH buffer, and the pH was adjusted using NaOH. Samples
were agitated for 1 hour at 25 °C and filtered through Whatman No. 1 filter paper. The pH of the
filtrate was determined after filtering using a pH meter (Thermo Scientific, Orion Star). The
concentration of adsorbate remaining in the filtrate was determined at their Amax using a UV-

visible spectrophotometer (Thermo Scientific, Evolution 220). Samples were analyzed in
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triplicate, and their average absorbances were used. The adsorption capacity was defined as the
amount of chemically adsorbed on the unit mass of the tested adsorbent (mg/g). A preliminary
adsorption test is done for each adsorbent tested using 100 ppm of ACT as the standard test
solution. Beginning with 25 mg of adsorbent, the mass is increased, and the adsorption capacity
is measured after 1 hour. The ratio the of mass of adsorbent to the concentration that gives an

adsorption capacity of zero and below complete adsorption is used for the preceding tests.

2.4.5 Biochar Characterization Methods

2.4.5.1 Proximate and CHNS-O Elemental Analysis

The proximate analysis of the biomass samples was performed following the ASTM
standard (ASTM D1762-84) using a Neytech Vulcan D-550 muffle oven. Elemental analysis of
carbon, hydrogen, nitrogen, and sulphur is undertaken using the model Thermo Flash EA 1112
series CHNS analyzer (Thermo Fisher Scientific, USA). Samples are combusted at 900 °C under
helium with a known amount of oxygen. The oxygen content in the sample is calculated by mass
difference. The results were measured in triplicates with the averages being reported with

standard deviations.

2.4.5.2 ATR-FTIR Spectroscopy

The surface organic functional groups present in the samples were detected using Fourier
transform infrared spectroscopy (FT-IR) using a Platinum® attenuated total reflectance (Pt-ATR)
attachment equipped with a diamond crystal in the main box of a Bruker Tensor II spectrometer.
During the analysis, the sample in powder form was scanned within the range of 400-4000 cm™!

at a resolution of 4 cm™ under transmittance mode and 32 accumulations for each spectrum.

2.4.5.3 BET Surface Analysis
Samples were tested for Brunauer-Emmett-Teller (BET) with Nova 2000e Surface Area and
Pore Size Analyzer (Quantachrome Instrument, Florida, US). The physisorption measurements
were performed via N> adsorption-desorption experiments at 77.35 K. Samples were degassed at
105°C for 1 hour to remove moisture, then the temperature was increased to 300°C and

maintained for at least 3 hours before analysis.
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2.4.54 SEM-EDX Spectroscopy

The samples were analyzed by SEM-EDX using a Hitachi SU3500 Scanning Electron
Microscope (SEM) combined with an Oxford AZtec X-Max50 SDD energy dispersive X-ray
(EDX) detector. EDX is a semi-quantitative technique that can detect all elements with a
minimum detection limit of approximately 0.5 wt%. EDX spectra from individual particles were
analyzed using a vector-based algorithm to determine the relative abundance of 10 elements:
carbon (C), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), potassium (K), calcium
(Ca), titanium (Ti), oxygen (O), and iron (Fe). A 10 kV accelerating voltage was used for these

analyses. The samples were coated with a thin layer of gold to minimize charging effects.

2.4.5.5 Thermogravimetric Analysis

Thermogravimetric analysis of samples was performed using a TG-Analyzer (Mettler Toledo
TGA 2). About 5 mg of samples were heated from room temperature to 800°C under Nz and CO>

separately with a heating rate of 10°C/min.
2.5 Results and Discussion

2.5.1 Effect of N> and CO; Pyrolysis Flow Gas on Adsorption Mechanisms of

Biochars for Aromatic Compounds

To investigate the effects of pyrolysis gas atmosphere, RC and PH were both pyrolyzed at
500°C and 800°C under N2 and CO- flow gases. The thermogravimetric analysis of both RC and
PH biomasses investigated in this section, under CO> and N> gas, are presented in Figure 2.3.
According to the data in the TGA curves in Figure 2.3, there is a slightly greater weight loss
found when using CO2 gas than the inert N2 gas for the RC and PH biomasses. This is
determined given the greater decrease in weight% in the TGA curves, and shift of the DTG
curves, which was found to be greater for the PH biomass than RC biomass (40). The PH
biomass was therefore found to decompose at a greater rate than the RC biomass under CO> gas.
The most significant difference between the biomasses is the peak around 300°C in the DTG of
the PH biomass that is not observed in the RC biomass and the more pronounced peak around
450°C in the RC DTG curve. These peaks are representative of the decomposition of
hemicellulose and cellulose respectively, where woody biomasses such as RC are higher in

cellulose content than hemicellulose-like non-woody biomasses including PH. The peak around
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300°C in the DTG curve for PH was also shown to be less intense under CO2, suggesting that the
decomposition of hemicellulose may be less favourable under this pyrolytic gas. The specific
decomposition mechanisms of lignocellulosic biomass and their effect on the resultant biochar
properties and adsorption are explained in greater depth in section 2.4.3. Despite the differences
seen between the biomasses, all sequences for pyrolysis are still present in the DTG results under
either gas for both RC and PH, with a slightly greater mass loss under CO>. Thus, the sequence
of reactions is not changed significantly due to flow gas, but rather an increase in pyrolysis
reaction rate which can still have great effects on increasing specific surface area and
aromaticity, both of which are essential in a strong adsorbent. Surface functional groups may

also be affected by the pyrolysis gas, as is explored in the preceding sections.
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Figure 2.3 TGA and DTG curves of a) RC and b) PH biomasses pyrolyzed under 2L/min CO
and N pyrolytic gases

Nitrogen is expected to be inert while CO> can interact with the biomass and produced

volatiles. Their adsorption mechanisms were then investigated using the proposed method. These

biomasses were chosen given that they are two of the most common sources for biomass,

however, they differ in their composition which can have large effects on the surface of the
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resultant biochar and the adsorptive properties. Woody biomasses such as RC contain higher
cellulose, and lower ash and hemicellulose content compared to non-woody/ herbaceous crops,
and agricultural waste such as phragmites reeds (40). The physical and elemental analysis of the
biomasses and biochars produced, (RC800-CO,, RC800-N>, PH800-CO., and PH800-N>) are
reported in Table 2.1. The BET results show that the use of CO> in pyrolysis yields a biochar
with a greater surface area than when using N», regardless of the pyrolysis temperature. This is
seen to have a greater effect in the RC800-N2 and RC800-CO> biochars, where there is an
increase of 67.2 m%/g to 448 m?/g. These results are in accordance with what has been seen in the
literature, the surface area of biochar made under a CO, environment is greater and with a more
developed pore structure than that from the N, environment (4/,42). The SEM images, along
with the EDX spectra in Figure 2.4 show that the morphology of the biochars is much more
intact and less broken down for RC800-N> and PH800-N> compared to RC800-CO> and PH800-
COz making the surface of the CO; produced biochars rougher and more porous and better suited
for adsorption. Furthermore, the EDX spectra reveal that there is slightly higher oxygen content
for the RC800-CO> and PH800-CO; biochars along with a higher ash content visualized by the
light spots in the SEM images.
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Figure 2.4 100X Magnification SEM images and EDX spectra of a) RC800-CO2, b) RC800-N>,
c¢) PH800-CO3, and d) PH800-N;

The surface functional groups on the biochars were determined using ATR-FTIR
spectrometry, whose results are reported in Figure 2.5. The biochars produced with the CO> gas
showed distinct peaks around 1500 cm™ and 1000 cm™ for both the RC and PH biochars, which
are representative of aromatic C=C and an asymmetric C-O-C stretch respectively. The RC800
biochar also showed a small peak around 1720 cm™!, corresponding to a C=0 stretch. The
biochars produced using N> showed FTIR spectra that adsorbed in the same regions the peaks

were seen for the CO2 biochars, however, the peaks were broader with one large one seen for
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both biomasses around 1000 cm™ and another at 1700 cm™, corresponding to C-O-C and C=0

stretches respectively. Notably, there is a lack of aromatic peaks for the biochars produced with

the inert gas. The results of the elemental analysis also corroborated the greater oxygen

functional groups given that the C/O ratio was much higher for both RC800-N> and PH800-N>

further indicating that there were fewer oxygen-containing functional groups on the surface of

the biochars produced with the inert gas. These properties can have large effects on the

adsorption mechanisms, explaining the differences in adsorption seen for the different biochars.

Table 2.2 Proximate and elemental analysis, and textural properties of biochars

Biochar Proximate analysis (wt%) Elemental analysis BET analysis
Moisture ~ Volatile ~ Ash Fixed C H N 0} C/O H/C Averag Average
matter carbon Surface e pore pore
area  volume diameter
(m?g)  (cm®fg) (nm)
RC800- 3.23 425 173 37.0 743 287 0 10.8 6.64 0.038 67.2 0.046 2.76
N2 + + 0+ £ o+ £ o+ o+ £ %
0.03 1.2 2.0 3.2 25 22 001 47 07 0.003
PHS800- 5.26 355 195 397 68.1 0 0.828 100 700 O 40.0 0.044 0.435
N2 + + 0+ £ o+ £ o+ o+ £ %
0.1 2.6 0.3 25 24 0.1 0.3 22 02 0.001
RC800- 1.26 446 363 179 543 098 032 81 6.70 0.018 448 0.30 0.268
T + 0+ £ o+ £ o+ o+ £ %
0.1 2.6 1.2 15 09 03 0.15 0.8 0.01 0.002
PH800- 7.37 685 240 0.15 594 0.86 1.51 142 419 0.011 204 0.11 2.19
o2 4 + 0+ 0+ £ o+ o+ £ + %
0.1 1.5 1.3 1.5 1.5 0.4 0.9 0.9 0.05 0.006
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Figure 2.5 ATR-FTIR spectra of a) RC and b) PH derived biochars pyrolyzed at 800°C under
CO; and N; pyrolytic gases

The adsorption characteristics of the four test compounds, IBU, ACT. MO, and MB, by
the biochars produced under the inert and catalytic gas, are shown in Figure 2.6, while their
structures at different pH values are given in Figure 2.2. Given the lower adsorption of IBU,
ACT, and MO using biochar produced under N, it is evident that the better-performing
adsorbent was the biochar pyrolyzed using CO: flow gas. This suggests that lower aromaticity, as
seen for the biochars produced under the inert gas, would result in lower - 7 stacking and EDA
interactions. The adsorption capacitates for MB are, however, similar and relatively constant
regardless of whether the biochar was produced using CO> or N. The structure of MB, shown in
Figure 2.2, has at least one positively charged group under any pH conditions, allowing for
strong electrostatic interactions between MB and the negatively charged sites on the biochar
surface (43). These groups are shown in the 2500 to 3000 cm! signal in the FTIR, corresponding
to the O-H stretch. In Figure 2.5 there are strong peaks representing these hydroxyl O-H
stretches for all the biochars except for RC800-N»>, whose MB adsorption is noticeably lower
than RC800-CO.. This then indicates that hydroxyl surface groups are the main biochar property

that is responsible for electrostatic interactions, which when paired with a non-aromatic biochar
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result in solely strong electrostatic interactions. The adsorption trends for all of the test

compounds vary between the biomass and temperature of the pyrolysis, implying that the

biomass played a role in the adsorption mechanisms. This is investigated further in later sections.
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Figure 2.6 Adsorption capacities of IBU, ACT, MO, and MB with increasing pH for a) PH800-
COz, b) PH800-N2, c) RC800-CO2, and d) RC800-N2 where adsorption was performed using
50ppm of compounds and 50 mg of biochar in 15mL solutions

2.5.2 Effect of Pyrolysis Temperature on Adsorption Mechanisms of Woody and

Non-Woody Biochar for Aromatic Compounds
To investigate the effect of the pyrolysis temperature on adsorption mechanisms, woody
biomasses (RC, and DF) and non-woody biomasses (MC, and PH) were pyrolyzed at a ramp rate
of 10°C /min to a temperature of 500°C and 800°C under CO,. CO; was used as a flow gas due to

superior performance compared to N>. Table 2.1 shows the physical and elemental results for the

biochars. For both biomasses, the surface area and aromaticity were found to increase at higher
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pyrolysis temperatures, while both having lower oxygen content. The adsorption mechanisms for
these biochars were then investigated the uptake of aromatic compounds is presented in Figure
2.7. There was significantly lower overall adsorption of all of the test compounds for the
biochars produced at 500°C compared to those produced at 800°C. This can be attributed to the
surface area of the biochars, which is seen to be greater at higher temperatures, ranging from 204
m?/g to 461 m?/g and particularity for the woody-derived biochars. RC800-CO, and DF800-CO,
had surface areas of 448 and 461 m?/g, compared to PH800-CO,, and MC500-CO, whose
surface areas were 204 and 369 m?/g respectively. The biochars pyrolyzed to 500°C had surface
areas that ranged from only 5-394 m?/g. Notably, the average pore diameter is relatively larger
for the biochars pyrolyzed to 500°C than 800°C, which appears to not have any significant effect
on adsorption. Also, the pore diameter of the woody biochars is smaller pore sizes than the non-
woody biochars at either pyrolysis temperature while still having greater maximum adsorption
capacities. This means that there was an inverse correlation between the surface area and
porosity, though the adsorption was found to increase only with greater surface area. The
difference in surface morphology can be further visualized in the SEM images and EDX spectra
depicted in Figure 2.8, where the biochar produced at a higher temperature had a more broken-
down structure piece and precipitated metallic white particles, compared to the 500°C biochar.
These imperfections in the 800°C biochar increase porosity and allow for greater surface area
and therefore adsorption. The white particles, made of various metal oxides according to the
corresponding EDX spectra, are due to the precipitation of metals out of the biochars at higher
temperatures and do not contribute to the adsorption, as they are no longer being a part of the

carbon structure.
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COg, and g) MC800-CO2 where adsorption was performed using 50 ppm of compounds and 50
mg of compounds and 50mg of biochar in 15 mL solutions
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Figure 2.8 100X SEM images and EDX spectra of a) RC500-CO,, b) RC800-CO», ¢) DF500-
CO,, d) DF800-CO., ¢) PH500-CO3, f) PH800-CO», g) MC500-CO», and h) MC800-CO>

Looking at the adsorption capacities for the woody and non-woody biochars produced at
500°C in Figure 2.7a-d, the adsorption capacities for MB are the only compound to be adsorbed.
The biochars produced at this temperature are found to have lower aromaticity and greater
oxygen functional groups, evidenced by the FTIR spectra seen in Figure 2.9, with the broadband
around 3000 cm™ and sharp 1550 cm™ in all of the biochars produced at 500°C for the O-H
stretch and C-O stretch respectively. The low H/C and high C/O ratios for the MC and PH chars
compared to the RC and DF biochars also help to confirm the presence of oxygen-containing
surface groups. These groups would act as negatively charged surface sites, contributing to
stronger electrostatic interactions compared to r-interactions. Therefore, biochars pyrolyzed at
lower temperatures within a CO» atmosphere, the oxygen groups formed on the surface will be in

the form of hydroxyl groups which should increase electrostatic interactions.
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Figure 2.9 ATR-FTIR spectra of a) RC500-CO3, b) RC800-CO,, ¢) DF500-COz, d) DF800-CO,
e) PH500-CO, f) PH800-COz, g) MC500-COz, and h) MC800-CO2

The RC500-CO> and DF500-CO: biochars exhibited a higher adsorption capacity for MB

compared to the other test compounds in Figure 2.7a-b, suggesting strong electrostatic

interactions and weaker m-interactions. This may be a result of lower aromaticity, and greater

oxygen functional groups, namely hydroxyl (OH) groups, acting as negatively charged surface

sites. This is confirmed by the FTIR spectra seen in Figure 2.9, with the broad bands at 3000 cm’

'and sharp peak at 1550 cm™! corresponding to an O-H and C-O stretch respectively.
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Interestingly, these peaks are not seen for the biochars produced at 800°C. This suggests that
when biochar is pyrolyzed at a lower temperature with CO» flow gas, the oxygen groups will be
in the form of hydroxyl groups which increase electrostatic interactions. The high C/O ratios also
help to confirm the presence of oxygen-containing surface groups.

When pyrolyzed at higher temperatures, the biochars are found to have fewer hydroxyl
groups, while also having a greater aromaticity, and more carbonyl groups (C=0) on the surface.
This is evidenced by the small and broad peak around 1700 cm™ in the FTIR spectra in Figure
2.9. Since carbonyl groups are unable to be deprotonated and become negatively charged, they
do not contribute to electrostatic interactions. Instead, they often act as EWGs when substituted
to surface aromatics, due to resonance effects. This, coupled with the greater aromaticity (low
H/C ratio) seen for the woody biochars pyrolyzed at 800°C compared to 500°C, is most likely
responsible for the adsorption capacity for ACT, MO (under basic conditions) and IBU compared
to MO (under acidic conditions). The carbonyl functional groups increase - m EDA interactions
specifically with compounds with EDGs such as ACT. The structure of MO, shown in Figure
2.2, has an electron-withdrawing sulfonyl group and is zwitterionic (neutral) under acidic
conditions, once pH surpasses pKa of 4.5, and the structure changes and gains both(43) EDG and
a negative charge (31). Figure 2.7a-b shows the adsorption capacity of RC800-CO» and DF800-
COz increasing with pH despite becoming negatively charged, which would result in a decrease
in adsorption if electrostatic interactions were dominant, such as was seen for the adsorption
trend of MO for PH800-CO». The low adsorption capacity for MB for DF800-CO- further
indicates that the electrostatic interactions are not very strong compared to the -7 interactions.
While MB has donating groups like ACT, the positively charged sulphide group is strongly
electron-withdrawing due to inductive effects which act to overpower the weaker electron-
donating resonance effects of the amide substituents.

The adsorption trends for MO by the PH800-CO> and MC800-CO> biochars were found to
decrease under basic conditions, directly opposing the trends seen for the RC and DF biochars
pyrolyzed at the same temperature. There was found to be a greater oxygen content for the non-
woody biochars however, there were not found to be any carbonyl stretches on the FTIR spectra
for the MC and PH-derived biochars pyrolyzed at either temperature. Instead, these biochars
were shown to have O-H stretches in the 3000 cm™ region, and C-O-C stretches in the 100 cm’!

regions. The aromatic peaks at 1600 cm™! were found to decrease with pyrolysis temperature,
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though were not found to have a significant effect on adsorption mechanisms. These hydroxyl
groups contribute to negatively charged surface sites, and thus the strong electrostatic
interactions that were observed, while also acting as EDGs and increasing - EDA interactions
with compounds with EWG such as MO. These adsorption differences seen between the different
biomasses may be due to the different lignin compositions of the biomasses, with woody
biomasses such as the softwoods used in this study being found to have higher lignin and
cellulose content compared to the non-woody biomasses such as MC and PH which have a
greater hemicellulose composition (40,44). The effect of the biomass on the adsorption

mechanisms of the resultant biochars is explored in the next section.

