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ABSTRACT

BIOCHAR FORHEAVY METAL REMOVAL INWATER: OPPORTUNITIES,
CHALLENGES, AND SUSTAINABLE SOLUTIONS

Pushpita Kumkum
Old Dominion University, 2024
Director: Dr. Sandeep Kumar

The presence of heavy metals in drinking water is a significant concern due to the
harmful impacts it can have on human health. Biochar has emerged as a low-cost alternative to
activated carbon for lead (Pb) adsorption due to its porous structure and high surface-to-volume
ratio. The last 10 years of studies have been reviewed to investigate the biochar production,
activation methods, kinetic, adsorption isotherms, mechanism, regeneration, and adsorption
capacities to guide future researchers and practitioners in using biochar to remove Pb from water.
However, several challenges hinder the actual application of biochar as an adsorbent. These
challenges include variability in adsorption capacity, potential desorption or leaching of Pb from
the biochar back into the solution, and lack of studies on scalability issues for its application as an
adsorbent.

To address the lack of column studies in the field of heavy metal removal using biochar
as an adsorbent, a fixed-bed adsorption study was conducted to remove Pb(11) from water. The
study evaluated the impact of initial Pb(ll) concentration, mass of adsorbent, and flow rate on
the adsorption potential. The Adams-Bohart model, Thomas model, and Yoon-Nelson model
were used to analyze the adsorption data. The breakthrough data obtained from this study can
be applied in the design of a point-of-use filter that can effectively remove Pb(Il) from drinking
water.

The use of biochar as an adsorbent for metals like chromium in combination with microalgae



cultivation for treating tannery wastewater was also investigated. The study tested two types of
biochar - pinewood biochar (PB) and a commercial biochar (CB)- as a pretreatment step before
cultivating microalgae. Results showed that the application of both types of biochar led to a
significant increase in growth rates (61% and 126% for PB and CB, respectively) compared to
cultivation in raw wastewaters. The study also found that the biochar production process and its
physiochemical characteristics strongly influenced Cr(I11) adsorption performances.

This research aims to provide a comprehensive resource on the opportunities and

engineering challenges associated with using biochar for heavy metal removal from water.
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CHAPTER 1

INTRODUCTION

Lead (Pb) is a neurotoxic heavy metal naturally occurring in Earth’s crust and also can
be easily mined and refined [1]. It is a soft, malleable material with high density, durability and
resistance to corrosion which makes it a compound known for its diverse use in different
application. The use of lead has a long history, dating back to the Roman era, where it was
extensively mined in Spain and Britain. The Romans utilized lead for a variety of purposes,
including water pipes, dishes, cosmetics, coffins, and as a means of debasing their silver
coinage. Lead was believed to enhance the taste of wine and food due to its sweet notes. The
metal enhanced one-fifth of the 450 recipes in the Roman Apician Cookbook [2]. Although the
mining of lead declined in the Dark Ages (early medieval period), its use resurfaced in
Medieval times. During this period, lead was employed in new applications such as bullets,
printing type, and pottery glazes [1,3,4]. Lead remained in widespread use until the 20th century,
with various applications such as in gasoline, lead- acid batteries, paint, radiation shielding, and
as a stabilizer in the polyvinyl plastic industry [5]. This prolific metal played a significant role in
the technological advancements of the American colonies and the American Republic [6]. The
correlation between exposure to Pb and the adverse health effect is not something recently
known. Around 250 BC, the Greek philosopher Nikander of Colophon documented cases of
colic and anemia caused by lead poisoning [7]. Although the link between gout and lead
poisoning was not yet known between 450-380 BC, the Greek physician Hippocrates associated
gout with the consumption of certain foods and wine. However, during the Roman period, it
became apparent that the prevalence of gout among the wealthy was due to their high intake of

lead [7]. According to some scholars, the high levels of lead exposure may have been responsible



for the health issues of men and could have played a role in the decline of the Roman Empire [2].
Although the immediate effects of metal consumption were understood, it wasn't until the 19th
century that medical professionals gained a complete understanding of the long-term harm
caused by lead poisoning. With the rise of the Industrial Revolution, the use of metals in
manufacturing became more common, leading to an increase in cases of chronic metal poisoning
among workers [8].

The workers were exposed to lead through various means such as inhaling fine lead dust or
fumes, consuming contaminated food at the workplace, or through skin absorption [8]. By the 20th
century, the majority of the lead was utilized as an additive in gasoline and as the main pigment
in house paint, while some quantities were used as solder in plumbing and in various household
items [2].

The accumulation of lead in the body over several months or years leads to lead poisoning,
which can cause severe health complications. In adults, lead exposure can have lasting negative
effects such as a higher risk of high blood pressure, cardiovascular issues, reproductive system
issues, and kidney damage [9]. Additionally, pregnant women who are exposed to high levels of
lead are at risk of miscarriage, stillbirth, and premature birth [10].

Children are especially vulnerable to the negative effects of lead exposure because their
nervous system is still developing and susceptible to damage. This exposure can lead to
reduced intelligence quotient (1Q), altered behavior such as shorter attention span and increased
antisocial tendencies, and decreased educational success [10]. Lead exposure can also result in
anemia, high blood pressure, renal impairment, immunological issues, and harm to
reproductive organs [9]. Lead exposure in adults and children typically occurs through

inhalation of air-borne lead particles from gasoline and dust particles from lead-based paint,



food, as well as drinking water delivered through lead-based pipes [11]. Even though leaded
gasoline was completely phased out by 1996 and lead-based paint was prohibited by 1978, the
environment still contains about 7 million tons of lead from burnt gasoline [2]. Moreover, there
are approximately 38 million houses and apartments built before 1978 that still contain some
lead paint [2]. Lead exposure in children can occur through ingestion of food or water containing
lead, inhalation of lead dust from lead-based paint or contaminated soil. Although lead levels in
ground and surface water are usually low, they may rise once the water enters the water
distribution system. Although the Safe Drinking Water Act (SDWA\) prohibited the use of lead-
based pipes, solder, or flux in plumbing system, houses built before 1986 still have lead pipes.
Highly acidic water source or water with low mineral content can corrode the pipes and fixtures
and leach lead into the drinking water [12]. The existence of long-lasting lead hazards in the
environment means that lead exposure continues to be a major public health issue. The Flint,
MI crisis is an example of how lead exposure can have catastrophic consequences when proper
precautions are not taken [13]. The Flint water crisis occurred in Flint, Michigan, USA, from
2014 to 2019. In an effort to save money, Flint's city officials switched the city's water supply
from Lake Huron (treated by the Detroit Water and Sewerage Department) to the Flint River. The
inadequately tested corrosive river water caused lead from aging pipes to leach into the city's
drinking water, leading to dangerous levels of lead contamination.

The water was also found to have dangerous levels of bacteria and other
contaminants. Even though Flint residents had reported that the water being piped into their
homes for a year and a half was causing skin rashes, hair loss, and itchy skin due to its foul
smell, discoloration, and unpleasant taste, the government refused to acknowledge the issue

initially. It took more than a year for the state to finally accept that there was a problem. The



crisis caused widespread health problems, particularly in children exposed to lead, and led to
a state of emergency being declared. The crisis drew national attention and sparked public
outrage and protests. The government eventually switched back to the Detroit water supply
and began replacing the city's lead pipes, but the damage was already done, and the long-term
effects of the crisis are still being felt by the community [14]. According to EPA’s 7th
Drinking Water Infrastructure Needs and Survey Assessment (April 2023) report, lead service
lines account for more than 9% of the overall service line infrastructure in the United States,
potentially exposing a significant portion of the country's drinking water to the risks associated
with lead contamination. Government has undertaken several initiatives to replace the lead
service lines. However, this Flint Water Crisis had been the motivation of this dissertation to
investigate the viability of using biochar as a sustainable method for removing Pb(11) from
contaminated water sources, with a focus on exploring alternative solutions to address
emergency situations like the one that occurred in Flint, MI.

Biochar, a porous material derived from the thermal treatment of biomass in the absence
of oxygen, has emerged as a promising solution for capturing pollutants from soil and aqueous
environments. Biochar can be found naturally by the occurrence of vegetation fires. For over
2,500 years, humans have been producing and utilizing biochar (in the form named as “Terra
preta” soils) in traditional agricultural methods in the Amazon Basin region of South America.
Terra preta or black earth was formed over thousands of years through a process of human
activity and natural decomposition [15]. Indigenous people in the Amazon Basin of South
America practiced a form of slash-and-burn agriculture, where they would clear areas of forest
and burn the trees and brush to create fertile soil for farming [16]. However, instead of allowing

the burned materials to decompose and release carbon back into the atmosphere, they would mix



the charcoal and other organic matter into the soil [17]. The charcoal in the soil, also known as
biochar, acted as a stable form of carbon sequestration, locking carbon in the soil for hundreds or
even thousands of years [18].

Chapter 2 was focused on the studies conducted over the past few decades which have
demonstrated the impressive capacity of biochar to adsorb Pb(I1) from water and wastewater.
Various strategies explored by the researchers to enhance its adsorption potential, such as
activation or modification through synthesis with other compounds or combining it with different
materials were also discussed.

Chapter 3 is a fixed-bed adsorption study using biochar as an adsorbent to remove Pb(Il)
from water to address the lack of column study in this field. This chapter presents the
experimental set-up, methodology, and results obtained from the fixed-bed adsorption study. The
study aims to provide insight into the effectiveness of biochar as an adsorbent for Pb(ll) removal
from contaminated water and its potential application in real-world scenarios. The findings of this
study will contribute towards the development of sustainable and efficient technologies for water
treatment and management.

Chapter 4 presents a collaborative research paper with University of Padova, Italy team
on the bioremediation of industrial effluents, specifically tannery wastewater, using biochar as a
pretreatment measure. Tannery wastewater is known to contain toxic compounds such as
chromium (Cr), which can inhibit the growth of microorganisms. Biochar was used to remove
Cr from tannery wastewater and to facilitate the growth of microalgae in this pretreated water
utilizing other nutritional compounds presents in the water. Characterization of commercial
biochar and pinewood biochar prepared by lab-scale pyrolysis method, comparative adsorption

kinetics and best fitted isotherm models based on batch adsorption study were investigated as



part of this collaboration effort. The findings align with the objectives of the dissertation, which
aims to explore the potential of biochar as an adsorbent for heavy metal removal from
contaminated water. The study's results provide valuable insights into the use of biochar for
wastewater treatment.

Finally, Chapter 5 discussed the future scope of this dissertation and identifies
potential areas for further investigation in the field of biochar for lead removal from water.
This dissertation aims to provide an in-depth analysis of the opportunities and engineering
challenges associated with biochar's application in Pb removal, serving as a valuable

resource for future researchers in this field.
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CHAPTER 2
A Review on Biochar as an Adsorbent for Pb(I1) Removal from Water
Note: The contents of this chapter were adapted from the review article published in
the journal ‘Biomass.’

Pushpita Kumkum and Sandeep Kumar
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Abstract: Heavy metal contamination in drinking water is a growing concern due to its severe health
effects on humans. Among the many metals, lead (Pb), which is a toxic and harmful element, has
the most widespread global distribution. Pb pollution is a major problem of water pollution in
developing countries and nations. The most common sources of lead in drinking water are lead
pipes, faucets, and plumbing fixtures. Adsorption is the most efficient method for metal removal,
and activated carbon has been used widely in many applications as an effective adsorbent, but
its high production costs have created the necessity for a low-cost alternative adsorbent. Biochar
can be a cost-effective substitute for activated carbon in lead adsorption because of its porous
structure, irregular surface, high surface-to-volume ratio, and presence of oxygenated functional
groups. Extensive research has explored the remarkable potential of biochar in adsorbing Pb from
water and wastewater through batch and column studies. Despite its efficacy in Pb removal, several
challenges hinder the real application of biochar as an adsorbent. These challenges include variability
in the adsorption capacity due to the diverse range of biomass feedstocks, production processes,
pH dependence, potential desorption, or a leaching of Pb from the biochar back into the solution;
the regeneration and reutilization of spent biochar; and a lack of studies on scalability issues for its
application as an adsorbent. This manuscript aims to review the last ten years of research, highlighting
the opportunities and engineering challenges associated with using biochar for Pb removal from
water. Biochar production and activation methods, kinetics, adsorption isotherms, mechanisms,
regeneration, and adsorption capacities with process conditions are discussed. The objective is to
provide a comprehensive resource that can guide future researchers and practitioners in addressing
engineering challenges.

