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ABSTRACT

In this study, biochars were produced from biomass at pilot scale in a microwave-
assisted pyrolysis process. These pyrolyzed biochars were magnetically modified to
improve their adsorption performance and facilitate the recovery of the spent biochars
from solution. The magnetic chars were investigated as a potential renewable bio-

sorbents for removing lead ions from aqueous solution in a batch-mode experiment.

The biochar samples from microwave pyrolysis of 1.5 kg hemp stalks and maple wood
chips biomass at a temperature range of 500 - 700 °C were first impregnated with H.O>
(30%) solution and then magnetized by mixing aqueous Fe®*/Fe?* solution with

biochar suspensions, followed by NaOH treatment.

The synthesized magnetic adsorbents were characterized. The effects of temperature,
pH, dosage, contact time and initial concentration of Pb (II) solution on adsorption
were examined. Adsorption kinetics and isotherm of the modified biochars were
modelled and their adsorption performance after 5 regeneration cycles quantified. The
adsorbents recovery from solution with a low magnetic field was investigated. The
prepared magnetic biochars demonstrated a potential as renewable adsorbents in

treating lead ions-contaminated water.

Keywords: Microwave-pyrolysis; Magnetic biochar; hemp; maple; adsorbent; water

treatment; heavy metal ions.
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Chapter 1 Introduction

1.1. Research Background

Heavy metals are discharged from different industries including mining, metal
finishing, electroplating, glass, textiles, ceramics, and storage batteries. Recently, there
has been growing concerns over water pollution by heavy metals released from
industrial effluents due to the toxic effects of their ions on organisms and their
accumulation in biota. Among these heavy metals, lead have received considerable
attention due to their toxicity. The presence of these metal ions in water endangers
human beings and aquatic lives because they accumulate in the food chains [1].
Therefore, there is the need to purify and recycle wastewater contaminated by heavy

metal ions to secure alternative sources of water [2] and to protect our food chains [1].

Several treatment technologies have been suggested to remove these heavy metal ions
from contaminated wastewater including adsorption, ion exchange, chemical
precipitation, membrane technologies, reverse osmosis and electrochemical treatment
[3]. Among these technologies, adsorption is a universal, most convenient and fast
method to remove heavy metals from contaminated solutions efficiently at a low cost
[4,5]. The major advantages of this treatment technology are its low residue generation
and the potential to recover and recycle the used adsorbent [6]. Additionally, bio
sorbents are not only environmentally friendly but are also readily available in
abundant quantities. A very well-known bio sorbent is biochar. Different kinds of
adsorbents (synthetic products and natural materials) have been developed [7]. Ali et.
al [2] has shown that carbon-based adsorbents such as activated carbon proved to be
the very effective in the adsorption of organic and inorganic pollutants from

contaminated water. Although activated carbon is excellent for sorption of



contaminants from water, it is however limited due to its low selectivity and high cost
of preparation, whereas it is relatively less costly to prepare “sustainable” biochar.
Biochar has attracted attention in recent years as a relatively cheaper bio sorbent with
numerous promising potential environmental applications including soil improvement,
water treatment and carbon sequestration [8]. Recent studies have shown that biochar
as a bio sorbent can be employed as a useful material to sorb heavy metal ions from
contaminated water and also as a remedy for immobilization of metal ions in metal-

contaminated soil [9-11].

Biochar is a fine-grained, porous and carbon-rich material produced from the thermal
degradation of organic materials under oxygen-limited conditions. Biochar has also
been proven to be an effective sorbent for the sorption of a wide variety of inorganic
and organic pollutants from aqueous solutions. Their large sorption capacity is
connected to their highly-porous structure and surface area which contains various
functional groups (e.g. hydroxyl, carboxyl, phenolic groups) hence, it has a very strong
affinity for heavy metal ions [12-14]. Until recently, the traditional and widely used
carbon-based adsorbent for water treatment has been activated carbon. Therefore, for
biochar to compete favorably for industrial application, researchers are left with the
challenge of ensuring that biochar is the most effective bio sorbents with specific
chemical properties. Hence, recent research on biochar has paid attention to their
modification and characterization to satisfy the growing demands for cleaner water

[15].

Since biochar is a carbonaceous material whose surface is composed of surface
functional groups bonded to ‘fused’ aromatic rings, it is expected that they would

possess similar chemical properties to those of aromatic hydrocarbon [16]. Hence, the



chemical reactions applicable to aromatic hydrocarbons would be expected to apply to
biochar. The existence of these functional groups on the biochar matrix therefore
means they can be altered by chemical or physical methods to manufacture adsorbents
that are tailored for specific functions. For example, when adsorption occur in liquid
phase, if the adsorbent’s surface contains oxygen-containing functional groups, water
molecules are preferentially adsorbed to these functional groups to form complexes,
thereby obstructing molecules of the target adsorbates from adsorbing onto the
adsorbent [16]. In cases like this, it is therefore important to improve the affinity of the
surface to targeted adsorbates by proper surface modifications that alters the chemical
structure of the adsorbent surface. There has been extensive studies on the removal of
heavy metal ions from water using unmodified biochar produced by conventional
pyrolysis, capitalizing on the fast adsorption kinetics, high surface area and the
nanopores structure of biochar materials [17]. However, metal ions adsorption from
aqueous solutions is believed to be fundamentally a function of the nature and quantity
of the biochar surface functional groups, rather than just the porosity and surface area

of the biochar [18].

One of the major challenges with practical water treatment is the difficulty encountered
in isolating and recycling the spent adsorbent from aqueous solution by the traditional
methods (filtration and centrifugation). Magnetic separation method has been
demonstrated to be a potential technique for solid-liquid phase separation [19]. Using
an external/internal magnetic field to isolate the magnetic bio-sorbent from the
agueous solution was convenient. However, to the best of our knowledge, very few
studies have investigated the preparation and application of magnetically modified bio
sorbent for water treatment. In these cases, the biochars were produced by

conventional pyrolysis. There has not been any study of the potential applications of



biochars produced by microwave-assisted pyrolysis for water treatment. Thus, in this
study, biochars were produced via microwave-assisted pyrolysis of biomass at pilot
scale (1.50 kg reactor feed). These biochars were magnetized before investigating their

potential applications for treatment of Pb (I1) ions-contaminated water.

Biochars (BC) obtained from microwave pyrolysis of maple wood chips and hemp
stalks were modified chemically followed by magnetization in two simple steps: (i)
oxidation of the BC using H2O> to improve its adsorption capacity for heavy metal
ions. (ii) Preparation of the magnetic modified BC by co-precipitation to load the
magnetic particles onto the surface of the modified BC to facilitate the separation of
used biochar from aqueous solution. The as-prepared bio-sorbent was characterized
and used to adsorb Pb (I1) ions from a synthetic water system. Adsorption isotherm,
pH dependence, sorption and desorption kinetics of Pb (Il) ions on the magnetic
modified biochar was studied. An effective method of recovery of the spent biochars

using a simple magnetic field was also investigated.

1.2.  Objectives

The goals of this research were:

i.  Understand the effects of pH, contact time, temperature, heavy metal ions
concentration and the adsorbent dose on the adsorption capacity of

magnetically modified microwave pyrolyzed biochar.

ii.  Carry out a comparable study on the adsorption capacities of biochar from two
different biomass; maple wood chips (hardwood biomass) and hemp stalks

(agricultural biomass).



iii.  Establish a proper procedure for the separation and recovery of the metal

loaded biochars from the aqueous solution.

1.3.  Significance of study

The outcome of this research provides an invaluable tool in environmental
sustainability and recovery applications. As the world intensifies the emphasis on
sustainability, biochar and its application are highly likely to play an increasingly vital
role in water treatment.

The contributions of this research are as follows:

e Provide a better alternative to activated carbon as a critical tool in upholding
water quality in industrial settings.

e Produce a cost effective and eco-friendlier adsorbent with a potential higher
adsorption capacity and selectivity for heavy metal pollutants.

e Enhance the recovery and reusability of metal loaded biochar via magnetic
modification.

e Provide a deeper insight into the adsorption behaviour of heavy metal ions in

aqueous solutions.

1.4.  Outline of thesis

In chapter 2, modified biochar is reviewed in its preparation, functionality, application
in water treatment and regeneration. The nature of precursor materials, preparatory
conditions and modification methods are key factors influencing BC properties. This
section examines the different methods of preparing biochar such as slow pyrolysis,
fast pyrolysis and microwave-assisted pyrolysis. Furthermore, appropriate method of

biochar modification for enhancing the adsorption of different contaminants from



water are discussed. Finally, the section ends with the discussion of biochar application
for water treatment and the recovery of spent biochar for re-use.

In chapter 3, biochar produced by microwave-assisted pyrolysis using hemp stalks
biomass was investigated. Magnetic modification of the biochar by two simple step
process discussed. The magnetic char was investigated for its potential application as
a renewable adsorbent for removing lead ions from aqueous solution in a batch-mode
experiment. The effects of temperature, pH, contact time and initial concentration of
Pb (11) solution on adsorption were examined. The adsorption performance of biochar
after 5 regeneration cycles was quantified as well as the recovery of the spent biochar
using simple magnetic field.

Chapter 4 evaluates and compares two microwave pyrolyzed biochars produced from
agricultural biomass (shredded hemp stalk) vs woody biomass (maple wood chips) for
the removal of Pb (11) from aqueous solution in a batch adsorption study. The magnetic
biochars characteristics and the effects of pH, adsorbent dose, temperature, contact
time and initial concentration of Pb (Il) solution on their adsorption performance
discussed. Factors such as higher polarity index, pH and zeta potential which
contributed to a higher adsorption efficiency of agricultural biochar are discussed in
depth. This section ends with the discussion of the kinetics and the isotherms of the
adsorption behavior of the magnetic biochars.

Finally, the thesis summary and recommendations for future work are presented in

chapter 5.
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Chapter 2 Literature Review

2.1. Biochar Preparation

The physical and chemical properties of biochar depend primarily on the types of
feedstock and pyrolysis conditions i.e., temperature, residence time, reactor type and
heating rate. Conventional carbonization/slow pyrolysis, fast pyrolysis, flash
carbonization, gasification and microwave assisted pyrolysis are the main
thermochemical processes that are commonly used to produce biochar [1]. It has been
demonstrated that the biochar produced at high temperature (circa 600°C—700°C)
possesses fewer H and O functional groups due to dehydration and deoxygenation of
the biomass but shows highly aromatic nature with well-organized C layers and has
lower ion exchange capabilities [2,3]. On the other hand, the biochar produced at lower
temperature (circa 300°C—400°C) shows varied organic characters, including aliphatic
and cellulose type structures and contain more C—H and C==C functional groups [4].
It is this complex and heterogenous physical and chemical composition of biochar that

provides its excellent properties of contaminants removal via sorption [5].

2.1.1. Feedstocks

The feedstock for both conventional and microwave-assisted pyrolysis is biomass.
During pyrolysis, the proportion of cellulose, hemi-cellulose and lignin content
determine the ratios of bio-oil, gas and biochar in pyrolysis products. It has been
demonstrated that feedstocks with low lignin content produce the highest biochar yield
when pyrolyzed at moderate temperatures (circa 500°C) [6]. Therefore, choice of
pyrolysis feedstocks may be determined by the desired balance between the different
pyrolysis products (biochar, bio-oil, gas). Biomass is any living or recently living

biological material with the potential as a source of energy [7]. Biomass is believed to



have the potential to become one of the major sources of energy in the next century
[8]. The biomass as a source of energy is carbon- neutral, renewable, readily available
in nature, relatively lower sulphur content, and have the potential to be the best
alternative to fossil fuel resources. Replacing fossil fuel with biomass as a source of
energy can lead to reduction in pollution and global warming, alleviate the energy
crisis and contribute to-wards sustainable development [9,10]. Biomass resources can
be grouped into three major categories: virgin resources, residues and municipal solid
waste [7]. The virgin resources include forest resources and oilseed/cereal crops. The
residues may be wood residues, agricultural residues and wastes as well as livestock
residues. Municipal solid waste (MSW) could be residential or non-residential. With
a suitable conversion process, these categories of biomass can be promising sources of
energy for the future. The municipal solid wastes, forest and agricultural residues are

promising substitutes for microwave pyrolysis processes.

Extensive studies utilising these lignocellulosic feedstocks including virgin resources
and residues have been reported. Detailed research using wood, wood pellets, tea
waste, coffee hulls, sewage sludge, wheat straw, rice straw, macro- and microalgae,
corn Stover demonstrated excellent potentials as feedstocks for pyrolysis process [11-

16].

2.1.2. Conventional Pyrolysis

This is the traditional heating system in which heat is transferred from an external
source to the biomass through conduction, radiation and convection. In this method,
the heat/temperature at the surface of the feedstock is very high and decreases towards
the centre of the feedstock. In conventional pyrolysis process, the major process
variables are that; 1) the heating rate is low, and (2) the vapor residence time is long
[1]. This method has been used to produce charcoal for several years. During this
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pyrolysis, there are some identified variables that determine the efficiency and yield
of the process. These parameters are; pressure and moisture content of the feedstock

[17].

The maximum temperature attained during conventional pyrolysis process is called
the peak temperature. It has been reported that an increase in the peak temperature
leads to an increase in the biochar fixed content [1]. The operating pressure of the
pyrolysis process has significant impact on the properties of the produced bio-char.
For a study carried out on the pyrolysis of different biomass feedstocks (eucalyptus
wood, radiata pine, sugar cane bagasse) [18], it was found that increasing the operating
pressure results in a decrease in the total surface area of the char. Similar results were
also reported during a slow pyrolysis of Miscanthus [19]. They observed a significant
decrease in BET surface area of char from 161.7 m?/g at 0.1 MPa to 0.137 m?/g at 2.6
MPa. The researchers attribute these observations to the blocking of the char pores by
deposits from the tar due to high pressure. Reported studies on the effects of moisture
content of the biomass feedstocks indicated that high moisture content enhances the
yields of charcoal at high pressures. Hence, most biomass with high moisture contents
are particularly attractive for biochar production via conventional pyrolysis [1]. This
pyrolysis technique is comparatively inefficient and slow and is also dependent on the

biomass’ thermal conductivity and the convection current of the system.

2.1.3. Microwave Assisted Pyrolysis

Pyrolysis of biomass by microwave involves energy conversion instead of mere
heating. In this technique, electromagnetic energy is converted to thermal energy by
dielectric heating [7]. Furthermore, the heat is generated throughout the biomass

volume instead of an external source. Contrary to the conventional pyrolysis, the
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temperature at the centre of the feedstock is higher than the materials surface and

surrounding as shown in Figure 2-1.

Conventional
heating

Figure 2-1 Microwave and conventional heating nature [7]

The microwave assisted pyrolysis technique is among the most promising techniques
of accelerating and enhancing chemical reactions. Because of the efficient heat transfer
profile, the chemical reactions are completed within a shorter time and efficiently as
compared with other thermo-chemical processes [20-22]. The advantages of this
technique over other methods of pyrolysis are that it speeds up the chemical reactions

and reduces the residence time, hence saves energy.

2.1.4. Microwave Assisted Pyrolysis System

The biochars were produced in a custom-built insulated cylindrical stainless steel 309
reactor using the set-up shown in Figure. 2-2. The configuration of the microwave
system and its operation were as detailed by Salema et al. [23] and Nhunchhen et al.
[24]. Briefly described, the SS 309 reactor has a top lid with three openings for nitrogen

supply and temperature measurement using two K-type thermocouples. There is a little
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hole in the reactor bottom lid connected to a high temperature flexible hose for
collection of flue gas. The inner diameter and height of the reactor is 35.5 cm x 53.3
cm respectively and contains a perforated circular plate at the base that holds the
biomass sample for pyrolysis and allows flue gas to pass through. The reactor was
connected to a 3kW and 2.45 GHz microwave supply system acquired from Muegge
GmbH, Germany. The microwave generating system is made up of the power source
(MX3000D-152 KL), a magnetron head with isolator (MH3000Se250BB), a stub-
tuner (MW2009A-260ED), and a microwave guide (WR 340). The pyrolysis carrier
gas (nitrogen) flowing through the reactor from the top was supplied from a nitrogen
generator (VWR model CA26000-014) which converts pressurized air into nitrogen
with 97.5% purity. The nitrogen flow purge the reactor of the generated volatiles or
flue gas through the bottom of the reactor to the condenser. The flue gas was water-
cooled in the condenser to collect bio-oils while the non-condensable gases are safely
vented off via the fume hood. Two K-type thermocouples in direct contact with the
biomass inside the reactor were connected to an 8 channel Pico data logger (Pico
Technology, Cambridge shire, U.K.) to provide a real-time pyrolysis temperature that
was recorded with a personal computer. Any microwave leakage during the
experiment was monitored with a leakage detector (Electron Microscopy Science

Model 72083-00).
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(1) Microwave power source (2) Magnetron head with isolator (3) Stub-tuner (4) Waveguide (5) Stainless Steel
309 reactor (6) K-type thermocouples (7) Distributor plate (8) Bio-oil collector (9) Condenser (10) Nitrogen
gas generator (11) Flowmeter (12) Pico data logger (13) Personal computer (14) High temperature flexible hose
(15) Flue gas

Figure 2-2: Schematics of MW Pyrolysis system at UNB, Canada.

2.2.  Modification of Biochar for Water Treatment

Though the biochar has an excellent capability to adsorb heavy metal ions from metal
contaminated solutions, this capacity is relatively lower in comparison with other
known bio-sorbents such as activated carbon. Hence, despite several scientific
researches on the biochar applications, recent researches have been focused primarily
on the modification of the biochar with good surface properties and novel structures
to enhance its environmental benefits and remediation efficacy. For instance, efforts
have been made to increase its porosity, surface area and/or surface functional groups.
There are several approaches to modify the biochar which can be divided into four
main categories, i.e., chemical modifications, physical modifications, magnetic
modifications and impregnation with mineral oxides. This review is focused on the
chemical and magnetic modifications and their application to the treatment of heavy

metal contaminated water.
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2.2.1. Chemical modifications

Biochar modification by chemical methods involves both one-step modification or
two-step modification process. In one-step process, both the carbonization and
activation are achieved simultaneously in the presence of the activating chemical
agent. On the other hand, in two -step process, the biomass feedstock is first carbonized
followed by an activation using the relevant chemical agent or pre-treatment of
feedstock before the process of carbonization. There are several methods of modifying
biochar chemically (Figure 2-3). However, for this thesis, only the major and

commonly used methods are identified.

2.2.1.1. Acid/Base Treatment and Chemical Oxidation of Biochars

Acidic/alkaline modification of the biochar can cause significant changes to the
biochar physico-chemical properties. The biochar modification leads to more acidic
functional groups on its surface; for instance, rising per-centage of oxygen results in
increased O/C and H/C molar ratios with sulfuric acid treatment. The increases in O/C
and H/C ratios signified the occurrence of a decrease in hydrophobicity [5]. It has been
shown that nitric acid treatment breaks the pore wall and expands micropores into
meso- or macro pores, hence the obtained acidic modified biochar possesses more
acidic functional groups such as the carboxylic, ketonic, hydroxyl and other moieties
containing oxygen [25]. The resulting increase in polarity of acid modified biochar can
lead to chemisorption of pollutants from wastewater. Alkaline treatment produces
biochar with (H/C), higher N/C ratio with lower value of O/C compared to acid
modified biochar [26]. Low O/C ratio signifies the decline in the hydrophilic nature of
basic modified biochar when aromaticity increased. An increase in oxygen and
nitrogen and decrease in carbon in modified biochar results in crosslinking reaction of

the biochar surface and the modifying agents [27]. The increase N/C ratio signifies
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that more groups containing nitrogen to which the basic properties of the biochar are
attributed are present on the modified biochar surface. This enhances the sorption of
negatively charged ions and organic pollutants form wastewater. Furthermore, biochar
oxidation using hydrogen peroxide (H202), Potassium Permanganate (KMnOQj),
ammonium persulfate [(NH4)2S20s] and ozone (Oz) have been used to modify surface

functional groups [3,28,29].