2.5.3 Effect of Biomass on Adsorption Mechanisms of Biochar for Aromatic

Compounds

The biomass and its composition have a large effect on the physical properties of the biochar
that is produced, due to the difference in composition of lignin, cellulose, hemicellulose, and
mineral content. The effect of the biomass composition on the adsorption mechanisms has yet to
be explicitly shown, so to investigate the effect that the biomass had on the surface properties of
the adsorption mechanisms, three biomasses were chosen as models for woody and non-woody
biomasses. PW was used along with RC and DF for softwood biomasses, while SG was used
along with the previously used MC and PH biomasses. Each of the biochars was pyrolyzed under
the most favourable conditions determined from the previous sections, 800°C under CO; flow

gas and the adsorption tests of the biochars were investigated and then presented in Figure 2.10.
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Figure 2.10 Adsorption capacities of IBU, ACT, MO, and MB with increasing pH for a) MC800-
COz, b) SG800-COz, ¢) RC800-CO, d) DF800-CO2, e) PW800-CO2, and f) PH800-CO> where
adsorption was performed using 50ppm of compounds and 50 mg of biochar in 15mL solutions

Aromaticity was not found to correlate with any adsorption mechanisms between the

biomasses pyrolyzed at 800°C. This may be because the aromaticity was quite high and did not
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vary significantly with the different biomasses; Table 2.1 shows that the H/C ratio only ranges
between 0.011-0.020, with the most aromatic being PH800-CO». Table 2.1 also shows that the
oxygen content for the non-woody biochars is roughly twice as great as the woody biochars. The
FTIR spectra in Figure 2.11 showed that all of the biochars have a peak in the range of 1100 cm”
"and 1700 cm™, characteristic of a C-O-C stretch and aromatic C=C stretch respectively. Despite
having lower oxygen content, the DF, RC, and PW were found to have a small broad peak at
1700 cm ™!, corresponding to a carbonyl stretch. This means that while the non-woody biochars
had greater oxygen content, these oxygen groups were in the form of ether and hydroxyl groups,
and the woody-derived biochars had less overall oxygen content but more carbonyl surface
groups. Because carbonyl groups are not negatively charged sites like hydroxyl groups, biochars
with more hydroxyl groups will be more likely to have electrostatic interactions as a dominant
mechanism for adsorption. This is what was found when looking at the adsorption trends in
Figure 2.10. The IBU adsorption for the RC800-CO,, DF800-CO», and PW800-CO; biochars
are shown to decrease slightly with pH compared to the PH800-CO2, MC800-CO, and SG800-
CO; biochars which saw a decrease in adsorption over the same pH range. This is indicative of
there being stronger electrostatic interactions for the non-woody derived biochars, as greater
electrostatic repulsion would explain the lower adsorption of the anionic IBU. This is
corroborated by the adsorption of MB, which due to its being cationic, is absorbed at higher
capacity when electrostatic interactions are stronger, as was also seen for these biochars. MB
adsorption is also seen to be strong for the woody-derived biochars as well, though the stronger
adsorption of the other test compounds indicates that this is most likely due to m-r EDA

interactions.
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Since hydroxyl and ether groups are EDGs, and carbonyl groups are electron-withdrawing,

RC800-CO2, DF800-CO3, and PW800-CO: biochars are expected to have a stronger affinity to
adsorb compounds with EDGs and lower adsorption for those with EWGs (45). In Figure 2.10,
the adsorption of MO increases with pH for the woody biochars while it decreases for non-
woody. As the pH of the solution rises, the structure of MO becomes negatively charged and
gains an aromatic ring along with an EDGs. If the adsorption of MO is greater at a higher pH, the
-1 EDA interactions with both of MO’s aromatic rings must be a stronger mechanism for
adsorption than electrostatics, otherwise, there would have been a decrease in adsorption. This is
the case for the RC800-CO,, DF800-CO>, and PW800-CO- biochars, while the opposite is seen
for the PH800-CO2, MC800-CO>, and SG800-CO> biochars. The adsorption trends for ACT also
help to confirm that - EDA interactions are the dominant adsorption mechanism for woody

biochars, as it shows strong adsorption of ACT whose structure has two donating hydroxyl and
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Figure 2.12 TGA and DTG curves of RC, DF, PW, PH, MC, and PH biomasses pyrolyzed under
2L/min of CO»

The thermogravimetric analysis of all of the biomasses investigated in this section under CO-

is presented in Figure 2.12. The DTG results show three distinct peaks, representative of the

sequence of pyrolysis beginning just below 300 °C, where there is first evaporation of water (46).
The mechanisms for the decomposition of lignocellulosic biomass are proposed to be followed
by the depolymerization of cellulose, and hemicellulose into polysaccharides and the
decomposition of lignin (46,47). Hemicellulose is composed of short-chain
heteropolysaccharides and has an amorphous branched structure, with an average polymerization
degree of 200 (48). The proposed depolymerization of hemicellulose, as depicted in the first step
of reactions in Figure 2.13a, is characteristically found to be broken into two segments, a
slightly slower reaction where the more unstable heteropolysaccharide side chain breaks off
occurring between 223°C and 250°C (48). Then, a faster depolymerization reaction followed by
aromatization happens between 250°C and 333°C (48). The thermogravimetric analysis of all of
the biomasses investigated in this section is presented in Figure 2.12. There are either two or

three drops of weight % during the pyrolysis, more clearly represented as peaks in the DTG plot.
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The first peak below 300°C is due primarily to the evaporation of water. This peak varies slightly
on the biomass used, though is still clearly seen regardless of biomass composition. Interestingly,
only the PH, MC, and SG biomasses have the double peak with a smaller peak or shoulder below
300°C, characteristic of the first pyrolytic reaction for hemicellulose (48,49). The woody
biomasses do not show a peak in this region, instead only having a single strong peak between

325°C to 375°C, which is more representative of a greater cellulose content.
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Cellulose is a long linear macromolecule with a polymerization degree in the range of 7000-
10 000, as opposed to hemicellulose which has a degree of polymerization of around 200 (48).
Due to it having fewer side chains, cellulose has a more crystalline structure relative to
hemicellulose and therefore has a slightly higher thermal stability (48). The dominant
decomposition reaction for cellulose is proposed to be the breakage of the -1, 4-glycosidic
bond, shown in Figure 2.13b, leading to a simpler pyrolysis reaction, seen by a sharp peak in the
DTG plot around 327°C to 370°C (47). When temperatures exceed 500°C, it is thought that
deoxygenation reactions including decarboxylation result in the removal of oxygen-containing
functional groups and the formation of benzene ring structures (47). Between the temperatures of
600°C and 800°C, dehydrogenation, demethylation, and other reactions occur to alter the
aromatic ring structure into a macromolecular carbon structure (47). The composition of
softwood biomasses has been reported to be between 40-50 wt% cellulose, 25-35 wt%
hemicellulose, 16-33 wt% lignin, and 0.5-1 wt% ash (44). While herbaceous crops, and
agricultural waste such as phragmites reeds have a lower cellulose content at around 30 wt%, and
a much greater ash and hemicellulose content being around 7.5 wt% and 60 wt% respectively
(40).

Lastly, lignin is a large polymer with a tridimensional phenylpropane structure, shown in
Figure 2.13, making the structure more stable than cellulose or hemicellulose and consequently
having an even greater thermal stability, decomposing at even higher temperatures around 312°C
to 461°C (48). As shown in Figure 2.13c, the oxygen bridge bonds connecting the
phenylpropane units and side chains are the weakest, and thus the first to break, forming benzene
rings that readily react with other molecules to generate more stable macromolecules (50). With
increasing temperature, more fused ring structures are formed, giving the biochar its largely
aromatic structure (50). Lignin is also reported to have the smallest dweight/dtemperautre
maximum comparatively to the other two biomasses (48). The last peak of the DTG plot in
Figure 2.12 shows a characteristically larger peak for the RC, DF, and PW biomasses, while the
PH, MC, and SG biomasses had a smoother curve in this region corresponding to the
decomposition of lignin, indicating a lower lignin content contributing to the surface properties

of the char.
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Therefore, since none of the biochars investigated in this section were found to significantly
differ in their aromaticity from the elemental analysis results presented in Table 2.1, the varying
compositions of cellulose, hemicellulose, and lignin are most influential on the surface functional
groups, directly impacting the adsorption mechanisms of the resultant biochar towards aromatic
compounds. The woody-derived biochars, including RC, DF, and PW all showed lower oxygen
content than their non-woody counterparts PH, MC, and SG, however, were found to have more
carbonyl groups, which were found to greatly increase - = EDA interactions. This may be due
to the greater lignin and cellulose relative to hemicellulose composition. This suggests that the
decomposition of cellulose and lignin are to result in carbonyl groups. The non-woody biomasses
produced biochars with stronger electrostatic interactions relative to - m EDA interactions which
is attributed to the presence of hydroxyl functional groups acting as negatively charged sites and
EDGs, where the greater the number of groups, the relatively greater the electrostatic
interactions. This therefore may be due to the greater hemicellulose content found in these
biomasses, which produce chars with greater surface hydroxyl groups.

2.6 Conclusions

The proposed procedure in this study has shown promising results that allow for the
interpretation of the adsorption mechanisms taking place between the biochar and organic
compounds. In using the four test compounds as representative organic pollutants, the role of
electrostatic and - 7 interactions were able to be concluded on biochars produced by four
woody (RC, DF, PW, and HL) and four non-woody (RH, MC, PH, and SG) biomasses under
different pyrolysis temperatures and flow gases, N> and CO». This procedure proposes to be able
to indicate what compounds biochars are best suited towards due to physical characteristics.
Using this procedure, strong m- 1 interactions were found for biochars that had high aromaticity,
while a large number of oxygen-containing functional groups had strong electrostatic
integrations due to negative sites. These results helped to support the efficacy of this test
procedure, while the results also alluded to the importance of oxygen-containing groups towards
- T EDA interactions. While biochars that were found to have mainly hydroxyl functional
groups showed good adsorption of aromatic compounds with EWGs, biochars with carbonyl
groups were found to have greater adsorption capacities for aromatic compounds with EDGs.

Furthermore, it was found that there is a point where if too many negatively charged oxygen sites
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are present relative to aromatic groups, the electrostatic interactions will dominate over m-r EDA

and stacking interactions. After evaluating the composition of the biomasses, it was also found

that the hemicellulose content contributed to greater hydroxyl groups, while greater cellulose and

lignin content of the woody biochars produced chars with greater carbonyl groups. This

procedure offers a novel method to evaluate these interactions and was able to be used to classify

the adsorption mechanisms of the biochars produced under various pyrolysis conditions,

summarized in the following Table 2.2. The large impact of the oxygen-containing functional

groups on the surface of the biochar on the adsorption mechanisms towards aromatic compounds

suggests that oxidative surface modification will have a significant impact on the adsorption

properties of the biochar. To investigate this further, post-treatments to increase oxygen-

containing functional groups were performed and presented in the following chapter.

Table 2.3 Summary of biochar adsorption mechanisms, physical characteristics and pyrolysis

Adsorption Mechanisms

Physical Properties

Pyrolysis Conditions

Strong Weak Biomass | Pyrolysis | Pyrolysis
Temp. Gas
(O
-1 Electrostatic e High aromaticity | Woody | >600 CO2
EDA with
EWG
-1 EDA with e High aromaticity | Non- >600 CO;
Electrostatic EDG e O-H groups Woody
Electrostatic -1 e High aromaticity | Woody | <600 CO2
EDA with EWG EDA with e Ether+ O-H
EDG groups
Electrostatic TT-T0 e O-H groups Non- Any N2
e Low aromaticity | Woody
Non- <600 CO2
Woody
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EDA with Woody | <600 N2
EWG and
EDG

e Electrostatic T-T e High aromaticity | Woody | >600 \P!

EDA with EDG

C=0 groups
Low O-H groups
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Chapter 3

3 Investigation of Effect of Physical Properties on Adsorption Mechanisms for
Aqueous Organic Compounds by Biochar after Oxidative Post-Treatments

using HNO;, H,O,, and KOH

3.1 Statement of Authorship

The contents and some of the data of the following chapter have been submitted to be
published in the Journal of Biomass and Bioenergy. This includes the adsorption results and
physical characterization of the Douglas fir-derived biochars. The author of this thesis was
responsible for a majority of the work herein, including experimental design and execution
including biochar characterization, adsorption experimentation, data processing and analysis, as
well as the writing of the manuscript and participating in the editing and review of the
manuscript along with supervisors Dr. Yeung, Dr. Berruti and Dr. Klinghoffer.
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3.3 Chapter Abstract

A potential application of biochars produced by pyrolysis of lignocellulosic feedstocks is as
sustainable adsorbent materials for the removal of organic compounds in water, such as
pharmaceuticals and dyes. The impact of biochar’s physical characteristics on the adsorption
mechanisms of organic aromatic compounds in the water is investigated using, Douglas fir and
red cedar-derived biochars produced and treated under different conditions. CO> was used as
pyrolysis flow gas, producing biochars with greater oxygen-containing functional groups and
higher aromaticity compared to those produced under N> leading to greater adsorption. The
pyrolysis temperature was varied between 500 and 800 °C and the resultant biochars showed
greater adsorption for organic compounds when pyrolyzed at higher temperatures, attributed to
greater aromaticity and surface area. The effect of different oxygen-containing groups, mainly on
m-1r interactions was explored by characterizing the biochar surface after three different post-
pyrolysis treatments (HNO3, H2O2, and KOH) and comparing the effects on the adsorption
mechanisms for test compounds (ibuprofen, acetaminophen, methyl orange, and methylene
blue). The results showed that increasing aromaticity and electron-donating groups, such as
hydroxyl functional groups, increased m- 7 electron donor-acceptor interactions with compounds
containing electron-withdrawing groups. The presence of electron-withdrawing carbonyl groups

resulted in an increase in adsorption towards compounds with electron-donating groups.

3.4 Introduction

Water sources are facing enormous threats due to increasing contamination from a wide range
of organic and aromatic pollutants raising concerns about public health (7-3). With the
continuous expansion of industrial development, larger quantities of aromatic compounds are
discharged into ecological surroundings due to either the lack of treatment or insufficient
removal during treatments (4,5). These compounds can include antibiotics (6), dyes (7),
hormones, petroleum hydrocarbons, and persistent organic matter (8) which can have highly
detrimental effects on human and animal health and the whole ecosystem. Organic compounds
such as dyes or antibiotics can damage the immune systems of aquatic organisms and cause
human cell abnormalities due to poor biodegradability and high carcinogenicity (7,9,10). To

counter this, many wastewater treatment techniques such as adsorption, photocatalytic
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degradation, and advanced oxidation processes have been studied; however, adsorption is
considered the most economical and effective (/,1/). Among different adsorbents, biochar has
recently been the focus of many publications for removing organic and aromatic compounds as it
can be produced from a wide variety of sources, often repurposing waste products (7,2,12,13).
Biochar has specifically been reported to be well suited to remove aromatic-based contaminates,
due to its large surface area and porosity, abundant surface oxygen-containing functional groups
and aromatic surface structure (2,/4—16). Previous studies have investigated biochar’s potential
in adsorptive removal of pesticides, pharmaceuticals, polychlorinated biphenyls, steroid
hormones, and dyes (/3—18). The mechanisms for the adsorption of aromatics on biochar have
not been fully characterized and the mechanisms may depend on the chemical and physical
properties of the biochar. While the effect of pyrolysis conditions and post-treatment procedures
on biochar’s physical characteristics are studied extensively in the literature, their impact on
adsorption mechanisms has not been reported.

Pyrolysis temperature can significantly alter the surface structure and physical properties,
namely surface functional groups, of the resultant biochar (79). As the pyrolysis temperature
increases, surface area and porosity increase, and functional groups gradually emerge between
100°C and 500°C and begin to volatilize at 600°C (20,21). Since the types of functional groups
directly affect the adsorptive properties of biochar, investigating the effect of pyrolysis
temperature on adsorption mechanisms is essential to enable the design of effective adsorbents.
EDA interactions are recognized as an important type of noncovalent specific interaction
involving the biochar’s aromatic -system since its oxygen-containing functional groups often
exhibit electron donating or withdrawing behaviour (22,23).

Surface oxidation has been investigated in the recent literature, as it can promote the
formation of functional groups on the surface and expand the surface area and pore size of the
biochar (24,25). Nitric acid (HNO3), potassium hydroxide (KOH), and hydrogen peroxide
(H202) are commonly used to promote oxidation of the surface (24-26). Oxidation could have a
large effect on many of the mechanisms responsible for the adsorption of organics, including
electrostatic interaction, as well as - T EDA interactions (27,28). Biochar often contains various
oxygen groups, such as hydroxyl and carbonyl groups (29,30). Hydroxyl groups act as electron-
donating groups, while carbonyl groups have the opposite electron-withdrawing effects, altering

the adsorption mechanisms of the biochar (3/).

75



Typically, the surface structural properties of biochars, such as surface functional groups,
surface area, and pore volume/size, are correlated with the adsorption performance of aromatics
without any detail regarding the specificity of the mechanisms responsible (37,32). This is
because the corresponding mechanisms of biochar surface functional groups are usually complex
and difficult to determine. Considering surface area, porosity, ash and mineral content,
hydrophobicity, aromaticity and the many possible surface functional groups that all contribute
to different adsorption mechanisms of biochars, it is difficult to determine which characteristic
plays a role in which mechanisms and to what extent. This gap in the literature was addressed by
comparing not only the various different properties of biochars prepared under different
conditions and observing how these changes specifically effect adsorption of organic
compounds, oxygen-containing functional groups were found to have the greatest influence on
the adsorption mechanisms, specifically - 7 electron donor-acceptor (EDA) interactions. Thus,
oxidative post treatments including HNO3, H>O», and KOH chemical activation were used to
mechanically add hydroxyl, and carbonyl groups, along with increasing aromaticity, in order to
determine how these different groups influence the EDA interactions. This was done by
comparing the adsorption characteristics of four test compounds (ibuprofen (IBU),
acetaminophen (ACT), methyl orange (MO), and methylene blue (MB)) utilizing biochars
produced from softwood (Douglas fir) biomass under different pyrolysis temperatures and post-

surface modifications of the surface functionalities and determining the appropriate mechanism.