Keywords: biochar; heavy metals; lead; adsorption; pollutant removal; biomass; desorption;
regeneration; scalability

1. Introduction
1.1. Biochar

Biochar is a carbon-rich material known for its stability and long-lasting nature, which
refers to its resistance to breakdown or decomposition over long periods of time [1].

From mitigating water pollution to serving as a potential source of energy and com-
bating climate change, biochar has proven to be an invaluable resource in the quest for
sustainable solutions [2,3].

Biochar is produced through the pyrolysis process, which involves subjecting biomass
or organic waste to high temperatures (ranging from 400 to 600 °C) in the absence of
oxygen [4]. During pyrolysis, the biomass is decomposed into three basic components, the
solid product, biochar; the liquid, bio-oil, which is formed by the condensation of volatile
matters; and the gaseous component, called syngas, which includes carbon monoxide,
methane, and carbon dioxide [5-7]. The ratio of these individual components depends
on the pyrolysis temperature, heating rate, residence time, etc. [8]. All of these products
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originate from cellulose, hemicellulose, and lignin, which is the basic composition of
lignocellulosic biomass [9]. The pyrolysis process can be categorized into three classes: slow,
fast, and gasification [10]. Due to its ability to produce a higher solid yield (ranging from
25% to 35%) compared to other pyrolysis processes, slow pyrolysis is widely considered
as the primary method for biochar production [11]. Biochar International described the
stages of pyrolysis [12] as follows: (a) drying and conditioning—at this stage, at ~100 °C,
the chemically bound water starts getting driven off the biomass and at above 150 °C,
the biomass starts to breakdown; [9] (b) torrefaction—when the biomass is heated to
temperatures ranging from 200 to 280 °C, the chemical bonds present in the biomass start
to break down, and the formation of oxygen-containing functional groups (OFGs), i.e.,
hydroxide, carboxyl, carbonyl, lactone, lactol, quinine, chromene, anhydride, phenol, ether,
pyrone, pyridine, pyridone, and pyrrole, etc., starts [13]. This process is endothermic, which
means that it requires heat input to raise the temperature of the dry biomass and break
the molecular bonds; [5] (c) exothermic pyrolysis—at this stage, between 250 and 300 °C,
a combustible mixture of gases and tars starts releasing, resulting in cracks, increasing
the surface area, and shrinking the particles, and this self-sustaining process keeps on
going up to 400 °C, leaving a carbon-enriched residue [14]; however, external heat input is
needed to maintain the temperature, and a maximum yield is obtained before the end of
exothermic pyrolysis [12]; at this stage, the biochar has an ash content of 1.5-5%, around
25-35% of volatiles, and 60-70% of fixed carbon [12]; (d) endothermic pyrolysis—to increase
the fixed carbon content, surface area, and porosity of the biochar, further heating is
necessary to decompose more of the volatiles, which is typically achieved at a temperature
of 550-600 °C, resulting in a fixed carbon content of 80-85% and a volatile content of
12% [15]; and (e) activation and gasification—at temperatures above 600 °C, a small amount
of air and steam can activate the surface of the biochar, increasing its surface area and
cation exchange by adding acidic functional groups but reducing its yield through the
release of more volatiles [16], or, alternatively, adding more air and/or steam can initiate a
gasification process with a low biochar yield (often less than 20%) and high ash content [17].
These physical and chemical properties generated due to varying pyrolysis conditions
make biochar a promising tool for a variety of applications. The high surface area and
porosity [18,19], presence of oxygen-containing functional groups etc. [17,20] of biochar
provide it the benefit of adsorbing a variety of substances, including heavy metals and
organic pollutants, making it useful for water treatment [21-23] and soil remediation [10,24].
The high cation exchange capacity of biochar allows it to retain nutrients, making it an
effective soil amendment for agriculture [25-29].

1.2. Pb(1I)

Lead (Pb(Il)) is a naturally existing toxic heavy metal of bluish-grey color that is
present in trace quantities in the earth’s crust and can have serious health consequences
when it enters the human body [30].

In the late 1800s, the use of lead pipes for water distribution became increasingly
common in major cities across the United States [31]. Even though Pb(II) was more costly
compared to iron, the durability and malleability made it a widespread preference for
using as pipes [32]. According to the United States Environmental Protection Agency’s
(USEPA) 7th Drinking Water Infrastructure Needs and Survey Assessment (April 2023)
report, there are an estimated number of 9.2 million lead service lines (LSLs) supplying
water in US homes [33]. Lead-contaminated drinking water is often the result of corrosion
in plumbing materials that contain lead [34]. This is especially common in areas where the
water has high acidity or low mineral content, which can cause the corrosion of pipes and
fixtures [35].

Children are particularly vulnerable to the harmful effects of lead exposure due to
their developing bodies, which absorb more lead than adults [32]. Their brains and nervous
systems are also more sensitive to the damaging effects of lead [32]. Children can experience
a range of health issues even at low levels of lead exposure, such as behavior and learning
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problems, lower IQs, hyperactivity, slowed growth, and hearing problems [36]. In some
cases, lead ingestion can also lead to anemia [37]. Severe cases of lead exposure may
result in seizures, comas, and even death, although such cases are rare [38]. In adults, lead
exposure is linked with harmful effects on cardiovascular health, such as an increased
blood pressure and proneness to hypertension [39], deteriorated kidney functions, and
reproductive issues in both men and women [40]. Lead exposure in pregnant women is
linked to premature births and a reduced growth of the fetus [33]. Replacing the existing
lead service lines requires billions of dollars. An ambitious plan was put into place in 2021
to replace all lead service lines within the next ten years under the Bipartisan Infrastructure
Law [41]. However, the costs associated with this undertaking are substantial. According
to an EPA report, approximately USD 625 billion will be required over the next two decades
to address the issues related to drinking water infrastructures [33].

Pb(II) contamination in drinking water has been identified as a significant public
health concern, necessitating the exploration of alternative solutions to safeguard human
health [42]. Biochar has emerged (as is evident by the numerous articles cited here) as a
promising alternative for reducing point-of-use lead concentrations in water [43—46]. In this
review, we aimed to capture recent advancements in using biochar for Pb(II) removal from
water. We limited our search to studies conducted only from 2012 to 2022 and excluded
any research on other metals, soil, or other biosorbents to ensure that our findings were
specific to Pb(II), water, and biochar. To compile only the most relevant research within the
selected time frame, we used Research Rabbit, a citation-based literature mapping tool for
scientific literature that allows for a more targeted search. Figure 1 shows an example of
the interface of the tool identifying literature on the relevant topic.
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Figure 1. Example of the map generated by Research Rabbit to identify the relevant literature [1-14].
Green circles represent the literatures already in the collection and blue circles indicate similar work.

This review article provides several contributions to the field of Pb(II) removal using
biochar. Firstly, our study specifically focuses on Pb(II), which allows us to provide
additional knowledge in the field of exploring sustainable materials for tackling the Pb(II)-
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contamination issue. Additionally, this study discusses the regeneration of Pb(II)-loaded
biochar and also the possibility of adsorbed Pb(II) leaching back into the solution by
desorption, which has not been typically covered in existing review papers. Furthermore,
our study identifies two key gaps in the current literature on the use of biochar for lead
removal. Firstly, there is a lack of research on the potential disposal options for Pb(II)-loaded
biochar. Secondly, there is a lack of research on column-flow setups, which could provide
more knowledge in the real-life application of biochar for Pb(II) removal. By highlighting
these gaps and by providing valuable insights, this review article can help guide future
research and serve as a vital tool for developing practical solutions to this pressing public
health issue.

2. Pb(II) Removal Using Pristine Biochar
2.1. Feedstock

Researchers have conducted numerous studies to explore the Pb(II)-removing po-
tential of biochar produced from different feedstocks under various pyrolysis condi-
tions. The types of feedstocks they used are agricultural and forest residues, such as
wheat and rice [21], wood and bark [21], cinnamon, cannabis [47], sesame straw [22],
date seed [48], etc.; industrial by-products, such as anaerobically digested sludge, waste-
activated sludge [49], digested whole-sugar beets [50]; and non-conventional materials,
such as tire waste [51], etc. The physical and chemical properties of these feedstocks play
an important role in defining the adsorption capacity and background mechanism of Pb(II)
removal. They appeared to show a high content of oxygen-containing functional groups
(OFGs) that provide negatively charged bonding sites on the biochar surface for Pb(II) [52],
and some of them have high levels of Na, K, and Mg, which is related to the cation exchange
capacity (CEC) and facilitates the ion exchange mechanism when reacting with Pb(Il) in
a low pH (6.0-7.0) environment [9]. Additionally, the high ash and mineral components
present in these biomass feedstocks also promote creating mineral precipitates. which is
one of the major dominant mechanisms of removing Pb(II) from water [53].

About 78% of these studies utilized agricultural and forest residues, 18% of these
studies explored Pb(II) adsorption by animal waste/industrial by-products, and 4% of
these studies investigated non-conventional /synthetic materials as feedstocks to produce
biochar to remove Pb(II) from water.

Figure 2 demonstrates the fractions of the different categories of feedstocks utilized to
produce biochar.

Non-conventional/synthetic material
3 (4.17%)

Animal Waste/Industrial By ...

13 (18.06%)

® Agricultural Residue
® Animal Waste/ Industrial By Products

@ Non-conventional/'synthetic material

Agnicultural Residue

56 (77.78%)

Figure 2. Different categories of feedstocks used for biochar.
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2.2. Pyrolysis Temperatures/Conditions

A wide range of temperatures (300-700 °C) have been utilized to produce biochar,
which resulted in the biochar of various physicochemical properties that played a critical
role in removing Pb(II) from water. A low pyrolysis temperature (300-450 °C) typically re-
tains the OFGs, i.e., carboxylic and hydroxylic/phenolic (-COOH, -OH, and C-OH) groups
that are present on the biochar surface, which contributes to surface complexation or the
electrostatic interaction between biochar and Pb(Il) by influencing the protonation and
deprotonation of the surface and thereby removing it from the water [21]. As the tem-
perature increases, the volatile matters occupying the pores of the surface starts releasing
out of the biomass, creating an increased number of pores and thereby increasing the
surface area and pore volume that facilitates the physical adsorption of Pb(II) [47]. Biochar
produced by a high pyrolysis temperature showed an increased pH, increased ash/mineral
content, decreased number of OFGs, and increased aromaticity and hydrophobicity [4].
These variations in the physicochemical properties correlated with pyrolysis temperatures
determine the governing adsorption mechanism.

2.3. Experimental Method

Batch experiments and column experiments are two commonly used laboratory meth-
ods for studying Pb(Il) adsorption using biochar. A batch study is simple and utilizes a
static environment. Certain doses of biochar are introduced in a Pb(Il)-aqueous solution
in reactors of different concentrations. The reactors are then shaken for different reaction
times to achieve adequate contact/equilibrium. At the end of the reaction time, the Pb(1II)
concentration is measured using specific analytical instruments, such as a Flame Absorption
Atomic Spectrophotometer (FAAS) or an Inductively Coupled Plasma (ICP) Spectroscope.
Wang et al. investigated the Pb(II)-adsorption potential of biochar from peanut shell and
from the residue of Chinese medicine materials [54]. A dosage of 4 g/L of biochar was
introduced to a Pb(II) solution of with a concentration of 450 mg/L and 900 mg/L and
agitated at 140 rpm on a mechanical shaker. Aliquots were collected at certain time intervals
within a duration of 2 to 60 h, and the Pb(II) concentrations were measured in the filtrate
using FAAS. The Pb(Il)-adsorbed biochar were collected using centrifuge and characterized
to study surface-property changes using various analytical instruments, such as a scanning
electron microscope (SEM), an energy dispersive spectrometer (EDS), Fourier transform
infrared spectroscopy (FTIR), a thermogravimetric analysis (TGA), an X-ray diffractometer
(XRD), and X-ray photoelectron spectroscopy (XPS) [49,55]. Batch experiments, follow-
ing a similar procedure, were conducted by Mu et al.,, Omidi et al., Zhang et al., and
Aslam et al. [19,47,56,57]. For column studies, a fixed bed of the adsorbent, biochar, is
set up, and a Pb(II)-aqueous solution of various concentrations passes through, using a
peristaltic pump, and samples are collected at different times to measure the concentrations
of Pb(II). Ding et al. conducted a column study where hickory wood biochar was used to
evaluate the Pb(Il)-adsorption potential in a fixed-bed setting [58]. Two layers of quartz
sand were used, sandwiching the biochar bed to facilitate the uniform distribution of flow.
The column was first flushed with DI water for approximately 2 h, and then the metal
solution was employed at the bottom inlet of the column to conduct the flow in an upward
direction for 140 min. Aliquots were collected at certain intervals and analyzed to measure
the Pb(II) concentration. Column studies appear to provide more realistic results that
mimic the real-world scenario of the potential of biochar being used as an adsorbent to
remove Pb(Il). Fixed-bed filtration systems are frequently utilized in large-scale industrial
operations to eliminate pollutants from wastewater streams [21]. In a study conducted
by Xue et al., hydrochars packed in laboratory filtration columns were found to be highly
effective in removing Pb(II) [59]. However, column studies were performed in only 9% of
the reviewed literature. This could be explored further to gain more knowledge and insight
regarding the interaction of biochar and Pb(II) in a fixed-bed system.
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2.4. Kinetic Modeling

An adsorption process typically involves three steps: (1) the external mass transfer
of the adsorbate from the bulk solution to the external surface of the adsorbent, (2) the
internal diffusion of the adsorbate to the sorption sites, and (3) the sorption itself. Various
models have been developed to describe the kinetics of adsorption, and these models are
based on different assumptions about which step is the rate-limiting one [60]. Some models
assume that the sorption step is the rate-limiting one, while others assume that the diffusion
step is the rate-limiting one. By fitting experimental data to these models, it is possible
to determine which step is the rate-limiting one and to gain insights into the underlying
mechanisms of the adsorption process. Understanding the rate-limiting step is important
for optimizing the design of adsorption systems and for predicting the performance of
these systems under different operating conditions [61].