Functional group modification Treatment with organic solvent

e.g. Amination

Cationic metals
(M™)

Non-carbonised
part

Cationic metals
(M™)

. _ Cationic metals
. Acid, Base Treatments (M) O Organic matter

Figure 2-3 Chemical Modification of Biochar

2.2.1.2. Modification of Functional Groups (Carboxylation and Amination)

The biochar surface functional groups and its hydrophilicity can be modified
chemically to meet targeted requirements such as pollutants adsorption from
contaminated wastewater and amendment of contaminated soil [30]. It has been
reported that biochar produced at low temperature (250°C—400°C) has more C==C
and C—H functional groups. Furthermore, acidic functional groups such as carbonyl,
carboxylic, phenolic and lactonic groups have been introduced onto the bio-char

surface at relatively low temperature by chemical oxidation using H202, KMnOs,
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HNOs3, H3PO4 or HNO3/H2SO4 mixture [22,31,32]. Surface carboxylation is mainly

achieved by single-step oxidation.

In addition to functional groups containing oxygen, nitrogen-containing functionalities
such as (imide, amide, lactane, pyridinic and pyrrolic groups) have significant impact
on environmental remediation due to their high affinity for complexation, especially
for heavy metal ions such as Cd 2*, Cu?*, Zn?*, Pb* [31,33]. The N-containing
functionalities is typically introduced onto the biochar surface by nitration followed
by reduction [34,35]. The HNOj3 dissociates to form an intermediate nitronium (NO?*
ions) which is very active. This attacks the aromatic/benzene rings resulting in nitrated
product (—NOz2) on the biochar surface. The nitration of the bio-char surfaces is limited
by the slow rate of nitration and small quantities of NO?* [33], hence, concentrated
H2SO4 is usually added simultaneously to enhance the formation of nitronium ions. It
has been demonstrated that the nitration occurs via electrophilic aromatic substitution
reaction where the nitro group is introduced onto the aromatic rings in biochar [34].
The nitro functional groups are then reduced to amino groups using acidified sodium
dithionite (Na2S204) as a reducing agent [34,35]. The surface amination introduces the
amino functional groups that provide the basic properties and strong affinities of

biochar to metal ions in contaminated wastewater.

Zhou et al. [36] used Chitosan to introduce the amine functional groups onto bamboo
biochar surfaces to enhance its adsorption capability for heavy metal ions like Pb?*,
Cu?* and Cd?*. They demonstrated that coating biochar surface with chitosan can also
improve the bio-char capacity as a soil amendment or adsorbent and deduced that
chitosan-modified biochar can be used as a low-cost, effective and environmental-

friendly adsorbent to remediate heavy metal contaminated environment. The amine
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groups in chitosan forms a very strong chemical bond with heavy metal ions, hence it

enhances heavy metal ions uptake from wastewater [37].

Xue et al. [38] modified the surface of peanut hull biochar using hydrogen peroxide
(H202). The study demonstrated an increase in the O-containing functional groups,
especially carboxylic group which improves the biochar capacity to adsorb metal ions
like Cd?*, Ni%* and Pb?*. It was observed that the modified biochar exhibited improved
Pb?* ion adsorption capability with an adsorption capacity of 22.82 mg/g. This
adsorption capacity compares with the capacity of commercial bio-sorbent such as
activated carbon and over 20 times more than the adsorption capacity of pristine
biochar (0.88 mg/g). The modified biochar was employed in packed column as a filter
media, and it was observed that it filters lead even more than a pristine biochar. The
modified biochar capacity for lead removal in packed column was found to be nearly
20 times the capacity of unmodified biochar. For a multi-metal solution, the column
containing modified biochar was still very efficient in removing lead and other heavy
metal ions (i.e., Ni?*, Cu?*, and Cd?*) from water flow. Model results for the multi-
metal system showed that the adsorption sequence for the heavy metal ions by the
modified biochar were in the order of Pb?* > Cu?* > Cd?* > Ni?*. They concluded that
H202-modified biochar could be a cheap, effective and environmentally friendly or
sustainable sorbent for several environmental applications, especially for heavy metal

immobilization.

Yang and Jiang [34] reported the amino-modification of biochar to improve its
adsorption capacity for Cu®* ions from wastewater. The biochar modification was to
make it a selective and highly efficient adsorbent for Cu?* ions by nitration using
HNO3/H2SO04 mixture, followed by reduction using a mixture of H2SO4/N2S204 as a

reducing agent. Their characterisation results suggested that the amino groups were
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chemically bond to the surface functional groups of the biochar. Their experimental
results indicated that the modified biochar was highly efficient in the adsorption of
Cu?* ions. The bed volume and adsorption capacity of the amino-modified biochar
were eight-and five-folds of the pristine biochar respectively. They concluded that the
amino-modified biochar was endowed with high ion selectivity and pH stability due

to the strong complexation between the Cu?* ions and the amino functional groups.

Liu et al. [39] investigated the sorption of tetracycline from aqueous solution using
biochar modified with KOH and H2SOs. Their characterisation results indicated that
the biochar treated with alkali has larger surface area in comparison with those of
pristine biochar and biochar treated with acid, and correspondingly shows a better
adsorption capacity (58.8 mg/g) than the other two bio-chars. The KOH modification
increased O-containing functional groups (O—H, C—H, C==0 and COOH) on
biochar surface and thus improved tetracycline adsorption. At neutral pH, O-
containing functional groups on the surface of alkali modified biochar facilitated the
formation of Hz bonding with tetracycline molecules thus improved its adsorption by
the KOH modified biochar [33]. It was concluded that the biochar can remove
tetracycline from wastewater effectively. Furthermore, alkali modification of the BC
can improve the biochar adsorption capacity. The adsorption is primarily due to

hydrogen bonding and n-m interactions.

2.2.1.3.  Treatment with Organic Solvents

Another method of achieving high carboxylic functional groups on biochar surface is
by modifying the biochar using acidified methanol which is inexpensive. The bio-char
modification by methanol involves esterification, followed by direct reaction

involving the biochar carbonyl groups and methanol [40].
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Jing et al. [40] investigated the adsorption performance of tetracycline (TC) in aqueous
solutions by methanol-modified biochar. They modified rice husk biochar by methanol
to enhance the TC adsorption capacities and reduce the inherent organic compound
content in the biochar. Their results indicated that methanol-modified biochar showed
approximately 45.6% enhancement of adsorption capacity in 12h and 17.2% in
equilibrium time compared with pristine biochar. Furthermore, they observed that the
hydroxyl and ester functional groups (O-containing groups) were more on methanol-
modified biochar than pristine biochar which affects n-m electron-donor-acceptor

interactions between the biochar surface and the TC.

2.2.2. Magnetic Modifications

It has been sufficiently demonstrated that biochar has the potential of being an
effective sorbent for treating heavy metal contaminated water and wastewater due to
its multi-functional properties. However, the separation of the powdered biochar from
the aqueous matrix after the contaminant adsorption is very difficult which makes the
use of the biochar for wastewater treatment less attractive. Therefore, researchers have
made attempts to develop magnetic biochar sorbents to ensure a better and effective
separation of the biochar particles after the wastewater treatment process [41-44].
Furthermore, it is known that the surface of the biochar has a net negative charge [45];
therefore, adsorption of anionic pollutants, e.g., As (I1l) or As (V) is somewhat low
[45,46]. Hence, researchers have developed several methods for the adsorption of
anionic contaminants by magnetically modifying biochar to enhance its adsorption

capacities for anionic contaminants [47,48].

Generally, there are some common techniques employed to produce magnetic biochar
such as pyrolysis and co-precipitation method. These methods are utilized by many
researchers to produce high quality and high yield of magnetic biochar.
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2.2.2.1. Magnetic Modification of Biochar by Pyrolysis

A typical pyrolysis process can be divided into three types such as conventional
pyrolysis, fast pyrolysis and flash pyrolysis depending on the operating conditions
[49]. The conventional pyrolysis process takes place under a slow heating rate which
allows the production of solid, liquid, and gaseous product in compelling portions. As
for laboratory scale, the pyrolysis process is generally done either through

conventional heating or microwave heating.

Several papers have appeared where fast or slow pyrolysis (conventional heating)
biochars were magnetized, characterized and applied to wastewater treatment

[39,41,43,50-53].

Chen B L et al. [47] used orange peel, biomass waste to produce three novel magnetic
biochars (MOP250, MOP400, MOP700) by employing the orange peel as the raw
material in the presence of FeCls-6H20 and FeCls in which the biomass mixture was
pyrolyzed under different temperatures (250°C, 400°C and 700°C) at 5 °C/min for 6 h.
The produced magnetic biochar was used to adsorb organic pollutants and phosphate
from wastewater. The introduction of Fe.Oz3 as the source of magnet for the biochar
was signified by the higher ash contents and lower carbon contents of the produced
biochar. The surface areas of the produced magnetic biochar were determined to be
41.2, 23.4 and 19.4 m?/g with respect of MOP250, MOP400 and MOP700. These
results showed that higher temperature leads to a reduction in the surface area due to
the destruction of the biochar pores. It was found that the MOP400 consisted of
amorphous biochar and nano-size magnetite particles, and hence showed hybrid
sorption capacity to adequately sorb phosphate and organic pollutants from water. For
adsorption of organic pollutants, MOP400 showed the highest sorption capacity,
which was very much higher than the non-magnetic biochar (OP400). For phosphate
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adsorption, magnetically modified biochars, particularly MOP250, showed much
higher adsorption capacity than the unmodified biochars companion. They concluded
that the magnetically modified biochar sorbent has the potential to adsorb phosphates

and organic contaminants from wastewater simultaneously.

Liu et al. [39] investigated Arsenate sorption from water using FezOs-loaded biochar
prepared from waste biomass (pinewood sawdust) in the presence of FeCls as the
metallic solution to provide the magnetic effect on the magnetic biochar produced. The
important point of the synthetic method was that the carbonization, activation and
Fes04 loading were achieved simultaneously. The pyrolysis process was done in the
horizontal pyrolysis reactor in an electrical furnace with the flow of N2 gas at 600 °C
for about 3 h. This pyrolysis method was able to produce FesOs-loaded magnetic
biochar that has a spinel structure (maghemite, y-Fe 203 or magnetite, Fe3O4) which
signifies that y-Fe,O3 has been reduced to Fe3Os4. The characteristic of this composite
was carried out and used as a sorbent for arsenate sorption from wastewater.
Experimental results demonstrated that the FesO4 particles were deposited uniformly
on the composite surface. The surface area of the composite was as high as 349 m?/g,

pore volume of 0.20 cm®/g and iron of 39 wt.% for arsenate adsorption.

Wang S S et al. [43] studied arsenic removal by a magnetically modified biochar
produced using natural hematite and pinewood. To prepare this magnetic biochar, a
mixture of pinewood biomass and hematite were pyrolyzed in a tube furnace under
nitrogen gas flow at 600 °C for 1 h. When compared to the pristine biochar, the
hematite-modified biochar had both stronger magnetic behaviour and exhibited much
higher capacity to adsorb As from water, possibly due to the y-Fe2O3 particles on the
surface of the carbon serving as sites for sorption via electrostatic interactions. It was

concluded that the magnetised biochar can be used for As pollutant sorption from
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aqueous solution since the used biochar can be recovered easily using external

magnets.

On the contrary, only a very few articles have been published on the use of microwave

assisted pyrolyzed biochar for magnetic modification [54-58].

Meng et al. [58] used chitosan as the raw material to produce MnFe2Os-loaded
magnetic biochar by a novel single-step microwave assisted hydrothermal method at
a microwave heating temperature of 120°C for 10 min. The magnetic biochars were
used to sorb Cu?* ions from synthetic wastewater. Several experimental variables such
as contact time, pH value and initial Cu®* ions concentration which affect the
adsorption behaviour or efficiency of the modified biochars were investigated.
Experimental results demonstrated adsorption efficiency increases with solution pH
value and contact time. Particularly, it was reported that adsorption efficiency can be
as high as 100% and 96.7% after 500 min of sorption at pH value of 6.5 for the
solutions when the initial Cu?* ions concentration was 50 mg/L and 100 mg/L
respectively. In conclusion, this work suggests that magnetic nanoparticles can be

helpful for the adsorption of Cu?* ions from wastewater.

Zhang Z S et al. [59] employed bamboo charcoal (BC) as a raw material to synthesize
iron-modified bamboo charcoal (Fe-MBC) by impregnating the BC in HNO3 and
FeCls solutions simultaneously. This is followed by microwave heating with a
frequency of 2.45 GHz and an output power of 640 W for 6 min under an inert gas
(nitrogen) flow of 10 mL/min. The magnetic biochar was used to adsorb Pb (1) ions
contaminants from water. When compared to pristine biochar, the Iron bamboo
magnetic biochar exhibited rougher surfaces. Furthermore, it was observed that

increasing the concentration of FeCls created better cluster of iron oxide on the
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magnetic biochar surfaces. Also, increasing the concentration of FeCls produced the
maximum BET surface area of 298.732 m?/g and a total pore volume of 0.273 cm®/g
which demonstrated that the pores were well widened and not blocked by the available
Fe20s particles. They concluded these results have vital implications for the design of
effective and low-cost adsorbent for the sorption of Pb (Il) ions from aqueous

solutions.

Wang et al. [60] investigated the sorption of Cr (V1) ions from wastewater using a
microwave assisted prepared bamboo charcoal-based iron-containing sorbents. Bam-
boo charcoal-based, iron-containing adsorbent (Fe-BC) was synthesized by employing
bamboo charcoal as a supporting medium for the ferric iron. The impregnation was
achieved using a mixture of Fe2(SOs)s and H2SO4 simultaneously, before microwave
heating. The experimental results demonstrated that the iron impregnation led to a
decrease of total pore volume, the BET specific surface area and average mesoporous
diameter. The microwave heating was carried out with power output of 640 W and
2.45 GHz frequency for 6 min under a nitrogen flow rate of 10 mL/min. The Fe-BC
was observed to be well-crystallized with a BET surface area of 49 m?/g which is
relatively lower than that of the pristine biochar (64 m?/g) likely due to the pores of
the biochar been blocked by iron oxide. It was concluded that Fe-BC can be used as a
useful sorbent for Cr (V1) sorption and in fixed bed filtration due to its high affinity

toward Cr (V1) because of the iron oxide functional groups.

Wang et al. [61] used bamboo charcoal as raw material to produce bamboo based-
cobalt coated magnetic biochar (Co-MBC). The process utilized Co(NO3)2-6H20 as
the precursor of cobalt oxide fusion into the biochar pores before the mixture was
heated in a modified micro-wave with a power output of 640 W and 2.45 GHz

frequency for 6 min under a nitrogen flow rate of 10 mL/min. On the other hand, the
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Co-MBC synthesized via this study have a relatively higher BET surface area of value
263 m?/g in comparison with the unmodified biochar (15 m?/g) possibly because of
the pores that developed from the micro-wave heating. The desorption study carried

out showed that the Co-MBC have a regeneration and reusability.

2.2.2.2. Magnetic Modification of Biochar by Co-precipitation

Coprecipitation is a phenomenon whereby impurities in the form of solutes precipitate
out from a solution via an agent or carrier that encourages the solutes to attach itself
with the agent or carrier rather than remaining dissolved in the solution. This process
is widely known as the simplest method in the preparation of magnetic particles [49].
This method has been widely used by researchers in the preparation of magnetic
biochar because it is simple. Researchers have introduced various manipulated
variables to achieve the necessary dimension and properties of magnetic particles
produced. With this method, researchers have control over the size of the magnetic
particles produced and several research works have been published where magnetic

biochar was produced using different biomass.

Saravanan et al. [62] used gum kondagogu (GK) to produce GK-modified magnetic
iron oxide particles by co-precipitating Fe?* and Fe®*" ions in the ratio of 2:1 using
ammonia solution in the presence of GK biomacromolecules. It was observed that the
magnetic biochar was stable thermally compared to pristine GK. The magnetic
biochars have aggregate structure that is spherical in shape and embedded with iron

oxide particles which exhibited ferromagnetic properties with Ms value of 60 emu/g.

Jiang et al. [63] produced magnetic chitosan—graphene oxide (MCGO) via the
chemical precipitation of Fe?* and Fe®* ions and used it to remove dye (methyl orange,
MO) from water. The maximum adsorption capacity of MCGO for MO was 398.08

mg/g. This study showed that the MCGO offered enormous potential applications for
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water treatment. Similarly, Yu et al. [64] investigated the competitive adsorption of
Pb?" and Cd?* ions from solutions using modified sugarcane bagasse modified by
magnetic method by two simple steps. The magnetic modified sugarcane bagasse
(MSCB) was produced via the chemical precipitation of Fe?* and Fe3* (obtained from
FeClsz and FeSOg). The studies showed that the adsorption capabilities of the modified
sorbent for Pb?* and Cd?* ions were 1.2 and 1.1 mmol/g respectively. This result
demonstrated that Pb?* ions in solution inhibited the adsorption of Cd?* ions. The
inhibition was found to be proportional to the initial concentration ratio of Pb?* and
Cd?*. They concluded that the produced magnetic sorbent can be used in treating heavy
metal contaminated water. Devi and Saroha [65] produced zero-valent iron magnetic
biochar composites (ZVI-MBC) using biochar from paper mill sludge. In the synthesis,
NaBHj, solution was employed to reduce FeSO4 to Fe (0). The magnetic biochar was
used to treat real and synthetic effluent contaminated with pentachlorophenol (PCP).
Analysis showed that the BET surface area and micropore volume of ZVI-MBC were
found to be 101.23 m?/g and 0.029 cm®/g while the BET surface area and micropore
volume of paper mill-based pristine biochar was 67 m?/g and 0.026 cm®/g respectively.
This work suggests that the binding of the ZV Iron onto the surface of biochar

presented increased surface area for adsorption.

2.3.  Application of Magnetic Biochar for Adsorption of Heavy Metal lons
from Water

Researchers have made attempts to develop magnetic biochar adsorbents to ensure a

better and effective separation of the biochar particles after the water treatment process

[42,43,47]. Generally, magnetic biochars are produced by pyrolysis and co-

precipitation method. The co-precipitation method adopted in this work has been used

by many studies to produce high quality and high yield magnetic biochars. Scholars
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have introduced various manipulated variables to achieve the necessary dimension and
properties of magnetic particles produced. In the work of Saravanan et. al [62], it was
observed that magnetic biochar was thermally stable compared to pristine biomass.
The spherical and aggregate structured magnetic biochar was embedded with iron
oxide particles and exhibited ferromagnetic properties with Ms value of 60 emu/g.
Magnetic biochar with a very high adsorption capacity for methyl orange,
398.08 emu/g was reported by Jiang et. al [63]. Furthermore, Yuwei and Jianlong [66]
studies showed that magnetic biochar with Ms 36 emu/g exhibited super-paramagnetic

properties with an adsorption capacity of 35.5 emu/g.

So far, only few published papers have applied magnetised biochar for heavy metal
ions adsorption from water. Heavy metals such as zinc [54], lead and cadmium
[42,64,67,68], tin [55], chromium [69], and copper [70] were adsorbed from
contaminated water by the application of magnetic biochar as adsorbent in a simple
adsorption process. The reported studies employed biochar prepared by conventional

pyrolysis and not microwave assisted pyrolyzed biochar.

2.4. Bio-adsorbents for Water Treatment

Another useful adsorbent under investigation globally for water treatment is bio
adsorbent as extensively studied by Li et al. [71-73]. By-products from agroindustry
are not only cheap and readily available but are also renewable. Heavy metal ions have

been successfully removed from aqueous solution using potato peels and guava leaves.