3.5 Materials and Methods

3.5.1 Materials

Two types of common woody biomasses were used: Red Cedar (RC), and Douglas fir (DF),
which were collected from a local furniture manufacturer in London, Ontario, Canada. As well
two non-woody biomasses, miscanthus (MC), and phragmites (PH) were also used which were
collected near London, Ontario, Canada. Before the pyrolysis, the biomasses were pulverized
using a blade grinder mill (VM 0197, Vitamix, USA) and sieved to the particle size range of 0.3-
0.6 mm using standard test sieves (W.S. Tyler, USA).

The compressed N2 and CO: gases were purchased from Praxair Canada Inc.
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Methylene blue (MB), methyl orange (MO), ibuprofen (IBU), and acetaminophen (ACT) used

as adsorbates were purchased from Sigma Aldrich, Canada.

3.5.2 Biochar Preparation and Post-Treatment Procedures

All biomasses were pyrolyzed in a tube furnace by heating at 10°C/min until 500°C or 800°C
and held for 3 hours with a gas flow rate of 2 mL/min. If the flowing gas used was Na, the
biochars were referred to as DF/RC500-N; (for pyrolysis temperature 500°C) and DF/RC800-N>
(for pyrolysis temperature 800°C) and if they were made using CO; as the flowing gas they were
referred to as DF/RC500-CO; and DF8/RC00-CO».

3.5.3 HNOj; Post Treatment

The method for the acid-treated biochars is based on the method by Ngyuen et al (33), 1 g of
RC500-CO2, DF500-CO,, PH500-CO2, and MC500-CO; were separately placed in 50 mL of
30wt% HNO; and left to mix at room temperature for 4 hours. The biochars were then washed
with DI=water and then dried overnight at 105°C. The modified samples were referred to as

RC500-CO2-HNOs3, DF500-CO2-HNO3, PH500-CO2-HNO3, and MC500-CO2-HNO:s.

3.5.4 HO, Post-Treatment

H>O> post-treatment was based on a method that was proposed by Huff et al. (34), where
treatment of RC800-CO», RC500-CO,, DF800-CO», and DF500-CO> biochars was done by
separately mixing 1g of each biochar with 50 mL of 9.8 M H>O» at room temperature for 1 hour
before being filtered through Whatman filter paper No. 1 and being washed with DI-water. The
oxidized biochar is then dried at 105°C overnight and referred to as RC800-CO2-H202, RC500-
C02-H202, DF800-CO,-H202, and DF500-CO»-H20:5.

3.5.5 KOH Post-Treatment

KOH treatment, based on the procedure proposed by Lu et al. (35), where the RC800-CO-,
RC500-CO2, DF800-COz, and DF500-COz biochars were all separately placed in 100 mL of 5SM
KOH and left to mix for 1 hour at room temperature before being filtered through Whatman No.1
filter paper, washed with DI-water, and dried overnight at 105°C. The biochar was then activated
in a tube furnace at 700°C with a ramp rate of 10°C/min for 1 hour under 2 mL/min flow of N».

After activation, the biochars were then washed again with DI water and dried overnight at
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105°C. The post-treated biochar is then referred to as RC800-CO»-KOH, RC500-CO,-KOH,
DF800-CO,-KOH, and DF500-CO,-KOH.

3.5.6 Biochar Characterization Methods

3.5.6.1 Proximate and elemental analysis

The proximate analysis of the biomass samples was performed following the ASTM standard
(ASTM D1762-84) using a Neytech Vulcan D-550 muffle oven. Elemental analysis of carbon,
hydrogen, nitrogen, and sulphur was carried out using the model Thermo Flash EA 1112 series
CHNS analyzer (Thermo Fisher Scientific, USA). Samples were combusted at 900 °C under
helium with a known amount of oxygen. The oxygen content in the sample is calculated by mass
difference. The elemental analysis for the RM-containing products was performed using
inductively coupled plasma—mass spectrometry (ICP-MS) using an Agilent 1260 infinity HPLC
connected directly to an Agilent 7700 series ICP-MS. The results were measured in triplicates

with the averages being reported with standard deviations.

3.5.6.2 ATR-FTIR spectroscopy
The surface organic functional groups present in the samples were detected using Fourier
Transform Infrared spectroscopy (FT-IR) using a Platinum® attenuated total reflectance (Pt-ATR)
attachment equipped with a diamond crystal in the main box of a Bruker Tensor II spectrometer.
During the analysis, the sample in powder form was scanned within the range of 400-4000 cm™!

at a resolution of 4 cm™ under transmittance mode and 32 accumulations for each spectrum.

3.5.6.3 BET Surface Analysis
Samples were tested for Brunauer-Emmett-Teller (BET) with Nova 2000e Surface Area and
Pore Size Analyzer (Quantachrome Instrument, Florida, US). The physisorption measurements
were performed via N> adsorption-desorption experiments at 77.35 K. Samples were degassed at
105°C for 1 hour to remove moisture, then the temperature was increased to 300°C and

maintained for at least 3 hours before each analysis.

3.5.6.4 SEM-EDX Spectroscopy

The samples were analyzed by SEM-EDX using a Hitachi SU3500 Scanning Electron
Microscope (SEM) combined with an Oxford AZtec X-Max50 SDD energy dispersive X-ray

(EDX) detector. EDX is a semi-quantitative technique that can detect all elements with a

78



minimum detection limit of approximately 0.5 wt%. EDX spectra from individual particles were
analyzed using a vector-based algorithm to determine the relative abundance of 10 elements:
carbon (C), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), potassium (K), calcium
(Ca), titanium (T1), oxygen (O), and iron (Fe). A 10 kV accelerating voltage was used for these

analyses. The samples were coated with a thin layer of gold to minimize charging effects.

3.5.7 Test for Adsorption Mechanisms

The adsorption mechanisms were investigated by placing 25 mg of each adsorbent sample in
a20.0 mL test tube containing a 15 mL solution of 3 mM H3PO4 and 100 ppm of the test compound
at the desired pH. Adsorption experiments were carried out at relative pH values of 2, 6, 8, and 11.
The pH was controlled with a phosphate buffer, prepared with 3 mM H3;POs4, and the pH was
adjusted by adding NaOH. Samples were agitated for 1 hour at 25 °C and filtered through
Whatman No. 1 filter paper. The pH of the filtrate was determined after filtering using a pH meter
(Thermo Scientific, Orion Star). The concentration of adsorbate remaining in the filtrate was
determined at 220, 243, 464, and 668 nm for IBU, ACT, MO, and MB, respectively, using a UV-
visible spectrophotometer (Thermo Scientific, Evolution 220). Samples were analyzed in
triplicates, and their average absorbances were recorded. The adsorption capacity was defined as

the amount of chemically adsorbed on the unit mass of the tested adsorbent (mg/g).

3.6 Results and Discussion

The physical properties of the biochars tested in this chapter, including surface area,
proximate and elemental analysis, were performed in triplicate samples and presented in Table

3.1.

Table 3.1 Proximate and elemental analysis, and textural properties of biochars

Biochar Proximate analysis (wt%) Elemental analysis BET analysis
Moisture Volatile Ash Fixed C H N 0% cio H/C Average  Average
_ carbon Surface  pore pore
area volume diameter
(m?g)  (cm®qg) (nm)
RC800- 1.26 446 363 179 543 098 032 81 6.70 0.018 448 0.30 0.268
CcO2

t + t t T T t t t T
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*Measured by difference (Total mass-C-H-N-Ash=0)

3.6.1 Effect of HNO; Post Treatment on Adsorption Mechanisms

The use of nitric acid for biochar post-treatment has become more common because it has
been found to remove a significant amount of the mineral ash content and increase the oxygen
content, both of which can improve the adsorption capacities (36,37). Thus, to understand the
effect that ash content and oxygen groups can play on the adsorption mechanisms of organic
compounds, RC500-CO», and DF500-CO> were treated with HNO3, and the adsorption
mechanisms were compared to those observed before treatment in Figure 3.1. After treatment
with nitric acid, the ash content reduced from 10.1% to 5.04% and 8.48% to 3.24% for RC and
DF biochars respectively, as shown in Table 3.1. While there is an increase in adsorption of MB
at high pH after acid treatment, corresponding to an increase in electrostatic interactions, this is
most likely not due to the removal of the ash content but rather to an increase in hydroxyl
functional groups on the surface. This is because there is also a small increase seen for ACT, IBU
and MO at any pH, after acid treatments, despite them all being anionic compounds under these
conditions. Since the mineral content of the biochar creates positively charged sites within the
biochar, the decrease in ash content does not correlate with the increase in the adsorption of these
compounds. Hydroxyl groups, on the other hand, can contribute to electrostatic interactions as
they can become deprotonated, and can also increase m- EDA interactions which could explain
the increase in adsorption capacities for the anionic compounds. This is consistent with the FTIR
results reported in Figure 3.2 where there is an increase in the broad peak at 3000 cm™ (O-H

stretch) and large peaks around 1700 cm™ (C-O stretch).
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Figure 3.2 ATR-FTIR spectra of a) RC500-CO2, b) RC500-CO2-HNO3, ¢) DF500-CO», and d)
DF500-CO2-HNO:3
Thus, while the reduction of ash content by HNO3 post-treatment was found not to have any

significant effect in decreasing electrostatic interactions, this post-treatment method also added
hydroxyl groups to the biochar surface which had the effect of increasing electrostatic

interactions, and consequently, the adsorption of cationic compounds such as MB increased.

3.6.2 Effect of H,O2 Post Treatment on Adsorption Mechanisms

Post-treatment of biochar using H>O» oxidation has been found to oxidize the surface,
specifically through the addition of the hydroxyl functional groups on the surface (38). This has
the effect of increasing the amount of negatively charged sites on the biochar surface and thus,
increasing electrostatic interactions. However, the effect of hydroxyl groups may also affect 7-
EDA interactions which has not been thoroughly investigated in the literature. Hydroxyl groups,
when substituted to aromatic rings, have electron-donating properties due to inductive effects. To
investigate the extent of the effect of additional hydroxyl groups on - m EDA interactions,
RC800- CO2 and DF800-CO; biochars were treated with H>O». These biochars were chosen due
to their strong - m EDA interactions, evidenced in the previous section. Hydroxyl addition was
confirmed to have succeeded given the higher oxygen content shown for the post-treated

biochars, presented in Table 3.1. Looking at the FTIR spectra for the RC800-CO2, RC500-CO,
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DF500-CO., and DF800-CO> compared to after H,O; treatment in Figure 3.3, there is a
noticeably larger O-H and C-O stretches visualized by the peaks at the 3000 cm™!, and 1500 cm™
after treatment for each of the biochars produced at both pyrolysis temperatures. Interestingly,
the results show that the surface area of the biochars that were pyrolyzed at 500°C decreased
after oxidation, while the RC800-CO, and DF800-CO, saw an increase in surface area to 708 and
461 m?/g respectively. This is consistent with literature results, which reported the surface area
increases more for biochars produced at higher pyrolysis temperatures (39,40). The lower
oxygen content, such as for the DF800-CO> biochar, leaves more carbon for the H>O; to react
with and break down resulting in a larger porosity and greater surface area (39). The decrease in
surface area after oxidation of the RC500-CO;-H202 and DF500-CO2-H20: is most likely due to
the collapse and filling of pores as the carbon surface is broken down as it reacts. This is seen to
be an even more significant breakdown than was seen by increasing the pyrolysis temperature.
The SEM images and EDX spectra in Figure 3.4 show that there is little change in the biochar’s
physical structure after oxidation for any of the biochars, with the biochar comprising relatively

equal-sized particles before and after.
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The adsorption results for the biochars before and after oxidation treatment are shown in

Figure 3.5, where it is clear that there is a drastic difference in the adsorption trends of the test
compounds after post-treatment for both biochars, with the order of adsorption capacities for the
test compounds being nearly reversed after treatment. Both the DF and RC-derived biochars had
high adsorption capacities for ACT, IBU and MO under basic conditions and had the lowest
adsorption capacity for MB. After H>O» treatment, both RC500-CO;-H>0,, RC800-CO»- H202,
DF500-CO»-H20>, and DF800-CO»- H>O> exhibited a decrease in adsorption capacity of all test
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compounds except for MB, with RC500-CO;-H>0, and DF500-CO>-H>0O> only showing an
increase in adsorption under basic conditions. High MB adsorption indicates that there is a strong

electrostatic interaction, and the observed increase in adsorption indicates that the added

hydroxyl groups do increase electrostatic interactions due to the addition of negatively charged

sites. Hydroxyl groups will also become more deprotonated at higher pH, which explains the

trend in increasing adsorption with pH for MB and decreasing adsorption for IBU and MO for
RC800-CO,-H20; and DF800-CO»-H>0,.
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Figure 3.5 Adsorption capacities of IBU, ACT, MO, and MB with increasing pH for
a) RC500-CO2, b) RC500-CO2-H203, ¢) RC800-CO2, d) RC800-CO2-H202, e) DF500-COy, f)
DF500-CO»-H203, g) DF800-CO», and h) DF800-CO>-H>0, where adsorption was performed
using 50ppm of compounds and 50 mg of biochar in 15mL solutions

As well, the broad peak in the FTIR spectra in Figure 3.3, around 1700 cm™' corresponding

to the C=0 stretch, decreases after treatment suggesting that there is a decrease in carbonyl

functional groups while hydroxyl groups increase. This means that the surface electron donating

groups (OH) increased, while the electron-withdrawing groups (C=0) decreased, thus

strengthening EDA interactions with compounds with EWGs. After oxidation, the woody

biochar’s adsorption of MO decreased with increasing pH, while the opposite was observed

before H,O; treatment. As explained earlier, this is due to electrostatic interactions which then

overpower the - T EDA interactions responsible for the high adsorption capacity of MO that

was seen for the untreated biochars. It is important to note that for the RC800-CO» and DF800-

COgo, the overall - 7 interactions did not decrease as the adsorption for IBU, whose structure
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contains neither electron donating nor withdrawing groups, was absorbed in a similar amount by
the non-treated biochars under acidic conditions. This is because IBU is neutral at acidic pH, and
there able to undergo m- m stacking in the presence of hydroxyl groups or not. On the other hand,
ACT was seen to have lower adsorption compared to IBU for the post-treated biochar at low pH,
as opposed to equal adsorption capacities before treatment. This indicates that the increased
presence of hydroxyl groups hindered the - m EDA interactions while not affecting - «
stacking interactions. Since there is a decrease in aromaticity shown by the increase in the H/C
ratio and loss of aromatic C=C stretching peak in the FTIR spectra, it is implied that the oxygen
functional groups play a larger role in m-interactions than aromaticity.

To see the effect of oxidation on biochars that have a dominant electrostatic adsorption
mechanism, the RC500-CO;, and DF500-CO; biochars were also treated with H>O». The
adsorption results are shown in Figure 3.5 where the electrostatic interactions increase, given the
significantly higher adsorption capacities of MB after post-treatment. The adsorption capacities
of IBU, ACT and MO do not increase after treatment, indicating that this biochar did not see an
increase in - T EDA interactions like the biochars produced at higher temperatures. This is

attributed to low aromaticity, while electrostatic interactions are due to greater hydroxyl groups.

3.6.3 Effect of KOH Post Treatment on Adsorption Mechanisms

KOH chemical activation is a common post-treatment method used to increase the surface
area of biochar to improve its adsorption capacity for compounds such as metals or organic
compounds (4/—43). The chemical activation mechanism first involves the reaction of KOH with
the carbon surface of the biochar at 760°C, shown in equation (1), where K,CO3 and K>O are
produced along with H> gas (44). KOH also breaks down following the reaction displayed in
equation (2), while the K>O produced by these reactions reacts with CO; to produce K>COs as
shown in equation (3) (44).

4KOH + C = K»CO3 + K0 + 2H> (1)

2KOH - K0 + H0 (2)
K20 + CO; = K,COs (3)
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The K2CO3 and KO then further react with the carbon surface following equations (4) and (5),

breaking down the carbon structure and increasing surface area and porosity (44,435).

K2COs +2C > 2K +3CO (4)
K20 +C > 2K + CO (5)

The remaining metallic K left on the biochar structure is then washed off with DI water after
activation (44). Lu et al. reported that the surface O-containing groups of the biochar play a key
role in the chemical activation process as they can react with KOH during the activation process
and should therefore be considered in terms of adsorption mechanisms. (46). To investigate the
effect of this surface modification on the adsorption mechanisms for organic compounds, the RC
and DF biochars pyrolyzed at both 500°C and 800°C were activated using KOH, and the
physical characteristics are presented in Table 3.1. As expected, the surface area of the biochars
increased significantly after activation, as did the pore diameter of the RC800-CO>-KOH and
DF800-CO»-KOH. The SEM images and EDX spectra in Figure 3.6 show that while the KOH
activation had the effect of increasing surface area and porosity, for all biochars it was not found
to significantly affect the physical characteristics, with the RC500-CO,-KOH and DF500-CO»-
KOH biochars being made up of relatively larger particle sizes around 200um in size compared

to RC800-CO2-KOH and DF800-CO2-KOH biochars around 50 um, as before post-treatment.