Pseudo-first and pseudo-second order and intraparticle diffusion are the models that
typically have been employed [47,62].

According to the pseudo-first order (PFO) kinetic model introduced by Lagergren
(1898), adsorption is primarily governed by the difference in the concentration of metal ions
in the solution and the adsorbent surface [63]. This model is commonly used to describe the
kinetics of metal adsorption in the early stages of the process, assuming that the adsorption
occurs via diffusion through the interface. However, this model fails to explain the effect
of intraparticle diffusion or other mass transfer limitations that may occur during the
later stages of the adsorption process. The pseudo-first order kinetic model equation is
as follows:

g = qo(1—e M) 6y

Here, q; = the amount of Pb(Il) sorbed at time ;

ge = the amount of Pb(II) sorbed at equilibrium;

kq = the second-order rate constant.

Physisorption (sorption by intermolecular forces) is the main mechanism involved in
this model.

The pseudo-second-order (PSO) model by Ho and McKay (1998) implies that the
adsorption rate is dependent on the available adsorption capacity of the adsorbent and
not on the concentration of the adsorbate itself [64]. This model considers that the rate
at which adsorption sites are filled is directly proportional to the square of the number
of available activated sites on the surface of the adsorbent. This suggests that the rate of
adsorption is limited by the number of available adsorption sites on the adsorbent surface
rather than the concentration of the adsorbate in the solution. Therefore, this model can be
applicable to the entire timeline of the sorption process, especially when chemisorption
is the rate-limiting mechanism [21]. The pseudo-second-order equation can be written
as follows:

_ gt
" T ot

Here, g; = the amount of Pb(Il) sorbed at time ¢;

ge = the amount of Pb(II) sorbed at equilibrium;

k> = the second-order rate constant.

The Elovich model assumes that the rate of adsorption of a solute decreases expo-
nentially as the amount of adsorbed solute increases. This indicates that as more solute
is adsorbed onto the surface of the adsorbent material, the availability of active sites on
the surface decreases, leading to a slower adsorption rate. Despite its initial development
for gaseous systems, the Elovich model has proven to be a useful tool for understanding
the kinetics of adsorption in wastewater processes and for predicting the performance of
adsorption systems under different operating conditions [65]. The model can be expressed
by Equation (3):

@
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Here, q; = the amount of Pb(Il) sorbed at time ¢;

« = the initial adsorption rate;

B = the desorption constant at time ¢.

The intraparticle diffusion model is a useful tool for describing adsorption processes in
which the rate of adsorption is influenced by the rate of diffusion of the adsorbate towards
the adsorbent surface [66]. This suggests that the process is controlled by the diffusion rate
of the adsorbate [18]. The equation can be expressed as Equation (4):

qt =k3t% +b 4)

Here, q; = the amount of Pb(Il) sorbed at time ¢;

k3 = the intraparticle diffusion rate constant;

b = the intercept.

After fitting the experimental data with this model, the resulting value of b indicates
how the thickness of the boundary layer of the biochar can influence the adsorption
process [54].

Table 1 summarizes the different kinetic models investigated in the reviewed studies,
along with the corresponding feedstocks, pyrolysis conditions, and pre-/post-treatments.

2.5. Isotherm Modeling

Researchers have adopted mathematical approaches, such as isotherm models, to
study the adsorption behavior of Pb(II) onto biochar under different conditions, such as a
differing pH, temperature, initial Pb(II) concentration, flow, etc. [67,68]. There are several
different isotherm models that are used by researchers including the Langmuir, Freundlich,
Temkin, Thomas, Yoon—-Nelson, Bohart-Adams, Prausnite-Radke, Redlich-Peterson, Toth,
and Sips isotherms, etc. [48,69]. Each of these models has a different mathematical form
and is used to describe different aspects of the adsorption behavior.

The Langmuir isotherm model is a commonly used approach for characterizing the
adsorption of solutes onto solid surfaces [70,71]. This model is based on the assumption
that the adsorbent surface is uniform and homogeneous in nature, which means that all
the adsorption sites have the same energy [72]. Additionally, the model assumes that
there is no interaction between adsorbed molecules on different sites and that each site can
accommodate only one adsorbed molecule at a time [51].

By utilizing the Langmuir isotherm model, it is possible to gain insights into the
adsorption process and obtain essential information about the adsorption capacity of
the adsorbent material, the affinity of the adsorbate for the adsorbent surface, and the
maximum adsorption capacity of the adsorbent [50,54]. This information can be used
to optimize the design and operating conditions of adsorption systems and ensure their
optimal performance. The model can be expressed as Equation (5):

_ qmax KLCE

1 + Kpce ®)

e

Here, yqx = the maximum amount of adsorbed Pb(Il) by the unit weight of biochar;

ge = the amount of Pb(Il) adsorbed at an equilibrium concentration;

Kr = the Langmuir constant;

Ce = the concentration of Pb(Il) in the solution at equilibrium.

The Freundlich isotherm model assumes that the adsorbent surface is heterogenous
and that adsorption happens in a multilayer sorption, where adsorbate molecules tend
to preferentially attach to sites that have a stronger affinity (higher bonding energy) for
them, resulting in the formation of multiple layers of the adsorbate molecules on the
adsorbent surface [21]. In contrast to the Langmuir model, this model accounts for the
non-uniform distribution of the adsorption heat and affinity toward the heterogeneous
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surface. It assumes that the adsorption process occurs on sites with varying properties,
resulting in a non-uniform distribution of the adsorption [73]. The Freundlich equation can
be expressed as Equation (6):

e = KrCy (6)

Here, g, = the amount of Pb(II) adsorbed at an equilibrium concentration;

KF = the adsorption coefficient of the Freundlich model.

Table 1 summarizes the different isotherm models investigated in the reviewed studies,
along with the corresponding feedstocks, pyrolysis conditions, and pre-/post-treatments.

2.6. Sorption Mechanisms

The adsorption and removal of Pb(Il) from water by biochar involves various mecha-
nisms, including surface complexation, electrostatic interaction/ion exchange, and min-
eral precipitation.

2.6.1. Physical Sorption

Biochar is composed of micropores (<2 nm), mesopores (2-50 nm), and macropores
(>50 nm), which have the capacity to capture Pb(Il) ions and remove them from the solution
through the process of physical sorption [74]. The amount of Pb(Il) adsorbed onto these
sites is determined by the number of available sites, which is influenced by the type of
feedstock used and the pyrolysis temperature during biochar production [6]. The unique
pore structure of biochar provides a large surface area for adsorption, making it an effective
adsorbent for Pb(II) removal. Physical sorption occurs as Pb(Il) ions are attracted to and
captured by the available sites within the biochar pores [75]. This process is influenced by
various factors, such as the size and shape of the pores [15], the chemical composition of
the biochar, and the concentration of Pb(Il) ions in the solution [76-78]. The pore volume
and surface area of biochar can be quantified using a BET surface analyzer [79]. Increasing
the temperature during pyrolysis leads to an increase in the specific surface area [80].
This happens when the volatile matters present in the feedstock starts escaping the pores
as the temperature increases and, therefore, the surface area increases [81]. However, a
non-woody biomass appeared to have high nutrient and ash contents, which volatized and
increased the surface area and porosity of biochar under a high pyrolysis temperature [57].
While it is generally true that elevating the temperature to above 400 °C can lead to an
increase in the surface area, there have been some studies that have observed the opposite
effect. This can be attributed to factors such as tar blocking the pores, partial ash fusions, or
a decomposition of the porous structure [82,83].

2.6.2. Surface Complexation with Functional Groups

This process is facilitated by the presence of oxygen-containing functional groups on
the biochar surface, which can be identified by Fourier Transform Infrared Spectroscopy
(FTIR). The presence and position of carboxyl and hydroxyl groups in the FTIR spectrum
can provide insights into their role in the adsorption process. The content of these functional
groups is dependent on the feedstock properties of the biochar, the pyrolysis conditions,
and the pH of the solution. Although a woody biomass has a lower surface area compared
to a non-woody biomass, the presence of OFGs makes it favorable for them to adsorb
Pb(II) from water. These woody biomasses, and also agricultural and forest residues, have
an abundant amount of oxygen-containing groups (carboxyl COOH, carbonyl C=0, and
hydroxyl OH) that provide negatively charged surface binding sites and that facilitate
creating surface complexation with Pb(II) [53,77,84].

These functional groups participate in the cation exchange mechanism, whereby
they either gain protons (at a low pH) or donate protons (at a high pH) in the presence
of Pb(II) [20]. The extent of cation exchange is determined by the concentration of the
exchangeable cations on the biochar surface and their affinity for the adsorbed cations [4].
The content of the functional groups in biochar decreases with temperature due to higher
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carbonization [76]. This is because the dehydration of cellulose and lignin begins at 300 °C,
and their transformation occurs at 400 °C [83].

2.6.3. Electrostatic Interaction

Pb(II) adsorption by electrostatic interaction occurs when positively charged Pb(II)
ions are attracted to the negatively charged surface of the biochar [49,85]. This attraction is
due to the electrostatic forces between the ions and the surface [50]. When the biochar has a
net negative charge, it can attract and bind positively charged ions, such as Pb(II) [86]. The
strength of this interaction depends on the magnitude of the charge on the biochar surface,
the size and charge of the ions, and the ionic strength of the solution [29,85]. When the pH
of the net solution is zero, no interaction happens [47]. But when the pH of the solution
is greater than the pH at the point of zero charge (pHPZC) [83], then the biochar surface
becomes negatively charged by releasing H" and facilitates the adsorption of the positively
charged Pb(II) [87]. When the pH of the solution is less than the pH at the point of zero
charge, then the biochar surface becomes positively charged by gaining H" and repulsing
the positively charged Pb(II) [19]. At a high pyrolysis temperature (>500 °C), the content
of the negatively charged surface functional groups decreases, causing a reduction in the
negative surface charge and an increase in the pH at the point of zero charge [83]. Also,
a high temperature increases the ash content, which facilitates an increase in the pH of
the solution when the biochar is introduced [83]. Similarly, a low pyrolysis temperature is
attributed with a high amount of oxygen functional groups, which thereby promotes an
increased chance of surface complexation [88].

2.6.4. Mineral Precipitation

Pb(II) adsorption by mineral precipitation occurs when these ions react with the
minerals present in the biochar to form insoluble precipitates [19]. The formation of
these precipitates is influenced by several factors, including the pyrolysis temperature
and the mineralogy and surface chemistry of the biochar [89]. Biochar with an alkaline
nature [90], which is produced by the thermal degradation of cellulose and hemicellulose
at temperatures above 400 °C, can facilitate the precipitation of metals [91]. Also, biochar
derived from animal waste is rich in minerals such as Ca and K, which can participate in
the precipitation of metals on the biochar surface [91]. Mineral components can take part in
removal through a competitive ion exchange as well [83]. Increasing the temperature during
biochar production leads to a higher content of mineral components [4,80]. However, the
water-soluble fraction of these minerals stops increasing beyond 200 °C. This is due to the
fact that at temperatures above 200 °C, the minerals start to crystallize [92], resulting in
reduced solubility. This is attributed to the facilitation of the removal of Pb(Il) through
mineral precipitation [83].