These bio-sorbents also have applications in soil remediation and have shown the
potential for environmental protection. Potato peels and grass clippings co-composting
with eggshell and rice husks also have application as bio-sorbent for treating Pb (I1)

ions contaminated water. Cellulose-based materials have been demonstrated to be a
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potential bio-adsorbent for removing Pb (11) ions from aqueous solutions by Li et al.
[71]. New physical and chemical properties have been introduced into this cellulose

via surface graft modifications to develop “smart” adsorbents based on cellulose.
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Chapter 3 Adsorption of Pb (IlI) ions onto magnetically

modified hemp biochar prepared by microwave-assisted
pyrolysis

Abstract

Biochars were made by microwave-assisted pyrolysis process using hemp stalks
biomass as the feed. This biochar was made magnetic by two simple step process. The
magnetic char was examined for its potential application as a renewable adsorbent for
the removal of lead ions from aqueous solution via a batch-mode experiment. The 200
— 300 um size biochar powder obtained from microwave pyrolysis of 1.5 kg hemp
stalks biomass at an average temperature of 600 °C were first impregnated with H20:
(30%) solution and then magnetized by mixing a solution of Fe3*/Fe?* with biochars
suspension and then treated with NaOH. The synthesized magnetic adsorbent
characterizations were performed with SEM, FT-IR, vibrating sample magnetometry
(VSM), energy-dispersive X-ray spectroscopy (EDS) as well as BET surface area

(Seet). The Sger of the magnetic hemp biochar was 84 m? gL,

The impacts of operating temperature, pH, time of adsorption and initial concentration
of Pb (II) ions solution on the ion’s removal process were examined. Results showed
that the magnetic biochar performed well in remediating lead ions-contaminated water
with a Langmuir sorption ability, qmax of 61 mg g*. Modelling the kinetics of
adsorption showed that the pseudo-second order kinetics model fits experimental data
better. Results from isotherm models showed that Freundlich isotherm characterized
the adsorption of Pb (I1) ions by the magnetic hemp biochar better than other models.

The adsorption performance of biochar after 5 regeneration cycles was over 70%. The
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adsorbent in solution was easily captured with a low magnetic field, thereby enhancing
the ease of recovery of spent adsorbents from solution. The as-prepared magnetic
biochar adsorbents demonstrated as potential adsorbents in remediating heavy metal

ions-contaminated water.

Keywords: Magnetic biochar; hemp; adsorbent; microwave-pyrolysis, water

treatment; heavy metal ions.

3.1. Introduction

Wastewater containing heavy metal ions from various industries such as
electroplating, mining, glass, ceramics, textiles, storage batteries and metal finishing
are discharged to the environment. The rising concerns about water polluted by heavy
metal ions discharged from industrial wastes have increased recently because of their
accumulation in biota and toxic effects on organisms [1]. Among various heavy metal
ions, much attention has been paid to lead ions due to it long residence times and high
toxicity. These pollutants in water bodies accumulates in the food chains and
endangers aquatic lives and human beings [2]. Lead poisons have been confirmed to
decrease kidney functions and activities of enzymes as well as cause neuromuscular
difficulties [3]. Hence, there is an urgent call for the remediation and recycling of
metal ions-contaminated water to protect the food chains and secure alternative

sources of water [4].

Different methods have been applied to capture these ions from solution including
reverse osmosis, chemical precipitation, adsorption, membrane technologies, ion
exchange and electrochemical treatment [5]. Amongst these methods, adsorption is the
most convenient, universal and fast technology to remediate metal ions-contaminated

water efficiently at a relatively low cost [6,7]. The merits of adsorption technology are
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the potential to easily regenerate the spent adsorbent and its low residue generation
[8]. Furthermore, bio-sorbents are environmentally friendly and readily available in
large quantities. Different types of adsorbents, natural and manufactured products have
evolved [9]. Activated carbon has been demonstrated as a very effective carbon-based
adsorbent in the sorption of organic and inorganic toxic wastes from water [4].
Although, activated carbon successfully adsorbs metal ions from polluted water, it cost
of preparation is high and has a very low selectivity which limits its application,
whereas “sustainable” biochar can be manufactured at a relatively lower cost. In recent
years, biochars have been considered as a lower cost bio-sorbent with various
promising potential environmental applications including carbon sequestration, water
treatment and soil improvement [10]. Researchers have demonstrated that biochar has
been an effective adsorbent to adsorb pollutants from water and as a substance to

immobilize metal ions in metal-polluted soil [11-13].

Biochar is a highly porous material that is very rich in carbon. It is a fine carbon
material manufactured by the thermal degradation of biomass in a system with limited
oxygen. Biochars have been utilized as efficient sorbents to eliminate various
inorganic and organic pollutants from water. Their high adsorption capacities may be
due to their high porosity structure and functional groups on their large surface area
(e.g. phenolic groups, hydroxyl, ketone, aldehyde, carboxyl) thus, they have a very

strong attraction towards cations [14-16].

Biochars are manufactured by gasification, fast and slow pyrolysis of different
biomasses [17,18]. The moisture contents of biomass required for fast pyrolysis needs
to be <10% and enough energy is required to run the process. The different biomasses

are converted to bio-oil and biochars by fast pyrolysis [19]. About 10-25% of
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feedstock is converted to recoverable gas used to provide heat for the processes.
Researchers have produced biochars from sludge [20], diary manure [12,15], algal
biochar [21,22], crop residues [23], corn cobs and stover [18], etc. Oak bark and wood
chars have been produced by fast pyrolysis for the adsorption of lead [14]. To the best
of our knowledge, there has not been a study on the adsorption performance of

biochars produced from hemp stalks using microwave-assisted pyrolysis.

Until recently, the widely used and traditional carbon-based adsorbent to treat metal
ions-polluted water has been activated carbon. Hence, for biochars to favorably
compete for industrial applications, researchers must ensure that biochars are the most
efficient bio-sorbents with a targeted chemical property. Therefore, current researches
on biochars are centered around their characterizations and modification to meet

industrial applications [24].

Because biochars are carbonaceous materials composed of surface functional groups
fastened to ‘fused’ aromatic rings, it is strongly believed that biochar will have similar
chemical properties to those of aromatic hydrocarbon [25]. Hence, the chemical
reactions of aromatic hydrocarbons may be applicable to biochars. The existence of
these functional surface groups on the biochars thus means they modifiable via
chemical and physical methods to make adsorbents that are targeted towards a specific

function.

Extensive research has been carried out on how to remove heavy metal cations from
water using unmodified biochar, capitalizing on their fast sorption kinetics, large

surface area and micro or meso-pores structure of biochar materials [26].

One of the major challenges with practical wastewater treatment is the challenge of

regenerating the adsorbent from solutions by the conventional methods: centrifugation
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and filtration. Separation using a magnetic field has been shown as a potential method
to separate solid from liquid phase [27]. Using an external or internal field to isolate
magnetic bio-sorbents from the aqueous solution is convenient. However, magnetic
modification of adsorbents for wastewater and water purification is somewhat new
research area [28,29]. Only very few studies have examined magnetic bio-sorbents.
These includes magnetic sugarcane bagasse [30], magnetic Saccharomyces cerevisiae
[31], magnetic biochar from slow pyrolysis [32], magnetic oak bark and wood via fast
pyrolysis [33], magnetically modified spent coffee grounds [34] and reviews on

magnetic materials for water purifications [35,36].

The few available studies on the application of modified or unmodified biochar to
wastewater treatment have all employed the biochar prepared by conventional
pyrolysis of different biomasses. Therefore, it is of more interest to study the
adsorption performance of magnetically modified hemp biochar prepared by
microwave-assisted pyrolysis. Microwave-assisted pyrolysis is energy efficient, easier
to control, ensures rapid heating and reduces residence time. Low strength internal or
external magnetic fields can easily manipulate magnetic bio-sorbents, allowing easy
recovery of metal ion-loaded adsorbent from contaminated water which might contain
oil, grease and suspended solids to some extent. With the conventional filtration, these
impurities may lead to frequent separation and regeneration due to carbon fouling.
Magnetic separation permits easy isolation of adsorbents and washing before

redispersion [29].

In this work, we aimed at the magnetization of a microwave-assisted pyrolyzed hemp
biochar (BC) to overcome clogging of the filter bed during adsorbent filtration. The

hemp stalks biomass (1.5kg) was pyrolyzed in a microwave batch reactor at about 600
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'C average temperature within 1.5 h residence time. The hemp BC was then modified
chemically for the magnetization in two simple steps: (1) oxidation of the BC using
H20- to improve its affinity towards heavy metal ions. (2) magnetization of BC via
the co-precipitation of magnetic particles onto the matrix of the oxidized BC to aid the
separation of the spent biochars from aqueous solution. Adsorption isotherm, pH
dependence, adsorption kinetics of Pb (I1) ions by magnetic modified hemp biochar
from solution were examined. The isotherms of adsorption were modelled by
Freundlich, Temkin, Langmuir and Dubinin-Redushkevich models. The kinetics data
were examined using pseudo-first-order (PFO), pseudo-second-order (PSO) and
intraparticle kinetic models. The effects of multiple regenerations on biochar

adsorption capacity and magnetic properties were also identified.

3.2. Experimental

3.2.1. Materials

The hemp stalks biomass was purchased in bags from Plains hemp, Manitoba, Canada.
All chemicals were reagent grades. Ferrous Sulfate (98%), ferric sulfate (>96%),
Sodium Nitrate and EDTA-2Na were purchased from Alfa Aesar, USA. Granular
NaOH, HNOs and H202 (30%) solutions were from Fisher Scientific. The standard
solution of Pb?* (1.000 g L) was made in the lab by mixing the right mass of Pb(NO3)2

salt in distilled water. All reagents were utilized without further purification.

3.2.2. Pyrolysis of Hemp Biochar

Hemp biochar was produced by pyrolyzing 1.5 kg of shredded hemp stalk as received
in a custom-built SS 309 reactor at an average temperature of 600 °C, 2.7 kW
microwave power and reaction time of 1.5 h [37]. The moisture of the hemp stalks

hiomass as received was between 9 — 11%.
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3.2.3. Preparation of H20O2 Modified Biochar

3.2.3.1. Biochar Pre-treatment

The hemp biochar samples from microwave-assisted pyrolysis were milled to 200 -
300 um size, washed exhaustively in distilled water before drying in air oven overnight
at 105 °C prior to the chemical modification of the biochar.

3.2.3.2. H,O, Impregnation of Hemp Biochar

Some amount (55 g) of the pre-treated hemp BC samples was soaked in 350 mL H20>
(30%) and stirred for 6h with a magnetic stirrer at 300 rpm under room temperature
(24+1 °C). After impregnation with H20z, the biochars were filtered under vacuum,
washed repeatedly in distilled water, followed by ethanol and then air-dried at 60 °C

in the oven for 24 h.

3.2.4. Preparation of Magnetic Hemp Biochar

The magnetically modified hemp BC was made as detailed by Nakahira et al [38]. All
water used in the process was distilled water. Briefly summarized, the H.O>
impregnated hemp biochars [15g, 200 - 300 um] were soaked in water (150 mL). A
fresh solution of ferric sulfate was made by dissolving 5.55g of Fe(SO4)3nH20; (h =
6 - 9) in water (390 mL). Similarly, another solution of ferrous sulfate was also made
from the dissolution of 6.00 g FeSO4.7H20 in water (45 mL). These Fe solutions were
mixed and actively stirred at 25 — 30 °C. The output Fe?*/Fe3*S04% solution was
mixed with the aqueous suspension of H.O> impregnated biochars (15 g) at room
temperature and stirred slowly for 30 minutes. At this point, 10 M-NaOH (aqueous)
was added in drops to the BC/ Fe?*/Fe®* system to raise its pH to approximately 10 —
11. At this point, these suspensions were agitated for 60 minutes and then kept for 24h

at ambient condition. The resulting suspensions were filtered, and the residues were
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washed repeatedly in distilled water followed by ethanol before drying overnight at 50
°C. The mass ratio of FeSO4.7H20 to Fe2(SO4)3nH,0 in solutions was fixed at 1.1:1,
mass of adsorbent and volume of distilled water were all kept constant. The weight
percent of the sum of ferric and ferrous sulphate in solutions used for modification was
varied from 1% to 4% as shown in Table A3.1 of Appendix A. The prepared magnetic
hemp biochars were labelled as MHBC-1, MHBC-2, MHBC-3 and MHBC-4,
respectively, according to the weight percent of the iron sulphates in the solution
containing the biochar samples. A general schematic of the biochar modification is

shown in Figure 3-1

]
Farivadei

(A+B)

Biochar 30% Biocharin H,0,-Biochar Distilled Biochar ;\zirzli A
or
(300 pm) H,0, H,0, Water Suspension ) :
i ; Mixed at Washing (DW
DW,| DW (A i
Solution (24h Aging) (ow) in (A) pH10-11 & Ethanol) + B[m:har
(T Filtration é

_=v_?_ l —'L*.." -) me—— Ovendry -
i s = overnight P E
= at50°c <

Iron Oxides

FeSOL7H,0  Fey(SO,)s.xH,0 Aqueous . Giaws
Fe?*/Fe®* & ) € ——
(8) Pb2* -

Loaded o
/" Biochar

> Magnetic |
Biochar <
/ ' >
Strip Pb2* with > " (’ L
EDTA-2Na 3 \~_=5—

§,¢Igtlon % & : p—

¢ R N . Eaa \

-

Recovered = i

Magnetic Biochar Recovired l
e Biochar in EDTA- Remmadiatad Magnetic Bar Magnet
2Na Solution water Separation

‘ 1

Pb2*+
Magnetic
Biochar

+ Solution

Recycled Magnetic Biochar

Figure 3-1 General scheme for the preparation of magnetic hemp biochar

3.2.5. Characterization of Hemp Biochar

The biochar surface functional groups were identified with FT-IR before and after the
modification and Pb (I1) ions uptake. A NEXUS 470 spectrophotometer (Nicolet

Thermo Instruments, Canada) was used to record the FT-IR spectra after the hemp
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biochars were grinded with KBr. The BET was performed with an Autosorb
instrument from Belsorp-Max BEL Inc, Osaka, Japan. The structure of biochar surface
before and after the adsorption of Pb?* ions including the chemical composition of the
biochar were determined with SEM and EDS respectively. The Scanning Electron
Microscope (JEOL JSM-6400) was outfitted with an EDS (EDAX Genesis 4000

Energy Dispersive X-ray) analyser.

Hysteresis measurement was performed using a Lake Shore 7304 Vibrating Sample
Magnetometer (VSM). The graph of magnetization (M) versus field strengths (H)
which gives the hysteresis loop represents the magnetic properties of the biochar

adsorbent. The adsorbent saturation magnetization was determined from this loop.

3.2.6. Batch Adsorption Experiments

Pb (I1) ion was used for the study to determine if the magnetic hemp biochars were
suitable for treating heavy metal ion-contaminated water. A stock solution of Pb (11)
was diluted to prepare the different adsorbate solution at varying concentrations. The
desired pH was maintained by adding drops of 0.01 M NaOH or 0.01 M HNOs3 into
the solution. This study was performed with a 40 mL adsorbate solution at 20 mg L
concentration and beginning pH of 5.0, dosage of 0.02 g of adsorbent per 40 mL
solution in a temperature-regulated shaker (SWB25) from a German Thermo Electron
Corp. The system was agitated at a 130 rpm speed. The effects of contact time,
temperature, pH, initial concentration of Pb?* solution on the adsorption process were
investigated. Residual Pb?" concentration in the filtrate after sorption was evaluated
with ICP-OES (VISTA-MPX Axial, Varian Inc, USA). The percent metal ion removal

R (%) was computed with equation 3.1.
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_ (Ci_Ce)

L

R X 100 Equation 3.1

where C;(mg L) and C,(mg L) are the concentrations of the Pb (11) solution at the
beginning and at equilibrium respectively. The metal ion loading capacity (Q) was

determined using equation 3.2.

Ci—C
Q= izCe) XV Equation 3.2
m

where Q (mg g?) is the quantity of Pb (I1) ions removed from solution per gram of the

biochar absorbent, m (g) is the absorbent mass, V (L) is the metal ion solution volume.

3.2.6.1. Adsorption Kinetic Models

When removing cations from solution via batch mode experiment, the process kinetics
helps to identify the mechanisms governing the process of metal uptake. The Kkinetics
data - also identify the potential rate-limiting step during adsorption process. Two
adsorption reaction kinetics models and one adsorption diffusion model were
employed to investigate the kinetics of Pb (I1) ion adsorption onto magnetic hemp
biochar. These are pseudo-first order (PFO), pseudo-second order (PSO) Kinetics

model and intraparticle diffusion model respectively.

The non-linear forms of the PFO and PSO kinetics are presented in equations 3.3 and

3.4 respectively [39].

qt = Qe(l - e_Klt) Equation 3.3
_ _Kyqdt .

qt = 1+K,qet Equation 3.4

where g, and g, are the sorption capabilities at equilibrium and a given time, t during
the process respectively in (mg g2), K; ( mint) and K, (g mg? min?) are the rate

constants for PFO and PSO models respectively.

The model for intraparticle diffusion is given by equation 3.5.
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qr = Kigt*? + C Equation 3.5

where g, (mg g?) is the quantity of adsorbate removed from solution in a given time t
(min), K;4 is a constant of intraparticle diffusion (mg g* min™/?) and C is a constant
that is related to the thickness of the boundary layer [40]. When a graph of g, against
tY2 is linear, it implies that intraparticle diffusion is the rate controlling step during the

adsorption process.

3.2.6.2. Adsorption Isotherm Models

The isotherms were determined by agitating the MHBC-3 (0.02 g) with 40 mL of Pb
(11) solution at varying initial concentrations. The adsorption isotherms for lead ions
were characterized by fitting the experimental data to the Langmuir, Freundlich,
Temkin and Dubinin-Redushkevich models. The detail descriptions of these models

are given in Appendix A.
3.2.6.3. Separation Experiments

The isolation of MHBC-3 from solution was investigated in a batch-mode experiment.
250 mL of distilled water was measured into 500 mL glass vial (dia. = 6.5 cm). Then
125 mg of MHBC-3 was placed in the vial. After agitating this suspension for 5
minutes with a mixer (Barnant mixer series 20) at a speed of 100 rpm, the vial was
then placed on the table and a magnet jig from Industrial Magnetics, Inc (ON/OFF
Magnetic Jig, JP155R) was inserted in the suspension (internal magnetic field
separation). The depth of the suspension with the inserted magnet jig at the center of
the vial was 8.0 cm. Another trial was also performed using an external magnetic field
whereby the glass vial was placed on the jig instead of inserting the jig into the
suspension. After completing the isolation, 20 mL of the distilled water aliquot was

collected at intervals from a fixed point in the vial (6.0 cm from the bottom of vial)
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through a needle and syringe to measure the turbidity with a turbid meter (Hach 2100Q

Portable Turbidimeter).
3.2.6.4. Adsorbent Regeneration

For adsorption-desorption study, Pb (I1) ions were loaded onto the MHBC-3 under the
following operating conditions: initial concentration of Pb (1) solution — 20 mg L,
pH - 5, fixed adsorbent dose — 1.0 g L™, temperature - 25 °C and contact time 2 h. .
The Pb-loaded MHBC-3 was filtered under vacuum, washed in distilled water before

drying overnight at 60 “C in temperature-controlled oven.

Batch desorption study was performed by using a fixed dose of Pb-loaded MHBC-3
(1.0g L") in EDTA-2Na (0.1 mol L) solution at 25 °C and in 2 hours in a glass vial.
After mixing at 100 rpm and 25 °C using Barnant mixer series 20, the vial was
withdrawn, and the suspension was filtered using filter paper under vacuum. The cake
was obtained, washed thoroughlyin distilled water to approximately 7.0 pH and dried
overnight at 60 “C for the next cycle of adsorption—desorption. The filtrates (EDTA-
2Na) sample were analyzed using ICP-OES to quantify the concentration of Pb (1)

ions desorbed and amount of Fe leached during regeneration.
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3.3. Results and Discussion

3.3.1. Characterization of Magnetic Hemp Biochar

To know the properties such as pH and pHpzc, surface structure, moisture and ash
content, chemical composition, porosity and surface area as well as surface functional
groups, the magnetic hemp biochar (MHBC-3) was characterised. The characterization

results are shown in Table 3.1.