C
o
Si
Na
K
3
Al
a
Ca

92



M Spectrum 1
Wit%
C 811
o 167
si 15
07

I Spectrum 1
Wt%
766
65
16
13
03
02
01
01
00

W Spectrum

o
03
03
0.1
0.1

o
03
02
0.1

01
00
0.1
00
00
00
00
00

1

08
07
02
02
01
0.1

M Spectrum 1

o
04
04
0.1
0.1
0.1
0.1
0.1
0.1
0.1

mm x100 BSE-COMP

ek A
SU3900 15.0kV 6.1

7 SN 4
SU390015.0kV 6.0mm x100 BSE-COMP

93

M Spectrum 2
W%

M Spectrum 2

o
07
05
02
02
05
03
01
0.1




I Spectrum 1
W% o
c %2 04
o 56 04
a 17 01
04 01

Figure 3.6 100X SEM images of a) RC500-CO3, b) RC800-CO2, ¢) RC500-CO2-KOH d)
RC800-CO2-KOH, e) DF500-COz, f) DF800-CO2, g) DF500-CO2-KOH, h) DF800-CO.-KOH
The oxygen content was also found to have increased after KOH treatment for both RC
and DF-derived biochars at both pyrolysis temperatures. Looking at the FTIR spectra in Figure
3.7, it can be seen that the RC500-CO,-KOH and DF500-CO,-KOH biochars have a very broad
peak around 1000 cm™, a smaller shoulder peak at 1500 cm™ corresponding to aromatic C=C,
and C-O stretches respectively. In comparison, the spectra for the pre-activated RC500- CO2 and
DF500- CO; biochars had stronger aromatic C-O and O-H stretching absorbance peaks. This is
indicative of a loss of surface hydroxyl groups. However, a peak was observed around 1700 cm!
which is representative of a carbonyl stretch (C=0). The RC800-CO,-KOH and DF800-CO»-
KOH biochars both showed the same peaks as before activation, having lower intensity O-H,
aromatic C=C and C-O-C stretches and a stronger C=0 stretch around 1700 cm™'. Therefore,
KOH activation was found to increase surface porosity, aromaticity, and oxygen functionality,
specifically increasing the number of carbonyl functional groups while decreasing hydroxyl
groups. This allows for the investigation into the effects of carbonyl functional groups on the

adsorption mechanisms of biochars towards aromatic compounds.
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Figure 3.7 ATR-FTIR spectra of) RC500—-CO and RC500-CO,— KOH, and b) RC800—CO>, and
RC800-CO,-KOH, c¢) DF500-CO2 and DF500-CO,-KOH, and d) DF800-CO., and DF800—

CO,-KOH

KOH activation of the 500 and 800 biochars was able to compare the effect of carbonyl

functional groups on the adsorption mechanisms for aromatic compounds, specifically for 7-m

EDA interactions. Both the RC800-CO; and DF800-CO» biochars became aromatic with

carbonyl and hydroxyl functional groups after treatment, with the biochar pyrolyzed at lower

temperature having slightly less aromaticity according to H/C ratios determined through

elemental analysis. The adsorption results, presented in Figure 3.8, show that after the RC800-

CO» and DF800-CO; are activated, the relative adsorption capacities of the test compounds are



in the order of MB>MO>ACT>IBU, with the greatest difference in adsorption mechanisms
before activation being the increase in adsorption of MO under acidic conditions. The lower
adsorption of IBU indicates that the EDA interactions are relatively stronger, and the OH surface
groups are most likely responsible for the increased adsorption of MO under these conditions.
The pH effects of the adsorption of MO are also lost after activation, indicating that the -
EDA interactions are stronger than the electrostatic repulsion between the MO and the negative
sites of the biochar under basic conditions. MO is also adsorbed significantly more than IBU and
ACT. Since both are aromatic compounds but neither contains electron-withdrawing groups
(EWGs) like MO, it can be concluded that the increase in - m EDA interactions is specific to
compounds with EWGs. This is logical given the electron-donating properties of hydroxyl
groups due to their inductive effects.

The RC500-CO2-KOH and DF500-CO2-KOH biochars had adsorption mechanisms similar
to that of the DF800-CO> biochar, where there was high adsorption of all test compounds except
for MO under low pH. The only difference for the KOH-treated biochars is that IBU was also
seen to decrease in adsorption with pH. This is due to the electrostatic interactions repelling IBU
as it becomes anionic, originating from the increase in oxygen groups and negatively charged
surface sites after activation. However, MO is negatively charged under these conditions as well
but has much higher adsorption, indicating that this must be due to EDA interactions as MO has
both EWGs and EDGs. This therefore further confirms that the aromaticity and carbonyl groups
that were found to increase after treatment, resulted in in an increase in EDA interactions for

biochar produced at either pyrolysis temperature.
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Figure 3.8 Adsorption capacities of IBU, ACT, MO, and MB with increasing pH for
a) RC500-CO», b) RC500-CO2-KOH c) RC800-CO2, d) RC800-CO2-KOH, e) DF500-CO», f)
DF500-CO,-KOH, g) DF800-CO3, and h) DF800-CO>-KOH where adsorption was performed
using 50ppm of compounds and 50 mg of biochar in 15mL solutions

3.7 Conclusion

This study investigated the physical properties responsible for biochar’s adsorption

mechanisms towards aromatic organic compounds in water after three post-treatments, HNO3,

H>0,, and KOH, on different RC and DF biochars prepared under CO; at 800°C. The use of

HNO:s treatment introduced hydroxyl groups and decreased ash content, allowing for

investigation of both properties’ effects on electrostatic interactions. It was found that the

adsorption mechanisms were not very dependent on the mineral content of the biochar but were

influenced much more by the oxygen-containing functional groups. To further investigate the

effect of hydroxyl groups, woody biochars RC500-CO», DF500-CO,, RC800-CO>, and DF800-
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CO» were treated with H>O» to increase aromaticity and OH surface groups. These tests showed
that OH groups increased electrostatic interactions for all the biochars while increasing m-
EDA interactions with compounds with EWGs for the RC800-CO,, and DF800-CO; biochars
due to their greater aromaticity and electron-donating effects of the hydroxyl groups. The effect
of carbonyl groups was investigated using chemical activation with KOH as a post-treatment,
which increased C=0 surface groups to the DF500-CO,, and DF800-CO; biochars and increased
the aromaticity of the DF500-CO,. These results showed that increasing aromaticity had the
effect of increasing the relative strength of the EDA interactions, and that carbonyl functional
groups increased these interactions with compounds containing EDGs. Given this, in
combination with the results presented in Chapter 2, biochar adsorption mechanisms of all of the
biochars tested in this thesis, up to this point are summarized in Table 3.2. Because the main
factors contributing to which adsorption mechanism the biochar will have toward the aromatic
test compounds were the aromaticity, hydroxyl and carbonyl functional groups, there were found
to only be five main combinations of these properties resulting in five main categories for
biochar adsorption mechanisms. Knowing this, it will become important to understand how these
different adsorption mechanisms behave in real-world settings, such as more complex mixtures
of compounds that may compete for adsorption mechanisms. This is investigated further in the

preceding chapter 4.

Table 3.2 Summary of biochar adsorption mechanisms, physical characteristics and pyrolysis

conditions
Adsorption Mechanisms Physical Pyrolysis Conditions
Strong Weak Properties Biomass | Pyrolysis | Pyrolysis | Post-
Temp. Gas Treatment
(O
T-T e Electrostatic e High Woody | >600 CO2
* EDAwith aromaticity I Non- | >600 CO: KOH
EWG woody
-1 Non- >600 CO2
Woody
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Electrostatic EDA with High Woody | >600 CO: H20:
EDG aromaticity
O-H groups
Electrostatic T-T High Woody | <600 CO;
EDA with EDA with aromaticity Woody | >600 cOo, KOH
EWG EDG Ether + O-
H groups
Electrostatic TT-T O-H groups | Non- Any N2
EDA with Low Woody
EWG and aromaticity | Non- <600 CO2
EDG Woody
Any <600 CO2 H20;
Electrostatic -1 High Woody | >600 N2
EDA with aromaticity
EDG C=0 groups Woody | <600 COs KOH
Low O-H
groups
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Chapter 4

4 Competitive Adsorption of Acetaminophen, Methyl Orange and Methylene
Blue by Five Biochars with Different Adsorption Mechanisms

4.1 Statement of Authorship

The contents and some of the data of the following chapter have been submitted to be
published in the journal, Chemosphere. The author of this thesis was responsible for a majority
of the work herein, including experimental design and execution including biochar
characterization, adsorption experimentation, data processing and analysis, as well as the writing
of the manuscript and participating in the editing and review of the manuscript along with
supervisors Dr. Yeung, Dr. Berruti and Dr. Klinghoffer.
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4.3 Chapter Abstract

This study investigates the adsorption of methyl orange (MO), methylene blue (MB), and
acetaminophen (ACT) using biochars produced from Douglas fir and Miscanthus at different
temperatures and with different post-pyrolysis treatments that added surface functional groups.
Compounds were adsorbed separately and in mixtures to examine the competitive nature of the
adsorption of these compounds. MO is known to interact with MB and ACT, while MB and ACT
are not likely to interact due to both having electron-donating groups. When comparing the biochar
adsorption capacities for these compounds when alone and mixed, biochars with both hydroxyl
and carbonyl surface functional groups had higher adsorption capacities for the tested compounds
when they were in mixed solutions. Biochars with only hydroxyl groups exhibited competing
adsorption mechanisms and poorer adsorption capacities of aromatic compounds in complex
solutions. This provides an understanding of how competing adsorption mechanisms of aromatic
compounds by biochars vary depending on the dominant adsorption mechanisms of the biochar,

which will allow for more effective real-world applications for water purification in the future.

4.4 Introduction

Rising environmental and health concerns due to water contamination from organic
pollutants due to industrial and agricultural wastes are driving research into sustainable methods
of water treatment (1,2). Organic dyes, antibiotics, petroleum hydrocarbons, and persistent
organic matter including various pharmaceuticals are all examples of common contaminants
found in wastewater for which adsorption has proven to be the most effective and sustainable
method for water treatment (2—5). There exist different adsorbents that have been investigated in
the past including activated carbon, zeolite, silica gel, modified chitosan and carbon, however,
biochar has the advantage of both economic feasibility and sustainability (6—10). Biochar is a
low-cost carbonaceous by-product of the pyrolysis of waste biomass which has been utilized in a
wide variety of applications including separation, carbon sequestration, energy
storage/conversion and water filtration (1,10—13). Biochar is increasingly being considered for
use in adsorption applications due to its unique physicochemical properties including high
microporous volumes, high aromaticity, abundant surface oxygen-containing functional groups,
huge specific surface area (SSA) as well as low cost (1,14-18). In particular, there has been a

large amount of recent research into the adsorption of organic compounds by biochar (19-21).
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However, many of the existing studies have only looked at the adsorption of individual organic
species, while pollutants in the environment exist in the presence of other species (22,23).

Limiting adsorption studies only to individual compounds provides an incomplete
understanding of the biochar’s potential for the removal of organic compounds in a
multispecies/multi-component system. The competitive adsorption under multispecies systems
has received very little attention. This study provides insight into the sorption of organic
compounds in multicomponent solutions, providing insights into how the adsorption mechanisms
may differ under these complex circumstances. Some studies have been done on the competitive
adsorption of metals, however, the competitive adsorption of complex mixtures of organic
compounds remains sparse (24-26). Of the few studies, there were mainly antagonistic effects
observed whereby compounds compete for adsorption sites. However, there is little investigation
into the effects of intermolecular interactions between compounds, and how these are affected by
the adsorption mechanisms of the biochar (27,28).

The adsorption mechanisms depend on the physical characteristics of the biochar which
are impacted by the biomass properties and pyrolysis conditions (ex. temperature, flow gas,
residence time) (19,29). To investigate the effect that different adsorption mechanisms may have
on competitive adsorption, five biochars were investigated in this work with varying properties,
which result in different adsorption mechanisms including m-rr electron donor-acceptor (EDA)
interactions and electrostatic interactions. These interactions and mechanisms have both been
found to be influenced by the physical characteristics of the biochar including aromaticity and
oxygen-containing functional groups. Methyl orange (MO), methylene blue (MB), and
acetaminophen (ACT) were used as test organic compounds, where three competitive adsorption
tests of each possible pairing were done for each of the five biochars. These compounds were
chosen since they are common pollutants found in water sources, aromatic, and active within the
UV-visible spectrum. Also, while MB and ACT have electron-donating groups, MO has electron-
withdrawing groups allowing testing for situations where the compounds were likely to interact
with one another, such as MB and MO, and when they would not such as for MB and ACT. The
biochars chosen for investigation were chosen such that they each had different adsorption
mechanisms and physical characteristics. Miscanthus-derived biochar at lower pyrolysis
temperature was chosen because of its lower aromaticity and high hydroxyl groups, giving the

biochar strong electrostatic interactions. Douglas Fir biochar pyrolyzed at higher temperatures
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was also investigated, as well as the biochar after oxidative post-treatment with H>O, and KOH
to investigate the effect of the increased oxygen content these treatment methods have shown to

give biochars (30,31).
4.5 Materials and Methods

4.5.1 Materials

Douglas fir (DF) biomass was supplied by a local furniture manufacturer in London, Ontario,
Canada and miscanthus (MC) biomass was collected from near London, Ontario, Canada. Before
the pyrolysis, the biomass was pulverized using a blade grinder mill and sieved to the particle size
range of 0.3-0.6 mm using standard test sieves (W.S. Tyler, USA). The compressed CO gas used
for pyrolysis was purchased from Praxair Canada Inc. 85% Methylene blue (MB) (product
#7220793), 85% methyl orange (MO) (product #1002790460), >98% ibuprofen (IBU) (product
#102051532), and >98% acetaminophen (ACT) (product #1002893831) used as adsorbates were
purchased from Sigma Aldrich, Canada.

4.5.2 Preparation of Biochars

DF and MC biomasses were pyrolyzed in a tube furnace by heating at 10°C/min until 500°C
or 800°C and held for 3 hours under a carbon dioxide atmosphere with a gas flow rate of 2
NL/min. Four DF biochars were produced, one at 500°C which was then treated with KOH, and
three at 800°C, one of which was treated with KOH, one with H>O» and the other was not
modified further and is referred to with the abbreviation for the biomass followed by the
pyrolysis temperature and then the pyrolysis gas and post-treatment if applicable, i.e., DF800-
CO». MC was only pyrolyzed at 500°C to produce a biochar referred to as MC500-CO».

4.5.3 H>0O; Post-Treatment

H>0, post-treatment was based on the method by Huff et al. (7/27), where treatment of
DF800-CO; biochar was done by mixing 1g of biochar with 50 mL of 9.8 M H>O» at room
temperature for 1 hour before filtering it through Whatman filter paper No. 1 and washing it with
DI-water. The oxidized biochars were then dried at 105°C overnight and referred to as DF800-
CO2-H:0,.
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4.54 KOH Post-Treatment

KOH treatment was based on the procedure proposed by Lu et al. (128), where 5 g of
DF500-CO., and DF800-CO- biochars were each separately placed in 100 mL of SM KOH and
left to mix for 1 hour at room temperature before being filtered through Whatman No.1 filter
paper, washed with DI-water, and dried overnight at 105°C. The biochars were then activated in
a tube furnace at 700°C with a ramp rate of 10°C/min for 1 hour under 2 NL/min flow of No.
After activation, the biochars were then washed again with DI water and dried overnight at
105°C. The post-treated biochars were then referred to as DF500-CO,-KOH and DF800-CO»-
KOH.

4.5.5 Biochar Characterization Methods

4.5.5.1 CHNS-O Elemental Analysis
CHNS-O elemental analysis was done for all of the biomass samples and was performed
following the ASTM standard (ASTM D1762-84) using a Netzsch Vulcan D-550 muftle oven.
Elemental analysis of carbon, hydrogen, nitrogen, and sulphur was carried out using the model
Thermo Flash EA 1112 series CHNS analyzer (Thermo Fisher Scientific, USA). Samples were
combusted at 900 °C under helium with a known amount of oxygen. The oxygen content in the
sample was calculated by mass difference. The results were measured in triplicates and presented

as averages with standard deviations.

4.5.5.2 ATR-FTIR Spectroscopy
The surface organic functional groups present in the samples were detected using Fourier
Transform InfraRed (FT-IR) spectroscopy using a Platinum® attenuated total reflectance (Pt-
ATR) attachment equipped with a diamond crystal in the main box of a Bruker Tensor II
spectrometer. During the analysis, the sample in powder form was scanned within the range of
400-4000 cm™! at a resolution of 4 cm™ under transmittance mode and 32 accumulations for each

spectrum.

4.5.5.3 BET Surface Area

Samples were tested for Brunauer-Emmett-Teller (BET) surface area with a Nova 2000e
Surface Area and Pore Size Analyzer (Quantachrome Instrument, Florida, US). The

physisorption measurements were performed via N> adsorption-desorption experiments at 77.35
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K. Samples were degassed at 105°C for 1 hour to remove moisture, then the temperature was

increased to 300°C and maintained for at least 3 hours before each analysis.

4.5.6 Adsorption Mechanisms Tests

The adsorption mechanisms were investigated by placing 25 mg of each adsorbent biochar
sample in a 20 mL test tube containing 15 mL of a 3 mM H3PO4 solution and 100 ppm of the test
compound at the desired pH. Adsorption experiments were carried out at relative pH values of 2,
6, 8, and 11. The pH was controlled with a phosphate buffer, prepared with 3 mM H3POs, and the
pH was adjusted by adding NaOH. Samples were agitated for 1 hour at 25 °C and filtered through
Whatman No. 1 filter paper. The pH of the filtrate was determined after filtering using a pH meter
(Thermo Scientific, Orion Star). The concentration of adsorbate remaining in the filtrate was
determined at 220, 243, 464, and 668 nm for IBU, ACT, MO, and MB, respectively, using a UV-
visible spectrophotometer (Thermo Scientific, Evolution 220). Samples were analyzed in
triplicates, and their average absorbances were recorded. The adsorption capacity was defined as

the amount of chemical adsorbed per unit mass of the tested adsorbent (mg/g).

4.5.7 Competitive Adsorption Tests

The competitive adsorption mechanisms were investigated by placing 25 mg of adsorbent
(biochar) in 20 mL test tubes containing 15 mL of a 3 mM H3POs solution containing 100 ppm of
each of the two compounds without adjusting for pH so that the solution remains acidic as MO
only has EWGs under these conditions. The performance under these conditions was compared to
the adsorption of each compound individually at acidic pH. Adsorption tests were performed with
the following mixtures for each biochar: MO and MB, MO and ACT, and ACT and MB. Samples
were agitated for 1 hour at 25 °C and filtered through Whatman No. 1 filter paper. The pH of the
filtrate was determined using a pH meter (Thermo Scientific, Orion Star). The concentration of
adsorbate remaining in the filtrate was determined at 243, 464, and 668 nm for ACT, MO, and MB,
respectively, using a UV-visible spectrophotometer (Thermo Scientific, Evolution 220). Samples
were analyzed in triplicates, and their average absorbances were recorded. The adsorption capacity

was defined as the amount of chemical adsorbed per unit mass of the tested adsorbent (mg/g).