2.6.5. Ion Exchange

Cation exchange is another important mechanism that plays a role when removing
Pb(II) from water using biochar [18,93]. Biochar properties consist of cations such as Na, K,
Ca, Mg, etc. [9]. While in a solution, these are released, and due to the competitive affinity
of different ions on the binding active sites of biochar, Pb(II) ions may be exchanged with
these mineral ions and thereby may be removed from the solution [72,87]. High levels of
Na, K, and Mg are associated with an increased Cation Exchange Capacity (CEC). A high
CEC promotes ion exchange under acidic pH by the biochar releasing these in the solution
and creating bonding with Pb(II) [53,94]. Figure 3 demonstrates the different sorption
mechanisms, and Table 1 summarizes the key findings of the different studies.
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Table 1. Removal mechanisms and key findings: Pb(II) removal using pristine biochar.

Production Method/ Removal Mechanism/Kinetic . . S
Feedstock Pyrolysis Condition Model/Isotherm Model Maximum Adsoprtion Key Findings/Notes Reference
. Increased dosage of biochar showed
. . . . Langmuir iiéreasec.i Pbéll)-removal percentage.
Carbon Wheat Straw an o . ° PSO o SOl‘Ptlon apaCItyCarbon wheat straw >
Natural Straw 300°C for 60 min ° Endothermic 1497me/g Adsorption CapacityNatural straw- (6]
. Carbon wheat straw biochar reached
equilibrium faster than natural straw.
. Surface complexation . Increased pyrolysis temperature
Cinnamon . ) e Ion exchange resulted in higher surface area.
cannabis 300, 400, and 600 °C for 120 min e  Electrostatic interaction 135.68-168.05 mg /g e  Average pore size indicated that [47]
. Langmuir adsorbent has mesoporous structure.
. Increased oxygen content showed
increased contribution of mineral
precipitation in Pb(II) removal.
. Increase in pyrolysis temperature
increased surface area, porosity through
aromatization (related to decreased
functional groups), and 7t chemical bond.
e  Under an oxygen-rich atmosphere and
low pyrolysis temperature (450 °C), the
Precipitation lactonic functional group (i.e.,

Phyllostachys pubescens (PP)

0—4% oxygen content
atmosphere—slow pyrolysis—450 °C
and 700-60 min

Surface complexation through
Pb(II)-7t interaction and
functional groups

674mg/g

carboxylic esters), pore volume, and
surface area of the pyrolysis product [19]
increased, which in turn created
additional adsorption sites.

As the temperature increased, the
number of oxygen-containing functional
groups decreased, while the ash content
increased. The ash was composed of
various inorganic compounds,
including calcium carbonate, which
aided in the precipitation-based
removal process.
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Table 1. Cont.

Feedstock

Production Method/
Pyrolysis Condition

Removal Mechanism/Kinetic
Model/Isotherm Model

Maximum Adsoprtion

Key Findings/Notes

Reference

Rice husk
Dairy manure

Sesame straw

Peanut hull

350°C for4 h

700 °Cfor4h

450 °C

Surface complexation
. Precipitation

. Langmuir

Surface complexation
° Precipitation
. Electrostatic interaction

Not quantified

. 102 mg/g (monometal)
. 88 mg/g (multimetal)

63.09 mg/g

The decomposition of cellulose and
hemicellulose in rice husk biochar
occurred at a temperature of around
300 °C, resulting in the production of
organic acid and phenolic compounds
that can cause a decrease in pH.

Dairy manure biochar exhibited a
higher pH level, owing to the minerals
that initiate separation beyond the
temperature threshold of 300 °C.

The adsorption characteristics of the
multimetal solution were not the same
as those of the monometal.

Among the cations present in the
multimetal solution, Pb(II) exhibited the
highest level of adsorption. This aligns
with the results of other studies.

Adsorption capacity increased with the
increase in temperature, which means
this was an endothermic process.

The adsorption capacity was found to
be greater in particles with a size of less
than or equal to 2 mm compared to
those with a size greater than 2 mm.
This is due to the fact that smaller
particle sizes have a larger surface area,
which facilitates greater adsorption.

[29]

[22]

[72]
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Table 1. Cont.

Feedstock Production Method/

Removal Mechanism/Kinetic Maximum Adsoprtion

Key Findings/Notes

Reference

Pyrolysis Condition Model/Isotherm Model
° Land-based biochar (Avocado and
Grapefruit): high carbon content, and
) ) ) oxygen-containing functional groups
This study did not discuss the were the dominating factor in
adsorption mechanism, but the Pb(II) adsorption.
authors guessed the chemisorption . Marine-based biochar (seaweed): high
. Avocado seed ° Laboratory tube furnace processes—precipitation, ion ash content, which played a governing
e Avocado peel (300 °C 1 h) exchange, electrostatic attraction, and N ified: used % 1 role in adsorrption o
e Grapefruit peel . DIY biochar maker (BioCharlie  gyrface complexation. However, in ot quantitied; used % remova e The typical trend 6 f an increased pH [62]
. Brown seaweed Log—ASB, APB, GPB, and BSB) g study is unique in a sense that with an increased pyrolysis temp was
the authors compared lab-made not found in this study, which the
biochar and home-made authors attributed with the
(temperature uncontrolled) biochar biomass-specific characteristics.
. Lab-produced biochar showed better
adsorption efficiency.
. In this study, the authors discussed the
correlation between the O:C ratio and
biochar stability, which is not quite
typical with regards to the discussion
points of other studies.
e Green waste biochar (GWB) e Ahigher pH was found for a h.igher
(consists of Bermuda ° Surface complexation tiﬁ:‘i}?’ tht?? Isn a%iielgle?: V;I:th};)i:l‘l@r
Grass—Cynodondactylon) °C an ° _9°C min—1 e  Precipitation 44.42 m studies that suggest that a fugh pt1.15 57
. Popular twigs 350 °Cand 650 “C at 8-9°C . Cation exchange 8/8 associated with a low O .and H and a low (571
biochar (PTB) amount of oxygen ﬁ'mchonal groups.
. A low temp and a high CEC were found
as well as a high surface area and a high
amount of functional groups, which is
because at a high temp,
oxygen-containing functional groups
become volatilized.
. Physisorption i . i i
Grape pomance 300-700 °C at 10 °C min~! anc}il chenrl)isorption 134 mg/g i?:g;ﬁ?;;s(;ffgiﬂﬁf?;gggcflzczgggos [87]
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Table 1. Cont.

Production Method/

Feedstock Pyrolysis Condition

Removal Mechanism/Kinetic
Model/Isotherm Model

Maximum Adsoprtion

Key Findings/Notes

Reference

. Waste-activated sludge . . N
e Anaerobic digestion sludge ~ 400-800 °C at 15 °C min

° Peanut shell
e Residue of Chinese 300-600 °C
medicine materials

250, 400, 500, and 600 °C at

Sugarcane bagasse 10 °C min-1

Precipitation (dominant: 53.5%)
Ion exchange

Surface complexation
Electrostatic interaction

. Surface complexation
. Pb(II)-m interaction
Precipitation

. Surface complexation
Precipitation

53.96 mg/g

825mg/g

21 mg/g

The ion exchange capacity and
precipitation tendency were found to be
higher in the biochar prepared at a
higher temperature, as compared to
those prepared at a lower temperature
(400 °C). Additionally, the biochar
prepared at a lower temperature
contained fewer functional groups than
the biochar prepared at 800 °C. These
findings are in agreement with

other studies.

At high temperatures, low H:C and O:C
ratios indicated a high carbon content
due to increased carbonization and
aromaticity, resulting in greater
resistance to decomposition. This means
that a high temperature provides
increased thermal stability.

For the peanut shell, the adsorption
efficiency was higher with low
temperatures and the medicine residue
biochar showed higher adsorption
efficiency with high temperatures.
Precipitation was the dominant
mechanism in all cases, except Pb(II)-rt
interactions in the peanut shell biochar
which was the dominant one with a
high temp.

Sorption capacity decreased with
increasing temp.

[49]

[95]
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Table 1. Cont.

Feedstock

Production Method/
Pyrolysis Condition

Removal Mechanism/Kinetic
Model/Isotherm Model

Maximum Adsoprtion

Key Findings/Notes

Reference

Sludge

Wheat straw

. Digested animal waste
. Digested whole sugar beet

Red fruit peel

550 °C for2 h

400°C for2h

600 °C for2 h

300°Cfor2h

. Surface complexation
. Precipitation
Ion exchange

. Surface complexation

. Precipitation

. Physical sorption

30.88 mg/g

18519 mg/g

200mg/g

61.86 mg/g

Presence of carboxyl and hydroxyl
groups facilitated co-ordination with
Pb(II) by acting as a proton donor.
Higher pH levels created more sites for
surface complexation, since more
carboxylic groups deprotonated and
thus helped in sorption.

As the pH level rose beyond 5,
co-precipitation mechanisms started
playing their roles.

This study explored the potential of
hydroxide complex formation at higher pH
levels, although it did not delve into the
possibility of metal precipitation as a result of
this mechanism.

Somewhat similar FTIR spectra of pre-
and post-sorption indicated that lead
adsorption was not governed by an
interaction with the surface

functional groups.

Even though Pb(II) had the highest
surface electronegativity compared to
other metals, it still did not show the
highest tendency for adsorption. This is
not in agreement with other studies [23].

This study found that a higher ash
content led to lower adsorption rates,
likely due to clogging of the

biochar pores.

These researchers also observed a peak
in adsorption, followed by a decrease,
which they attributed to desorption,
since adsorption is a reversible process.

[96]

[85]

[50]

(86]
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Figure 3. Sorption mechanisms involved in Pb(II) removal.

Omidi et al. investigated the adsorption of Pb(Il) by biochar using cinnamon and
cannabis as feedstocks [47]. Similar to other studies, they also found that the adsorption
capacity increases with an increase in the biochar dose until a certain point, after which
it starts to decrease. This can be attributed to the fact that, initially, there are numerous
bonding sites available which get occupied rapidly, leading to an increase in the adsorption
capacity. However, as the dose is further increased, the rate of available active sites exceeds
the rate of adsorption, resulting in a decrease in capacity. To strike a balance between
these two factors, an optimum dose was identified. In this study, the increase in the
initial concentration of Pb(II) was observed to enhance the adsorption capacity while
reducing the removal percentage. This can be attributed to the higher availability of the
adsorbate for adsorption. However, since more ions are available for adsorption, the rate at
which they get adsorbed decreases, leading to a reduction in the removal percentage. The
adsorption rate happened to be faster in the initial stage of reaction due to the abundance
of active binding sites, and, as time progresses, the number of available sites for adsorption
decreases as they become occupied. Consequently, the rate of adsorption reduces [47]. A
further analysis of how functional groups affect the adsorption process could have greatly
enhanced the value of this research.

Xu et al. conducted their comparative adsorption study using rice husk (RHBC) and
dairy manure biochar (DMBC) [29]. DMBC is more effective than RHBC in removing
Pb(II) due to its ability to use both ionized phenolic O- group complexation and mineral
precipitation with CO32~ and PO43~. In contrast, RHBC only utilizes complexation with
ionized phenolic O- groups to remove metal. These researchers examined the sorption of
metals in mono- and multimetal solutions and at low and high metal concentrations. They
discovered that RHBC exhibited greater competition in both low and high concentrations
due to its reliance on a single mechanism—complexation with phenolic groups. Meanwhile,
DMBC was less affected by competition due to its ability to use multiple mechanisms. The
competition was greater for both types of biochar in the high concentration, because more
metals compete for the available sites [29]. Cui et al. investigated Pb(II) adsorption using
peanut hull-derived biochar [72]. This study explored the effects of the particle size of
biochar on the adsorption process, which is not a very typical practice. The adsorption

25



Biomass 2024, 4

15

capacity showed a similar pattern of increase with an increasing pH, until it reached a pH
of 5.5. After 5.5, the rate of the capacity increase slowed down and reached equilibrium.
However, the adsorption capacity remained high due to the precipitation mechanism, in
addition to complexation. These results align with findings from other studies.

Wang et al. explored the adsorption of Pb(II) using peanut shell and the residue of
Chinese medicine materials as biochar feedstocks [54]. In this study, a weak correlation
was found between the reduction in Pb(Il) sorption and ash content. The results sug-
gest that precipitation is not solely dependent on the mineral content, which is different
from the findings of other studies. Instead, the morphology of minerals, specifically the
crystallization of minerals, was found to have an influence on the adsorption of Pb(Il).