3.3.1.1. BET and Elemental Analysis

The magnetic modification of hemp biochar adsorbent decreased its BET from 142.50
m? gto 83.76 m? g as given in Table 3.1. This observation shows that the magnetic
biochar has relatively greater surface area of 83.76 m? g in comparison with other
magnetic biochars. Mohan et. al, reported much less BET surface areas for both
magnetic oak wood (6.1 m? g?) and magnetic oak bark (8.8 m? g?) biochars
respectively [33]. The rise in percent iron content of the MHBC-3 adsorbent from 0.01
to 13.66% confirms that the magnetic modification was successful. As one would
expect, modification caused a decrease in surface area of MHBC-3. The observation
may be due to the obstruction of the small pores or coverage of the surface of adsorbent
by the iron oxide particles embedded in the biochar. Nonetheless, the adsorption
performance of MHBC-3 for Pb (I1) is much higher than that of unmodified hemp
biochar, thereby demonstrating the effectiveness of the magnetic modification in
enhancing adsorption towards Pb (I1) ions. This is elaborated further in later sections
of this article. Average pore diameter of MHBC-3 from analysis was 6.68 nm,

suggesting the presence of mesoporous structure in MHBC-3 adsorbent.

The removal of organic matter, ash content, from the biochar due to modification (from

48.37 wt% to 44.97 wt%) correlates with the higher carbon contents for MHBC-3. The
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carbon content was increased from 45.69 wt% to 58.94 wt%. Additionally, the meso-
porosity developed in the modified biochar, MHBC-3, which is different from the
microporous unmodified hemp biochar, may partly be due to the removal of ash from

the biochars when forming the biochar hybrid particles and iron oxides.

When treating the biochar samples with Fe?*/Fe3*/NaOH, the porous surfaces of the
biochar may assist in nucleating iron oxide precipitates. The carboxyl (-COOH) and
hydroxyl (-OH) surface functional groups on biochar tend to associate or complex with
the iron hydroxide/oxide particles present in the solution, thus promoting their linkage
with biochar. This could be shown as biochar-O-FexOy (Fes04/Fe203) to representing
the potential chemical bonding between the particles of iron oxide and biochar. This
chemical interaction could be supplemented with some form of mechanical interlocks
between H-bonding and phases, e.g. the hydrogen bonding between C—OH on biochar
surfaces and Fe—OH at the surface of metal oxides. Some columbic interactions may
also exist. The magnetic iron particles tightly bonded to the biochar particles could be

attributed to these interactions.

The results from point of zero charge (pHpzc) and the pH analysis of MHBC-3, shown

in Table 3.1 imply that the adsorbent has some basic tendency.
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Table 3.1 Characteristics of unmodified and magnetic hemp biochar (MHBC-3)

Parameter Units Values
Unmodified hemp Magnetic hemp
biochar biochar
BET surface area | m? g* 142.50 83.76
Total pore volume | cm? gt 0.12 0.14
Zeta Potential | mV -49.49 -45.30
pHpzc 7.07 6.61
pH 8.89 9.05
Ash content | % 48.37 44.97
Moisture Content | % 2.59 3.13
Cl % 45.69 58.94
Fe | % 0.01 13.66

3.3.1.2. Morphology and Chemical Composition of Biochar Adsorbent

The structure of this biochar adsorbents before modification, before and after metal
adsorption was observed using SEM at different magnifications. The SEM images
shown in Figure 3-2 indicate that the biochar surface is heterogenous and uneven
which may affect the Pb (Il) adsorption process [41]. The surface of magnetic-
modified biochar adsorbent (see Figure 3-2 (c and d)) is coarse and hairy with
crevices that are irregular with varying dimensions. These observations may signify
the presence of openings acting as active sites for ions transfer and adsorption. The
hairy-like particles on the magnetic hemp biochar surface may be due to iron oxide

particles that are bonded to the biochar surface.

The SEM images after Pb (II) ion sorption also shows some crevice on the spent
biochars. Comparing the SEM images in Figure 3-2, the biochar surface after Pb (II)
adsorption, Figure 3-2 (e and f), were more disaggregated and the surface roughness

increased. These changes in the char surface in the scan of the Pb-loaded biochar may
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be ascribed to the effects of adsorption process on the biochar when Pb (I1) solution

interfaces with the biochar particles.

During batch mode adsorption at the same agitation, It may be possible for the pores
on the surface of MHBC-3 biochar may have served as the channels for the adsorbate
ions in the solution, thus granting the ions access to the meso-pores where chemical
interactions and surface adsorption take place with the reacting groups on the active

sites of biochar [42].

Bright spots in the micrographs Figure 3-2 (c-f) also indicate that some degree of
conductivity due to the presence of metals exist. When iron oxide forms, most biochar
cavities are obstructed by iron oxide crystals developed in the biochar [43]. This is

proven from the decreased BET surface area.

Figure 3-2 SEM micrograph of hemp biochars (a) unmodified hemp x1500 (b)
unmodified hemp x3000 (c) magnetic hemp (MHBC-3) x1500 (d) magnetic hemp
(MHBC-3) x3000 (e) and (f) are lead-loaded magnetic biochars at x1500 and x3000
respectively.
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EDS analysis of the chemical composition for MHBC-3 biochar was performed and
the spectra are shown in Figure 3-3. The analysis showed that the biochar possessed
high carbon content (74.5%), iron content (12.4%), oxygen content (11.9%) and small
amounts of other elements like calcium, silicon, potassium and sodium. The sudden
rise in iron content from nearly 0% to 12.4% (EDS results, see Figure 3-3) after
magnetization further confirms the data from elemental analysis shown in Table 3.1

and gives credence to the fact that magnetization was successful.

The MHBC-3 EDS spectra after adsorption are also given in Figure 3-3 for Pb (II)
sorption. As can be seen from Figure 3-3, the peaks of Pb (1) are obvious, confirming
its existence on the surface of the magnetic biochar after adsorption. It is equally
important to notice that the carbon and iron content of the spent MHBC-3 biochar is
lower than that of unused MHBC-3 adsorbent. The observation from the EDS of
MHBC-3 before and after Pb (Il) ions removal shows that the MHBC-3 adsorbent

effectively removed Pb (I1) ions from its solution.
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Figure 3-3 EDS Spectra of hemp biochars before modification, after magnetic
modification and after loading with Pb (I1) ions.

3.3.1.3.

FT-IR Spectroscopic Characterization

The spectra of the hemp biochars in the region of (4000 — 500 cm™) before and after

modification are given in Figure 3-4. The peaks between 1800 - 1685 cm™ may be

assign to C=0 stretching vibrations from anhydrides carboxylic acids, ketones and

esters. The band at 1600 cm™ is assigned to C=C [44]. Similar results have been

reported when saligna wood chips was used as the biomass for producing biochars
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[45]. The presence of C-H indicates that the cellulose of the hemp biomass was not
carbonized entirely during micro-wave pyrolysis process. The C=C bond is assigned
to lignin’s aromatic rings. The peaks at 650 cm™ and 1470 cm™ are assigned to Fe-O

and N-O respectively [46].

—— Unmodified Hemp BC
—— Magnetic Hemp BC

Aromatic C-H

c=0 \
\
- OH /‘M qf

w\w\/ Y ‘
LK -

T " T T ™ 1 — T T "
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm™)

Figure 3-4 FTIR spectra of hemp biochars before and after modification

3.3.1.4. Vibrating Sample Magnetometry

The characteristics of a ferromagnetic material determines their suitability for
application. This characteristic is given by its hysteresis loop derived from the plot of
material’s magnetization (M) against a field strength. Magnetization characteristic was
performed at 27 °C by vibrating sample magnetometry (VSM) as shown in Figure 3-
5. The value of the saturation magnetization was 10.68 emu g* for MHBC-3. This
high value may be associated to the high content of iron oxides present in the biochar
hybrid particles. The type and nature of the biochar determines the steps in the

magnetization process.
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Figure 3-5 Magnetic moment of hemp biochar (MHBC-3) at 27 °C

The biochar surface is rich in various oxygen-containing functional groups including
carboxylic acid, hydroxy, quinone, anhydride, ketone, alcohol, and other groups [47].
At the time of microwave pyrolysis of the hemp stalks biomass, varying amounts of
oxygen (11.6 wt.%) were left in the biochar as shown in Figure 3-3 depending on the
pyrolysis temperature and time. Biochars consists of hydrophobic, hydrophilic, basic
and acidic sites that are found throughout the subsurface volume and on the pore
surfaces. The type of feedstock and the pyrolysis condition affects contributions of
these functional groups and their properties. These operating variables include
pyrolysis time, operating power which affects rate of heat transfer, temperature, reactor
configuration and biomass particle size distribution [47]. Apart from carboxylic acid
and phenolic hydroxyls, other functional groups such as lactones, anhydrides, ethers

and quinines contain lone pairs of electrons which can act as Lewis bases, thus forming
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coordinate bonds with metal cations. Because some hydrophilic functional groups that
contain oxygen are present throughout the biochar, water molecules can travel into the
solid regions thereby causing swellings [43]. Hence, heavy metal cations bind with
adsorption sites on the biochar surface and, maybe, throughout some parts of the hemp

biochar solid regions [43,47].

3.3.2. Adsorption Behavior

3.3.2.1. Biochar Adsorbents Comparative Test

The sorption efficiencies of Pb (11) ions induced by different absorbents, including raw
biochar, H.O> impregnated biochar and magnetically modified biochars (MHBC) are
given in Figure 3-6. The adsorption efficiency of Pb (I1) from solution by raw biochar
was very low, under 40%. As expected, the modification of biochars improved their
adsorption towards Pb (Il). Furthermore, the adsorption efficiency of biochars was
greatly increased after the magnetic modification. These results show that magnetic
hemp biochars are excellent adsorbents or carriers of Pb (I1) ions in aqueous solution.
The study was done within 2 h contact time at 25 °C, using an adsorbent dose of 0.5

g/L at pH 5.0 and the initial concentration of Pb (II) solution was 20 mg/L.

The effects of weight percent of iron salts (Ferrous and Ferric sulphate) in solutions
used for the magnetic modification on Pb (I1) removal could also be identified from
the results shown Figure 3-6 (samples 3 - 6). The adsorption efficiency of the
magnetic chars increased with the wt.% of iron salts (Fe?*/Fe®*) from 0% to 3%
significantly. This increase in adsorption efficiency was however negatively affected
when the concentration of iron salts was slightly increased to 4%. It could be inferred

that the iron oxide particles at an over-dosage can induce the blockage or collapse of
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the biochar pores. Therefore, the optimal concentration of FeSO4.7H.O and

Fe2(S04)3.nH20 in the solution used to modify the biochar was found at 3.0 wt.%.

100 ~

Pb (II) Removal (%)

1 2 3 4 5 6

Hemp biochars

Figure 3-6 Lead removal efficiency by different biochars; (1) Unmodified hemp (2)
H20. impregnated Hemp (3) MHBC-1 (4) MHBC-2 (5) MHBC-3 (6) MHBC-4

3.3.2.2. Effects of pH

Pb (1) ions adsorption in solutions is largely dependent on the aqueous solution pH
which influence the ionization of cations as well as the concentration of competing H*
or H3O" ions in solution. To reveal the pH effects on Pb (1) sorption, the pH of a 20
mg/L solution was adjusted from 2 to 7. The results are presented in Figure 3-7. As
expected, the highest Pb (I1) sorption occurred at a high pH values or close to neutral
conditions. It is worth noting that the current study was performed at pH values in
which the metal ions would not hydrolyzed and precipitate from solution. This pH is

estimated to be 7.7 for Pb(OH). [33]. The optimal pH for the sorption of Pb (1) from
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solution by MHBCs was 7.0, which facilitates the practical application and allows the

adsorption efficiency of MHBC-3 to be as high as 98.7%.

In aqueous solutions, Pb?* species is pre-dominant at pH between 2—7. When the pH
is high, PbOH" can exist [14]. The removal efficiency of Pb (I1) by the adsorbents was
very low at a pH below 3. At a lower pH, the hydronium ions (HsO™) concentration is
higher. Hence, there are more protons contending with Pb?*  for the active sites of
biochar. Although the surface of biochar adsorbent has a net negative charge, it
becomes challenging to adsorb cations which are positively charged due to repulsion
between adsorbates on biochar [48,49]. Higher pH (pH > 3) values are favourable to
the deprotonation of the adsorbent’s carboxylic acid, phenolic, hydroxyl and other
acidic functional groups, thereby making adsorbent’s surface negatively charged.
These negative active sites are formed on both ferric oxide/FezO4 and biochar surfaces.
Thus, there is an increased electrostatic attraction between the Pb?* ions in solution
and adsorbent surface. This improves the Pb?*ions sorption. To correlate ions uptake
efficiency with the adsorption process, the kinetic and equilibrium studies of Pb (I1)

were further conducted at an initial solution pH 5.0.
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Figure 3-7 Effects of pH on adsorption of Pb (Il) ions from aqueous solution at 25
°C by various magnetic hemp biochars

3.3.2.3. Effects of Temperature

The effects of operating temperature on the sorption of Pb (I1) ions from a 20 mg/L
solution was studied by varying the solution temperature between 25 and 65 °C at a
pH of 5.0 in 2 h using adsorbent dose of 0.5 g/L. The experimental results are shown
in Figure 3-8. Adsorption of Pb (II) ions from aqueous increased tremendously as the
temperature was raised from 25 to 35 °C. This observation shows that adsorption
mechanism on MHBCs is an endothermic process. Above 35 °C, the sorption
efficiency did not change distinctively. Therefore, an optimum temperature of 35 °C

was chosen for Pb (I1) ions adsorption onto MHBCs.
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Figure 3-8 Effects of temperature on the adsorption of Pb (Il) ions by various
magnetic hemp biochars

3.3.3. Adsorption Kinetics and Isotherms

3.3.3.1. Adsorption kinetics

The impacts of exposure time on the sorption efficiency of MHBC-3 for Pb (1) ions
in solution was examined and results are presented in Figure 3-9. The study was
conducted at various temperatures (25, 35 and 45 °C) and pH 5.0. Initially, the
adsorption proceeded very fast (within the first 10 minutes, more than 70% was
adsorbed). This could be associated to the vacancy of numerous active sites on the
MHBC-3 surface. However, as more Pb (I1) ions adsorbed on MHBC-3, the available
active sites becomes limited, thus lowering the rate of adsorption. The slower rate of
adsorption may be due to different factors including electrostatic repulsion between
the captured absorbates and the incoming ions and the decreased in the number of

active-sites available to be filled. As expected, the occupation of the remaining
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available active sites occurred in a much slower pace than the beginning when there
were large number of sites for adsorption. Several studies have reported a two-phase

pattern in adsorption Kinetics [50-54].
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Figure 3-9 Effects of contact time on adsorption of Pb (I1) from aqueous solution by
MHBC-3

The loading of Pb (I1) onto MHBC-3 t was modelled with two kinetics models. These
are pseudo-first-order (PFO) and pseudo-second-order (PSO) models. A non-linear
approach, trial and error method were used to evaluate these models. This approach
determines the parameters of model by decreasing the determination coefficient

between the models and experimental data with solver add-in in excel [55,56].

To use non-linear regression to examine the goodness of fit of these models to values
obtained from experiment, the optimization method needs the error functions to be
specified in order to fit the model parameters with the data from experiment. Here in,
the adjusted coefficient of determination (adj. R2), root mean square error (RMSE) and
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reduced Chi square test (¢2) were employed as error parameters for the models and

these were calculated according to equations A3.6 and A3.7 in Appendix A.

3.3.3.1.1. Pseudo First and Second Order Kinetic Modelling

The graphs of Figure 3-10 show PFO and PSO kinetics for Pb (1) ion adsorption by
MHBC-3 biochar. The parameters of these kinetic models with their corresponding
error functions are shown in Table 3.2. An analysis of Figure 3-10 shows that the
kinetics of Pb (1) ion adsorption could be better characterized by PSO kinetic model.
Furthermore, PSO estimated parameter (0emodel) IS much closer to the data derived

from the analysis of the experimental results of Pb(I1) ion adsorption by MHBC-3.
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Figure 3-10 Effect of contact time on Pb (I1) ions loading onto MHBC-3 at 35 °C

For PSO from Table 3.2, predicted adsorption (Qeca) Was 40.83 mg/g while the
experimental value was 41.08 mg/g at this operating condition. Furthermore, the
adjusted R? is high, 0.962, while the reduced root mean square and reduced chi-square
are lower values, 0.289 and 0.107 respectively, further demonstrates that PSO model
better fits the data from experiment than PFO model. These results suggest that the

rate-limiting step during the uptake of Pb (II) ions onto MHBC-3 biochar has the
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chemisorption rate-limiting mechanism [57]. This involves the transfer of electron(s)

or sharing of pairs of electrons between the adsorbate (Pb?*) and MHBC-3 adsorbent.

Table 3.2 PFO and PSO Kinetic parameters for Pb (Il) adsorption onto MHBC-3

Parameters Adsorbent
Kinetic Models
Pseudo First Order (PFO) MHBC3 - Pb
Oes cal (Mg @) 40.02
K1 (min™) 0.221
adj. R? 0.599
€ 1.138
RMSE 0.94
Pseudo Second Order (PSO)
O, cal (Mg @) 40.83
Kz (g mg?! min?) 0.016
adj. R? 0.962
g? 0.107
RMSE 0.289

3.3.3.1.2. Intraparticle Diffusion Kinetic Modelling

The Pb (I1) adsorption kinetics by MHBC-3 biochar was also described by the
intraparticle diffusion model. The model assumes that intra-particle diffusion is the
singular rate-controlling step if a plot of g, against t/2 gives a linear graph that pass
through the origin [58,59]. However, because other processes like equilibrium
adsorption and/or surface diffusion could likewise be a rate-controlling step for the
different phases of the model profile, the assumption is not always the case. Thus, the

plot of intraparticle diffusion model has multiple linear regions [60,61]. The model
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plot for the uptake of Pb (I1) ions from solution by MHBC-3 biochar is presented in

Figure 3-11. The model parameters derived from the plot are shown in Table 3.3.
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Figure 3-11 Kinetic stages in intraparticle diffusion plot of Pb (1) ions adsorption
on MHBC-3

As shown in Figure 3-11 and Table 3.3, there are multiple straight-line regions in the
plot of intraparticle diffusion model. This implies that the loading of Pb (lI) ions to
MHBC-3 biochar happened through three phases: Phase 1 is the zone where surface
diffusion takes place instantaneously in the system. In this region, the kinetics of Pb
(1) ions adsorption may be pre-dominated by film diffusion as a result of the transport
of the lead cations from solution through the boundary layer to the biochar surface.
Diffusion rate is maximum in this region because there are enough adsorption sites
and surface area [58]. Phase 2 describes the slow adsorption of Pb (11) ions by MHBC-
3 adsorbent pore structures from the mesopores to micropores. Within this region,
there is a layer on the biochar surface because of the attraction between ions and

molecular association that exist between the MHBC-3 adsorbent active sites and metal

62



ions [58]. Here, the diffusion rate in the adsorbent pores may decrease in comparison

to the first phase as a result of these thick layers. Phase 3 is final phase of the process

when equilibrium is attained during the adsorption process. In this region, the

decreased in concentration of the adsorbate in solution, the increased repulsive

interactions existing on the adsorbent’s surface and because the active sites left on the

MHBC-3 adsorbent is now very small, the uptake or adsorption is slowed [62,63]. The

diffusion rate in this phase was the lowest (smallest Kig) amongst the three phases.

This shows that the adsorption process is driving towards completion.

Table 3.3 Intraparticle diffusion parameters for MHBC-3 adsorption of Pb (1) ions

Kinetic Models Parameters MHBC3 - Pb
Surface diffusion stage | Kis(mg g min®®) 1.16
C 32.48
adj. R? 0.98
Intraparticle diffusion stage | Kia (mg g min®®) 0.341
C 37.22
adj. R? 0.99
Equilibrium adsorption stage | Kia (mg g™ min©%) 0.08
C 39.95
adj. R? 0.59

From the intraparticle diffusion plot in Figure 3-11 and observations in Table 3.3,

multiple steps exist in the rate of Pb (Il) ions adsorption by magnetic hemp biochar.