111



4.6 Results and Discussion

4.6.1 Adsorption Mechanisms of Biochars

Previous studies have found that the characteristics that have the biggest impact on the
adsorption mechanisms of aromatic contaminants are the aromaticity, and the oxygen functional
groups (34-36). The aromaticity is often indicated by the H/C ratio, calculated by the elemental
analysis. The oxygen functional groups, which can be characterized by FTIR spectroscopy,
commonly consist of carbonyl groups that have electron-withdrawing effects or hydroxyl groups
that have electron-donating effects. Hydroxyl groups are also the main moieties that give biochar
its highly negative surface charge, acting as negatively charged sites upon deprotonation, while
carbonyl groups are not able to significantly contribute to electrostatic interactions (37). This
means that a greater number of hydroxyl groups will result in both greater electrostatic
interactions and - EDA interactions with compounds containing EWGs. Conversely, a greater
number of carbonyl groups relative to hydroxyl groups could mean that an increase in -t EDA
interactions with compounds with EWGs will also mean a decrease in electrostatic interactions.
Table 1 shows the surface areas of the biochars produced. While surface area impacts the overall
adsorption capacity, the adsorption mechanisms are more likely to be influenced by surface
functionalities. Given these trends, five biochars were chosen to represent the various types of
physical characteristics influential towards adsorption. MC500-CO; was chosen since it is a
biochar with low aromaticity and a relatively higher amount of oxygen groups giving it very
strong electrostatic interactions. DF800-CO; was chosen due to its high aromaticity but relatively
lower oxygen content, while DF800-CO>-KOH and DF500-CO>-KOH were selected as they had
similarly high aromaticties to DF800-CO», with mainly hydroxyl and carbonyl groups
respectively. DF800-CO2-H20; was also investigated due to its high aromaticity and strong
electrostatic interactions that it was found to have due to a strong repulsion to MB with
increasing pH. All of these biochars along with their adsorption mechanisms are presented in

Table 4.1.
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Table 4.1 Adsorption mechanisms, elemental composition and surface parameters of biochars

Biochar Adsorption Mechanisms Elemental Analysis (%omass) BET | Average | Average
Strong Weak C H N O* | Ash | H/C | SSA Pore Pore
(m?/ | Volume | Diameter
9 | (cm®g) (nm)
DF500- | -Electrostatic | -m-mr stacking | 80.3 | 1.23 | 0.01 | 15.6 |2.89 |1.5*1 |395 |0.22 2.18
CO.- | -EDA with + + + + + 02
KOH EDGs 2.9 0.3 0.01 | 1.7 2.0 +
0.006
DF800- | -m-m stacking | -Electrostatic | 57.2 | 1.00 | 0.69 | 7.07 | 34.0 |1.7*1 | 461 |0.29 0.248
CO2 -EDAwith | + + + + +3. |02
EWGs 38 {02 004 |38 |1 T
0.003
DF800- | -m-m stacking | -EDA with 64.7 | 1.85 | 1.28 | 12.1 | 20.1 |29*1 |676 |0.40 2.37
CO2- | -Electrostatic | EDGs + + + + + 02
H20: 08 (02 |01 |09 |07 |&
0.003
DF800- | -Electrostatic | -m-m stacking | 65.0 | 0.01 | 0.05 | 215 |13.4 [15*1 | 606 |0.36 2.35
CO2- | -EDA with -EDA with + t +0.0 | + +0.8 | 0*
KOH EWGs EDGs 0.7 0.00 |8 0.8 +
1 0.000
01
MC500- | -Electrostatic | -m-m stacking | 63.1 | 1.12 | 0.64 | 29.4 |8.84 |24*1 |64 0.055 3.42
CO2 -EDA with | + + + + + 0
5.8 0.3 0.1 6.1 0.5 +
0.005

* Measured by difference (Total mass-C-H-N-Ash=0)

DF800-CO; had very high aromaticity, evidenced by the low H/C ratio, (Table 1). which

resulted in strong - interactions with the adsorbents. The carbonyl groups that were present on

the surface (Figure 4.1) resulted in strong adsorption of compounds with EDGs. This is
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evidenced by the higher adsorption of MO under basic conditions compared to acidic conditions,

shown in Figure 4.2a. This is likely due to the carbonyl groups acting as EWGs which attract

MO due to m- EDA interactions and the fact that there are few hydroxyl groups to act as

negatively charged sites to repel it. This explains the low electrostatic interactions; in the case of

strong electrostatic interactions, MO would have had lower adsorption when anionic in basic pH
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Figure 4.1 ATR-FTIR spectra of DF500-CO, DF800-CO,, DF800-CO2-H>02, DF800-CO;-

KOH, and MC500-CO»

Biochar produced at 500 °C with KOH post-treatment (DF500-CO2-KOH) also has a

similar high aromaticity and low H/C ratio and therefore m-m interactions. However, it was found

to have a greater peak for O-H stretches while also having a distinct peak for a carbonyl C=0

stretch in the FTIR spectrum presented in Figure 4.1. This suggests a larger amount of hydroxyl

groups on the surface along with the carbonyl groups, giving the biochar slightly stronger

electrostatic interactions while maintaining dominantly strong - EDA interactions with
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compounds with EDGs such as ACT. As shown in Figure 2b, ACT had the highest adsorption of
all the compounds tested with DF500-CO,-KOH. Unlike DF800-CO3, the presence of hydroxyl

groups also increased electrostatic interactions, indicated by the decrease of IBU and increase of

MB with increasing pH.

o
o
S

o
e

5
= 18U - = 1BU 50

® ACT & ACT .
A MO A MO

e
S
=
@
4
s
=3
L
-

w
S
'
w
S
L

I
S
'

Adsorption Capacity (mg/g)
8
L

Adsorption Capacity (mg/g)
v i
»
Adsorption Capacity (mg/g)

3
L
S
L

o

o

pH pH

(=9
(¢

3

- = 1BU = IBU
—y . * ACT * ACT

404 R v MB v MB

o) w B
=3 S S
L L L

Adsorption Capacity (mg/g)

s
L

o
| 3
4
]
F
b
n

pH pH

Figure 4.2 Adsorption capacities of IBU, ACT, MO, and MB with increasing pH for a) DF500-
C0O2-KOH, b) DF800-COz, ¢) DF800-CO2-H203, d) DF800-CO2-KOH, and ¢) MC500-CO>
where adsorption was performed using 50ppm of compounds and 50 mg of biochar in 15mL

solutions

Biochar that was produced at 800 °C and treated with KOH (DF800-CO>-KOH) had high
aromaticity and contained primarily hydroxyl groups with no carbonyl groups observed in the
FTIR spectrum (Figure 4.1). This biochar showed the highest adsorption capacities for MO and
MB at low pH compared to IBU and ACT in Figure 4.2¢. This is due to electrostatic interactions
along with m-m EDA interactions with EWGs present in MO and MB.

After H>O; treatment, the DF800-CO- biochar became more aromatic with slightly more
oxygen groups, however fewer oxygen groups than KOH treatment or MC biochar. This is
evidenced by the fact that the relatively high H/C ratio in Table 4.1 for the DF800-CO-H>0>

and the second-lowest oxygen content at 12.1%. According to the results on the functionality of
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the biochar in the FTIR spectrum in Figure 4.1, there is a strong peak correlating to the C-O-C
stretch and another for the O-H stretch indicating that the oxygen content that is present in the
biochar is made of hydroxyl and ether groups, both of which are EDGs. Looking at the
adsorption results in Figure 4.2¢, this biochar had high adsorption of MO at low pH which
decreased significantly at higher pH and high adsorption of MB. This means there are strong -7
EDA interactions with compounds with EWGs such as MO, but more importantly, there are
stronger electrostatic interactions which are responsible for the high adsorption of MB and the
decreasing adsorption of MO.

Lastly, MC500-CO- had one of the lowest aromaticity of the biochars, and the greatest
oxygen content, comprised mainly of ether and hydroxyl groups given the C-O-C and O-H
stretches around 1000 and 3000 cm™! in the FTIR spectra in Figure 4.1. Thus, MC500-CO>
showed significantly greater electrostatic interactions than - interactions, given that MB was
the only compound that was significantly adsorbed, due to the electrostatic interaction between
the negatively charged sites from the deprotonated hydroxyl groups on the biochar and the

cationic moieties on the MB.
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4.6.2 Competitive Adsorption of Methyl Orange and Methylene Blue
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Figure 4.3 Schematic of possible intermolecular interactions between a) MO and MB, b) MO and
ACT, and ¢) ACT and MB

The different biochar samples were used to adsorb MO and MB individually and in a
mixture. The structures of MO and MB, schematically shown in Figure 3a, can help explain the

behaviour observed. MB can undergo a charge transfer interaction with MO given the electron-
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donating amine group bonded to the aromatic ring of the MB, and the electron-withdrawing
sulphate group on the MO (38-41). MO is also able to electrostatically interact with MB through
their ionic charges (42). The adsorption of MO and MB individually, and in a mixture are shown
in Figure 4 for all of the biochars investigated. DF500-CO2-KOH and MC500-CO2 biochars
both showed an increase in the adsorption of MO and MB when in a mixture, indicating that the
combination of these compounds results in a synergetic increase in adsorption. Multiple
possibilities could explain this trend in adsorption. This could be due to a complex that is formed
by the intermolecular interactions of MO and MB which has a stronger affinity towards the
biochar than the compounds do individually. Another explanation may be that the mechanisms
through which MO and MB are adsorbed are different, so they do not compete for adsorption
sites. Thirdly, another possibility is that when MO is adsorbed via m-m EDA interactions, MB
will then be attracted to the MO on the biochar surface. In the case of MC500-CO2, MB would
be adsorbed onto the surface first via electrostatic interactions and MO would then be attracted to
the adsorbed MB since this biochar has shown stronger electrostatic interactions as previously
stated. DF500-CO2-KOH has strong electrostatic interactions and strong EDA interactions with
compounds with EDGs and EWGs, while MC500-CO2 has very strong electrostatic interactions
and weak -1 interactions. MO was not adsorbed at all by MC500-CO», therefore the increase in
adsorption of MB by adding MO is most likely due to the MB adsorbing first onto the surface of
the biochar, thus providing sites for adsorption of MO. Once MO adsorbs to the surface, MB will
be adsorbed further allowing for increased adsorption of both compounds. This would be less
likely to happen when either compound is adsorbed alone as MB is more likely to interact with
MO due to its withdrawing groups than itself, given that aromatic compounds are less likely to

stack if they both have donating or both withdrawing groups.
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Figure 4.4 Adsorption Capacities of biochar in a solution containing MO, MB or mixtures of

these compounds for biochars a) DF500-CO»-KOH, b) MC500-CO», ¢) DF800-CO>, d) DF800-

C02-H203, and e) DF800-CO2-KOH

For biochar produced at 800 °C with no post-treatment (DF800-CO), the adsorption of MO

increased, and the adsorption of MB remained the same when they were combined as can be

seen in Figure 4.4¢. Given the strong - EDA interactions, especially with compounds with

EDGs, and weak electrostatic interactions, this biochar has strong adsorption of MB through m-

EDA interactions. A proposed explanation for the increase in MO when combined with MB is

that the MO is likely to interact with MB, which is well absorbed by the biochar. Thus, MO is

adsorbed more when adsorbed in multispecies solution with MB, as they are likely to interact via

intermolecular interactions. Since MB did not increase when adsorbed with MO, like what was
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observed for DF500-CO>-KOH and MC500-CO», DF800-CO; may adsorb the compounds via
similar adsorption sites. If there is competition for adsorption sites, then MB will be adsorbed at
a higher capacity as DF800-CO> has a higher affinity for this compound due to electrostatic
interactions. Therefore, the adsorption capacity of MB would not change, however, the
adsorption of MO will be increased by the presence of MB.

When biochar was treated with H>O, (DF800-CO»-H20.) the resulting biochar had high
aromaticity and contained hydroxyl functional groups only. The adsorption of MB in an
MB/MO mixture was lower compared to MB only while the adsorption of MO increased
slightly, as shown in Figure 4.4d. Due to hydroxyl surface groups, this biochar has strong
electrostatic interactions and EDA interactions with compounds with EWGs. Therefore, there
may be competition between adsorption sites, where MO is preferentially adsorbed as the w -
EDA interactions are stronger than electrostatic interactions. Since MB decreases in adsorption,
however, this means that there is more competition for adsorption sites and fewer intermolecular
interactions between compounds. The i -m EDA interactions observed for DF800-CO;-H>0: can
then be said to be stronger than those of DF800-CO», as they are great enough that the
compounds more favourably interact with the biochar than each other.

Biochar treated with KOH was used to adsorb MO and MB and the results are shown in
Figure 4.4e. The adsorption of MO and MB alone when combined followed different trends
compared to those of DF500-CO2-KOH and MC500-CO2. With KOH-treated biochar, the
adsorption of MO and MB decreased when adsorbed together. This suggests that the MO and
MB are adsorbed by the same sites, thus competing for adsorption. MO and MB are both able to
interact with aromatic groups that have hydroxyl substituents; MO via m-m EDA interactions, and
MB through electrostatic interactions. This would lead to competitive adsorption, explaining the
decrease in adsorption that was observed. The FTIR spectrum of DF800-CO,-KOH in Figure 1
shows stretches that are characteristic of hydroxyl groups, further suggesting that - EDA and

electrostatic interactions compete in this situation.

4.6.3 Competitive Adsorption Methyl Orange and Acetaminophen

ACT has both an amide and a hydroxyl group, both of which are electron-donating groups,
making this compound likely to have stronger charge transfer interactions with MO, as seen in

Figure 4.3b (43). ACT is also neutral at low pH, meaning that the complex formed by MO and
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ACT would have a zero net charge, decreasing potential electrostatic interactions (38,41,43). The
adsorption of MO and ACT individually and in binary mixtures was tested for the different
biochars and presented in Figure 4.5. Looking at the adsorption capacity of MO by DF500-CO2-
KOH, shown in Figure 4.5a, when in a solution of equal parts ACT and MO, there was a
significant decrease in adsorption of both MO and ACT. This would imply that ACT and MO
interact more with one another than the biochar, which would result in both being poorly
adsorbed by the biochar. This is the opposite result that was seen when MO was adsorbed with
MB by this biochar as shown in the previous section. Given that the most significant difference
between MB and ACT is the positive charge on MB, the complex formed from MO and MB is
likely adsorbed by electrostatic interactions which are not able to adsorb the MO and ACT
complex as it has a net neutral charge. The decrease in adsorption also indicates that there may
be competition for adsorption sites, or the intermolecular interactions between MO and ACT
cause a decrease in adsorption capacity relative to when the compounds are adsorbed separately.
Since DF500-CO2-KOH was shown to have strong m-m EDA interactions which would adsorb
MO and ACT via different sites, a possible explanation would be that MO and ACT are more
likely to undergo intermolecular charge transfer interactions between themselves than the -7
EDA interactions with the biochar. This interaction would be equally as likely for MO and MB,
however since MB can be adsorbed by electrostatic unlike ACT, there was the opportunity for
MO and MB to interact with both each other and the biochar thus increasing both their
adsorption capacities.

The adsorption capacity of MO increased relative to when adsorbed alone when combined
with ACT in the case of DF800-CO,, while the adsorption capacity of ACT remained the same,
as shown in Figure 4.5¢. This is similar to the results for MO combined with MB for this
biochar, except MO increases more when combined with ACT as opposed to with MB. This
indicates that the MO adsorption capacity is higher when adsorbed with ACT as it can interact
with ACT which has a stronger affinity towards absorption than the MO. Also, since this is the
same trend as was seen for MB, this implies that the adsorption mechanisms through which this
occurs are not the electrostatic interactions but - EDA interactions, as this is the only
interaction both ACT and MB can be absorbed by. This is consistent as this was determined to be

the strongest adsorption mechanism for this biochar.
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Figure 4.5 Adsorption Capacities of biochar in a solution containing MO, ACT or mixtures of
these compounds for biochars a) DF500-CO,-KOH, b) MC500-CO», c) DF800-CO, d) DF800-
CO»-H>0,, and e¢) DF800-CO»-KOH

For the DF800-CO2-H>0., when adsorbing both MO and ACT together, resulted in relatively

higher adsorption of MO while the adsorption of ACT remained the same as when adsorbed

alone. Figure 4.5d shows that the adsorption capacity of MO increased more when combined

with ACT than MB, and ACT was not seen to decrease in adsorption when combined with MO

as MB did. Since ACT does not have a positive charge, it instead has stronger electron-donating

groups and therefore the greater increase in adsorption of MO with ACT may be attributed to

stronger - EDA interactions towards ACT compared to MB. ACT and MO can also be said to

adsorb via different adsorption sites, while MB adsorbs at the same sites as MO and therefore

122



competes for adsorption. This is because ACT will be adsorbed at aromatic rings with electron-
withdrawing carbonyl groups, while MO and MB will be adsorbed at aromatic groups with
hydroxyl groups, due to both their negative charge and electron-donating character. This results
in competition between MO and MB, but not MO and ACT.

The adsorption capacities for DF800-CO>-KOH interestingly displayed the opposite trends
with respect to those observed for DF800-CO»-H>0O, and DF800-CO» were observed when
adsorbing MO and ACT together. Looking at Figure 4.5e, the adsorption of MO decreased while
the adsorption of ACT remained the same as when adsorbed separately. When MO was adsorbed
with MB, both compounds’ adsorption capacity decreased relative to when adsorbed separately,
possibly due to competition for adsorption sites. When MO was adsorbed with ACT on the other
hand, only the adsorption of MO decreased while ACT had no change in adsorption, suggesting
that the ACT adsorption mechanisms are stronger than that of MO. There was less evidence for
competition for adsorption sites than was seen for the DF800-CO»-H>O» and DF800-CO>
biochars, where there was an increase in the adsorption of MO. DF800-CO-H>0; and DF800-
CO; have more carbonyl groups, according to FTIR spectra in Figure 4.1, which only contribute
to - EDA interactions with compounds with EDGs, while DF800-CO»-H>0> was found to
predominantly have hydroxyl groups that contribute to both electrostatic and m-r EDA
interactions with compounds with EWGs. This would mean that the presence of carbonyl groups
and hydroxyl groups allows for multiple adsorption mechanisms without competition, therefore
increasing the adsorption capacities of the compounds since they can form intermolecular
interactions with one another. However, the greater the number of hydroxyl groups relative to
carbonyl groups, the more electrostatic and -m EDA interactions with EWGs will compete. This
could result in the decreasing adsorption of one or both compounds, depending on which
adsorption mechanism is stronger.

Lastly, MC500-CO2 showed no change in the adsorption of MO or ACT when combined, as
seen in Figure 4.5e. This is most likely due to this biochar having no strong adsorption of either

when adsorbed alone, the combination of the two did not affect adsorption.

4.6.4 Competitive Adsorption of Acetaminophen and Methylene Blue

The compounds MB and ACT both have electron-donating groups, as seen in Figure 4.3¢

and are less able to interact via a charge transfer interaction (39,43). There is however the
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possibility of a weaker cation-rr intermolecular interaction that can happen between ACT and the
positively charged MB (44). The adsorption of ACT and MB was investigated both separately
and in binary mixtures for each of the five biochars testes, as shown in Figure 4.6. When looking
at the change in adsorption capacities of ACT and MB when adsorbing together, DF500-CO»-
KOH, MC500-CO,, DF800-CO3, and DF800-CO2-KOH all showed no significant change in the
adsorption of MB or ACT when adsorbed together, except for a small decrease in adsorption for
both compounds. This may be due to MB and ACT not interacting very well, making it unlikely
that either would increase the adsorption of the other. The compounds may compete for
adsorption sites on the biochar instead, making their adsorption capacities decrease slightly if not
remaining the same.