3. Pb(II) Removal by Modified/Functionalized Biochar

Researchers have explored the removal of Pb(Il) by modifying or functionalizing
biochar to either increase the removal capacity or to target specific contaminants, which
shows a low adsorption potential by pristine biochar. They have studied modifications by
metal oxides, such as hydrous manganese oxide (HMO) [97], MnO; [98], and KMnOy [99],
and metal salts, such as MgCl, [100,101], FeCl3 [102,103], MnSO,, and KHCO3 [104]. They
have also studied activations by gases, such as CO, [105], and complex organics like
chitosan [106], as well as modifications by nanoparticle composites, such as ZnO [107]
and nanoscale Zero-Valent Iron (nZVI) [108]. These studies were able to show a 2—49-time
increase in adsorption capacity.

Figure 4 demonstrates that a majority of the studies utilized metal salts or oxides for
modifying the biochar. Table 2 summarizes the key findings of the different studies.

Electroadsorption

5%

Gas Activation
5%

. Modification Agent
Chitosan
10% ® Metal Salt
Mcﬁ]&y&j L ®Metal Oxide
Carbonllggpotubcs @ Carbon Nanotubes
/o oeF
. @ Chitosan

@ Electroadsorption

® Gas Activation

Metal Oxide
30%

Figure 4. Different modification agents used for functionalizing biochar.
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Table 2. Removal mechanisms and key findings: Pb(II) removal using modified biochar.

Modifyin, Pre-Pyrolysis/ Maximum Removal
Feedstock A ent/}é,‘o;sn ound Post-I}’, ro}l, sis Production Method Sorption Increase Adsorption Mechanism/Kinetic Key Findings/Notes Reference
8 P yroys P Model/Isotherm Model
. Surface complexation
Feedstock i d . Electrostatic interaction
tsiisg})\;r E\/as irst converte . PSO (raFe was Modification increased the
arby proportional to the number of hydroxyl groups,
Hydrous manganese pyrolysis—100°C for 1h and number of active sites) decreased pH at point of zero
Pinewood . Post then 700 °C for 3 h. Prepared 92.50% Not specified L : . [97]
oxide (HMO) biochar was then modified b ° angmuir . charge (pHpzc), and increased
manganese nitrate y . Em?lothermtlic (with the number of mesopores
an increase:
and KMnOs. terrllpcerreature, and macropores.
sorption increased)
° Ton exchange
Feedstock et . Mineral precipitation
Seedstock was Hrs . . Interaction with OFGs  Modification increased the -
Coconut shell MgCl, Pre impregnated with Mgglz and 20 times 532.28 mg/g . Metal-7t electron OFG content. [55]
then pyrolyzed at 400 °C. co-ordination
. Langmuir
Physical /chemical property
Feedstock was first converted changes associated with the
to biochar by . Freundlich modification were not
Corn straw MgCl, Post pyrolysis—250 °C for 2 h. More than 2 times 5.15mg/g . PSO investigated. No comparative [101]
Prepared biochar was then analysis based upon the
modified by MgCl,. characteristic features
were explored.
Feedstock was first converted . Electrostatic Adsorption was dependent on
to biochar by interaction pH, which is similar to other
Swine manure MnO, Post pyrolysis—400 °C for 2 h. 2 times 268 mg/g . Surface complexation studies. Modification [98]
Prepared biochar was then . Ton exchange increased the surface area and
modified by KMnOj. pore volume.
Metal salt Fe;(SO4)3.nH,0 and FeSO, . PSO Introduction of iron oxide on
Oak wood and impregnation followed were used to make Fe?* /Fe®* . . Lanemuir—Freundlich  the surface of biochar
Oak bark by alkali Post SO42~, 400450 °C. 25 times 5591 mg/g v Bnothermic influenced the [109]
(NaOH) treatment Fast pyrolysis. adsorption process.
Study focused on increasing
. . the carbon and ash component
Highest Pb(II) adsorption
P . N . . o . . (carbonate and phosphate) of -
Antibiotic residue CO; gas activation During pyrolysis 300-800 °C for 2 h 3 times 454 mg/g occurred by the biochar bioch . Ph(Il [105]
produced at 700 °C iochar to improve Pb(Il)

removal through
mineral precipitation.
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Table 2. Cont.

Modifying Pre-Pyrolysis/ Maximum Removal
Feedstock A nt/yC moound P t-I}: . }1’ i Production Method Sorption Increase Ad tion Mechanism/Kinetic Key Findings/Notes Reference
8¢ ompou ost-Lyrolysis sorptio Model/Isotherm Model
Modified biochar (NP-BC) had
(NHy),HPO,4 ) . Freundlich _Cgolllqe _NIPOI‘Z: ?)r:(O and -)OI?I
Lotus leaf ildlgrr'r;n;;mtggs hate) Pre 600 °C for1h 2 times 1936.2mg/g . Complex'at.lon. which co-ordinated with Pb(IT) [110]
ydrogen phosp and precipitation to form complexation.
Electro-assistance improved
adsorption by increasing the
Pyrolyzed biochar was used . Electrostatic interaction ls)ur face charge densll ty and
Date seed Electro-adsorption Post as an electrode—550 °C for 21% 179.64 mg/g e Physical adsorption ringing ions nto closer [111]
3h . Surface complexation contact with the blocha‘r.
Additionally, the electric
current increased the
pore structure.
X{?;i}v Sraiiteahnt(lisin ljit;ihar KMnO, treatment increased
(BC) —> magnetic rice Pre-pyrolysis .(60(.) °C for . Surface complexation OEG.S, because KMnOy
. . 1.5 h) magnetization and . PSO oxidized and produced more
Rice husk husk biochar (FBC) ---> Pre and post . o 7 times 148 mg/g b [79]
KMnO4-treated post-pyrolysis (600 °C for . Langmuir OFGs, and MnO has a greater
magnetic 0.5 h) KMnOj activation. affinity for heavy
biochar (FMBC) metals (HMs).
Modification increased the
number of -OH, which
dropped after adsorption,
indicating that precipitation
. o . Precipitation took part in Pb(II) removal. It
Cassava root husk ZnO Nanoparticles Post ‘lfjv};l’;[)izspjieggaoﬁ (():nfor 2hand  He0 11,39 times 42.05mg/g . Surfal:c’e complexation ~ lso increased the -CO- that [107]
took part in surface
complexation. Modification
reduced aromaticity, which is
favorable for
Pb(1I) adsorption.
gzlglr}fl:,? 50 and 750 °C at . PFecipitation (due to Modification increased the
Sugarcane straw FeCl3 Post Modification: 2-11% 92.81 mg/g higher ash content) specific surface area and [102]
odification: . Electrostatic interaction

wet impregnation.

exposed functional groups.
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Table 2. Cont.

E Modifying Pre-Pyrolysis/ . . Maximum Remova} S S,
eedstock AcentiCompound Post-Pyrolysi Production Method Sorption Increase Ad tion Mechanism/Kinetic Key Findings/Notes Reference
& 3 yrotysis sorptio Model/Isotherm Model
Magnetization increased
sorption by improving the
. Nut shield structure of biochar. Fe oxides
. Wheat straw Pyrolysis: 600 °C for 30 min. . promoted stronger chemical
. Grape stalk FeCly Post Modification: wet 461% 179 mg/g . Surface complexation bonds with Pb(II). Fe oxides [103]
. Grape husk impregnation. increased CEC value
significantly, and CEC is an
important feature for
Pb(II) adsorption.
Surt lexati Modification increased the
Raw cypress . . . urface complexation surface area, amount of OFGs,
o duyslt’ (RCS) MgCl, Pre 600 °C for 1 h 7.4 times 2022 mg/g e Precipitation il the CEC ausocintod with [112]
Mg ions.
Pyrolysis: 500 °C. . h
s Magnetization: chemical Modification ® on exchange This study showed a decrease
Commercial biochar FeSO, and FeCls Post pregipitatior\ and decreased adsorption B mg/g . Precipitation in adsorp}tlion capacity. (8]
wet impregnation.
Pyrolysis in the presence of The modification process
MoChALO MnCl, 4H,0 (MPB): 600 °C e Physical sorptionon  ysing MnCl, resulted in an
. P for1h. . sites provided increase in the surface area
Pinewood and birnessite Pre and post Impreenated with birnessite 2-20 times 17mg/g by birenssite and pore volume, potentiall [113]
(KMnOy precipitate) npregnated . Precipitati p ' P y
via precipitation following . recipitation due to the formation of
pyrolysis (BPB). Mn-bearing minerals.
. Pyrolysis: 600 °C for
. . 2 h---> BC. . L
Chitosan combined . Chitosan-BC: wet ° Surface complexation Modification increased the
Silkworm excrement with pyromellitic Post ; ; 12% 9.54mg/g ° lon exchange surface area pore volume, and [114]
di i impregnation. ° Electrostatic interaction
ianhydride (GBC) . Chitosan-BC-PD: wet OFG content.
impregnation (GBC).
. . . ; ; Modification promoted more
Hickory wood NaOH Post/during r}[/e;;?fl;%:::lg(% gocug(::;dh 4.7 times 19.1mg/g . g&z}?ﬁs lczcrligg);;(zir;n gdsorption sites and [58]
increased OFGs.
Rice straw KMnOy4 Post Wet impregnation. 2.5 times 304.5mg/g ° Surface complexation Modification increased OFGs, [99]
surface area, and pore volume.
Modification provided more
Hickory wood KMnO4 Pre Wet impregnation. 3.5 times 153.1mg/g ° Surface complexation binding sites and introduced [115]

more OFGs.
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Table 2. Cont.
P . . Removal
Feedstock Modifying Pre-Pyrolysm./ Production Method Sorption Increase Max1mu.m Mechanism/Kinetic Key Findings/Notes Reference
Agent/Compound Post-Pyrolysi: P Ad tion y 8
ge ompou ost-tyrolysis sorptio Model/Isotherm Model
Sodium
dodecylbenzenesulfonate
(SDBS), the surfactant, played
a crucial role in preventing the
Hickory wood and (Ccai]kzl?)n r}?ﬁut)}tlube_sc,l ] b Pyiqus1s: 600t‘ C fo; lhand 25 29, 15 me/ . Surface complexation aggregstlor; }?fA C?Tts .EEIC:. e
sugarcane bagasse wi e aid o e wet impregnation o —28% mg/g . Electrostatic interaction ~ Promoting their distribution [116]
a surfactant surfactant and CNT. and stabilization on the BC
surface. This resulted in the
provision of binding sites for
Pb(II) adsorption through
CNT nanoparticle interactions.
. Bamboo Feedstock was first converted
° Sugarcane to biochar by Chitosan enhanced the
b. . pyrolysis—600 °C for 2 h. . Surf lexati .
agasse Chitosan Post . 5 times 71.5mg/g * urface complexation  adsorption process by [106]
. Hickory wood Prepared biochar was then roviding binding sites
. Peanut hull modified P & & ’
by chitosan.
. Precipitation Modiflilc‘ation increaseccll the
Corncob MgCl, Pre 450°Cfor1h 9.34 times 526.20 mg/ e Complexation crystalline CaCO; and OFGs, 1,
3 8/8
Ton exchange as well as the surface area and
pore volume.
Although MnO is used to
provide additional adsorption
advantages, its micropores can
sometimes hinder the
. Physical adsorption diffusion of heavy metals
Peanut shell MnSO; and KHCO; Pre and post Pyrolysis: 600 °C for 1 h. 225 mg/g . Freundlich isotherm within them. To overcome this [104]

Wet impregnation.

. Intraparticle diffusion

limitation, KHCO3 was added
to increase the pore channel of
biochar. This facilitated the
adsorption of Pb(Il) by the
formation of a new composite,
HMO-K-BC.
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Biochar-based composites can be produced by impregnation or coating by metal
oxides, clay minerals, carbonaceous structures (graphene oxide or carbon nanotubes),
complex organics, or by inoculation with micro-organisms where biochar can act as a
scaffold for embedding new materials [90,99,100,102,117-119]. Wu et al. conducted their
modification study using coconut shell as a feedstock and MgCl, as a modifying agent [55].
Modification increased the pore volume to some extent but not significantly enough to
demonstrate physical adsorption as the dominant mechanism. The modified biochar was
more capable of exchanging Mg for Pb(II) compared to the unmodified biochar, which
resulted in a 49-time increase in the ion exchange capacity. In addition to naturally present
minerals, impregnation with MgCl, resulted in the generation of MgO and Mg(OH)Cl after
pyrolysis, which increased the extent of mineral precipitation. Modification increased the
intensity of the aromatic C=C unit, and after the adsorption of Pb(Il), there was a decrease
in the aromatic C=C intensity. It is well established that cyclic aromatic functional groups
serve as donors of 7t electrons during the adsorption process [120]. Therefore, alterations in
these groups are indicative of their involvement in the adsorption mechanism. This study
also investigated the adsorption of Pb(II) in the presence of other metals and found that
the sorption of Pb(Il) was unaffected by the presence of other metals (K, Na, and Ca?"),
except for Cd, which showed a significant decrease in sorption when Pb(II) was present.
This observation was attributed, by with the researchers, with the fact that Pb(Il) is a hard
Lewis acid, resulting in a greater affinity for hydroxyl and carboxyl groups present on the
biochar surface (which act as hard Lewis bases) towards Pb(II) compared to Cd or other
metals [55]. Wang et al. modified biochar using hydrous manganese oxide and found that
an optimum impregnation of 3.65% of Mn yielded an increased Pb(Il) adsorption [115].
Figure 5 demonstrates the average sorption increase, in terms of percentage, achieved by
different modification methods, with metal salts being the highest contributor.
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Figure 5. Sorption increase (%) by modification agent.