Moreover, the intraparticle diffusion profile did not go through the origin. Therefore,

not only the intraparticle diffusion step controlled the ion removal process, but also

other process did as describe above. If the constant C has a zero value, this will indicate

that the intraparticle diffusion mechanism is the sole rate-controlling step of the
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adsorption. However, the high value of C shows that surface adsorption contributed
greatly to the rate-limiting step of the Pb (Il) adsorption by MHBC-3. Furthermore,
higher C values indicates a greater effect of boundary layer on Pb (1) ions diffusion

through the surface of the biochar [64,65].

3.3.3.2. Adsorption Isotherms

Equilibrium experiments were undertaken for the loading of Pb (I1) ions onto magnetic
hemp biochar (MHBC-3). The initial solution concentration was between 5 mg L™ to
500 mg L. The biochar dose used was 0.5 g L™ at 35 °C and a pH 5.0. From the
experiment, metal ions uptake by the biochar was determined. The Freundlich, Temkin
Langmuir, and Dubinin-Redushkevich models were employed to characterise the ions
loading process. The detailed description of these models can be found in the
supplementary file. The non-linear method which uses trial and error approach was
used to evaluate the isotherm models. As mentioned earlier, this method obtains
isotherm model parameters by ensuring that determination coefficient between
isotherm models and experimental data is minimum. This is achieved using an add-in

in Microsoft excel called solver [55,56].

The isotherms obtained for the uptake of Pb (Il) ions by magnetic hemp biochar are
presented in Figure 3-12. From the plots of the isotherms based on different models,

their respective parameters were obtained as shown in Table 3.4.
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Figure 3-12 Langmuir, Freundlich, Temkin and Dubinin-Redushkevich adsorption
isotherms for Pb (I1) ions on MHBC-3

With the parameters from the three isotherm models, it was possible to decide the
model that best fit the data from the experiment. Here in, the adjusted coefficient of
determination (adj. R?), reduced chi-square test (¢?) and the root mean square error
(RMSE) are shown in Table 3.4. In Table 3.4, the Freundlich model describes the

sorption of Pb (I1) from aqueous solution onto MHBC-3 better than other models (see

the isotherm section of Appendix A).
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Table 3.4 Isotherm parameters for adsorption of Pb (Il) ions on MHBC-3

Isotherm Models Parameters MHBC3 - Pb
Langmuir | gmax(mg g?) 61.00
KL (L mg?) 0.38
adj. R? 0.76
g 100.20
RMSE 8.17
Freundlich | Ke (mg g)(L mg™t)*n 27.15
n 6.81
adj. R? 0.99
g 1.15
RMSE 0.88
Temkim | At (L mg?) 1110.60
bt 565.01
adj. R? 0.96
g? 12.97
RMSE 2.94

The Langmuir parameter, gmax calculated in this research was compared with other
published study on the adsorption of Pb (Il) ions by magnetic biochars and activated
carbon from aqueous solution. These finding are shown in Tables 3.5. In this work,
the RL parameter is between 0 and 1, because K. > 0, thus demonstrating that the Pb(11)
loading process was favourable (calculated from equation A3.2). From Tables 3.5,
the highest loading obtained using the MHBC-3 biochar for the uptake of Pb (Il) ions
is in the range of values reported from previous studies on magnetic biochars and
commercial activated carbon adsorbents. Therefore, the magnetic hemp biochar,
MHBC-3 utilized in this research was excellent in removing Pb (I1) ions from lead-
contaminated aqueous solution. The adsorption parameters and characteristics are in

the scope of published work for activated carbon and magnetic biochar adsorbents.
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Table 3.5 Comparison of Langmuir adsorption capacities of magnetic hemp biochar
versus other biochars/activated carbon for Pb (I1) ions removal from solution

Adsorbents Medium Temp. Conc. Surface Pb (1) Ref.
pH (°C) range area (m?/q) Loading,
(mg/L) Qmax (MQ/Q)
Magnetic | Aqueous 5.0 35 5-500 83.8 61.00 This
microwave | solution study*
pyrolyzed hemp
biochar
Unmodified hemp | Aqueous 5.0 35 5-500 142.5 27.02 This
biochar | solution study*
Magnetic oak bark | Aqueous 5.0 35 1-100 8.8 37.24 [33]
char | solution
Pine bark char | Aqueous 5.0 25 1-100 1.88 3.00 [14]
solution
Oak bark char | Aqueous 5.0 40 1-100 25.4 22.61
solution
Pinewood biochar | Synthetic 5.0 35 5.0-40 Not 4.03 [66]
available
Raw sugarcane | Aqueous - 22 5-200 17.7 6.48 [67]
bagasse biochar | solution
DWSBC (digested | Aqueous 5.0 22 5-600 128.5 40.82
whole sugar beet | solution
biochar)
Commercial | Aqueous 5.0 35 2.0-10 1000 21.80 [68]
activated carbon | solution
(AC)
Commercial | Aqueous 5.0 40 1-150 1058 43.10 [69]
granular activated | solution
carbon
Commercial | Aqueous 7.0 25 50-500 4273 20.30 [39]
activated carbon | solution
(CGAC)

The values in bold and italics are results obtained in this study
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3.3.4. Regeneration of Magnetic Hemp Biochar

3.3.4.1. Recyclability of MHBC-3 for Pb (1) Sorption

Multiple regeneration experiments were performed via adsorption-desorption cycles
at 25 °C. In the adsorption step, Pb-loaded MHBC-3 was prepared with a dose of 1.0
g L%, Pb (1) solution concentration of 20 mg L™ at pH 5.0 and contact time of 2 h.
For the desorption stage, the prepared Pb-loaded MHBC-3 adsorbents were desorbed
using 0.1 mol L' EDTA-2Na during a contact time of 2 h with a solid concentration

atl0g L™

This method is required to maintain the adsorption performance of the biochar and
ensure the recovery of valuable metals from wastewater streams. The biochar was
reused five times at the above stated operating conditions. The adsorption efficiency
for the five cycles were 99.9, 92.85, 88.15, 73.15, 71.35 % respectively as shown in
Figure 3-13. This progressive decline in adsorption performance of MHBC-3 as the
number of cycles increase may be because of the prior regeneration process which may
have altered the porous structures of MHBC-3 and subsequently resulted in blockage
or loss of adsorption sites [70]. The adsorption performance of MHBC-3 after five
cycles was still satisfactory; over 70% removal efficiency for Pb (Il) ions. This
demonstrates that magnetic hemp biochar (MHBC-3) is a renewable absorbent for

treatment of lead ions-contaminated water.
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Reuse-ability of Magnetic Hemp Biochar
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Figure 3-13 Pb (1) ions removal efficiency by regenerated MHBC-3

Additionally, the desorption efficiency of Pb (I1) by the eluent (EDTA-2Na) and loss
of iron oxides from biochar surface due to leaching was determined; and these results
are given in Figure 3-14. During the adsorption/desorption cycle, it was assumed that
iron particles leaching is negligible since the adsorption occurred in aqueous solution
and the iron particles are tightly bonded to the char surface as demonstrated earlier.
For the first desorption cycle with 18.2 mg/g of Pb (Il) ions desorbed (91.1%
desorption efficiency), the loss of iron particles was 2.4 mg/g. The loss of iron particles
was significantly lower in subsequent regeneration cycles. This indicates that the loss
of magnetism by the MHBC-3 due to regeneration was not an issue. Furthermore, the
FT-IR spectra of the magnetic hemp biochar and regenerated biochar as shown in
Figure A3-1 showed that all active functional groups including the peak at 650 cm™
assigned to Fe-O were intact; thus, the regeneration process did not have significant

impact on the magnetic properties of the adsorbent.
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Leaching of Iron oxides from hemp biochar
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Figure 3-14 Dissociation performance of EDTA-2Na for Pb-loaded MHBC-3

3.3.4.2. Separation of adsorbent from solution

The magnetic separation studies were undertaken with - MHBC-3 dose of 0.5 g/L and
at various separation time (1, 5, 10, 20 and 30 min) as shown in Figure 3-15. This
study considered separation by both internal and external magnetic field. An external
magnetic field is generated by placing the biochar suspension on the magnetic jig while
the internal magnetic field occurs when the magnetic jig is inserted into the biochar
suspension. From Figure 3-15, the magnetic hemp biochar suspension had an initial
turbidity of 456 NTU. Within the first 1 minute of exposing the biochar suspension to
a magnetic field, the turbidity decreased sharply to 154 NTU and 111 NTU for the
external and internal magnetic fields respectively. After 30 minutes of exposure, the
turbidity of the suspensions was lowered to 19.9 NTU and 8.79 NTU for the external
and internal field respectively. This demonstrates that the Pb-loaded MHBC-3 could

be recovered from solution within few minutes using a magnetic field strength. As
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expected, internal separation was a more effective method of recovering the spent
MHBC-3 because of the proximity of the biochar magnetic particles to the magnetizing
jig. In conclusion, the small quantity of leached iron particles did not significantly

impact on the magnetic separation of the recycled MHBC-3.

Separation of Pb loaded MHBC3 from solution
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Figure 3-15 Magnetic separation performance of magnetic hemp biochar (MHBC-3)

Magnetic hemp biochars were manipulated effortlessly with a weak strength magnetic
field, allowing for an easy recovery of the used biochar from aqueous solution.
Magnetic hemp biochars could be used to remediate lead polluted water with high
content of oil, grease and suspended solids. This will be particularly applicable where
impurities are more likely to result in carbon fouling, hence requiring constant
separation/regeneration treatments. Easy separation with a low magnetic field strength

can permit separation and washing of the spent biochar before redispersion.
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3.4.  Conclusions

Hemp biochar was produced by microwave-assisted pyrolysis of hemp stalks biomass.
This was converted to magnetic hemp biochar via hydrogen peroxide oxidation
followed by chemical co-precipitation of iron oxides onto the biochar. The
modification reduced the BET of the char from 142.5 to 83.8 m? g* due to the iron
oxides formation with a saturation magnetization of 10.7 emu g. The magnetic
biochar effectively adsorbed Pb (Il) ions from aqueous solution. The correlation
coefficients indicate that the adsorption process of Pb (Il) onto the magnetic char
follows a pseudo-second-order (PSO) kinetics and the equilibrium data was well
characterized by the Freundlich isotherm. A Langmuir maximum adsorption capacity
of the adsorbent was 61.0 mg g* for an initial solution concentration of range of 5 -
500 mg Lt at pH 5.0 and a temperature of 35 °C using adsorbent dose of 0.5 g L. The
adsorption efficiency of the adsorbent in removing Pb (I1) ions from aqueous solution
and its magnetic separation performance were still very satisfactory after 5
regeneration cycles. Magnetic hemp biochar was manipulated easily by a low magnetic
field strength, ensuring an easy recovery of the spent adsorbents from aqueous system.
The magnetic hemp biochar is a green-based, renewable and cost-effective absorbent

with a potential to remediate lead ions-contaminated water.
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Chapter 4 Removal of Pb (Il) ions from aqueous solution using
magnetic hemp and maple microwave pyrolysis biochars: A

comparative study
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Figure 4-1 Graphical abstract of the modification and application of biochars

This research evaluates and compares two microwave pyrolyzed biochars produced
from agricultural biomass (shredded hemp stalk) vs woody biomass (maple wood
chips) for the removal of Pb (1) from aqueous solution in a batch adsorption study.
Biochars were produced by microwave pyrolysis of 1.5 kg of each biomass at an
average temperature of 600 °C in a stainless steel 309 reactor and then magnetized by
mixing aqueous Fe**/Fe?" solutions with aqueous biochar suspensions, followed by
treatment with NaOH. The magnetic biochars were characterized and the effects of
pH, adsorbent dose, temperature, contact time and initial concentration of Pb (1)
solution on their adsorption performance were investigated. The physico-chemical
properties of the biochars significantly influence their adsorption capacities. For the

cation and system under investigation, the adsorption capacity of magnetic hemp
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biochar was higher than that of magnetic maple biochar. The higher adsorption
efficiency of hemp biochar was correlated to its higher polarity index, pH and zeta
potential. Results from kinetics data show that the mechanism for the adsorption of Pb
(11) by both adsorbents follows a pseudo-second-order (PSO) kinetic model. Isotherm
modelling indicates that Freundlich model best described the uptake of Pb (Il) by
magnetic hemp adsorbent while the loading of Pb (1) onto magnetic maple adsorbent

IS best characterized by Langmuir model.

Keywords: Magnetic separation; biochar adsorbent; wastewater purification; heavy

metals; lead, kinetics, isotherm.

4.1. Introduction

Water pollution from Pb (I1) ions has been one of the most discussed topics over the
years. Heavy metal ions, particularly those of Pb from industrial effluents and mine
waters have attracted researchers’ attention. This is because they have a very long
residence time, hence the tendency to accumulate in aquatic organisms and are
transferred to human beings in the food chains. These ions are highly toxic to the
human bodies [1] and have been reported to decrease the activities of enzymes and
kidney functions as well as cause neuromuscular difficulties [2]. Lead poison from
drinking water has been reported; hence the need to capture these heavy metal ions

from wastewater [3,4].

Various technologies have been explored for the removal of these metal ions including
adsorption, chemical precipitation, ion exchange, etc. [5]. Adsorption is widely
accepted among these technologies because it is the most cost effective and efficient
[6,7]. Residue generation from adsorption is comparatively low and the used

adsorbents can be regenerated [8]. Different adsorbents have been applied for the
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adsorption of these metal ions, but carbon-based adsorbents have been proven to be
most efficient. Activated carbon has been the widely used carbon-based adsorbent for
the adsorption of heavy metal ions at trace levels for several years [9]. However, water
purification using activated carbon is expensive due to the cost of producing activated
carbon. Hence, recent research activities have been focused on producing a low-cost
adsorbent like biochar. Several studies have demonstrated that biochars can
successfully remove heavy metal ions from wastewater and be used also as a remedy
for immobilization of heavy metal ions in metal polluted soil [10-12]. Biochars are
readily accessible at lower cost with favorable chemical and physical surface
characteristics; hence a promising adsorbent for adsorbing metal ions from aqueous

systems.

Biochar is a fine-grained, highly porous and carbon-rich substance derived by
thermally degrading biomass in a system with limited oxygen condition. Their surface
area and highly porous structure contribute to their high adsorption capacities. They
possess various surface oxygen-containing functional groups (e.g. ketone, phenolic
groups, carboxyl, hydroxyl, aldehyde) hence, their affinity to heavy metal ions is very

strong [13-15].

Biochars are usually produced by gasification, slow pyrolysis and fast pyrolysis of
biomass [16,17]. Fast pyrolysis requires a biomass moisture contents of less than 10%
and adequate energy to power the process. In this process, the biomass is converted to
bio-oil and biochar [18]. Some of the biomass (10-25 %) feedstock is converted to gas
which can be recycled and used for process heating. Various biomass has been
explored for biochar production including sludge [19], algal biochar [20,21], diary

manure [11,14], corn cobs and stover [17], crop residues [22], etc. Oak bark and Oak
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wood biochars from fast pyrolysis have been used for the removal of lead from
aqueous solutions [13]. To the best of our knowledge, no study has compared the
adsorption of Pb ions from aqueous systems by a biochar derived from an agricultural
biomass (hemp stalks) against a woody biomass (maple chips), especially when these
biochars are prepared by microwave-assisted pyrolysis and not the conventional

method of pyrolysis.

Practical industrial applications of biochars for water treatment have been limited
because it is difficult to regenerate the spent biochars from aqueous system by the
conventional methods; filtration and centrifugation. A different separation technique
using magnetic field has been proven to be an effective method for separating solid-
liquid phase in aqueous solutions [23]. It was convenient to use a low internal or
external magnetic field to isolate the magnetic biochars from aqueous system.
However, the process of magnetic modification of adsorbents for water and wastewater
remediation is a new subject of research [24,25]. A few authors have investigated the
application of magnetic bio-sorbents for water purification. These includes
magnetically modified spent coffee grounds [26], magnetic Saccharomyces cerevisiae
[27], magnetized sugarcane bagasse [28], slowly pyrolyzed magnetic biochar [29],
magnetic oak bark and oak wood biochars from fast pyrolysis [30], and review papers

on magnetic materials for wastewater purifications [31,32].

The limited investigations on the use of biochars (modified or unmodified) for water
purification have all been done with biochar prepared by conventional method of
biomass pyrolysis. Hence, it is necessary to examine the adsorption performance of
magnetically modified biochars prepared by microwave-assisted pyrolysis of biomass.

A low magnetic field strength can manipulate magnetic biochar easily, enabling easy
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recovery of the spent biochars from the aqueous system which contains high suspended
solids, oil and grease. With the conventional separation technique (filtration), these
impurities cause carbon fouling which usually lead to frequent separation and
regeneration. Magnetic separation enables easy isolation of adsorbent and washing

before redispersion of the adsorbent [25].

Therefore, this study reports the successful magnetic modification of microwave
pyrolyzed biochars from an agricultural biomass (hemp) and woody biomass (maple).
This was required to prevent the usual filter media clog during adsorbent filtration.
The hemp and maple feed stock (1.5 kg each) were pyrolyzed in a microwave batch
reactor separately at a residence time of 1.5 h and an average temperature of 600 C.
Microwave-assisted pyrolysis was chosen over the conventional pyrolysis method
because it is not only energy efficient but also ensures rapid heating, reduces residence
time and it is easier to control. The biochars were chemically modified before
magnetization via two simple steps: (1) oxidation of the biochars with H2O> to increase
oxygen-containing surface functional groups, hence enhance its affinity for heavy
metal ions. (2) magnetization of biochars through co-precipitation to attach the
magnetic iron particles to the surface of the oxidized biochars. This makes separation
of the used adsorbent from aqueous system easier. The adsorption characteristics of
Pb (11) ions onto the different magnetic biochars were examined in a batch mode and
compared. Adsorption kinetics and isotherm, adsorbent dose, pH dependence of Pb
(1) ions onto the biochars from aqueous solution were examined. The sorption
isotherms were fitted with Langmuir, Freundlich and Temkin models. The pseudo-
first-order (PFO) and pseudo-second-order (PSO) kinetic models were used to fit the
Kinetic data. Multiple regeneration effects on the biochars’ sorption performance and

their magnetization properties were also studied.
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4.2. Material and Methods

4.2.1. Materials and Chemicals

The shredded hemp stalk was sourced from Plains hemp, Manitoba, Canada while the
sugar maple chips were purchased from Montana Grilling Gear, USA. The chemicals
used were all reagent grades. Ferric sulfate (>96%), ferrous Sulfate (98%), Sodium
Nitrate and EDTA-2Na were bought from Alfa Aesar, USA. A 30% H20: solution, Pb
(NO3)2, Granular NaOH, NaOH (0.01 M) and HNO3z (0.01 M) solutions were
purchased from Fisher Scientific. The standard Pb (1) solution (1.000 g L) was
prepared by dissolving the right amounts of Pb (NOs). salt in a given volume of

distilled water. The reagents were used as received without further purification.

4.2.2. Pyrolysis of Biomass

The biochars were produced in a custom-built cylindrical stainless steel 309 reactor.
Microwave was used to pyrolyze 1.5 kg of each biomass as received with a 2.7 KW
microwave power an average temperature of 600 °C. The reaction time was 1.5 h [33].
The purchase biomass had a moisture content between 9 — 11%. The produced hemp
and maple biochars were then milled, followed by sieving to 200 - 300 um particle

size for use.

4.2.3. H>O; Oxidation of Biochars
4.2.3.1. Pre-treatment of Biochars
The 200 - 300 um biochar powder were thoroughly washed with distilled water and
dried overnight at 105 °C in a temperature-controlled oven. Dried biochars were stored

in sealed containers and used to synthesize the modified biochars.
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4.2.3.2. H,O, Oxidation of Hemp and Maple Biochars

Approximately 55g of each pre-treated biochar powder was soaked in 350 mL of 30%
H>0> solution and stirred for 6 h with a magnetic stirrer at 300 rpm and 24+1 °C
temperature. After the H,O> impregnation, samples were vacuum filtered and washed
thoroughly with distilled water followed by ethanol. The H.O> oxidized biochars were

dried in an air oven at 60 °C for 24 h before magnetization.