Figure 4.5d shows that the adsorption capacities of ACT by DF800-CO2-H20; slightly
increased when adsorbed with MB, which is well adsorbed given strong electrostatic
interactions. This may be due to ACT and MB forming weak cation-m interactions, which would
cause ACT to be adsorbed at a higher capacity with MB (44). This interaction is notably weaker
since MB and ACT do not interact as strongly and was only found for DF800-CO-H20», which
is the biochar with the greatest number of hydroxyl groups, reported in Figure 4.1, and strongest

electrostatic interactions.
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4.7 Conclusion

The adsorption of three aromatic compounds, MO, MB, and ACT, individually and in

mixtures was explored using biochar with different properties, the results have been summarized

in Table 4.2. In general, it was found that the biochars that contained different types of oxygen

functional groups on the surface, i.e., both hydroxyl and carbonyl groups present in FTIR, had

greater synergetic adsorption when adsorbing compounds in a mixture as there is less

competition for adsorption sites. Biochars with only hydroxyl groups exhibited competing

adsorption mechanisms and poorer adsorption capacities of aromatic compounds in complex

solutions.
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Table 4.2 Simplified summary of changes in adsorption capacities of aromatic adsorbates when

adsorbed in solution with other aromatic compounds

Biochar | Adsorbate Change in Adsorption in solution
with
ACT MO MB
DF800- ACT - No change | No change
CO2 MO Increase - Increase
MB Decrease Decrease -
DF500- ACT - Decrease | No change
CO2-KOH MO Decrease - Increase
MB Increase Increase -
DF800- ACT - No change Increase
CO2-H202 MO Increase - Increase
MB No change | Decrease -
DF800- ACT - No change Increase
CO2-KOH MO Decrease - Decrease
MB Decrease Decrease -
MC500- ACT - No change | No change
CO2 MO No change - Increase
MB No change Increase -

MO is known to be able to interact with MB both through a m-m charge transfer and ionic
charge interactions and is the most likely pairing to increase adsorption when adsorbed together.
Because of this, it is more likely that MO and MB can interact both with each other and the
biochar. So long as the compounds do not compete for adsorption sites, the adsorption of both
compounds should be greater when adsorbed together, as was seen for DF500-CO,-KOH. In the
case where there is competition for adsorption sites, there is lower adsorption of the compound
with lesser attraction to the biochar, as was seen for DF800-CO, and DF800-CO»-H>0x.
However, if only one of the compounds is strongly adsorbed by the biochar and the other is not,
it was found that the adsorption of the other compound increased relative to when adsorbed
alone, as shown by the increased adsorption of MO for DF800-CO; and MC500-CO.

Both MO and ACT are also more likely to be adsorbed by m- m EDA interactions and not
likely to compete for adsorption sites but are likely to interact with one another. DF800-CO- and
DF800-CO;-H>0O; saw increased adsorption of these compounds when adsorbed together,
suggesting that the - m EDA interactions between the compounds and the biochar must be

stronger than the intermolecular interactions between MO and ACT.
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Lastly, ACT and MB both have EDGs and are not likely to interact with one another as well
as being likely to compete for adsorption sites. MB is also able to be adsorbed by electrostatic
interactions however, this does not increase ACT when adsorbed together since there is not a
strong enough electrostatic interaction for most biochars. DF800-CO2-H20; and MC500-CO»
were seen to be exceptions to this, where ACT increased when adsorbed with MB. This may be
because this biochar allowed for weak cation-m intermolecular interactions between the
compounds.

Overall, this work provides a greater understanding of how aromatic compounds may
behave differently in terms of adsorption when interacting with one another, as well as the
adsorbent surface. This is essential in designing adsorbents for real applications where a variety
of common organic contaminants are meant to be adsorbed together. Further, these findings
provide insight into how biochars may take advantage of intermolecular interactions to increase

adsorption capacities compared to what may be found in laboratory settings.
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Chapter 5

5 Production of Magnetic Biochar via Co-Pyrolysis with Red Mud and

Investigation of Adsorption Mechanisms

5.1 Statement of Authorship

The contents and data of the following chapter have been published in the journals of
Waste Management, Analytical and Applied Pyrolysis, and the Canadian journal of Chemical
Engineering under a title of the references shown below. The author of this thesis was
responsible for a majority of the work herein, including experimental design and execution
biochar characterization, adsorption experimentation, data processing and analysis, as well as the
writing of the manuscript and participating in the editing and review of the manuscript. The
author also aided Dr. Kang in the initial preparation and synthesis of composites. Dr. Sarchami
helped to perform some elemental analysis including CHNS-O and ICP analysis, and some of the
pyrolysis and physical activation of samples were performed by Dr.Papari. Magnetic
susceptibility tests were performed by Dr. Bartoli, Dr. Torsello, and Dr. Gerbaldo. Editing and
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5.2 Chapter Abstract

Red mud (RM), and woody and non-woody biomasses are all underutilized resources for
renewable composite materials, which could be used in environmental decontamination
processes. This study aims to investigate the efficacy of co-pyrolyzing Douglas fir, pine wood,
red cedar, miscanthus, phragmites, and switch grass with RM to produce magnetic biochar
composites. When pyrolyzed, RM is reduced to magnetic iron while biochar portion is
responsible for the adsorption of organic compounds. Ibuprofen, acetaminophen, methyl orange,
and methylene blue were used as test compounds to investigate the overall adsorptive capacity of
the composite and to determine the possible adsorption mechanisms. This study reveals the
impacts of pyrolysis temperatures of 500, 650, and 800 °C, biomass precursors, and H>O2 post-
treatment on the physical and adsorptive properties of the resulting adsorbent. The optimum
biomass-to-biochar ratio was also studied to determine the optimal magnetic and adsorptive
properties of composites produced for miscanthus, pinewood and Douglas fir biomasses. The
composite produced from a 1-1 mixture of RM and miscanthus showed the highest adsorption
capacity of composites produced from the non-woody biomasses, with 13.8 and 8.34 mg/g of
ibuprofen and acetaminophen adsorbed, respectively. This is attributed to its greater 7-
interactions as a result of lower surface oxygen sites. The overall best-performing magnetic
adsorbent capable of adsorbing up to 32.8 mg/g of acetaminophen was able to be produced by

co-pyrolyzing red mud and pine wood biomass at a 9:1 ratio.

5.3 Introduction

Rapid accumulation of waste biomass is an ever-growing global issue that calls for effective
means of minimization, and more ideally, conversion into value-added products (1). Production
of biochar through pyrolysis is an emerging sustainable treatment method suitable for upgrading
biomass into value-added adsorbents (2). However, production of high-quality biochar adsorbent
requires high temperatures and suffers from low yields (3). Moreover, the use of biochar
adsorbent in open water sources is hampered by the difficulty of separation after adsorption and
results in the risk of secondary pollution (4). Depending on the density and porosity, biochar or
portions of biochar may float on water, causing difficulties in properly mixing to ensure effective
mass transfer. As a result, it is highly desirable to develop the high-performing magnetic biochar

which can be recovered easily after use
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Red mud (RM) is an industrial waste generated from the alumina production process (5). Its
production is estimated to be approximately 100 million tonnes per year worldwide (6). The high
generation of RM has posed environmental problems due to its high alkalinity and significant
accumulation occupying cultivated land (7). This has resulted in soil alkalization, groundwater
pollution, as well as air pollution (8). Earlier studies have demonstrated that RM, containing
Fe>03, Al203, SiOz, TiO2, Na20, and CaO, could potentially become a novel feedstock for
pyrolysis to produce an adsorbent for the removal of compounds, including heavy metal ions,
dyes, phenolic pollutants, and inorganic anions (9-11).

Because of the availability of Fe in RM, co-pyrolyze RM with biomass to produce the
magnetic adsorbent represents a novel and simplified approach (72). The transition of Fe;O3 to
Fe3041s often observed when RM is co-pyrolyzed with lignin (73). The transition of iron species
is caused by the reduction of Fe>Os, which is promoted by electrons released by the thermal
degradation of the biomass, and the reducing agent may be reductive gaseous products such as
CO, H, and some condensable hydrocarbons. According to Cho et al. (2019), the consecutive
reduction of Fe;Os3 occurs within the temperature range of 380 and 700 °C and can lead to the
formation of the metallic Fe phase (Fe;O3 — Fe304— FeO — Fe) (14). As the iron oxide is reduced
to metallic iron, it gains 4 unpaired electrons as opposed to two unpaired, giving the final product
more paramagnetic properties than the non-pyrolyzed RM. Magnetic adsorbents are significantly
more attractive for water purification than non-magnetic adsorbents as they can be separated easily
with a magnetic field for regeneration and reuse (75) The current magnetic biochar synthesis
methods include impregnation-pyrolysis, co-precipitation, reductive co-deposition, and
hydrothermal carbonization (76). However, they are still under investigation due to the
consumption of fine chemicals (e.g., transition metal salts, metal hydroxides), complicated

operating procedures, and relatively high costs.

A study on the reaction mechanism is needed to understand how the simultaneous
minimization of biomass and RM was achieved. It is reported that the magnetic adsorbents
synthesized by this approach are effective in the removal of different metal species, including Pb
(1) (12,17-19). However, the adsorption performance of organic compounds, such as
pharmaceuticals and dyes, is rarely explored. The goal of this work is to study the properties and

adsorption mechanisms of the composites produced by the co-pyrolysis of RM and different
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biomasses: red cedar (RC), Douglas fir (DF), pine wood (PW), miscanthus (MC), switch grass
(SG), and phragmites (PH), at different temperatures and after H>O> post treatments. The effect
of different types of lignocellulosic biomass on the adsorptive properties of four RM composites
is investigated and the impact of aromaticity and surface functional groups on the adsorption
mechanisms of the composites are explored using ibuprofen (IBU), acetaminophen (ACT),
methyl orange (MO), and methylene blue (MB) as representative test molecules of adsorbate
organic contaminant with different characteristics. Furthermore, the optimal conditions to
produce RM-biomass composites are investigated to produce optimized adsorbents with

magnetic properties.

5.4 Materials and Methods

5.4.1 Materials

Red mud (RM) was received from Alcan International Ltd., Canada in slurry form. The sample

was dried in a muffle oven at 105 °C for 12 hours and then crushed into powder manually.

The pinewood (PW), Douglas fir (DF), and red cedar (RC) chips were collected from a local
furniture manufacturer in London, Ontario, Canada. Before use, the PW, DF, HL, and RC were
pulverized using a blade grinder mill (VM 0197, Vitamix, USA) and sieved to the particle size
range of 0.3 to 0.6 mm measured using standard test sieves produced by W. Tyler, USA.

Four types of common non-woody biomass were used: switch grass (SG), miscanthus (MC),
and phragmites (PH), which were collected from near London, Ontario, Canada. Before the co-
pyrolysis, the biomasses were pulverized using a blade grinder mill (VM 0197, Vitamix, USA)
and sieved to the particle size range of 0.3-0.6 mm using standard test sieves (W.S. Tyler, USA).

The compressed CO» gas was purchased from Praxair Canada Inc.

Methylene blue (MB) (product #7220793), 85% methyl orange (MO) (product #1002790460),
>98% ibuprofen (IBU) (product #102051532), and >98% acetaminophen (ACT) (product
#1002893831) used as adsorbates were purchased from Sigma Aldrich, Canada.

5.4.2 Co-Pyrolysis Procedure

All the bio-magnetic adsorbents were synthesized using the co-pyrolysis method. For each

run, ~30 g of feedstock mixture was loaded into a split furnace (Lindberg STF55666C Blue M,
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Thermo Scientific, USA) and pyrolyzed at 800 °C under a constant CO» flow rate of 500 mL/min.
The mixture containing RM and biomass had a mass ratio of either 2:1, 1:1, 1:2, or 1:9. Following
30 min of CO> flow, the furnace temperature was elevated from ambient to 800 °C with a ramping
rate of 10 °C/min, and the target temperature was held for 3 hours. Afterward, the CO> flow was
kept on while the furnace was cooled down to ambient temperature before the biochar sample
collection. The adsorbents are named “RM/Biomass-x/y”’, where “x/y” indicates the mass ratio of
RM to biomass loaded. As an example, “RM/SG-1/1" means that the adsorbent is prepared by the

co-pyrolysis of a mixture containing a 1/1 mass ratio of RM and SG at 800 °C.

5.4.3 H»0O, Post Treatment

H>0; post-treatment was based on the method by Huff et al. (20), where treatment of
composite biochars was done by separately mixing 5g of each biochar with 25 mL of 9.8 M
H>O> at room temperature for 1 hour before being filtered through Whatman filter paper No. 1
and being washed with DI-water. The oxidized biochar is then dried at 105°C overnight.

5.4.4 Biochar Characterization Methods

5.4.4.1 BET Surface area
Samples were tested for Brunauer-Emmett-Teller (BET) with Nova 2000e Surface Area
and Pore Size Analyzer (Quantachrome Instrument, Florida, US). The physisorption
measurements were performed via Nz adsorption-desorption experiments at 77.35 K. Samples
were degassed at 105°C for 1 hour to remove moisture, then the temperature was increased to

300°C and maintained for at least 3 hours before analysis.

5.4.42 ATR-FTIR Spectroscopy
The surface organic functional groups present in the samples were detected using Fourier
transform infrared spectroscopy (FT-IR) using a Platinum® attenuated total reflectance (Pt-ATR)
attachment equipped with a diamond crystal in the main box of a Bruker Tensor II spectrometer.
During the analysis, the sample in powder form was scanned within the range of 400-4000 cm™!

at a resolution of 4 cm™ under transmittance mode and 32 accumulations for each spectrum.

5.4.4.3 SEM-EDX Spectroscopy

The samples were analyzed by SEM-EDX using a Hitachi SU3500 Scanning Electron
Microscope (SEM) combined with an Oxford AZtec X-Max50 SDD energy dispersive X-ray
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(EDX) detector. EDX is a semi-quantitative technique that can detect all elements with a
minimum detection limit of approximately 0.5 wt%. EDX spectra from individual particles were
analyzed using a vector-based algorithm to determine the relative abundance of 10 elements:
carbon (C), sodium (Na), magnesium (Mg), aluminum (Al), silicon (Si), potassium (K), calcium
(Ca), titanium (Ti), oxygen (O), and iron (Fe). A 10 kV accelerating voltage was used for these

analyses. The samples were coated with a thin layer of gold to minimize charging effects.

5.4.4.4 CHNS-O, ICP and Proximate analysis

The proximate analysis of the biomass samples was performed following the ASTM
standard (ASTM D1762-84) using a Neytech Vulcan D-550 muffle oven. Elemental analysis of
carbon, hydrogen, nitrogen, and sulphur is undertaken using the model Thermo Flash EA 1112
series CHNS analyzer (Thermo Fisher Scientific, USA). Samples are combusted at 900 °C under
helium with a known amount of oxygen. The oxygen content in the sample is calculated by mass
difference. The elemental analysis for the RM-containing products was performed using
inductively coupled plasma—mass spectrometry (ICP-MS) using an Agilent 1260 infinity HPLC
connected directly to an Agilent 7700 series ICP-MS. The results were measured in triplicates

and presented as averages with standard deviations.

5.4.5 Magnetic Susceptibility Tests

RM and biochar composites were dispersed into a polymeric matrix using ultrasonication with
two components BFA diglycidyl resin purchased from CORES (Cores epoxy resin, LPL). The
curing agent was a mix of primary dispersion amines and DMP-30 which promoted a two-step
polymerization. The ultrasounds were pulsed with cycles of 20 seconds alternating with a pause
of 10 seconds to allow better heat diffusion. After the addition of the curing agent, the mixture was
further ultrasonicated for 2 min and left in the moulds for 16 h at room temperature. A final thermal
curing was performed using a ventilated oven (I.S.C.O. Srl “The scientific manufacturer”) at 70
°C for 6 h. Magnetic properties were investigated with a DC magnetometer/AC susceptometer
(Lakeshore 7225) equipped with an electromagnet at room temperature in quasi-static conditions.
Magnetic hysteresis cycle measurements were performed on the composite samples up to 30 kA/m
to estimate the main magnetic parameters of the materials (i.e., magnetic susceptibility, coercive
force, and magnetic hysteresis loss calculated from the area of hysteresis loop). The mass magnetic

susceptibility, yp, is computed as the slope of the low field first magnetization branch of the
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hysteresis loop. The composite sample’s weight was measured and the filler wt.% is known from
the preparation, allowing the magnetic characterization of the filler alone, since the signal from

the polymeric matrix is negligible.

5.4.6 Adsorption Mechanisms Tests

The mechanisms for adsorption were determined by placing 0.1 g of each adsorbent sample
in a 20.0 mL test tube containing 15 mL solution of 1 mM H3PO4 and 50 ppm of the test compound
at the desired pH. Adsorption experiments were carried out at relative pH values of 2, 6, 8, and 11.
The pH was controlled with a phosphate buffer, prepared with 3 mM H3POs, and the pH was
adjusted by adding NaOH. Samples were agitated for 1 hour at 25 °C and filtered through
Whatman No. 1 filter paper. The pH of the filtrate was determined after filtering using a pH meter
(Thermo Scientific, Orion Star). The concentration of adsorbate remaining in the filtrate was
determined at 220, 243, 464, and 668 nm for IBU, ACT, MO, and MB using a UV-visible
spectrophotometer (Thermo Scientific, Evolution 220). Samples were analyzed in triplicates, and
their average absorbances were reported. The adsorption capacity was defined as the amount of

chemically adsorbed on the unit mass of the tested adsorbent (mg/g).