Liu et al. [105] conducted a modification study by CO; activation. Their intention was
to increase the carbon and ash component (in form of carbonate and phosphate) of biochar
to improve Pb(Il) removal through mineral precipitation. Cassava Root Husk-derived
biochar was combined with ZnO nanoparticles, which increased the adsorption by up
to 28% [107]. The adsorption model followed both PFO and PSO, which indicates that
chemisorption also occurred by interactions among the involved components, such as
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ion exchange and surface precipitation [64]. However, modification did not significantly
increase the surface area and porous structure; therefore, physical adsorption was not
significant [107]. In this study, modification increased the number of -OH, which appeared
to be dropped after adsorption, indicating that precipitation took part in Pb(Il) removal.
Tho et al. [107] also found that modification increased the -CO group, which was evident
in an FTIR spectrum that took part in surface complexation [55]. Mohan et al. conducted
a study of magnetizing biochar by the ferrous and ferric salt impregnation of oak wood
and oak bark, followed by a NaOH treatment [109], and showed that the distribution of the
magnetic iron oxide particles on the surface of biochar has an impact on the accessibility of
aqueous Pb(Il) ions to the active sites and pores present on the char. This, in turn, affects the
number of sites that are available for the adsorption of Pb(Il). Therefore, both the kinetic and
equilibrium behavior of the adsorption process are influenced by the extent of dispersion
of magnetic particles on the biochar surface. Several other researchers [103,107,114,116,119]
have investigated the comparative adsorption capacity between magnetic biosorbents and
nanoparticle modifications and found that nanoparticles are less favorable for adsorption
compared to magnetic biosorbents. This is partly due to the fact that magnetization causes
a decrease in pHZPC, which reduces the difference between the pH and pHZPC. This
difference in decrease is particularly favorable for the adsorption of heavy metals [92].
Mahdi et al. conducted a study where they used date seed biochar (DSB) as a cathode,
copper wire as an anode, a Pb(II) solution as a cell electrolyte, and a DC power supply to
employ 0.1V for 1 h [111]. They observed an initial rapid adsorption, which was attributed
to the fast external mass on the highly porous DSB due to the abundance of vacant surface
sites. The electric current applied during the DSB-electro process was believed to be
responsible for the observed increase in pore structure. This was thought to be due to
the repulsion of negatively charged impurities, which in turn led to the opening of pores.
Soares et al. investigated Pb(Il) removal by modifying sugarcane straw using FeCls [102].
The authors noted that the modification process resulted in an increase in the surface area
and an exposure of functional groups due to the deposition of Fe and Cl. However, they did
not elaborate on the specific mechanism behind this outcome. The authors suggested that
the modification process could have led to the oxidation of Fe?* to FeCls, which may have
supplied free electrons to the system. These electrons could have potentially contributed to
the generation of a negative charge on the biochar surface, leading to enhanced adsorption.
However, further research is needed to confirm this hypothesis and better understand the
underlying mechanism. Han et al. [89] conducted a study where they modified commercial
biochar by magnetite impregnation using FeSO4 and FeCl; and found that although the
magnetization process increased the surface area and pore volume of the biochar, the
adsorption for Pb(Il) reduced from 50 mg/g to 29 mg/g. A reduction in the pH (1.5) during
the magnetization process appeared to dissolute the calcite present on the biochar surface,
creating pore spaces as well as increasing the pore volume. However, this reduction in
adsorption, despite the increase in the surface area and pore volume, indicated that Pb(Il)
sorption is more related to the OFGs than the surface area [89].

A study was conducted by Bian et al. where they used silkworm excrement as the
feedstock, which was pyrolyzed at 600 °C for 2 h and was followed by wet impregnation
using chitosan combined with pyromellitic dianhydride [114]. Chitosan is a polymer with
amino and hydroxyl groups that can be used to functionalize the surface of biochar and
enhance its adsorption properties. When combined with Pyromellitic Dianhydride (PD),
the resulting synergistic compound contains functional groups, such as -CONH2-, and
carboxyl groups that can interact with heavy metals through mechanisms like ion exchange,
electrostatic attraction, and surface complexation [114]. While these compounds were used
to modify the silkworm excrement, the resulting biochar showed an increased surface
area and pore volume and increased OFG content. The synergistic effect of chitosan and
PD creates N-C=0O, which is responsible for the removal of Pb through complexation.
Modification increased the functional groups but decreased the mineral components, so the
role of ion exchange and the precipitation mechanism in Pb removal were not significant;
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therefore, complexation played a dominant role. This counterbalancing effect is the reason
adsorption did not significantly increase after modification [114].

4. Regeneration/Desorption Study

Various researchers [121-124] have conducted studies on the desorption of Pb(II)
from biochar to assess its potential for regeneration, which is critical for cost effectiveness
and for ensuring the sustainability of biochar as a solution for Pb(II) removal. Another
important reason for conducting desorption studies is to investigate the potential hazard
of Pb(Il) leaching from biochar, if not disposed of in a manner that aligns with sound
environmental practices.

Once the biochar reaches full saturation with metal contaminants, desorption can be
achieved through the use of desorbents, such as NaNO3;, HNO3, or KNOj solutions, at
varying concentrations. By providing a substantial quantity of cations, these compounds
can effectively substitute the Pb(II) bonded on the biochar and facilitate the regeneration of
the adsorbent [90].

Trakal et al. investigated the desorption of Pb(II) from a magnetically modified nut
shield, wheat straw, grape stalk, and husk biochar using NaNOj3, CaCl,, and HNO;3 [103].
They found that after magnetically modifying the biochar, the desorption of Pb(II) was re-
duced for all chemicals. However, this also demonstrated that the main sorption mechanism
was ion exchange and not precipitation. Wu et al. conducted a regeneration experiment of
MgCly-modified biochar using NaOH as an eluent [55]. These researchers then conducted
five consecutive cycles of adsorption and desorption using the regenerated biochar and
found a 25% reduction in the adsorption capacity. This reduction in adsorption is likely
attributed to the precipitation caused by the elution, which leads to the blockage of the
pores, hindering the adsorption process. Wang et al. investigated the regeneration of
biochar from the residue of a magnetic eucalyptus leaf using EDTA-2Na [123] and found
a ~21% reduction in the adsorption capacity after the first cycle. Pan et al. explored the
regeneration of nitrogen-phosphorous-modified biochar, which demonstrated only a slight
decrease in adsorption, even after the 4th cycle. This can be attributed to the deactivation of
the functional groups and the blockage of pores, which hinders the sorption process [110].
Mahdi et al. regenerated biochar by reversing the external electric field, and no signifi-
cant desorption was observed [111]. Sun et al. found about a 50-60% reduction in the
adsorption capacity after the 3rd cycle, which can be attributed to structural degradation
and the loss of surface minerals [79]. Ding et al. [95] were able to achieve 85% of Pb(II)
recovery using HCI. Bian et al. demonstrated only a 7.28% reduction in the adsorption
capacity of the silkworm excrement biochar, even after the 5th cycle when NaOH was used
as an eluent [114]. Ding et al. investigated the regeneration of hickory wood biochar using
HCI [58]. The reduction in adsorption was only 6%, which can be attributed to the other
metals not being leached and, therefore, not creating space for adsorption sites for Pb(II).
The desorption of Pb(II) from biochar is a critical factor in assessing the potential for its re-
generation and sustainability as a solution for Pb(II) removal. Various studies [115,117,125]
have investigated the use of different desorbents, such as NaNO3;, HNO3;, KNO3, CaCl,,
NaOH solutions, at varying concentrations and found that the effectiveness of desorption
and regeneration varies depending on the type of biochar, desorbent, and regeneration
method used. Some studies [96,121,124] have shown a reduction in the adsorption capacity
after multiple cycles of regeneration due to precipitation, the deactivation of functional
groups, and structural degradation. Nevertheless, some studies have demonstrated the
successful regeneration of biochar with minimal reduction in the adsorption capacity, such
as the use of HCl as a desorbent. Overall, further research is needed to identify optimal
methods for the regeneration of biochar and to ensure its sustainable use for Pb(Il) removal.

5. Limitation of Studies and Future Scope of Work for Using Biochar as an Adsorbent

The use of biochar for the removal of Pb(Il) presents several engineering challenges
and opportunities for future research. To date, limited studies [126,127] have investigated
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the potential disposal options for Pb(II)-loaded biochar if it is not regenerated, highlighting
the need for a comprehensive analysis of toxic Pb(II) leaching from the biochar to identify
the most viable management solution for spent biochar. Furthermore, only a few number
of studies [43,48,69,101] have explored the column adsorption behavior of biochar that is
shown in Figure 6.
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Figure 6. Experimental methods adopted by Pb(II) adsorption studies.

The lack of studies conducted on column flow setups presents a critical knowledge
gap that must be addressed to advance the technology. More specifically, a thorough
understanding of the mechanisms underlying Pb(II) sorption behavior is required to estab-
lish design criteria for scaling up the system. It is important to note that the majority of
studies [49,66,70,128] to date have focused on monometal solutions, where only one metal
is required to be removed. However, in real-world applications, water and wastewater
contain a variety of components and contaminants that can significantly affect the Pb(II)
sorption behavior of biochar. Thus, a more realistic approach that considers the presence
of these compounds is necessary to advance the technology [129]. Biochar is a fluffy low
bulk density powder. Batch studies can use this power directly; however, engineering
challenges are encountered when it is to be designed for a column study [67,68]. For a real
application, column design is preferred. The packing of fluffy biochar does not seem to
be a feasible solution as it may get compacted with time, which would reduce porosity
and increase pressure drops across the column. Additionally, if it is not granulated, the
chances of biochar leaching out with flow is real. Therefore, there is a need for studying
an engineered column set up and bringing an innovative solution such that it becomes a
viable alternative of activated carbon for adsorption applications [130].

6. Conclusions and Recommendations

In conclusion, this review paper has summarized the last decade of research (2012-2022)
on the use of biochar as a metal adsorbent, with a specific focus on Pb. The objective of
this review was to provide a comprehensive resource that can guide future researchers
in this field. This paper discussed the pyrolysis conditions that can alter the properties
of feedstock and convert them to a sorbent called biochar. The physical and chemical
properties that play a significant role in the adsorption mechanism were also explored
in detail. Additionally, different modification methods were reviewed, with a focus on
functionalizing biochar for the specific or enhanced removal of Pb(II).

While the potential of biochar as a metal adsorbent has been widely recognized, this
review also highlighted the gaps and limitations in the current literature. For example,
limited studies have investigated the potential disposal options for Pb(II)-loaded biochar
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and the regeneration of biochar, and there is a lack of studies conducted on column flow
setups. Furthermore, the majority of studies have focused on monometal solutions, which
may not reflect the complexities of real-world applications.

Moving forward, future research should address these limitations and knowledge
gaps by conducting a comprehensive analysis of toxic Pb(II) leaching from the biochar to
identify the most viable management solution for spent biochar. Moreover, more studies
are needed to establish design criteria for scaling up the system, including a thorough
understanding of the mechanisms underlying Pb(Il) sorption behavior. Overall, this review
highlights the opportunities and engineering challenges associated with using biochar as a
metal adsorbent and provides a valuable resource for researchers in this field.
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CHAPTER 3
Evaluation of Lead (Pb(I1)) Removal Potential of Biochar in a Fixed-bed Continuous Flow
Adsorption System
Note: The contents of this chapter were adapted from the research article
published in the journal ‘Journal of Health & Pollution.’
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Introduction

Lead (Pb) is a naturally occurring
heavy metal that can be found

in all parts of the environment
including homes. Lead and Pb-

based compounds were widely used
in products such as paint, ceramic,
pipes, plumbing materials, solders,
gasoline, batteries, ammunition,

and cosmetics until the United

States federal government started to
discontinue its use in 1973 and banned
use by 1996 because of serious health
effects from Pb exposure. Lead is
dangerous to all humans, but children
are especially prone to experience
negative impacts since their brain and
nervous systems are still developing.
Lead exposure can cause behavioral
problems and learning disabilities,
decreased intelligence quotient and
hyperactivity, developmental delay,
auditory problems, and anemia. Lead
can be very harmful to human health
even at a very low level which is why
the United States Environmental
Protection Agency (USEPA) does not
specify a safe level of this toxic metal.
The federal government banned the
use of Pb-based paint in housing

Background. Lead (Pb(II)) exposure from drinking water consumption is a serious concern

due to its negative health effect on human physiology. A commercially available filter uses the

adsorption potential of activated carbon for removing heavy metals like Pb(II). However, it

has some constraints since it uses only surface area for the adsorption of these contaminants.