4.2.4. Magnetization of H.O, Oxidized Biochars

The oxidized biochars were magnetized as described by Nakahira et al [34]. In
summary, 15g of each oxidized biochars were suspended in 150 mL distilled water. A
fresh solution of ferrous sulfate was prepared by dissolving 6.00 g of FeSO4.7H20 in
45 mL distilled water. Another separate solution of ferric sulfate was prepared by
dissolving 5.55g of Fex(S04)3.nH20; (n = 6 - 9) in 390 mL distilled water. The
prepared Fe solutions were combined and vigorously stirred at 25 — 30 °C. The
solution of Fe?'/Fe3*'SO4% formed was slowly added into the earlier prepared
suspension of oxidized biochars at room temperature and stirred slowly for 30 mins.
At this point, aqueous NaOH (10 M) was added dropwise to the BC/Fe®*/Fe?*
suspension to increase the pH to approximately 10 — 11. The biochar in Fe solution
was then stirred for another 60 minutes and aged for 24 h at room temperature. After
24 h, the solution was filtered and the magnetized biochars washed thoroughly with

distilled water followed by ethanol and dried at 50 °C overnight.

4.2.5. Adsorbents Characterization

The surface functional groups of the magnetized biochars were identified with FT-IR.
A NEXUS 470 spectrophotometer (Nicolet Thermo Instruments, Canada) was used to
record the FT-IR spectra after blending KBr with the chars. An Auto-sorb instrument
(Belsorp-Max BEL Inc, Osaka, Japan) was used to determine the BET surface area of
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the biochars. Before and after Pb (11) adsorption, the biochar surface morphology and
chemical compositions were analyzed by SEM and EDS respectively. A JEOL JSM-
6400 Scanning Electron Microscope equipped with an EDAX Genesis 4000 Energy
Dispersive X-ray (EDS) analyzer was used. Before observation in the microscope,

biochar samples were coated with carbon using an Edwards 306A carbon coater.

A Lake Shore 7304 Vibrating Sample Magnetometer (VSM) was used to perform the
hysteresis measurement. The magnetic property of magnetic particles is represented
by plots of magnetization (M) versus field strength (H) given in the hysteresis loop.
The saturation magnetization of the magnetic biochars were determined from the
hysteresis curve. A Bruker D8 Advance spectrometer was used to measure the X-ray
powder patterns of the magnetic biochars. The fine powder samples were packed into
the circular well on the sample-holder and placed on the sample stage for
measurement. The program EVA (Bruker) was used to analyze and refine the raw data
obtained from the spectrometer. Thermogravimetric analysis (TGA) of the magnetic
adsorbents were performed using SDT Q600 by TA Instruments, USA fitted with
nitrogen gas supply. The equipment operates between 10 °C to 800 °C at 10 °C min™!
heating rate. The biochars zeta potentials were measured on a zeta potential analyzer

(ZetaPlus, Brookhaven Instruments Corporation, USA).

4.2.6. Batch Adsorption Study

The suitability of the magnetic biochars to remediate heavy metal ion contaminated
water was evaluated using Pb (1) as the pollutant. A solution of Pb (1) with varying
concentrations were prepared by diluting the standard solution accordingly. The
desired solution pH was achieved by adding HNOs (0.01M) or NaOH (0.01M) as
required. The batch adsorption experiments were carried out using 40 mL solution at

20 mg L initial concentration and initial pH of 5.0. The adsorbent dose was 0.02 g
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per 40 mL of Pb solution in a vial on a temperature-controlled shaker (SWB25,
Thermo Electron Corporation, Germany). The agitation speed of the system was 130
rpm. The effects of pH, adsorbent dose, temperature, contact time and initial solution
concentration on the adsorption process were evaluated. The concentration of Pb (1)
in the filtrate after sorption was determined with ICP-OES (VISTA-MPX Axial,
Varian Inc, USA). The percent Pb (II) ions removed from solution R (%) was

determined with equation 4.1.

(Ci=Ce)

i

R = x 100 Equation 4.1

where C;( mg L) and C,( mg L?) are the initial concentration and equilibrium
concentration of the solution respectively. The amount of Pb (1) ions loading onto the

biochars (Q) was calculated with equation 4.2.

Q = (Cl Ce) XV Equation 4.2
where Q (mg g?) is the amount of Pb (11) ions adsorbed on per gram of the biochar, m

(9) is the mass of biochar, V (L) is the volume of the Pb (1) ions solution.

4.2.6.1. Adsorbent Separation Study

Separation of the spent magnetic biochars from solution using a magnetic field was
investigated in a batch experiment. A 500 mL capacity glass vial (dia. = 6.5 cm) was
filled with 250 mL distilled water. Then 125 mg of biochars was added into water-
containing vial. After 5 minutes of agitating the biochar suspension with a Barnant
mixer series 20 agitators at a speed of 100 rpm, the vial was withdrawn and a magnetic
jig purchased from Industrial Magnetics, Inc (ON/OFF Magnetic Jig, JP155R) was
inserted in the suspension to create a magnetic field. The depth of the biochar
suspension when the magnetic jig was inserted at the center of the vial was 8.0 cm. A

repeat trial was performed by creating an external magnetic field, in which case, the
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vial containing the suspension was gently placed on the surface of the jig. When the
biochar particles in solution have been magnetized by the jig, a certain volume (20
mL) of the remediated solutions were collected at intervals from a marked spot in the
vial (6.0 cm from the base). The water sample was withdrawn via a needle and syringe

for turbidity test using a turbid meter (Hach 2100Q Portable Turbidimeter).

4.2.6.2. Regeneration of Adsorbents

For the adsorbent regeneration study, magnetic biochars were loaded with Pb (I1) at
these operating conditions: fixed adsorbent dose — 1.0 g L™, initial concentration of Pb
(11) solution — 20 mg L%, pH - 5, contact time 2 h, temperature - 25 °C. The Pb-loaded
biochars was filtered under vacuum and washed thoroughly with distilled water,

followed by drying overnight at 60 °C in an air oven.

Batch desorption study was undertaken with a fixed dose of the Pb-loaded magnetic
biochars (1.0 g L) in EDTA-2Na (0.1 mol L) solution. This was performed at 25 °C
during 2 h contact time. After the agitation, the biochar-EDTA solution was filtered
using quantitative filter paper under vacuum. The cake was washed thoroughly with
distilled water until neutral pH and dried at 60 °C overnight before use in the next
adsorption—desorption cycle. The filtrate, EDTA-2Na solution was analyzed for Pb
(1) concentration using ICP-OES to quantify the desorbed amount of Pb (I1) during

regeneration.

4.3. Results and Discussion

4.3.1. Characterization of Magnetic Biochar Adsorbents
The physio-chemical properties of the magnetic biochars were characterized to

determine their functional groups, surface morphology, surface area and porosity,
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chemical composition, moisture and ash content, as well as pH and point of zero

charge.

4.3.1.1. BET and Elemental Analysis
From the observed pH of adsorbents, the magnetic hemp biochar (MHBC) is an
alkaline material while the maple (MMBC) adsorbent is slightly acidic with BET

surface area of 83.76 m? gt and 75.99 m? g respectively as shown in Table 4.1.

Considerably higher pH and point of zero charge values were observed for MHBC

than MMBC. Furthermore, MHBC also has a higher carbon composition than MMBC.

In comparison, the higher nitrogen contents of MHBC suggests that hemp biochar may
also have a higher oxygen content associated with the nitro (-NOz) functional group as
shown by FT-IR (Figure 4-4). This deduction, combined with the observed higher N
content of MHBC (Table 4.1), means that the polarity index (N/C, O/C and (O+N)/C
ratios) of MHBC will be higher than that of MMBC. Thus, magnetic hemp biochar is
likely to present a relatively more hydrophilic and polar structure than magnetic maple

biochar [35].

One parameter that accounts for the surface phenomena of particles such as deposition
and agglomeration of particles including their stability is the zeta-potential [36]. This
parameter can be used to estimate how particle charge affects aggregation behavior of
ions with respect to the adsorbents during adsorption. Both modified biochars showed
negative zeta potential charge values that should be favorable to the attraction between
adsorbent’s active sites and positively charge heavy metal ions, resulting in
electrostatic interaction [37]. The zeta potentials for the magnetic hemp and maple
adsorbents were - 45.3 mV and -16.84 mV respectively. This demonstrates that MHBC
has a higher and much more negative zeta potential charge than MMBC, thus there
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will be a greater attraction between the hemp adsorbent’s active sites and positively
charged heavy metal ions. The very high percent Fe composition of both adsorbents

confirmed a successful magnetization.

Table 4.1 Characteristics of magnetic maple and hemp biochars

Parameter Units Values
Magnetic maple Magnetic hemp
biochar biochar
BET surface area | m? g! 75.99 83.76
Total pore volume | cm? gt 0.11 0.14
Zeta Potential | mV -16.84 - 45.30
(pH =5.8)
PHpzc 6.04 6.61
pH 5.95 9.05
Ash content | % 56.18 44.97
Moisture Content | % 2.77 3.13
Cl % 54.03 58.94
N % 0.3886 0.6324
N/C 0.0072 0.011
Fe % 16.24 13.66

4.3.1.2. Morphology and Chemical Composition of Biochar

The SEM micrograph of the unmodified biochar adsorbents, before and after
adsorption were taken at 1500 magnification. The micrograph as shown in Figure 4-
2 showed that unmodified hemp biochar surface is irregular, uneven, heterogenous
which could impact on the Pb (II) sorption process [38]. The magnetic hemp biochar
surface was coarse with some hairy-like particles and irregular crevices with varying
dimensions. It is believed that this observation may indicate the presence of various

pores for the transport of heavy metal ions to active sites for adsorption.

On the other hand, SEM image of unmodified maple biochar showed a vessel structure

running at different directions in different layers. Similar SEM results have been
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reported for a maple biochar produced using microwave [39]. These vessels were well
organized and regular in shape. The maple biochar maintained these regular-shaped
vessels after magnetic modification but with hair-like particles on the surfaces like

what was observed on modified hemp biochar.

These particles on the surfaces of these magnetic chars may be attributed to the iron

oxide particles that are fused or bonded to the biochar’s surface

The SEM images after metal adsorption also show some crevices on the spent hemp
adsorbents. A look at the micrographs of Figure 4-3 show that the surface of the hemp
biochar after adsorbing Pb (11) ions were more disaggregated with an increased surface
roughness. The spent magnetic maple biochar equally shows increasingly rough

surface with debris in the well-structured vessels.

These observed changes in the char surfaces of the adsorbents may be connected to the
adsorption processes effects on the adsorbents as the aqueous metal solution interacts

with the biochar particles.

It is believed that during batch adsorption at a constant agitation, the surface cavities
of the adsorbents may have acted as paths for the Pb (Il) ions in aqueous solution,
thereby providing the ions easy access to the meso-pores where adsorption and
chemical interactions occur between the ions and adsorbent’s functional groups on the

active sites [40].

The observed bright spots in the micrographs of the modified and spent adsorbents,
also indicates that some degree of conductivity exist as a result of the presence of
metals. The observation from the SEM micrograph demonstrates that the

microstructures of biochars depends on biomass species.
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Figure 4-2 SEM micrograph of biochars (a) unmodified hemp x1500 (b) unmodified
maple x1500 (c) magnetic hemp x1500 (d) magnetic maple x1500 (e) Pb-loaded
magnetic hemp x1500 (f) Pb-loaded magnetic maple x1500

Figure 4-3: SEM micrographs of spent biochars (g) Pb-loaded magnetic hemp
x4500 (h) Pb-loaded magnetic maple x4500

The EDS analyses of both biochars chemical compositions were examined and their
spectra are given in Figure 4-4. The analyses indicate that the modified hemp biochar

has a relatively high carbon content (74.5%), oxygen content of 11.9%, iron content
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of 12.4% and trace amounts of other heteroatoms. On the other hand, magnetic maple
had a lower carbon content after modification (48.8%), 17.6% oxygen and a relatively
higher iron content (32.9%). The abrupt jump in iron contents of both biochars

following magnetization thus confirmed that the modification was successful.
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Figure 4-4: EDS spectra of biochars before and after magnetic modification

The adsorbents’ EDS spectra after Pb (II) ions adsorption are given in Figure 4-5. In
Figure 4.5, the spectra of both biochars adsorption process showed peaks for Pb (I1)
ions after adsorption, thereby confirming the ions’ presence on the surface of the
modified biochar after adsorptions were carried out. It should be noted that the iron

contents of the used biochars were lower than those of modified but unused biochars
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given in Figure 4-4. The observed changes may be connected to the effects of the step
where the biochars were washed and filtered which may have resulted in component
losses due to Fe leaching, thus changing the biochar composition. The results of the
EDS spectra of both adsorbents before and after metal ions removal further confirmed
the fact that these magnetic adsorbents were able to successfully adsorbed Pb (I1) ions

from aqueous solution.

MMBC-Pb
Element Wt (%) MHBC-Pb
C 55.33 Element Wt (%)
o 19.40 ¢ 70.99
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Figure 4-5: EDS spectra of magnetic maple and magnetic hemp biochars respectively
after Pb (1) removal (Left - Right)

4.3.1.3. FT-IR Characterization

As shown in the FT-IR spectra of the biochars Figure 4-6, the main peaks of both
biochars did not show any obvious or marked difference between the two kinds of
magnetic chars. The FTIR spectra of the biochars are shown in the region of 4000 —
500 cm™. The peaks corresponding to 1800 - 1685 cm™ wavenumber region is assigned
to C=0 stretching vibrations due to esters, carboxylic acids, anhydrides and ketones.

The peak at 1600 cm™ is attributed to C=C [41]. When Saligna wood chips was used
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as biomass for biochar production, similar results were observed [42]. Additionally,
similar results were reported for maple biochar produced by micro-wave assisted
pyrolysis[39]. The C-H presence signifies that the cellulose of the pyrolysis feedstocks
was not entirely carbonized during biochar production and the C=C bond is attributed
to the aromatic rings of lignin. The bands at 650 cm™ and 1470 cm™ are assigned to

Fe-O and nitro (-NOs ) functional group respectively [43].

Magnetic Hemp BC I
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Figure 4-6 FTIR spectra of biochars before and after magnetic modification

4.3.1.4. Vibrating Sample Magnetometry

The applicability of ferromagnetic materials depends on their characteristics. These
characteristics are given by their hysteresis loop obtained as the magnetization (M) of
these materials is plotted against a field strength. At 27°C, vibrating sample
magnetometry (VSM) was used to perform the adsorbents magnetization

characteristics as shown in Figure 4-7. The saturation magnetization values for both
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magnetic hemp (MHBC) and magnetic maple (MMBC) biochars were 10.7 and 9.30
emu/g respectively. These high saturation values may be attributed to the high weight
fraction of iron oxide particles contained in the biochars’ hybrid particles as shown in
Table 4.1. The nature and type of biochar also determines the steps in the biochar’s

magnetization process.
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Figure 4-7 Magnetic moment of magnetic biochars at 27 “C

Various oxygen-containing functional groups are present on biochar surface. These
includes alcohol, pyrone, carboxylic acid, anhydride, hydroxy, quinone, ether, ketone,
lactone [44]. During microwave-assisted pyrolysis of the hemp and maple biomass,
substantial quantities of oxygen; 11.57% and 9.25% respectively; were left in the
biochars as given by EDS analysis of Figure 4-4. This depends largely on the pyrolysis
operating conditions; temperature and time. In addition to the functional groups, there

are acidic, basic, hydrophilic and hydrophobic sites found throughout the pore’s
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surfaces and subsurface volume of biochars. The properties and contributions of these
functional groups are affected by the type of feedstock and pyrolysis conditions. These
variables include pyrolysis temperature and time, reactor configuration, operating
power which affects rate of heat transfer and feedstock particle size distribution [44].
Phenolic hydroxyls and carboxylic functional groups have acidic functions. Other
groups such as quinines, lactones, ethers and anhydrides carry electron lone pairs
which can serve as Lewis bases, thereby forming co-ordinate bonds with metal cations.
Since some oxygen-containing hydrophilic functional groups are present throughout
the biochars, water molecules travel easily into the solid regions thus cause swelling
[45]. Therefore, metal cations bind with sorption sites below the surface and,

sometimes, throughout substantial parts of the solid region [44,45].

4.3.1.5. X-Ray Powder Diffraction

The XRD patterns for MHBC and MMBC are shown in Figure 4-8. Multiple sharp
iron oxide phase peaks were seen in the 20 range of 20-80° for both magnetic
adsorbents. These show the presence of crystallinity in phases available in both
magnetic biochars. The peaks cantered at 30.16° in MMBC and 30.48° in MHBC are
attributed to FezO4 [46], while those at 35.54° in MMBC and 35.82° in MHBC are due
to y-Fe203 [46]. The small peaks at 43.30° and 43.46° confirmed the existence of cubic
iron oxide particles on both MMBC and MHBC surfaces respectively [47]. The Peaks
at 57.32° and 62.82° in MMBC are assigned to Fe>O4 (magnetite). The MHBC peaks

at 57.52° and 63.02° are assigned to Fe>O4 (magnetite).
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Figure 4-8 Powder XRD of magnetic hemp and maple biochars

4.3.1.6. Thermogravimetric Analysis

The weight loss of the magnetic biochars in a controlled atmosphere when there is a
change in temperature was quantified. The temperature profile as shown in Figure 4-
9 provides data on the chemical components of the biochars such as fixed carbon,
moisture content, ash content and volatile components of the adsorbents. The TGA
analysis of the magnetic biochars in Figure 4-9 shows weight loss in two regions - |
and I1. In region (I) which occurred from 20 to 100 °C may be connected to weight
loss as a result of water molecules elimination. Nearly 5.0 % of weight loss occurred
in this region. The eliminated water molecules could have probably been hydrogen
bonded to biochars surface or water that was absorbed [48,49]. Region (I1) happened
from 100 to 800 °C and may be associated with the volatile organic components that
were still present on biochar surface after pyrolysis being removed following their

decomposition. This second region accounts for 22.5% approximately.
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The total loss in weight of the biochars from thermal decomposition was about 27.5%.
This result shows that the magnetic biochars were composed of approximately 70%

stable carbon under the thermal decomposition
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Figure 4-9 Thermogravimetric analysis of magnetic biochars under N>

4.3.2. Adsorption Behavior

4.3.2.1. Effects of Adsorbent Dose

Adsorbent dose is one of the parameters that significantly affect the adsorption process
in an aqueous system [50]. This parameter determines the adsorption capacity of an
adsorbent for a given initial adsorbate concentration [51]. A study was therefore
performed on the effects of adsorbents dose on the performance of both magnetic
biochars as shown in Figure 4-10. An increase in the dose of both biochars resulted in
an increase in percentage of Pb (11) ions removal. At a slightly higher biochar dose of

0.6 g L%, the percent of metal ions removed was very high for both biochars although
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hemp performed better than maple under the same condition. The high Pb (1) removal
efficiency at higher adsorbent doses may be attributed to enough active sites available
on the adsorbents’ surface. As expected, at lower adsorbent doses, the percent Pb (1)
ions removal was lower possibly as a result of the progressive saturation of these
available active sites. In Figure 4-10, it can be noticed that the amount of Pb (Il) ions
adsorbed per unit mass of adsorbent decreased significantly as the adsorbents’ dose
was increased. This observation may be connected to the active adsorption sites
remaining fallow or unsaturated in the adsorption process. The trend of these results
have been reported for the adsorption of heavy metals using biochars [52]. Looking at
the biochars performance as shown in Figure 4-10, it was decided that it is efficient to

use an adsorbent dose of 0.5 g Lt for further studies.
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Figure 4-10 Effects of biochar dose on Pb (II) loading per unit mass (Continuous
line) and on Pb (I1) removal percent (Dash line): MHBC (left), MMBC (right).