5.5 Results and Discussion

Before the synthesis of the adsorbents, it is important to understand the chemical compositions
of the raw materials used. The chemical compositions of the RM and the four woody biomasses
are provided in Table 5.1. As shown in the table, RM has a high Fe content of 33.28 wt%, therefore
it is expected to be the major source of iron in the solid phase co-pyrolysis product, which will be
the primary contributor to the magnetic properties. Non-woody showed a higher ash content (3.3-
12.8 wt%) and lower carbon content (37.0-44.6 wt%), compared to the softwood biochars which
had ash ranging from 0.41-3.11 wt % and carbon content from 42.97-46.11 wt%. For the
application as adsorbents, having higher carbon content is desirable as after the co-pyrolysis, the
bio-magnetic composite produced will only present biochar-like properties when there is sufficient

carbon retained in the solid product (79).
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Table 5.1 Elemental composition of red mud and biomasses

Elements 0 Fe Al Ti Na Si C Ca
Red Mud  Contents  35.75 33.28 10.73 6.55 5.05 431 3.01 1.12
(Wt%)
Biomass Proximate analysis (wt%) Elemental analysis (wt%)
Moisture Volatile  Ash Fixed C H N o™
Matter carbon
Pine Wood 7.71 76.90 0.41 14.98 46.11 5.90 0.16 47.83
+0.05 +0.9 +0.1 +1.0 10.1 10.1 +0.5 +0.5
Douglas Fir 10.78 63.93 2.27 33.80 46.00 5.49 0.38 48.12
+0.05 +0.4 +0.01 +0.3 10.1 10.1 +0.5 +0.5
Red Cedar 8.81 75.52 1.10 23.37 42.97 0.397 1.06 40.77
+0.05 +1.1 +0.1 +0.9 10.1 10.1 +0.5 +0.5
Switch 9.2 75.4 3.3 21.2 394 5.1 1.1 54.4
Grass +04 403 103  +0.1 +0.1 +0.1 +0.5 +0.5
Miscanthus 8.4 71.9 5.5 22.6 44.1 5.9 0.7 49.3
+0.5 +0.1 +0.3 +0.1 +0.1 +0.1 +0.5 +0.5
Phragmites 9.4 67.9 6.5 25.9 44.6 6.3 1.46 47.6
+0.3 +0.3 +0.3 +0.3 +0.1 +0.1 +0.5 +0.5

5.5.1 Investigation of Physical Characteristics of Biochar RM Composite

After the co-pyrolysis, SEM-EDX characterizations were conducted to study the
morphological properties of the adsorbents. As shown in Figure 5.1, the solid product out of the
co-pyrolysis consists of different particles with non-uniform shapes and sizes. Some of the

particles originate from the RM while others are derived mainly from the biomass particles in the
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raw material mixture. Looking at the 400X magnification images, the particles are formed by the
interaction of RM and the biomass. Specifically, the cylindrical particle in the center of Figure 1b
for example, shows an open porous structure that is characteristic of biochar and cannot be
produced by the pyrolysis of RM (22). On the surface and in the exposed pores of the base, the
significantly smaller spherical particles which are the pyrolyzed RM particles can be found bonded
to the surface. These particles appear to range from 50 to >10um while the larger biomass particles

were in the range of 100-200 um in length for all of the biomasses investigated.

....................

J3900 10.0kV 10.9mm x75

o

" "100um |

Figure 5.1 SEM images at 100X and 400X Magnification of a) RM/RC-1/1, b) RM/DF-1/1, c)
RM/PW-1/1, d) RM/MC-1/1, ¢) RM/PH-1/1, and f) RM/SG-1/1
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To further identify the elemental composition of the formed bio-magnetic adsorbents,
EDX elemental analysis was performed at different spots and the results are provided in Figure
5.1. As shown in the figure on Spectrum 1 of Figure 5.1a, the most dominant elements are
carbon and oxygen, accounting for 84.9 wt% and 10 wt%, respectively. This was consistent with
all the other samples investigated as well. This suggests that the particles are mainly comprised
of carbon similar to biochar, making it desirable for the adsorbent application as biochar
normally exhibits high porosity and surface area, as well as different types of functional groups
(23). Based on Spectrum 2 in Figure 5.1a, the most dominant elements, other than oxygen are
Ca (18.3 wt%), Al (14.5 wt%), and Fe (13.1 wt%). Therefore, the small particles represented by
Spectrum 2 result from the pyrolysis of RM, and the presence of Fe-containing species enables
the particle to become magnetically separable, which is a benefit of bio-magnetic adsorbent.
Specifically, conventional biochar might show excellent adsorption performance, but its low
density increases the flow instability in water bodies and might cause difficulty in tracking and
separation. In contrast, the bio-magnetic adsorbent could be separated using an external magnetic
field, therefore preventing the risk of secondary pollution and easing the regeneration and reuse
(24). The SEM images and the EDX spectra together show that the particles produced by co-
pyrolysis can have different elemental compositions including biochar-like properties to promote

the adsorption and magnetic properties to ease the separation from water after adsorption.
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Figure 5.2 10X magnification SEM images and EDX spectra of a) RM/RC-1/1, b) RM/DF-1/
¢) RM/PW-1/1, d) RM/MC-1/1, ¢) RM/PH-1/1, and f) RM/SG-1/1
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When looking at the adsorption capacity of composites and biochars reported in Table 5.2,
the adsorption of all the organic compounds tested by RM and RMS800 is 0 mg/g. There is a
negative correlation between the ratio of RM to biochar and overall adsorptive capacity. In other
words, the greater the mass of biomass in the feedstock, the greater the adsorption capacity of the
pyrolytic product. This indicates that the biochar portion of the composite contributes entirely to
the adsorptive character of the composite. The RM is then only added to provide magnetic
properties to the final composite due to the presence of iron oxide in the RM particles. This is
important to remember when investigating adsorption mechanisms, as it is only the biochar portion

that significantly affects the adsorptive properties of the resulting final composite.

To determine whether the RM had any catalytic effect on the decomposition of the feedstock
during pyrolysis, the yields of the pyrolytic products of the RM, feedstocks, and combined
composites were investigated and are presented in Table 5.2. The theoretical yield was found to
be within the variability of the experimental yields for all biomasses tested both woody and non-
woody, thus confirming that there was no catalytic effect by the RM on the decomposition of the
biomass. Therefore, it can be stated that, if the RM contributes only to the magnetic properties of
the final product, the adsorption mechanisms of the biochar of biomass and the composite
produced via co-pyrolysis with RM will be congruent. Thus, the following investigation on the
effect of feedstock composition on the adsorption mechanisms applies to the behaviour of both the

biochar and the corresponding RM composites.

Table 5.2 Yields, physical properties, and adsorption capacities of biochar and composite

adsorbents
Theoret Average  Average
ical Variabilit  Surface pore pore Max. adsorption
Yield Variability  yield y*( area volume  diameter  capacity of ACT
Sample Name (Wt%)  * (zwt%)  (Wi%) wit%o) (m?/g) (cm?3/g) (nm) (mg/g)
Raw RM - - - - 41.92 0.045 2.15 0
RM800 71.78 6.52 - - 12 0.02 3.45 0
SG800 221 - - - 75.6 0.037 1.98 5.72
MCB800 19.6 - - - 369 0.20 2.19 12.5
PH800 23.4 - - - 204 0.11 2.19 10.8
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PW800 11.67 3.83 - - 522 0.31 1.20 31.8

RC800 8.27 2.98 - - 448 0.30 0.27 30.5

DF800 21.18 5.98 - - 461 0.29 0.25 35.2
1:1 RM:SG 800  47.04 - - - 49.0 0.044 3.56 4.03
1:1RM:MC 800  43.40 - - - 67.4 0.054 3.22 10.7
1:1 RM:PH 800 - - - 62.6 0.050 3.86 4.79
1:1 RM:PW 800  54.13 - 41.73 7.56 54 0.054 2.00 6.81
1:1RM:RC 800  47.86 - 40.03 7.17 106 0.083 0.16 10.2
1:1RM:DF 800  45.45 - 46.48 8.85 105 0.084 0.16 9.49
2:1 RM:MC 800  56.18 - - - - - - 259
1:1RM:MC 800  43.40 - - - 67.4 0.054 3.22 10.7
1:2RM:MC 800  38.19 - - - - - - 2.60
2:1 RM:DF 800  56.88 - 62.39 8.85 - - - 6.16
1:1 RM:DF 800  45.45 - 62.96 8.85 105 0.084 0.16 9.49
1:2RM:DF 800  36.16 - 55.28 8.85 - - - 13.4
2:1 RM:PW 800 54.5 - 62.37 7.56 - - - 0.178
1:1RM:PW 800 54.13 - 64.33 7.56 54 0.054 2 6.81
1:2RM:PW 800  42.43 - 53.68 7.56 - - - 12.0
1:9 RM:PW 800 25.6 - 39.72 7.56 - - - 32.8
1:1RM:PW500 57.70 - - - 725 0.058 1.60 -
1:1RM:PW 650 47.04 - - - 103 0.074 1.43 -
1:1 RM:PW 800  54.13 - 64.33 7.56 54 0.054 2 6.81
1:1 RM:PW 800-

H,0, 89.38 - - - 48.12  0.050 2.07 -

*Results reported based on 3 to 5 repeated preparation batches in the form of “average value +

standard deviation.”

The FT-IR spectra are plotted in Figure 5.3, the broad bands in the range of 3300 to 2900

cm', which were present in the raw RM and biomass samples, disappeared for the spectra of all
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Absorbance

composite adsorbents, suggesting the complete removal of surface -OH groups by dehydration.

Other bands were observed at 1426-1423 cm™, and 972-969 cm', 452-455 cm™ on spectra of

both RM and the adsorbents, which could be assigned to the stretching vibrations C=0, Si-O,

and Fe-O groups (25). The intensities of the Si-O band decreased in the adsorbent due to the

dissolution of silicate. The asymmetric and symmetric stretching vibration bands of (Al)O-H

(3304 cm™) and AIO(OH) (3113 cm™) were observed on the raw RM (26), but not

the adsorbents, indicating that they were destructed during the co-pyrolysis process. The FTIR

spectra of the biochar without RM are significantly different than that of the composites as the

RM portion absorbs so much of the incident light that little of the biochar portion is visible in the

spectrum.
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Figure 5.3 FTIR spectra of a) RC800-CO,, DF800-CO,, PW800-CO,, MC800-CO,, PH800-CO»,
and SG800-CO; and b) RM, and RM/biochar composites

5.5.2  Investigation on Effect of Pyrolysis Temperature on Biochar RM

Composite

To study the influence of synthesis temperatures, a series of adsorbents were prepared at 550

°C, 650 °C, and 800 °C using RM and PW as the sample biomass. Importantly, it was found that

only the composite produced at 800°C maintained magnetic properties. Because of this, the

800°C composites were the only composites investigated in further sections, though the

properties of the 500°C and 650°C composites were investigated to understand the effects of



temperature on the production process. The mass yields and textural properties are given in
Table 5.2. The yield results show that the yield of adsorbent decreased by ~10 wt% when the
pyrolysis temperature increased from 500 to 650 °C; however, the drop of yield reduced to ~1.5
wt% when the temperature was further raised to 800 °C, which is supported by the results of
TG/DTG analysis seen in Figure 5.4. Other than mass yield, the co-pyrolysis temperature also

had significant impacts on the characteristics of the adsorbents.

On the other hand, the introduction of the biomass phase is expected to provide more surface
area after the process. Interestingly, the surface area maximized at 102.78 m?/g at 650 °C then
decreased to 54.23 m?/g at 800 °C. As the pore size indicates in Table 5.2, the prepared
adsorbents showed an overall smaller average pore size than the RM. The fluctuations in total
pore volume and average pore size with changing temperature could be explained by the pore
enlargement and blockage of the pore mouth. Specifically, from 500 ° C to 650 ° C, the inner
volumes of the pores increased while the pores decreased. This is possible because the thermal
decomposition of the RM caused shrinkage of the metal oxides and silica, which increased the
inner pore volume, whereas the average pore size decreased due to the blockage of the pore
mouth caused by precipitation of condensed hydrocarbons on the adsorbent surface released by
the de-volatilization of PW. When the temperature further increased from 650 °C to 800 ° C, the
decrease in the pore volume could be explained by their collapse, and the increase in average
pore size could be the result of the pore collapse and the consumption of precipitated
hydrocarbons during the reduction of the metals in the adsorbent. In addition, when reduced, the
metals in the adsorbent, e.g., Fe, may become catalytically active and help to crack the

precipitated hydrocarbons to increase the pore size (27).

The TGA profile in Figure 5.4 also shows that RM is significantly more stable than any of
the biomasses upon pyrolysis to 800 °C, shown by a low weight loss of 29.14 wt%. for RM vs.
86.32 wt% for PW, for example. Therefore, after co-pyrolysis occurs at temperatures above 400
°C, the solid mass obtained for adsorption will mainly consist of the RM. Figure 5.4 reveals that
weight loss in both samples became negligible after 650 °C. For RM, the weight loss peaks
occurring at 264 °C and 303 °C are due to the loss of absorbed H>O and the removal of H.O
from Al(OH)s (28). The weight loss within the temperature range of 400-650 °C resulted from
the release of CO during the decomposition of CaCOs (29).
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Figure 5.4 a) TGA and b) DTG curves for RM, RC, DF, PW, MC, PH, and SG up to 800°C

To compare the influence of pyrolysis temperatures, adsorbent samples were prepared at 550
°C, 650 °C, and 800 °C. The mass yields textural properties and the elemental composition are
given in Table 5.2 where the yield of R-PW adsorbent was reported to be 47.04 wt% at 650°C,
indicating that the co-pyrolysis at this temperature or higher could achieve the reduction of the

mixture mass by more than 50 percent.

5.5.3 Investigation of Adsorption Properties of Biochar RM Composites

Figure 5.5 shows the adsorption capacities for ibuprofen (IBU), acetaminophen (ACT),
methyl orange (MO), and methylene blue (MB) measured for four composites made from eight
different types of softwood (DF, HL, PW, and RC) and non-woody biomasses (SG, RH, MC, and
PH). To further study the adsorption mechanisms and to address whether adsorption is due to
physical properties (surface area, pore size etc.) or surface chemistry (surface functional groups),
more detailed characterizations of the bio-magnetic adsorbents were performed. Table 5.2 shows
the textural properties of the bio-magnetic composites. All of the adsorbent surface areas do not
vary significantly, ranging from 47 m?/g (RM/RH-1/1) to 67 m*/g (RM/MC-1/1) for the non-
woody derived composites, and around 100 m?/g for the woody derived composites. Their
performance trends do not follow surface area trends, which suggests that the differences in
adsorption were not due to differences in surface area but most likely due to chemical

interactions on the surface.

148



a 20 20
1 = RM/RC-1/1-800 = RM/RC-1/1-800
184 & RM/DF-1/1-800 18 e RM/DF-1/1-800
161 A RM/PW-1/1-800 16 A RM/PW-1/1-800
C v RM/MC-1/1-800 . v RM/MC-1/1-800
£ +  RM/PH-1/1-800 £ & RM/PH-1/1-800
24 < RM/SG-1/1-800 2] < RM/SG-1/1-800
Z 5
E10+ % 204w .
&} ) o] $
= 84 AR = 84
g v & = N i
& 6+ n —a SR f
g 5 g . 4
Z 44 M F 41 : b
* .
24 24
L 3 <4
0 * 04 v v v
2 10 12 2 6 10 12
pH pH
C
20 20
= RM/RC-1/1-800
189 & RM/DF-1/1-800 184 I L]
16 A RM/PW-1/1-800 16+ .
) v RM/MC-1/1-800 ] . v ‘
=4 144 < *—a
£ & RM/PH-1/1-800 £ e P
124 < RM/SG-1/1-800 2124 o
5 . S
£ 10+ i - .’ £ 10+ *
@] e A A [} S
g 8 4 3 g 84 —
2 v v \ 2 = RM/RC-1/1-800
Bep ¥ £ 61 o RM/DF-1/1-800
- AP . . . 2 4 A RM/PW-1/1-800
v RM/MC-1/1-800
27 27 4 RM/PH-1/1-800
0] 0 < RM/SG-1/1-800
3 4 5 6 7 8 9 10 11 2 4 6 8 10 12
pH pH

Figure 5.5 Adsorption capacities for RM/biochar composites of a) ibuprofen, b) acetaminophen,
¢) methyl orange, and d) methylene blue with increasing pH

Overall, the woody composites, when co-pyrolyzed with RM, resulted in the best-performing
adsorbents, similar to their biochar counterparts, as woody biochars have previously been found
to be superior adsorbents to non-woody biochars in previous chapters. For the composites
produced from non-woody biomasses, RM/MC-1/1 showed significantly higher adsorption
capacities of IBU and ACT than other non-woody biomasses and good adsorption capacities of
MO and MB. This indicated that MC was the best candidate to produce bio-magnetic adsorbent.
This overall higher adsorption for the woody composites was only seen for IBU and ACT, however,
where IBU and ACT demonstrated gradually decreasing adsorption capacities as the pH increased.
This is because both IBU and ACT become negatively charged at higher pH (pKa= 4.5 and 9.3

respectively), thus repelling from the likewise negatively charged biochar surface groups (30).
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The adsorption of MO tended to increase slightly with increasing pH for the woody
composites, while there was little change in adsorption with pH for the non-woody composites, as
well as lower overall adsorption. Since MO is likely to be adsorbed by m-m EDA interactions, the
increase in adsorption despite the growing electrostatic repulsion as MO becomes negatively
charged, indicates that this mechanism is most likely stronger than the electrostatic interactions.
Since the adsorption of MO by the non-woody composites does not decrease with pH, this
electrostatic interaction is not stronger than the EDA interactions for these composites. Thus, while
the electrostatic interactions are greater than the -m stacking interactions that are responsible for
the adsorption of IBU, the m-m EDA interactions are stronger than the electrostatic interactions for
all composites. Since this adsorption mechanism can only come from the highly aromatic biochar
component, this means that biochar must contribute significantly to the overall adsorption

mechanisms for the composites.

MB was found to be the best adsorbate adsorbed across all composites tested and produced
from both woody and non-woody biomasses, pointing to strong electrostatic interactions as MB is
positively charged. This was found to be a strong adsorption mechanism for all of the composites
produced for each of the biomasses, woody or not, with the woody biomasses having slightly
higher adsorption capacities overall due to higher surface areas presented in Table 5.2. Given that
the metal content of the RM portion of the composite would contribute to positively charged sites,
the higher adsorption of MB indicates that the RM does not significantly contribute to the

adsorption mechanisms.