Biochar produced via slow pyrolysis of biomass shows the presence of oxygen-containing

functional groups on its surface that take part in the adsorption process, with higher removal

potential compared to activated carbon.

Objectives. The current study examined the adsorption kinetics and mechanisms of Pb(II)

removing potential of biochar from water using a fixed-bed continuous flow adsorption

system.

Methods. The effect of initial Pb(I) concentration, mass of adsorbent (bed depth), and flow
rate on adsorption potential were evaluated. The Adams-Bohart model, Thomas model, and

Yoon-Nelson model were applied to the adsorption data.

Results. The maximum removal efficiency of Pb(II) was 88.86 mg/g. The result illustrated

that the Yoon-Nelson model is the best fit to analyze the adsorption phenomena of Pb(II) in a

fixed-bed biochar column.

Conclusions. The breakthrough data obtained from this study can be utilized to design a

point of use filter that would be able to effectively remove Pb(II) from drinking water.
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in 1978, but Pb-containing solder,
service lines, and plumbing features
are still in use. The Lead and Copper
Rule regulated by the USEPA was
established in 1991 and set down
various requirements in order to
control Pb exposure through drinking
water.” These regulations have some
shortcomings and do not fully prevent
exposure to Pb. Lead exposure through
household water supply became a
life-threatening issue during the Flint,
Michigan water crisis. The corrosive
water of the Flint river leached out
lead from the pipes and contaminated
the tap water supply. Some collected
water samples had Pb levels more than
100 times the action level.? Using an

Journal of Health & Pollution Vol. 10, No. 28 — December 2020

anti-corrosive agent may reduce the
leaching of Pb but cannot eliminate
the possibility entirely and thus can be
considered a temporary solution only.
Replacing all existing service lines
would require billions of dollars.*

Studies have been conducted to
evaluate the adsorption of heavy
metals using different low-cost
biosorbents (bacteria, microalgae,
fungi, yeasts, agricultural wastes,
natural residues, etc.) and polymer-
based synthetic adsorbents.?
Chemically-treated rice husk appeared
to be more efficient in removing heavy
metals like Pb, arsenic (As(V)), nickel
(Ni(II)), and zinc (Zn(II)) compared

Kumkum, Kumar
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to untreated rice husk due to the
presence of polyphenolic functional
groups.® Sawdust obtained from the
wood industry works as a very good
low-cost biosorbent and can remove
Zn(II), copper (Cu(Il)), chromium
(Cr(VI)), and cadmium (Cd(II)).7#
Khoramzadeh et al. (2013) examined
mercury adsorption on sugarcane
bagasse and achieved 97.584% removal
efficiency.® Several studies have
investigated the adsorption of Cu(II)
and Zn(II) by extracellular polymeric
substances (EPS) extracted from
sulfate-reducing bacteria and found
that adsorption of Zn(II) was higher
than that of Cu(II).” Microalgae

is capable of metal adsorption as a
resistance mechanism in the presence
of growth-inhibiting toxic compounds.
Different species of microalgae showed
high removal yield of various metals
i.e., Cu(ID), Ni(II), Cd(II), Zn(II)
within the range of 15.4 - 836.5 mg/g."
Adsorption of heavy metals over
polymers such as mineral composites,
phosphates composites, clay
composites, metal oxide composites,
were investigated by Zhao et al. (2018)
and they found that these composites
create strong bonds with metals and
strip them off from aqueous solution.”

Many studies have investigated the
removal of lead nitrate (Pb(II)) using
biochar. Inyang et al. (2011) conducted
a comparative study of Pb(II)
adsorption between commercial
activated carbon and biochar obtained
from anaerobically digested sugarcane
bagasse and found that biochar is
more efficient in removing Pb(II) from
water compared to activated carbon.”
Biochar has better performance
compared to granular activated carbon
(GAC) in the removal of Pb(II).*
According to a study conducted

by Alhashimi in 2016," biochar
production requires less energy, has
less of a negative effect in climate
change, and is more economical in
removing metal compared to activated

Kumkum, Kumar
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Abbreviations

FTIR Fourier-transform infrared
spectroscopy

GAC Granular activated carbon

carbon. Surface composition (mainly
abundance of oxygen-containing
functional groups such as carboxyl,
carbonyl, hydroxyl) predominates over
the surface area in comparison with
GAC in metal adsorption.”® Sugarcane
biochar is found to be more effective
compared to orange peel biochar in
removing Pb(II).” Biochar produced
from water hyacinth biomass was
utilized to investigate the adsorption
capabilities of Pb(II) and Cd(II) and
the maximum adsorption capacity
was 123.37 mg/g for Pb(II) which

is significantly higher compared to
Cd(II) adsorption at 70.77 mg/g."* A
comparative analysis was conducted
to evaluate the sorption potential of
sugarcane bagasse, eucalyptus forest
residues, castor meal, green coconut
pericarp, and water hyacinth where
sorption data reasonably fit with the
Freundlich model and the cationic
exchange along with specific surface
complexation was found to be the
dominant sorption mechanism."

Xu et al. (2017) showed that biochar
derived from waste-art-paper removed
aqueous Pb(II) with extraordinary
sorption capacity.”” The majority

of these studies were conducted

with a focus on batch adsorption
experiments. The main purpose of
running batch adsorption experiments
is to evaluate the viability of the
adsorbent-adsorbate system. This is
more suitable for the optimization of
adsorption conditions in a laboratory
set-up.” However, a fixed-bed
column study is needed to design a
flow-through adsorption system.***
Data obtained from continuous
flow-through processes are able to

provide guidance for scaling-up to an
industrial system.

The present study was mainly focused
on the Pb(II)-removing potential of
biochar in a fixed bed continuous

flow process to address the issue of
Pb(II) contamination of drinking
water. This is a novel step towards
designing a point-of-use water filter
exploiting the benefit of a cost-
effective adsorbent like biochar. To the
best of our knowledge, this is a unique
approach investigating commercially
available biochar for adsorbing the
neurotoxic heavy metal Pb(II) in a
flow-through system. Commercially
available biochar can be exploited

to remove Pb(II) from water in an
emergency. However, biochar can

be produced locally using any clean
source of biomass. Household recycled
items such as food cans can be used

as a pyrolizer and use the produced
biochar as an adsorbent for removing
Pb(II). The resultant data can be
utilized to design a water filter for a
sustainable low-cost option for many
parts of the world. The Adams-Bohart,
Thomas, and Yoon-Nelson models

are commonly used for predicting
adsorption parameters in a column
study.”>”” The Adams-Bohart model
envisions a direct relationship between
the height of the bed and the time
needed for a breakthrough to be
achieved. This linear connection
makes the design and analysis easier
and also works as a simple approach
to run pilot tests.?® The Thomas model
is a universally used theoretical model
to explain the effectiveness of the
column.” The Yoon - Nelson model
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solution

Figure 1 — Schematic of the fixed-bed adsorption system

does not require any comprehensive
data on adsorbate and adsorbent
properties which makes it a simpler
model compared to others.?* Because
of the beneficial aspects of these
models, they were applied to data
collected from adsorption experiments
in the present study.

Methods

A five-gallon bag of commercially
produced biochar was procured
through Amazon sold by New
Hampshire Biochar-The Charcola
group. According to the manufacturer,
the feedstock was a mix of hardwood
and softwood (maple, birch, and pine).
It was produced via slow pyrolysis

at 500°C. The intent was to run the

Layer of glass beads ——»|

Packed biochar column —»

Layer of glass beads —»

Influent Pb (II)

Peristaltic pump

Effluent water

sample

adsorption experiments using the
biochar as-is, with no washing or alkali
treatment. In order to have uniform-
sized particles, the biochar was passed
through 0.02-0.17 um sieves.

Biochar characterization

The International Biochar Initiative
(IBI) developed a protocol to
universally and consistently

define biochar and to ensure its
usability based upon the featured
characteristics.?* “The Standardized
Product Definition and Product
Testing Guidelines for Biochar That
Is Used in Soil” are the IBI Biochar
Standards. In the present study, the
characterizations of biochar follow
these standards.
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Elemental analysis

A Flash 2000 elemental analyzer

was used to determine the carbon,
nitrogen, and hydrogen components
of the biochar sample. For quantifying
the ash component, approximately 0.5
g of dried sample was weighed into
ceramic crucibles and incinerated
overnight in a muffle furnace at 575°C.

Fourier-transform infrared
spectroscopy analysis

Fourier-transform infrared (FTIR)
spectroscopy (4000 — 400 cm™)
analysis was carried out using a Bruker
Alpha, Platinum-ATR instrument to
identify the surface functional groups
of the biochar.

Kumkum, Kumar
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Brunauer-Emmett-Teller surface area
measurement

Brunauer-Emmett-Teller (BET)
surface area analysis was conducted
using the NOVA 4000e surface area
and pore size analyzer (Quantachrome
Instruments). Raw biochar samples
were analyzed for multipoint BET
surface area using nitrogen as the
adsorbing gas. The analysis involved
degassing the sample at 150°C for 4 h.

Chemicals and reagents

All chemicals and reagents used for
this study were of analytical grade.

The Pb(II) stock solution (1000

mg/L) was prepared by dissolving
1.598 g Pb(NO,), (Sigma-Aldrich,
Switzerland) into deionized water in
1000-mL volumetric flasks. Solutions
of desired concentrations were
prepared by diluting the stock solution
using deionized water. The procedure
for mixing the stock solution was done
according to the Standard Methods for
Examination of Water and Wastewater
22" edition.*

Batch experiments

Two sets of batch adsorption
experiments were set to evaluate

the effect of the initial Pb(II)
concentration. Two hundred and fifty
(250)-mL Erlenmeyer flasks were

used as reactors. A known amount of
biochar was added to Pb(II) solutions
of varying concentrations. Samples
were then agitated at 180 rpm for 4
days and extracted at 0 h, 0.5h, 1 h, 2
h, 4 h, 24 h, and 96 h using a 0.22-um
polyvinylidene fluoride filter. Collected
samples were acidified to pH < 2 using
(1:1) nitric acid and analyzed using an
atomic absorption spectrophotometer
(AA-7000) from Shimadzu. After 4
days, the pH of the solutions were
measured. These experiments were
performed without adjusting the pH of
the mixed solution.

Kumkum, Kumar

Effect of initial concentration

To evaluate the effect of initial Pb(II)
concentration, 250-mL flasks of 40
mg/L, 10 mg/L, and 1 mg/L Pb(II)
were chosen with a biochar dosage of
0.5 g/L in each in batch adsorption
study.

Effect of biochar dosage

For investigating the effect of biochar
dose, 10 mg/L of Pb solution at three
different dosages- 0.1 g/L, 0.5 g/L, and
1 g/L of biochar were chosen for the
batch adsorption studies.

Column experiments

A fixed bed adsorption system was
adopted for column-flow adsorption
experiments. A schematic of the
system is shown in Figure 1. Biochar
was packed inside the glass column
as an interlayer between two layers
of glass beads. The columns were
flushed with di-ionized water for 6 h
before running the experiment. The
Pb(II) solution prepared using the
buffer solution (to keep the pH below
the precipitation level) was delivered
through the column by a Masterflex
peristaltic pump. All the experiments
were conducted in an upward flow
manner to avoid canalizing in the
column. Samples were collected

at predetermined sampling times
and acidified to pH < 2 using (1:1)
nitric acid. Collected samples were
analyzed using an atomic absorption
spectrophotometer. Column flow
experiments were conducted for

an extended period of time (29

days) to reach complete saturation
of the adsorption bed. Operating
condition variables i.e., initial Pb(II)
concentration (10 and 20 mg/L), depth
of biochar column (5.72 ¢m, 7.62 cm),
and flow rate (2 mL/min and 4 mL/
min) were varied.