4.3.2.2. Effects of pH on Adsorption

The removal of Pb (1) ions from aqueous systems strongly depends on the pH of the
solution. The metal pollutant ions speciation varies with the pH of solution. Secondly,
the biochar functions differently under various pH conditions. To evaluate this

complex interaction on Pb (I1) adsorption, the pH of a 20 mg/L solution was varied
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between 2 to 7 and results shown in Figure 4-11. As expected, at high pH values the
highest Pb (I1) adsorption occurred. Furthermore, the results showed that adsorption
also depends strongly on the type of biochar. The Pb (11) adsorption was significantly
higher for MHBC than MMBC under all the pH conditions. The evaluation was carried
out at pH values below the point at which the metal ions will hydrolyze and precipitate
from its solution, which is estimated to be 7.7 for Pb(OH). [30]. Pb (II) can form
different hydrolysis products which may be present in different amounts under various
conditions. In dilute aqueous solutions, Pb (I1) hydrolysis products form at pH values
above 6.0 [13]. At pH between 2 — 6, Pb?* species are pre-dominant. At higher pH

values, other species (PbOH™) may exist [13].

The amount of Pb (1I) removed by the adsorbents was very low at an initial pH value
below 3. It then increases sharply within the next 4 pH points, Figure 4-11. At the
lower pH values, the higher concentration of protons (HzO™) are in competition with
Pb (I1) ions for the adsorbents active sites. [53,54]. Higher pH (pH > 3) values are
more favorable to the deprotonation of the biochars phenolic, carboxylic acid,
hydroxyl and other acidic groups, thus making biochars surface negatively charged.
These negative charges are formed on both biochar and ferric oxide/FesO4 surfaces.
The negative surface charges increase electrostatic attraction and decreases repulsions
between Pb (1) ions and active sites, hence enhances the Pb (1) ions adsorption. On
the other hand, positive sites are dominant on the biochar surfaces at lower pH values

and causes electrostatic repulsions between the biochar surface and Pb (11) ions.

It was reported that at initial pH of 8.0, metal is removed by both adsorption and
precipitation caused when — OH forms Pb(OH). (s) [55]. This could be one of the

factors behind the higher performance of MHBC over MMBC. This is explained in
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detailed in section 4.3.3.2. The point of zero surface charge, pHzec, for the MHBC and
MMBC were 6.61 and 6.04 respectively. Furthermore, the pH of the biochars as shown
in Table 4.1 were 9.05 and 5.95 for MHBC and MMBC respectively. At higher pH
values, Pb (1) ions will replace protons from the magnetic adsorbent’s surfaces. The
highest adsorption of Pb?* took place at the highest pH values. At this pH, the oxygen-
containing function groups in the biochars will be deprotonated and become negatively
charged. These negatively charged active sites have columbic attraction for free Pb?*

ions and other hydrated Pb cationic species.

In order to correlate Pb (I1) ions removal efficiency with the adsorption process, the

equilibrium and kinetic studies were performed at an initial solution pH of 5.0.
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Figure 4-11 Effects of pH on adsorption of Pb (1) ions from aqueous solution at 25
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4.3.2.3. Effects of Temperature on Adsorption

The effects of temperature on the adsorption of Pb (11) ions from aqueous solution by
both magnetic biochars are shown in Figure 4-12. The studies were performed by
varying the temperature of a 20 mg/L solution from 25 to 65 °C a pH of 5.0. An
adsorbent dose of 0.5 g/L was used during the 2 hours experimental run. The removal
of Pb (1) ions from solution increased as the temperature was increased from 25 to 35
°C. This result indicates that the adsorption of Pb (I1) by these magnetic adsorbents is
an endothermic process [4]. At temperatures higher than 35 °C, there were no marked
difference in percentage metal removal. Hence, an optimum temperature of 35 °C was

selected for Pb (1) ions adsorption onto both MHBC and MMBC.
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Figure 4-12 Effects of temperature on the adsorption of Pb (I1) ions onto magnetic
biochars
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4.3.3. Adsorption Kinetics and Isotherms

4.3.3.1. Adsorption Kinetics

The effects of contact time on the percentage removal of Pb (I1) ions from aqueous
system by magnetic biochars were evaluated at a pH of 5 and results shown in Figure
4-13. This study was performed at 35 °C using 20 mg L™* metal ion concentration in a
40 mL Pb ion-biochar system at 130 rpm and the quantity of biochar used was 0.02 g.
The Pb ions adsorption kinetic profiles by the magnetic biochars as shown in Figure
4-13 indicates that both adsorbents removed the metal ions via two stages. A fast metal
adsorption occurred within 60 minutes of adsorbate-adsorbent contact. After the first
60 minutes, a slow phase of metal ions uptake occurred from 90 min until 240 min
when a quasi-stabilized state or equilibrium was assumed to have been reached. The
Pb ion loading onto the chars after 240 min were 41.08 mg g* and 15.50 mg g for

MHBC and MMBC respectively.

The two-phase kinetic profile for Pb (I1) ions adsorption by both magnetic biochars
may be attributed to the types and nature of available surface-active sites for sorption.
At the outset of the adsorption process when the adsorbate-adsorbent contact is first
established, there are many readily available active sites for adsorption to take place.
Hence, the fast Pb (Il) ions uptake observed. However, as the adsorption process
proceeds and unoccupied active sites are reduced, the adsorption rate decreased as a

result of a combination of factors.

The slower adsorption rate may be attributed to factors such as reduction in the number
of active sites available for metal ions to occupy as well as electrostatic repulsion
between the adsorbed metal ions and the in-coming adsorbates. As expected, the

remaining available active sites were occupied at a much slower rate compared to the
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beginning when there were many active sites for adsorption. This two-phase trend in

adsorption kinetics have been reported by several authors [4,50,56-58].

Furthermore, Figure 4-13 demonstrates that the Pb (1) ions loading i.e. the amount of
Pb?* ions removed from solution per gram of adsorbent was much higher for MHBC
compared to MMBC under the same conditions. This marked difference in the
magnetic biochars adsorption performance could be explained by the properties of the
biochars surfaces. Adsorption strongly depends on the chemical or/and physical
characteristics of adsorbent, which have an influence on the adsorption mechanism.
The elemental analysis of MHBC (Table 4.1) indicates that its carbon, nitrogen and
possibly oxygen contents are higher than those in MMBC. Therefore, it was
established that the surface of MHBC may contain a greater amount of polar functional

groups responsible for binding the Pb (1) ions to the biochar surface.
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Figure 4-13 Effects of contact time on Pb (1) loading onto magnetic biochars
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The Pb (I1) ions loading onto the modified biochars were modelled with two adsorption
kinetics models namely - pseudo fist order (PFO) and pseudo second order (PSO)
kinetic models (see the supplementary document for details). These models were
evaluated by a non-linear trial and error procedure. This method calculates the
parameters of the isotherm model by minimizing the coefficient of determination
between the experimental data and models using the solver add-in in Microsoft excel

[59,60].

To determine the goodness of fit of the isotherms to the experimental data with a non-
linear regression, it is required that error functions be defined in order to fit the model
parameters with the experimental data. Here in, reduced Chi square test (¢2), adjusted
coefficient of determination (adj. R?), and the root mean square error (RMSE) were
used as error parameters for the models. These parameters were determined according

to equations (B4.7 and B4.8) in Appendix B.

4.3.3.1.1. Pseudo First and Second Order Kinetic Modelling

The plots of Figure 4-14 show the PFO and PSO kinetic models for Pb (1) ion uptake
by MHBC and MMBC adsorbents. The models’ parameters with their corresponding
error functions are presented in Table 4.2. An evaluation of Figure 4.14 and Table 4.2
indicates that the kinetics of Pb (II) ions sorption from solution by both adsorbents

could be described by the pseudo second order model.
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Figure 4-14 Effect of contact time on Pb (Il) ions loading on biochars at 35 °C

Furthermore, PSO calculated parameter (gemoder) matches the data obtained from the
experimental results analysis closely. From Table 4.2, PSO model predicted a metal
loading (Qe,cal) Of 40.83 mg/g for MHBC while the experimentally determined value
was 41.08 mg/g at the operating conditions. Similarly, the PSO estimated value for
MMBC was 15.63 mg/g while the experimentally determined value was 15.50 mg/g.
Additionally, for the PSO, the adjusted R? is high while the reduced root mean square
and reduced chi-square are values are low for both adsorbents. With these
observations, it shows that PSO is a better fit with the experimental data than PFO
model. Based on the kinetic modelling results, the rate limiting step during Pb (1) ions
uptake by the magnetic adsorbents from agqueous solution has a chemisorption rate-
controlling mechanism [61]. This involves electron transfer or electron sharing

between the adsorbate (Pb?*) and biochar adsorbents.
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Table 4.2 PFO and PSO Kinetic parameters for Pb (I1) ions uptake by magnetic
biochars

Kinetic Models Parameters Adsorbents
Pseudo First Order (PFO) MMBC -Pb  MHBC - Pb
Oe, cal (Mg g7) 14.68 40.02
K1 (minY) 0.115 0.221
adj. R? 0.629 0.599
& 0.909 1.138
RMSE 0.873 0.94

Pseudo Second Order

(PSO)
Oes cat (Mg @) 15.63 40.83
Kz (g mg?! mint) 0.013 0.016
adj. R 0.932 0.962
g? 0.166 0.107
RMSE 0.359 0.289

4.3.3.2. Adsorption Equilibrium Studies and Isotherms

Equilibrium studies for the adsorption of Pb (I1) ions from solution by the magnetic
adsorbents were performed. The studies considered a range of initial solution
concentration from 5 mg L™ to 500 mg L™ at an initial pH of 5 and 35 °C using
adsorbent dose of 0.5 g L. From the experimental results as shown in Figure 4-15,
magnetic biochar from agricultural biomass (MHBC) had a higher adsorption capacity
for removing Pb?* from aqueous solution than a magnetic biochar obtained from
woody biomass (MMBC). The maximum adsorption performance for Pb?* determined
from experimental data based on the amount removed at equilibrium time of 2 hours
were 59.06 and 54.50 mg/g for MHBC and MMBC respectively. This difference in
the adsorption performance by the biochars could be attributed to several factors.

Firstly, it was established earlier in this thesis (sections 4.3.1.1 and 4.3.3.1) that
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MHBC has a higher polarity index than MMBC based on their physical/chemical
characteristics. Therefore, the hemp biochar may possess a larger quantity of highly
polar surface functional groups that binds Pb?* ions onto the adsorbent surface easily.
Secondly, the pH for both magnetic biochars are 9.05 and 5.95 for MHBC and MMBC
respectively (Table 4.1). This means that hemp biochar is slightly basic while maple
biochar is slightly acidic. It is therefore assumed that as hemp adsorbent was in contact
with the solution, it quickly altered the initial pH of the metal solution from the slightly
acidic condition (pH — 5) to a basic condition. At about pH of 8.0, metal ions are
removed by both adsorption and precipitation caused when — OH forms Pb(OH): (s)
[55]. Hence, precipitation may have enhanced the capacity of MHBC to remove Pb
from solution. The third factor may be attributed to the zeta potentials of the
adsorbents. While MHBC has a zeta potential of — 45.30 mV, MMBC has a zeta
potential of -16.84 mV. The much higher zeta potential of MHBC may have equally
influenced the adsorption process since it affects the particles surface charge,
agglomeration, deposition and stability [36]. When the biochar adsorbent was
immersed into the aqueous metal solution in its powdered form and agitated in the
batch adsorption process, the interaction between the biochar surface and the adsorbate
(Pb?") in the aqueous system depends on several factors governed by not only the pH
of the aqueous system but also the nature and type of potential or charge on the biochar
surface. Thus, the more negative zeta potential charge of MHBC surface may have
caused a greater attraction between the hemp active sites and positively charged Pb?*

ions.
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Figure 4-15 Comparison of adsorption performance of magnetic hemp and maple
biochars

The adsorption process by was characterized by Freundlich, Langmuir and Temkin
isotherm models. These models were evaluated by a non-linear approach which uses
trial and error. This method minimizes the coefficient of determination between
experimental data and isotherm models to determine the isotherm parameters with the

aid of an add-in solver in Microsoft excel [59,60].

The isotherms for Pb (1) ions adsorption by both adsorbents are shown in Figure 4-

16. From the isotherm plots, the model parameters were determined and given in Table

4.3.
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Figure 4-16: Freundlich, Langmuir and Temkin adsorption isotherms for Pb (1)
ions on biochars

An exponential distribution of active sites across the adsorbent as well as energies-
heterogeneous surface is the assumption of the Freundlich isotherm model [62].
Related to the capacity of adsorbents to remove Pb (Il) ion from solution is the
Freundlich constant (Kg). This parameter was found to be 27.15 and 5.46 (mg g™*)(L
mg1)¥ respectively for MHBC and MMBC respectively. The higher Kg value for
MHBC suggests that based on the assumption of Freundlich model, the uptake of Pb
(1) from solution was successful. Another Freundlich parameter “n” which relates to
the intensity of the adsorption by adsorbent was found to be 6.81 and 2.57 for MHBC
and MMBC respectively; which is higher for hemp magnetic biochar. Thus, it indicates

that Pb (I1) ions were more favorably adsorbed from solution by MHBC adsorbent.

Further comparison of the best fit from the three isotherm models to the experimental
data from MHBC batch adsorption studies was carried out based on the statistical
parameters obtained from the models in supplementary file. These parameters are the
reduced chi-square test (£2), adjusted coefficient of determination (adj. R?) and the root
mean square error (RMSE) as given in Table 4.3. From this analysis, the adsorption
of Pb (I1) ions from aqueous solution by modified hemp biochar (MHBC) was best

described by the Freundlich model. In describing the MHBC adsorption process, the
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adj. R? value from Freundlich model fitting was 0.99 which was higher than the
corresponding values from the Langmuir and Temkin models. This demonstrates that
the Freundlich model fits the adsorption experimental data better than the Langmuir
and Temkin models for the removal of Pb (I1) ions from aqueous system. Furthermore,
the values of the two error parameters, €2 and RMSE are significantly the lowest for
Freundlich isotherm model as compared to the Langmuir and Temkin isotherms.
Therefore, the Freundlich model is the best among the three isotherms to characterize

the uptake of Pb (1) ions from solution by the MHBC adsorbent.

The assumption of Langmuir model is that the binding sites on adsorbents’ surface is
homogeneous with equivalent adsorption energies. It also assumes no interaction
between adsorbed ions. The Langmuir constant “K_” is the energy constant which
relates to the heat of adsorption while “gmax” indicates the maximum adsorption
capacity of each adsorbent [63]. For the Pb (1) ions loading, the Langmuir constant
values were 0.367 L mg™ and 0.0164 L mg* for MHBC and MMBC respectively. This
indicates that Pb (I1) ions uptake onto the surface of the MHBC has a comparatively
lower heat of adsorption. The Langmuir adsorption capacity constants for the
adsorbents were 61.00 mg g* and 58.45 mg g for MHBC and MMBC respectively.
This value is an indication of the maximum amount of Pb (Il) ions that can load onto
the magnetic biochars. Thus, it implies that the loading of Pb (11) onto magnetic hemp
biochar was higher than that of magnetic maple biochar. The possible reasons for this

observation have been explained earlier in this thesis.

In describing the adsorption by MMBC, the three isotherms were also fitted with the
experimental data and the obtained parameters also given in Table 4.3. From the

parameters of table 4.3, Langmuir model characterizes the loading of Pb (Il) onto
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MMBC better than those of the other two isotherm models as its adj. R? value is the
highest (0.99), while the values of £ and RMSE are also the lowest for MMBC.
Therefore, the Langmuir isotherm model is the best amongst the three models to

describe the adsorption of Pb (1) by magnetic maple biochar.

Here in, the dimensionless separation factor R. value for both adsorbents is between 0

and 1, since their K. > 0, thereby indicating that the adsorption process was favorable.

Table 4.3 Isotherm parameters for adsorption of Pb (I1) ions onto Magnetic biochars

Isotherm Models Parameters MHBC - Pb MMBC - Pb
Experimental | gexp (Mg g) 59.06 54.50
Langmuir | gmax (Mg g}) 61.00 58.45
KL (L mg?) 0.367 0.0164
adj. R? 0.76 0.99
g 100.20 4.01
RMSE 8.17 1.69
Freundlich | Ke (mg g)(L mg™h)¥" 27.15 5.46
n 6.81 2.57
adj. R? 0.99 0.93
g? 1.15 32.59
RMSE 0.88 4.83
Temkin | Ar (L mg?) 1110.60 308.15
br 565.01 237.86
adj. R? 0.96 0.94
g? 12.97 28.00
RMSE 2.94 4.47

The Langmuir adsorption capacity, “Qmax> Of the magnetic adsorbents for Pb (I1)
adsorption determined in this research was compared with those reported by other
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authors. The comparison was with other studies that used magnetic biochars and
commercial activated carbon as adsorbents for removing Pb (Il) from aqueous
solution. The comparison is given in Table 4.4.In Tables 4.4, the Langmuir adsorption
capacity of the adsorbents used in this study for the adsorption of Pb (II) ions was
within the range of values obtained by other authors on the application of magnetic
biochars and commercial activated carbon as adsorbents. Thus, the magnetic biochars
employed in this study were excellent adsorbents for removing Pb (Il) ions from
aqueous systems as their adsorption parameters and characteristics are well within the
range of the performance of reported magnetically modified biochars and commercial

activated carbon adsorbents.
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Table 4.4: Langmuir adsorption capacities of magnetic biochars versus other
biochars/activated carbon for Pb (I1) removal from solution

Adsorbents Medium Temp. Conc. Surface Max. Ref.
pH (O range area Loading
(mg/L) (m?/g) Capacity
Omax (MQ/Q)
Magnetic | Aqueous 5.0 35 5-500 83.8 61.00 This
microwave | solution study*
pyrolyzed
hemp
biochar
Magnetic | Aqueous 5.0 35 5-500 75.99 58.45 This
microwave | solution study*
pyrolyzed
maple
biochar
Magnetic | Aqueous 5.0 35 1-100 6.1 9.49 [64]
oak wood | solution
char
Pine wood | Aqueous 5.0 25 1-100 2.04 11.30 [13]
char | solution
Rice husk | Synthetic 5.0 35 5-40 n/a 2.25 [65]
biochar
DAWC  Aqueous 5.0 22 5-600 555.2 51.38 [66]
(digested | solution
dairy waste
biochar)
Commercial | Aqueous 5.0 30 1-150 1058 47.20 [67]
activated | solution
carbon
Commercial | Aqueous 5.0 40 1-60 1000 10.80 [68]
granular | solution
activated
carbon
(GAC)
Commercial | Aqueous 7.2 30  100-1000 n/a 5.95 [69]
activated | solution
carbon
(CGAC)

The values in bold and italics are results obtained in this study
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4.3.4. Regeneration of Magnetic Adsorbents

4.3.4.1. Recycling Adsorbents for Pb (11) lons Adsorption

A study was performed at 25 °C to regenerate the adsorbents via adsorption-desorption
cycles. During the adsorption step, the Pb-loaded adsorbents were prepared using
adsorbent dose of 1.0 g L%, 2 hours contact time, concentration of Pb (I1) solution was
20 mg Lt at an initial pH of 5.0. In the desorption step, the prepared Pb-loaded
adsorbents were desorbed using 0.1 mol L EDTA-2Na solution with a solid/liquid

ratio of 10 g L and 2 hours contact time.