In comparing the adsorption mechanisms of the composites with the mechanisms of their
biochar counterparts produced under the same conditions without the RM, shown in Figure 5.6 by
the adsorption capacities of the test compounds. These results revealed that the adsorption trends
remained similar to the biochars alone, with the overall adsorption capacity decreasing. This means
that the co-pyrolysis of biomass with RM can produce a magnetic adsorbent successfully, however
the adsorption properties of the composite will be weaker. This is most likely because the RM does
not contribute to the adsorptive properties of the composite, while being the most recalcitrant
starting material, meaning that the final product is mostly the non-adsorptive RM and not the
biomass. To correct for this, investigation into higher ratios of biomass to produce the magnetic

composite are investigated in the following sections.
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Figure 5.6 Adsorption capacities of IBU, ACT, MO, and MB with increasing pH for
a) RC800-CO2, b) DF800-COz ¢) PW800-CO2, d) MC800-CO2, ¢) PH800-COz, and f) SG800-

CO; where adsorption was performed using S0ppm of compounds and 50 mg of biochar in 15mL
solutions

5.5.4 Effect of H O Post-Treatments on Biochar RM Composites

To investigate the effect that post-treatment had on the biochar-RM composites, RM/PW-1/1
was chosen arbitrarily as a test adsorbent. The results of the adsorption tests for the composite
before and after treatment are presented in Figure 5.7a-b, as well as the adsorption tests for the
biochar analogue before and after comparison treatment. The adsorption for MB for R-PW-800-
H20. at low pH was observed to be 15 mg/g and was significantly higher than the adsorption
capacity before the post-treatment of 3.66 mg/g. This increase was attributed to an increase in
electrostatic attraction due to more negatively charged sites after the treatment of R-PW-800
with H20.. This is corroborated by the decreased adsorption of the anionic IBU after H.O>
treatment, from 21 mg/g to 7 mg/g at pH 4. The adsorption curves for both MB and IBU have

similar trends before and after treatment with the oxidizing agent. MB and IBU have equal and
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opposite trends over the exact change in pH but with a greater separation between the adsorption
capacities seen after the post-treatment. The adsorption capacity of MB is seen to be nearly 5
times that of ACT at pH 4 for R-PW-800-H20. while being nearly 5 times less than that of ACT
for R-PW-800 at the same pH. This indicates the overall positive surface charge of R-PW-800
becoming negative due to an increase in oxygenated surface functionality. Oxygen-containing
functional groups, including hydroxyls, esters, and ether groups, can also increase the electron
density of the aromatic surface through electron-donating inductive and resonance effects. This
is expected to increase EDA interactions as it was indeed observed for R-PW-800-H,0>, where
the adsorption capacity of MO increased between pH 3 and 6. MO gains electron-withdrawing
characteristics as it becomes deprotonated, which will allow for interaction with surface EDGs.
The overall increase of MO adsorption indicates a more substantial influence of the EDA
interactions over electrostatic repulsion. However, the electrostatic repulsion was shown to
increase at alkaline pH, as indicated by MO adsorption decreasing in this range. The w stacking
adsorption mechanism decreases in influence upon treatment with H.O2, demonstrated as the
adsorption of IBU decreases such that it is equal to that of the adsorption capacity of ACT, even
with the presence of electrostatic repulsion. All of these changes in adsorption were also seen
after treating the biochar without RM, further indicating the singularly important role the
biomass portion of the composite has in adsorption, as well as showing that the H,O> post-

treatment similarity works on the composted as it does on biochars.
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Figure 5.7 Adsorption capacities of IBU, ACT, MO, and MB with increasing pH for a) RM/PW-
1/1, and b) RM/PW-1/1-H20»
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5.5.5 Optimization of RM and Biomass Ratio for Adsorptive and Magnetic
Properties for Biochar RM Composite

When looking at the adsorption capacity of both RM and biochar derived from woody biomass
alone, reported in Table 5.1, the adsorption of RM and RM800 is 0 mg/g for all of the organic
compounds tested. There is a negative correlation between the ratio of RM to biochar and overall
adsorptive capacity. In other words, the greater the mass of biomass in the feedstock, the greater
the adsorption capacity of the pyrolytic product. This indicates that the biochar portion of the
composite contributes entirely to the adsorptive character of the composite. The RM is then only
added to provide magnetic properties to the final composite due to the presence of iron oxide in
the RM particles. This is important to remember when investigating adsorption mechanisms, as it
is only the biochar portion that significantly affects the adsorptive properties of the resulting final

composite.

As discussed above, the mixing ratios of the biomass and RM and the reaction conditions
determine the composition of the produced bio-magnetic adsorbent. RM/PW and RM/MC were
chosen to investigate the effect of the mixing ratio of RM to biomass before pyrolysis since it
performed best in adsorption studies, and the results are shown in Figure 5.8, where the adsorption
capacities were all taken in triplicate with the error bars indicating the standard deviation. As
shown in the figure, with the decrease of the biomass and the increase of RM in the co-pyrolysis
feed, the bio-magnetic adsorbents’ removal performance decreased. The results report that PW800
and MC800 had similar adsorption capacities of ACT of 39.0, and 37.0 mg/g, respectively. As the
RM/Biomass ratio increased from 1/2 to 2/1, the removal of ACT decreased significantly for each
of the biomasses investigated. It is worth noting that the PW and MC biochars produced under
similar reaction conditions (with no RM) only showed similar ACT removal to that of the 1/2
adsorbents, suggesting that when prepared with appropriate ratios, the addition of RM will not
cause significant negative effect on the adsorption performance of the adsorbent. These results
demonstrate that the composite can perform equally or even better as an adsorbent than

traditionally produced biochar made from the same biomass.
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Figure 5.8 Adsorption capacity of ACT in 15 mL solution with 50 ppm ACT at neutral pH with
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The images shown in Figure 5.9 show that there is a much greater amount of the smaller RM
particles in the composites produced at a 2 to 1 ratio of RM to biomass. The lighter particles,
confirmed to be the RM due to high metal content in EDX spectra, are found to be in sizes similar
to the biochar pieces ranging from 10-100 um seen in the samples. While there are significant RM
particles in the 2/1 composites, the magnetic properties were still found to be retained which is
another important criterion to evaluate the performance in terms of ease of separation, correlated
with its magnetic properties (37). The change of magnetic properties versus the changes in the RM
to biomass mixing ratios was measured and presented in the form of hysteresis cycles up to 30
kA/m and shown in Figure 5.10. From this figure, qualitative and quantitative differences can be
noted between the adsorbent with RM or biochar alone, which are paramagnetic and therefore
attracted to any external magnetic field. The greater the coercive force for the composite, the
greater the attraction to a magnetic field which was found to be greatest for the 2/1 ratio and lowest
for the 1/2 ratio for all of the composites made from the three PW, and MC biomasses. The
composite samples showed a typical ferromagnetic behaviour with clear hysteresis loops. The
general trend is that the magnetic properties were seen to have a negative correlation with the
content of the biomass, but a positive correlation with the RM content in the feedstock mixture.
Because iron is available in the RM in the form of Fe.Os, when it is co-pyrolyzed with the
lignocellulosic biomass the sequential conversion of a-Fe2O3 to metallic Fe might occur depending
on the reaction temperature(32). Alone, pyrolyzing RM does not produce a magnetic product,
however, the thermal decomposition of the biomass released electrons that caused the reduction of
Fe>Os, and the reducing agent may be the in-situ produced reductive gaseous products like CO,
Ha, and various condensable hydrocarbons(33). During this process, the consecutive reduction of
Fe>Os occurs in the temperature range of 380-700 °C and could lead to the formation of the
different metallic Fe phases following the reaction order of “Fe>O3 — Fe;O4 — FeO — Fe”. This
supports the deduction that the magnetic particles are obtained from the reduction of the RM
oxides. Qualitative tests using a neodymium magnet were performed before and after adsorption
where it was found that all composites produced were separable even after adsorption, with no

significant difference in attraction to neodymium magnets between any composites tested.
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5.6 Conclusion

In this study, bio-magnetic adsorbents produced from different woody and non-woody
biomasses including RC, DF, PW, HL, MC, PH, SG, and RH were produced via co-pyrolysis with
RM. This also proposes a method of using underused non-woody waste products and potentially
environmentally harmful RM to create a product that can also remove dangerous compounds from
water. This straightforward and practical procedure was found to be successful in converting all
biomass species and RM into bio-magnetic adsorbents, evidenced by the good adsorption and
magnetic properties of the produced composites. The adsorption capacities were found to vary for
the adsorbents derived from different biomasses and the compound being adsorbed. The adsorption
performance is attributed to the surface functional groups, specifically hydroxyl and carbonyl
functional groups, which along with the surface porosity greatly aided in the adsorption of organic
compounds. Moreover, for mixing with RM, a greater mass ratio of biomass yielded better
adsorption performance with the best ratio being 1:2 for RM/biomass, demonstrating the best
overall adsorption capacities of ACT for PW, DF, and MC. Also, within the range tested, the
magnetic properties of the adsorbents decreased gradually when a greater ratio of biomass to RM
was used, indicating that when using this method for preparing magnetic adsorbent, there will be
a threshold of biomass to RM ratio to hold the separability. Finally, the 1:9 RM: DF led to the

optimal properties of all composites tested in this study.
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Chapter 6

6 Conclusions and Future Work
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6.1 Conclusions

Biochar research is a quickly growing field in analytical chemistry, chemical and
environmental engineering given its proven effectiveness in environmental remediation, as it
provides unique solutions to a wide range of important environmental issues. Biochar has the
potential application as a promising adsorbent for the elimination of a variety of pollutants in both
soil and aqueous environments due to its favourable adsorption properties. Compared to current
water treatment methods, biochar presents a potentially more sustainable approach as it is a low-
cost and renewable adsorbent made using readily available biomaterials with the potential to be
optimized for specific adsorbates. This thesis focuses on the adsorption of organic compounds
specifically in aqueous media, intending to optimize physical characteristics of the biochar for
selective adsorption of desired compounds. Chapter 1 begins with a background discussion on the
environmental motivations of investigating biochar for the removal of organic compounds, chosen
specifically due to biochar's high affinity for aromatic compounds given its highly aromatic surface
structure. Common characterization techniques such as...... are explained in detail as well,
defining how these can be used to determine how these characteristics affect adsorption
mechanisms.

Chapter 2 proposes a detailed method to investigate the adsorption mechanisms of biochar
towards organic compounds in water, which was used to investigate a range of biochars to
determine what compounds biochars are best suited to adsorb in real-world applications. IBU,
ACT, MO, and MB were selected as four test compounds as representative organic pollutants and
were used to investigate adsorptive capacities of biochars produced by four woody (RC, DF, PW,
and HL) and four non-woody (RH, MC, PH, and SG) biomasses under different pyrolysis
temperatures and flow gases, N> and CO,. m-m interactions were found to be dominant
mechanisms for biochars that had high aromaticity, and oxygen-containing functional groups
influenced the electrostatic interactions due to negative sites, as well as strengthening - 1 EDA
interactions. These results helped to support the efficacy of this test procedure, while the results
also alluded to the importance of oxygen-containing groups in controlling the adsorption of organic
compounds. While biochars that were found to have mainly hydroxyl functional groups showed
good adsorption of aromatic compounds with EWGs, biochars with carbonyl groups were found
to have greater adsorption capacities for aromatic compounds with EDGs. This suggests that the

electrostatic interactions and m- m EDA interactions are both heavily influenced by the same
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functional groups, resulting in possible competition between the mechanisms. There is a point
where electrostatic interactions from negatively charged oxygen sites are stronger than the m-m
interactions due to aromaticity, at which point the electrostatic interactions will dominate over -
1 EDA and stacking interactions. Further evaluation of the composition of the biomasses showed
that hemicellulose content contributed to greater hydroxyl groups, while greater cellulose and
lignin content of the woody biochars produced chars with greater carbonyl groups.

Chapter 3 subsequently takes a deeper look at the effect of the physical properties on the
adsorption mechanisms of biochar. HNOs3, H>O», and KOH, post-treatment on different RC and
DF biochars prepared under CO; at 800°C were chosen as they differ widely in their aromaticity,
surface area, oxygen-containing functional groups etc. The use of HNOj3 treatment introduced
hydroxyl groups and decreased ash content, both of which played the largest role in the
electrostatic interactions of the biochar. While the mineral content was not seen to have a
significant role in these interactions, oxygen-functional groups dominated in contributing to
negatively charged sites and thus electrostatic interactions of biochar. Knowing this, H>O> post-
treatment was done to RC500-CO,, DF500-CO,, RC800-CO,, and DF800-CO; biochars, as this
functionalized the biochar with hydroxyl groups while mostly maintaining the other physical
properties of the biochar. It was found that OH groups increased electrostatic interactions for all
the biochars while increasing - m EDA interactions with compounds with EWGs so long as the
aromaticity was great enough, as was seen for the RC800-CO-, and DF800-CO> biochars. The
effect of carbonyl groups was investigated as well using chemical activation with KOH as a post-
treatment, which increased both C=O surface groups and aromaticity of the DF500-CO., and
DF800-CO; biochars. Higher aromaticity had the effect of increasing the relative strength of the
EDA interactions, and carbonyl functional groups increased these interactions with compounds
containing EDGs. It was found that there were five types of adsorption mechanisms that biochar
may have, given the constrictions of the physical properties and how they can contribute to these
adsorption mechanisms. The biggest contributing properties towards adsorption mechanisms
were determined to be aromaticity and oxygen-containing functional groups (predominantly
hydroxyl and carbonyl groups) with surface area and porosity being more determinant of overall
adsorption capacities. Knowing this, five biochars were selected that displayed each of these five
main mechanisms, which were investigated in the preceding chapter for the more real-world-like

adsorption settings with complex mixtures of aromatic compounds.
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Chapter 4 considers the effect that competitive adsorption may have on the adsorption
mechanisms of biochars by investigating the changes in the adsorption capacities of three
aromatic compounds: MO, MB, and ACT in pairs. Five biochars were chosen for this study,
DF800-CO2, DF800-CO2-KOH, DF800-CO,-H202, DF500-CO,-KOH, and MC500-CO, whose
adsorption mechanisms were found to be the most common adsorption mechanisms of biochars.
This study was designed with the intent to observe interactions between competing adsorbates as
this would more closely parallel real-world applications for adsorption, where understanding the
effects of this would allow the designing of more effective water purification methods. The
results therefore provide valuable and novel insight into the role that biochar adsorption
mechanisms may have on the intermolecular interactions between aromatic compounds. Again,
the oxygen-containing functional groups were found to have the largest influence on competitive
adsorption, as they often provide the greatest number of adsorption sites for organic compounds
via both electrostatic and - m EDA interactions. In general, it was found that the biochars with
more variance in oxygen functional groups, i.e., both hydroxyl and carbonyl groups present in
FTIR, had greater synergetic adsorption when present in a mixture. Biochars with only hydroxyl
groups exhibited competing adsorption mechanisms and poorer adsorption capacities of aromatic
compounds in complex solutions.

MO is readily able to form intermolecular interactions with MB both through a - charge
transfer and ionic charge interactions and it is more likely they can interact both with each other
and the biochar. MO and ACT can transfer charges between their aromatic groups, however
unlike with the cationic MB, MO is unable to form ionic interactions with ACT as it has no
charge under the conditions of this study. If biochar has adsorption mechanisms suited to adsorb
both compounds that do not compete, such as m- T EDA interactions, the adsorption capacities of
both compounds were found to increase, as seen for DF500-CO2-KOH. Alternatively, if the
adsorption mechanisms compete with one another for two compounds, such as electrostatic and
n- T EDA interactions, the competition for sites resulted in the decreased adsorption of the
compound adsorbed by the weaker adsorption mechanism. This was observed for DF800-CO,
and DF800-CO»-H>0,. When only one of the compounds is strongly adsorbed by a biochar, the
adsorption of the other compound was shown to increase relative to when adsorbed alone, such

as was seen for DF800-CO; and MC500-CO:x.
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In the case of ACT and MB, both have EDGs and are not likely to interact with one another
via charge transfer interactions and there is more likely to be competition for adsorption sites
since both are adsorbed by m- m EDA interactions with EWGs. Because MB is also able to be
adsorbed by electrostatic interactions however, this does not increase ACT when adsorbed
together since there is not a strong enough electrostatic interaction for most biochars. This may
be because this biochar allowed for weak cation-mr intermolecular interactions between the

compounds, as was seen for DF800-CO-H>0, and MC500-COs,.

Finally, chapter 5 addresses the issue of the removal of biochar from wastewater after
adsorption takes place, as this is a real-world problem with adsorption. Bio-magnetic adsorbents
produced from RC, DF, PW, HL, MC, PH, SG, and RH were produced via co-pyrolysis with RM,
a waste product of the aluminum industry rich in iron oxide. This also has the benefit of using an
underused non-woody waste product and potentially environmentally harmful RM to create a
value-added product for water treatment. Co-pyrolysis with RM was successful in converting all
biomass species and RM that were investigated into bio-magnetic adsorbents, evidenced by the
good adsorption and magnetic properties of the produced composites. The adsorption capacities
varied for the adsorbents based on what biomasses they were produced from as well as the
compound being adsorbed. The adsorption performance is attributed mainly to the surface
functional groups, specifically hydroxyl and carbonyl functional groups, which along with the
surface porosity greatly aided in the adsorption of organic compounds. Mixing ratios of biomass
and RM were also tested to determine optimal conditions for magnetic and adsorptive properties
of the composites, where better adsorption performance was found with a ratio of 1:2 for
RM/biomass. A minimum ratio of RM to biomass of XX was required in order to maintain
magnetic properties. Magnetic properties of the adsorbents decreased gradually when a greater
ratio of biomass to RM was used, with the 1:9 RM: DF having the optimal properties of all

composites tested in this study.

6.2 Future Work

This thesis has shown the efficacy of biochar as an adsorbent for aromatic organic
compounds, with the adsorption mechanisms being dependent mainly on the aromaticity and
oxygen-containing surface groups. Future research into biochar may include an investigation of

biochar’s affinity towards aliphatic compounds. While the highly aromatic surface structure of
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biochar makes it well suited for adsorption of aromatic compounds, adsorption of non-aromatic
compounds is usually found to be much lower and done primarily through electrostatic, pore
filling and hydrophobic interactions (7,2). Aliphatic compounds make up a large portion of
organic compounds in water sources, specifically, perfluoroalkyl and polyfluoroalkyl substances
(PFAS) compounds are of growing concern (3). PFAS compounds have been used extensively in
commercial products such as textiles, paints, packaging materials etc. due to their high thermal
and chemical stability from the strong C-F covalent bond, however, this high stability is also
responsible for these compounds persisting as they are deposited in water sources (4). These
compounds are ubiquitous in soil and water and have been found to accumulate over time in the
human body as a result of their ability to bioaccumulate in food chains (5,6). This has also been
linked to diseases such as heart attacks, chronic inflammatory diseases, central nervous system
disorders and cancer (4,7). This thesis provides a detailed understanding of biochar adsorption
mechanisms towards organic compounds and how their properties may be engineered and altered
to fit specific compounds, allowing for the possibility of designing an adsorbent for specific
adsorption of difficult-to-remove aliphatic PFAS compounds. While these compounds are unable
to interact via - interactions, electrostatic interactions will most likely be the dominant
mechanism responsive to the adsorption of these compounds. The development of biochar with
strong electrostatic interactions towards anions is projected to be the most effective for this
purpose.

As well, further research into the desorption of organic compounds would also be
valuable in the recycling of adsorbed compounds, which can be used in a variety of applications
depending on the target compound for desorption. Understanding the mechanisms responsible
for adsorption may provide insight into how these mechanisms may be weakened to allow for the
retrieval of compounds. Furthermore, in combination with specific adsorption, biochar may
provide a method to remove and reuse specifically desirable compounds from waste-water
sources. This work provides a comprehensive evaluation of the surface chemistry of biochar for

the application for adsorption of organic compounds, facilitating this future work.
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