This process was necessary to remove the heavy metals from wastewater streams and
maximize the use and benefits of the adsorbents. At the conditions stated above, the
magnetic biochars were recycled and used five times. For MHBC, the adsorption
efficiency for the 5 cycles were 99.9, 92.9, 88.2, 73.2, 71.4 respectively as given in
Figure 4-17. Similarly, for MMBC, the corresponding cycle efficiencies were 65.1,
64.0, 62.2, 59.0, 57.5 in that order as shown in Figure 4-18. This decrease in sorption
performance of the adsorbents after successive reuse may be connected to the
regeneration process of the adsorbents, which is believed to alter their porous
structures and eventually leading to the loss or blockage of adsorption sites [70].
Comparing the results of Figure 4-17 and 4-18, the performance of MHBC in
removing Pb (1) from aqueous solution after five cycles was better than that of
MMBC. The modified hemp biochar still maintained a satisfactory 70% and above
removal efficiency for Pb (I1) ions against the 57% removal efficiency of MMBC. This
indicates that MHBC is a renewable absorbent and has a greater potential to be used

multiple times for remediating lead contaminated water than MMBC.
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Reuse-ability of Magnetic Hemp Biochar
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4.34.2. Separation of Magnetic Biochars from Aqueous Solution

An appropriate method of separating the adsorbents from solution after each use was
investigated using a magnetic field. An adsorbent dose of 0.5 g/L in distilled water was
used and at different separation times (1, 5, 10, 20 and 30 min) as presented in Figure
4-19 and Figure 4-20 for MHBC and MMBC respectively. In the study, both internal

and external magnetic fields were applied in separating the adsorbents from solution.
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Internal magnetic field is created when the magnetic jig is inserted into the biochar
suspension while an external magnetic field is created by placing the biochar
suspension on the magnetic jig. In Figure 4-19, the suspension of MHBC had a
turbidity of 456 NTU at the beginning. During the first 1 minute of having the MHBC
suspension in a magnetic field, there was a significant decreased in turbidity of the
biochar suspension to 154 NTU and 111 NTU as a result of the influence of the
external and internal magnetic fields respectively. The suspension turbidity was further
decreased after 30 minutes in the fields to 19.9 NTU and 8.79 NTU for the external
and internal field respectively. In the case of MMBC as shown in Figure 4-20, the
initial turbidity of the suspension immediately after agitation was 56.3 NTU. The
turbidity value of the magnetic maple biochar was significantly lower when compared
to magnetic hemp biochar in suspension. The substantial disparity in the dispersion of
these adsorbents powder in distilled water may be connected to their zeta potentials
which affects the adsorbents surface phenomena such as particles agglomeration and
surface charge [36]. The MHBC powder with a more negative zeta potential, - 45.3
mV was observed to be easily and well dispersed in distilled water more than the
MMBC with zeta potential of — 16.8 mV. This difference in the adsorbents dispersion
further adds credence to the higher adsorption performance of MHBC over MMBC in
removing Pb (1) from aqueous system. The initial 56.3 NTU of MMBC suspension
was reduced to 16.0 and 6.32 NTU by the external and internal magnetic fields
respectively. At the end of the 30 minutes separation time, the external magnetic field
was able to reduce the turbidity of MMBC suspension to 0.83 NTU while the internal
magnetic field created by inserting the magnetic jig reduced the suspension turbidity
to 0.51 NTU. To put this in perspective, the turbidity of a good drinking water is

estimated to be between 0.02 to 1.0 NTU.
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These observations demonstrate that it is possible to separate the Pb-loaded magnetic
biochars from aqueous solution within a short time using a low magnetic field strength.
As expected, the separation using an internal magnetic field was more effective in the
recovery of the used adsorbents because the internal field strength created by the
magnetic jig was stronger without the interfering barrier from the glass vial and could

therefore attract the biochar particles easily.

Separation of Pb loaded MHBC from solution
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Figure 4-19 Magnetic separation performance of MHBC
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Figure 4-20: Magnetic separation performance of MMBC

118



4.4. Conclusions

Microwave was used to pyrolyze agricultural biomass (hemp stalk) and woody
biomass (maple chips) to produce biochar. These biochars were oxidized using 30%
H>O> solution to enhance their adsorption performance followed by magnetic
modification to enable easy adsorbent recovery from aqueous solution after
adsorption. The capacities of these magnetic biochars to remove Pb (1) from aqueous
solution was investigated and compared. Although both biochars were effective in
remediating lead ions-contaminated wastewater, magnetic biochar obtained from
hemp biomass performed better. It was established that the higher adsorption capacity
of magnetic hemp biochar (MHBC) over magnetic maple biochar (MMBC) may be
attributed to three factors. Firstly, MHBC possesses more polar surface functional
groups that bind Pb?* strongly and easily. Secondly, chemical precipitation contributed
to the adsorption of Pb (I1) by MHBC in aqueous solution. Thirdly, since MHBC has
a more negative zeta potential charge, there may be a greater attraction between its

active sites and the positively charged cation.

The kinetic modelling indicates that the process of adsorbing Pb (Il) onto both
magnetic biochars follows a pseudo-second-order (PSO) kinetics model. In the
isotherm studies, it was observed that the sorption of Pb (II) by MHBC is best
described by Freundlich model whereas the adsorption of the same Pb (11) by MMBC
is best characterized by Langmuir model. The magnetic biochars were manipulated
easily using a low strength internal or external magnetic field, thereby enabling an easy
recovery of the spent adsorbents from aqueous system. This research has successfully
demonstrated that magnetic biochars could be used to remediate lead contaminated
water particularly when such water is high in suspended particles, grease and oil

impurities which may cause carbon fouling of the filtration units leading to frequent
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separation/regeneration treatments. Separation by a magnetic field was very simple

and could enable easy isolation and washing of the spent biochars before redispersion.
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Chapter 5 Conclusions

5.1. General Summary

Studies have shown that the properties of biochar do not only depend on the types of
feedstock but also on the production methods and conditions. Biochars are produced
by pyrolysis of biomass with microwave-assisted pyrolysis being a more efficient
thermochemical process for biochar production. This is the first study where biochars
produced by microwave-assisted pyrolysis at pilot scale is used for the adsorption of

Pb?* ions from synthetic wastewater.

Modification methods especially chemical methods improve the surface properties of
biochars. Acidic modification generates extensive oxygenated functional groups,
while alkaline modification produces high ratios of surface aromaticity and
Nitogen/Carbon (N/C). A major challenge with the practical wastewater treatment
using biochar is the difficulty encountered in isolating and recycling the spent biochars
from aqueous solution by the traditional methods of filtration and centrifugation. This
is one of the few studies where magnetic separation method has been demonstrated to
be a potential technique for solid-liquid phase separation. The used biochars were
recovered from aqueous solution by simple magnetic field. Making biochars magnetic

has helped in the recovery of the biochars following metal adsorption.

In this study, the biochars were produced by microwave-assisted pyrolysis of biomass
at a pilot scale in a custom-built microwave reactor. These biochars were converted to
magnetic biochars via hydrogen peroxide oxidation followed by chemical co-
precipitation of iron oxides onto the biochars. The modification reduced the BET
surface area of the biochars due to the iron oxides formation. The magnetic biochars

effectively adsorbed Pb?" ions from aqueous solution. The adsorption efficiencies of
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the adsorbents in removing Pb?* ions from aqueous solution and their magnetic

separation performances were still very satisfactory after 5 regeneration cycles.

In a comparative study, microwave was used to pyrolyze agricultural biomass (hemp
stalks) and woody biomass (maple wood chips) to produce biochars. The capacities of
these magnetic biochars to remove Pb?* from aqueous solution was investigated and
compared. Although both biochars were effective in remediating lead ions-
contaminated synthetic wastewater, magnetic biochar obtained from hemp biomass
performed better. It was established that the higher adsorption capacity of magnetic
hemp biochar (MHBC) over magnetic maple biochar (MMBC) may be attributed to
three factors. Firstly, MHBC possesses more polar surface functional groups that bind
Pb?" strongly and easily. Secondly, chemical precipitation contributed to the
adsorption of Pb?* by MHBC in aqueous solution. Thirdly, since MHBC has a more
negative zeta potential charge, there may be a greater attraction between its active sites

and the positively charged cation.

The kinetic modelling indicates that the process of adsorbing Pb?* ions onto both
magnetic biochars follows a pseudo-second-order (PSO) kinetics model. The isotherm
studies showed that the adsorption of Pb** by MHBC is best described by Freundlich
model whereas the adsorption of the same Pb?* by MMBC is best characterized by

Langmuir model.

The magnetic biochars were manipulated easily using a low strength internal or
external magnetic fields, thereby enabling an easy recovery of the spent adsorbents
from aqueous solution. This research has successfully demonstrated that magnetic
biochars could be used to remediate lead ions-contaminated water particularly when

such water is high in suspended particles, grease and oil impurities which may cause
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carbon fouling of the filtration units leading to frequent separation/regeneration
treatments. Separation by a magnetic field was very simple and could enable easy
isolation and washing of the spent biochars before redispersion. The magnetic biochars
are green-based, renewable and cost-effective absorbents that could be used to

remediate lead ions-contaminated water.

5.2. Recommendations for future work

Biochars have potential for metal ions adsorption and have received increasing
attention during the past decade. However, studies are mostly at a lab scale, focusing
on adsorption of single metal ions from synthetic aqueous solution. In natural waters,
heavy metal ions often co-exist with other pollutants, hence there is a competition for
adsorption sites on biochar surface between metal ions and other ions or organic

pollutants in the system.

The publications on the competitive adsorption of heavy metal ions from contaminated
water using modified biochar is limited. Further competitive adsorption studies are
necessary to accurately estimate metal ions sorption capacity of biochars in natural
environments. This is necessary particularly when such biochars are produced by

microwave-assisted pyrolysis.

Presently, no study has reported the use of biochars to remove heavy metal ions from
polluted wastewater for field application. The actual metal ions-contaminated water is
more complicated than the synthetic wastewater used by current studies. To ensure the
suitability of biochars to remediate contaminated wastewater, using physicochemical
conditions to simulate polluted water or employing actual industrial contaminated

wastewater for studies is very important.
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The amount of biochar required for water treatment could be reduced by an economical
biochar regeneration, thereby decreasing the cost of wastewater treatment. This study
has shown that Pb-loaded biochar could be regenerated using 0.1 M EDTA-2Na
solution, with a very high Pb (I1) ions desorption efficiency and low loss of Fe. Further
studies on biochar regeneration using different eluants are required to develop suitable
methods to simultaneously achieve metal ions desorption and retain the adsorption

capacity of the biochar.

Furthermore, future studies should address other aspects of biochar application such

as the disposal of metal-loaded biochars.

Finally, the reported studies on biochar application have examined the adsorption
performance of biochar in a batch mode experiment. Further studies should therefore
investigate the potential of biochars to remove heavy metal ions from ions-

contaminated water in a continuous system.
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Appendix A: Supplementary Data for Chapter 3.

1. Adsorbent data

Table A3.1: Mass of materials used for magnetic modification of hemp biochar

Mass of Iron salts (g) BC Water Water Vol. (ml)  Water
mass Vol. (ml) Vol. (ml)
(9)
FeSO4.7H>0 | Fea(S04)3.nH,0 BC Fez(S04)s.nH,0 FeSO4
Suspension  solution Solution
3.00 | 2.78 15 150 390 45
6.00 | 5.55 15 150 390 45
9.00 | 8.33 15 150 390 45
12.00 | 11.10 15 150 390 45

2. Adsorption Isotherm Models

The Langmuir isotherm model assumes that sorption occurs at specific sites, which are
distributed uniformly across the adsorbent’s surface [1-3]. The non-linear presentation

of the equation is given in equation A3.1

qe = % Equation A3.3

where g, (mg g1) is the equilibrium metal ion loading onto the adsorbent, C, (mg L)
is the concentration of metal ion in the solution at equilibrium, g,, (mg g?) is the
adsorbent’s monolayer adsorption capacity also known as 4. K;, (L mg?) is the
Langmuir adsorption constant related to the free energy of adsorption of adsorbent

[4]. An essential characteristic of the Langmuir equation, a dimensionless separation

factor R; is given by equation A3.2 [5]

_ 1
"~ (1+CoK1)

R, Equation A3.4
where C, (mg L™?) is the highest initial Pb (I1) ion concentration. The value of R,

describes the isotherm type and the nature of the interaction: irreversible (R, = 0),
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favorable (0 < R, < 1), unfavorable (R, > 1), linear (R, = 1). From equation A3.2, the

sorption system would be favorable if K;> 0.

The Freundlich model assumes a heterogeneous sorption surface area and active sites
with varying energy based on a multi-layer sorption process. The adsorption intensity
of the adsorbate on adsorbent is estimated by the Freundlich isotherm [6]. The non-

linear form of the model is shown in equation A3.3.

q. = Kp(C)Y™ Equation A3.5

where K (mg g) is the Freundlich constant related to the adsorption capacity, C, (mg
L) is the equilibrium concentration of metal ions solution, 1/n is an empirical
parameter that varies with the heterogeneity of the adsorbent material and it is related

to the material’s adsorption intensity [3,4].

Different from Langmuir and Freundlich models, the Temkin model takes into account
the interactions between adsorbates and adsorbents and assumes that the adsorption
free energy is a function of the surface coverage [7]. The Temkin isotherm model is

given by equation A3.4.

qe = ?ln(ATCe) Equation A3.6
T

where A, is an equilibrium binding constant which corresponds to the maximum

binding energy, by is the Temkin constant, T (K) is the temperature, and R is the ideal

gas constant (8.315 J mol™! K™).

Dubinin-Redushkevich (D-R) model assumes no homogeneous surface of the

adsorbent [8] and is given by equation A3.5.

9o = apexp {~Bp[RT In(1 + )14} Equation A3.7
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where qp is the D-R isotherm constant, By, is constant relating to the mean free energy
of adsorption per mole of the adsorbate as it is travels to the surface of the absorbent

from an infinite distance in the solution.

3. Non-linear regression analysis

Non-linear regression was used to evaluate all the parameters for the models. To
evaluate the fitting of the models to the experimental data, the optimization procedure
requires an error function to be defined. The adjusted coefficient of determination (adj.
R?), root mean square error (RMSE) and the reduced chi-square (£?) test were used to

measure the goodness-of-fit. RMSE [9] is shown in equation A3.6.

RMSE = \/m;_p XmQ: —q0)? Equation A3.8
where Q; is the measured experimental data, g; is the isotherm model’s calculated
value corresponding Q; , m is the number of data points evaluated, p is the number of
parameters in the regression model. Smaller RMSE value indicates a better curve

fitting.

The reduced chi-square test function [10] is shown as equation A3.7.

.—qg:)?
€% = %Zﬁl % Equation A3.9
where v =m —p is the degree of freedom, Q; is the equilibrium capacity obtained from
experiment, q; is the equilibrium capacity obtained from isotherm model. If the data

from model are very close to the experimental data, €2 will be a small number.

4. Adsorption isotherms

The Freundlich isotherm assumes an energies-heterogeneous surface and exponential
distribution of adsorption sites across the adsorbent [11]. The Freundlich constant (Kr)

is related to the adsorption capacity for Pb (I1) ion from solution by MHBC-3 adsorbent
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and was found to be 27.15 (mg g*)(L mg™*)¥. This high value indicates that based on
the Freundlich model assumption, the loading of Pb (11) was successful. Additionally,
the Freundlich constant (n) is related to the intensity of adsorption and found to be
6.81which is high and shows that Pb (lI) ion is favorably adsorbed by MHBC-3

adsorbent.

From Table 3.4, the Freundlich adjusted coefficient of determination, adj. R? value is
0.99, which is the highest among the 3 models. This indicates that the Freundlich
isotherm fits the experimental adsorption data better than the Langmuir and Temkin
models for Pb (I1) ions adsorption. In addition, the values for the two error parameters,
RMSE and &2 are significantly lower for the Freundlich model than for the Langmuir
and Temkin models. Hence the Freundlich isotherm is the better isotherm for the

description of Pb (1) ions sorption by the MHBC-3 adsorbent.

5. FT-IR spectra of biochars

The FT-IR spectra of the magnetic hemp biochar and regenerated biochar as shown in
(Figure A3.1) showed that all active functional groups including the peak at 650 cm™
assigned to Fe-O were intact; thus, the regeneration process did not significantly affect

the magnetic properties of the adsorbent.
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Figure A3.1: FTIR spectra of the magnetic hemp biochar and regenerated biochar
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Appendix B: Supplementary Data for Chapter 4.

1. Adsorption kinetic models
The processes governing the mechanism of metal removal from solution in a batch
mode is identified by the adsorption kinetics of the system. The kinetic data help to
determine the rate-limiting step in the adsorption process. The two sorption kinetic
models used in this study to evaluate the kinetics of Pb (I1) loading onto the magnetic
biochars were the pseudo-first order (PFO) and pseudo-second order (PSO) kinetic

models.

The non-linear versions of these kinetic models, PFO and PSO are given in equations

B4.1 and B4.2 respectively [1].

qr = qe(1 —e™X1t) Equation B4.1

_ Kaqdt
L a—

= Equation B4.2
1+K,qet

where g, (mg g%) and g, (mg g?) are the adsorption capacities at equilibrium and at
any given time, t during the process respectively, K; ( min?) and K, (g mg™* min?)

are the rate constants of PFO and PSO kinetic models respectively.
2. Sorption isotherm models

The isotherm study was performed by shaking 0.02 g of the adsorbents with 40 mL of
Pb (1) solution at different initial concentrations. The isotherms for Pb (I1) adsorption
by biochars were characterized by fitting the Langmuir, Freundlich, Temkin models

with the data from experimental trials.

The Langmuir isotherm is based on the assumption that adsorption process happens at
specific sites that are uniformly distributed across the adsorbent’s surface area [2-4].
The non-linear form of Langmuir model is presented in equation B4.3.
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_ qmKCe

Equation B4.3
1+K[Ce

de
where g, (mg g!) is the metal ion uptake by adsorbent at equilibrium, g,, (mg g?) is
the adsorbent’s monolayer adsorption capacity also called g4y, C. (Mg L™) is the
equilibrium concentration of metal ion in the solution, K; (L mg™) is the Langmuir
adsorption constant related to the adsorbent’s free energy of adsorption [5]. A very

important characteristic of the Langmuir model is a dimensionless separation factor,

R, as given by equation B4.4 [6]

_ 1
"~ (1+CoK1)

R; Equation B4.4
where C, (mg L) is the highest initial metal ion concentration. The nature of the
interaction and isotherm type depends the value of R;. Favorable (0 < R, < 1),

unfavorable (R, > 1), linear (R,= 1), irreversible (R, = 0). From equation B4.4, the

adsorption process most likely be favorable if K;> 0.

The Freundlich isotherm assumes that the adsorption surface area is heterogeneous
with varying energies of active sites distributed randomly on adsorbent’s surface. It
assumes a multi-layer adsorption process. The Freundlich model estimates the
adsorption intensity of the adsorbate on adsorbent [7]. The non-linear version of the

model is given by equation B4.5.

de = Kr(CHY™ Equation B4.5

where C, (mg L) is the metal solution’s equilibrium concentration, K (mg g?) is the
Freundlich constant related to the adsorbent’s adsorption capacity, 1/n is an empirical
parameter related to the material’s adsorption intensity and it varies with the

heterogeneity of the adsorbent material [4,5].
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The Temkin isotherm accounts for the interactions between adsorbents and adsorbates.
It assumes that the free energy of adsorption is a function of the surface coverage [8].

The Temkin model is given in equation B4.6.

Ge = ?ln(ATCe) Equation B4.6
T

where by is the Temkin constant, T (K) is the temperature, A is an equilibrium
binding constant corresponding to the maximum binding energy and R is the ideal gas

constant (8.315 J mol™! K™1).
3. Non-linear regression analysis

The parameters for the models were evaluated using the non-linear regression analysis.
The adjusted coefficient of determination (adj. R?), root mean square error (RMSE)
and the reduced chi-square (£2) test were the parameters used to determine the
goodness-of-fit of the model to the experimental data. RMSE [9] is presented by

equation B4.7.

1 .
RMSE = \/m—_pZ’iﬁl(Qi —q;)? Equation B4.7
where Q; is the experimentally determined data, g; is the isotherm model’s calculated
value corresponding Q; , p is the number of parameters in the regression model while

m is the number of data points evaluated. A Smaller value of RMSE indicates a better

fitting of model with the experimental data.

The reduced chi-square test function [10] is given in equation B4.8.

.—g:)2
g% = %Zﬁl% Equation B4.8
where v = m — p is the degree of freedom, q; is the equilibrium capacity calculated

from isotherm model, Q; is the equilibrium capacity determined from experimental
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data. If data from model are closely fit the experimental data, the value of 2 will also

be a small number.
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