Pb(1I) Removal Potential of Biochar

Effect of initial concentration

The stock solution of Pb(II) was
diluted to 10 and 20 mg/L to

evaluate the effect of initial Pb(II)
concentration on the adsorption of
biochar. The flow rate of the influent
was adjusted at 2 mL/min and the bed
depth of biochar remained at 7.62 cm
(15 g biochar). Eftfluents were collected
at certain intervals starting from 0
days to 29 days, acidified, and kept for
analysis.

Effect of flow rate

Different flow rates can influence the
adsorption of Pb(II) by biochar due to
the time of exposure between Pb(II)
and biochar. Influent was delivered

at two different flow rates including 2
mL/min and 4 mL/min to investigate
the effect of flow rate. The initial Pb(II)
concentration remained constant at
10 mg/L and bed depth at 7.62 cm (15
g of biochar). Effluents were collected
at certain intervals starting from 0
days to 29 days, acidified, and kept for
analysis.

Effect of bed depth

To evaluate the effect of bed depth,
varying amounts of biochar were
packed inside the columns. The

bed depths of the packed biochar
were measured as 5.72 cm for 10 g
of biochar and 7.62 cm for 15 g of
biochar. Other parameters i.e., flow
rate and initial Pb(II) concentration
were set at 2 mL/min and 10 mg/L,
respectively. Effluents were collected
at certain intervals starting from 0
days to 29 days, acidified, and kept for
analysis.

Mathematical expression of batch
and fixed-bed column studies

The amount of Pb(II) removed by
adsorption was calculated using
Equation 1:
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Equation 1
q,=V(C,-C)/M

Where q_ is the amount of Pb(II)
removed per gram of biochar, C and
C, are the initial and equilibrium Pb(1I)
concentrations (mg/L) in solution, V is
the solution volume (L), and M is the
dry weight of biochar in grams.

The effectiveness of the column can
be evaluated using the breakthrough
curve of the continuous flow system.
The breakthrough curve was derived
by plotting C/C, vs time t, where C,
and C are the initial and equilibrium
Pb(II) concentrations (mg/L) in
solution, respectively. Total Pb(II)
adsorbed by the biochar column (q, )
can be obtained by calculating the
area under the plot of the adsorbed
concentration (C_, = C - C (mg/L))
versus time t (min) which can be
expressed by Equation 2:

Equation 2
qtotal = Q / 1000fti=ototal Cuddt

where Q is the volumetric flow rate
(mL/min).

The experimental adsorption capacity
9eq(erp) (Mg/8) can be calculated by
Equation 3:

Equation 3

qeq(exp) = qtotal /M
where M is the total dry weight of
biochar in the column.

Adsorption model for fixed-bed
column studies

The breakthrough curves were
examined by the commonly used
mathematical Adams-Bohart, Thomas,
and Yoon-Nelson models.

Adams-Bohart model

The Adams-Bohart model (24) is used
for explaining the initial portion of
the breakthrough curve. The equation
of the Adams-Bohart model can be
elaborated as:

In(C/C)=K,,Ct- KN, (Z/U)

where C is the inlet adsorbate
concentration, C is the outlet
adsorbate concentration (both in
mg/L), Z represents the bed depth
(cm) of the column, U _is the
superficial or linear velocity (cm/min)
calculated by dividing the flow rate by
the column cross-section area, N is
the adsorbate saturation concentration
(mg/L), K, represents the kinetic
constant (L/mg/min) of the model. A
linear plot of In (C/C,) versus time (t)
was applied to determine the values of
K,,and N,

Thomas model

The Thomas model (25) follows the
Langmuir isotherm for equilibrium
and second-order reversible reaction
kinetics. The Thomas model can be
expressed as:

In ((C/C)-1) =K, q,w/Q - K,,C,t

Here K is the Thomas model rate
constant (mL/mg/min), q, represents
equilibrium adsorbate uptake (mg/g),
w is the mass of the adsorbent (g) and
Q represents flow rate (mL/min). A
linear plot of In ((C/C)-1) versus time
(t) was applied to determine the values
of K, and q,.

Yoon-Nelson model

The Yoon-Nelson model* is

a descriptive model that uses
experimental data to estimate
breakthrough parameters. The
linear equation for the model can be
expressed as follows:
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In(C/C,-C) =K, t-1K,

Where K, is the Yoon-Nelson rate
constant (min™), and 7 represents

the time required for 50% adsorbate
breakthrough (min). A linear plot of In
(C/C,- C) versus time (t) was applied
to determine the values of K, and 7.

Results

The surface characteristics of the
biochar used in this study were
estimated using a BET surface area
analyzer. The specific surface area of
the biochar was determined as 285
m?*/g with an average pore diameter of
1.96 nm and a cumulative pore volume
of 0.14 cm’/g which indicates that the
biochar is rich in micropores.

The elemental composition of biochar
used in this study is shown in Table 1.

Figure 2 shows the FTIR spectra

of biochar in the near IR region
(wavenumber 4000 - 400 cm™). The
spectra demonstrated the presence of
several oxygen-containing functional
groups in biochar. The peaks that can
be identified and designated were
aromatic C=C (~1418 cm-1), aromatic
carbonyl/carboxyl C=0, phenolic
-OH (~1027 cm-1), and aromatic
—-CH (~872 cm-1). The presence of
several oxygen-containing functional
groups was confirmed by Kumar et
al*in previous research. Aromatic
carbonyl/carboxyl groups exhibit high
affinity with heavy metals.” On the
other hand, the FTIR spectra of GAC
showed the absence of these functional
groups.

Batch studies

The batch experiments (Figure

3a) involving different Pb(II)
concentration indicated 100% removal
of initial Pb(II) concentration within
the first few minutes (~ 0 h) and no
trace level of Pb(II) was found even

Kumkum, Kumar
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after 96 h. This demonstrates that
Pb(II) adsorption to biochar was

a rapid phenomenon which result
from the strong inclination of Pb(II)
ions to biochar leading to the fast
diffusion of Pb(II) ions into the pores
of the biochar to reach equilibrium.*
For the initial Pb(II) concentration
of 40 mg/L, 10 mg/L and 1 mg/L,

the equilibrium adsorption was
calculated to be 80 mg/g, 20 mg/g and
2 mg/g, respectively. The experiments
involving different dosage of biochar
(Figure 3b) also showed 100% removal
of Pb(II) within the first few minutes
(~ 0 h). For the increased dose from
0.1 g/Lto 1 g/L, the adsorption
uptake decreased from 100 mg/g to
10 mg/g. This indicates that with the
increase of dosage, the number of
available binding sites increased but
remained unsaturated since the initial
Pb(II) concentration did not change.
A similar phenomenon has been
observed in previous studies.?

Pb(1I) Removal Potential of Biochar

Component name

Values

Surface area (m?%/g)
Pore volume (cm?/g)
Pore diameter (nm)
pH
Ash content (%)
Nitrogen
Carbon
Hydrogen
Sulphur
Oxygen
H/C Molar Ratio
O/C Molar Ratio

285.40
0.14
1.96
7.582

35.48
0
44.59
1.01
0

18.93»
0.07
0.16

and nitrogen (CHN) analyzer

Table 1 — Elemental Composition of Biochar

“Determined following International Biochar Initiative protocol
tDetermined by differences after retrieving data from carbon hydrogen
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Figure 2 — Fourier-transform infrared spectroscopy spectra of GAC and Biochar
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Figure 3 — (a) Effect of initial concentration on Pb adsorption by biochar. Dosage of biochar = 0.5 g/L
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Figure 4 — Change in pH after adding biochar in the
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It was also observed (Figure 4) that
dosing with biochar increased the

pH of the solution from ~ 6 to ~ 8.
This could occur due to the release of
inorganic alkaline species upon adding
biochar to the solution. However,

the high ash content of the biochar
(35.48%) analyzed in this study could
also be associated with the presence

of these oxides and hydroxides of base

cations i.e., CaO, KOH, Mg(OH), etc.3®
Lead ions can precipitate as hydroxides
at pH > 7 which led many researchers

to restrict their experiments within the
pH range of 2 to 6 to ensure that Pb(II)
removal occurs only by adsorption.?”3?

Column studies

A fixed-bed column adsorption

Journal of Health & Pollution Vol. 10, No. 28 — December 2020

study can be used to determine the
breakthrough capacity and overall

life span of the adsorbent bed which
can be used to design a reactor for
real-time application. The provision of
regulating the flow rate can be utilized
for filter application and optimization
of the process parameters can be useful
for designing a fixed-bed adsorbent
system.

The effectiveness of a fixed-bed
column is evaluated by a breakthrough
curve which is a demonstration of the
ratio of effluent-influent concentration
(C/C,) against time (t) profile in a
continuous flow system.“ In the
present study, the major variables

for a breakthrough analysis are the
bed height as well as the mass of
adsorbent, flow rate, and initial inlet
concentration. The soundness of the
column is measured by the effects of
these variables on the breakthrough
curve.

Effect of initial Pb(II) concentration
The effect of the initial Pb(II)

concentration on breakthrough

Kumkum, Kumar
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Pb(1I) Removal Potential of Biochar

Co Q Mass of BEo Qeaterp)
(mgl) (mL/min) Adsorbent(z) ™ efttlzint qQow (M) ooy
10 2 10 5.72 4.29 888.55 88.86
10 2 15 5.72 4.45 1238.50 82.57
20 2 15 7.62 4.31 1274.80 84.99
10 4 15 7.62 4.50 481.78 32.12

Table 2 — Experimental Data of the Column Parameters Determined at Various Initial Pb(II) Concentrations

curves was investigated using inlet
concentrations of 10 mg/L and 20
mg/L. A constant bed depth of 7.62
cm and a flow rate of 2 mL/min was
maintained. The results are shown in
Figure 5a and Table 2.

The time to reach the breakthrough
point (the point where the ratio

of effluent concentration/influent
concentration is equal to 0.05)
decreased with increasing initial
Pb(II) concentration (for 20 mg/L, the
breakthrough time was approximately
3.5 days and for 10 mg/L the
breakthrough time was approximately
12 days- ref. (Figure 5a)) which
implies that the bed saturates earlier
if higher amounts of Pb(II) ions

were fed to the column. Decreasing
breakthrough time resulted in a
steeper breakthrough curve.

The mass transfer coeflicient is
proportionately dependent on

the concentration gradient of the
transporting species. Therefore,
increasing the initial Pb(II)
concentration would increase the
concentration gradient and hence will
increase the mass transfer coefficient.

Kumkum, Kumar

Similar phenomena were observed in
other studies.?>*** The equilibrium
uptake of Pb(II) q, decreased and
maximum adsorption g, increased
with increased initial Pb(II)
concentration. This is an exception and
not an expected trend. This finding is
not in agreement with the observations
of other researchers,"** but Canteli et
al.** observed a similar phenomenon
in their study investigating the
adsorption of benzaldehyde on
activated carbon obtained from
coconut husk.

Effect of flow rate

The effect of the flow rate on
breakthrough curves was investigated
using two different flow rates i.e.,

2 mL/min and 4 mL/min, when a
constant bed depth of 7.62 cm and an
initial Pb(IT) concentration of 10 mg/L
was maintained. The results are shown
in Figure 5b and Table 2.

As is evident from the breakthrough
curve Figure 5b, increased flow rate
resulted in shorter breakthrough
time. Variation of the slope of the
breakthrough curve for two different

flow rates can be explained through
mass transfer as well. Increased flow
rate resulted in an increased rate of
adsorbed Pb(II) onto unit bed depth
which increases the mass transfer
coeflicient implying faster saturation.
This trend was similar to other studies
in the literature.” A higher flow rate
provides inadequate contact time
between the adsorbent in the column
and the Pb(II) ions which resulted

in a much lower maximum and
equilibrium capacity (32.18 mg/g)
compared to that for decreased flow
rate (88.86 mg/g). Previous studies
also found similar results.#

Effect of bed depth

The effect of the bed depth on
breakthrough curves was investigated
using two different amounts of
biochar 10 g and 15 g that provided
varying bed depths i, e., 5.72 cm,

and 7.62 cm, respectively. A constant
flow rate of 2 mL/min and an initial
Pb(II) concentration of 10 mg/L was
maintained. The results are shown in
Figure 5c and Table 2.

As seen in Figure 5¢, increasing
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8



02

Figure 5— (a) Effect of initial Pb(II) concentration on breakthrough curves (bed depth= 7.62 cm, flow rate = 2 mL/min)
(b) Effect of flow rate on breakthrough curves (bed depth = 7.62 cm, initial Pb(II) concentration = 10 mg/L)
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(c) Effect of bed depth on breakthrough curves (flow rate = 2 mL/min, initial Pb(II) concentration = 10 mg/L)

the bed depth resulted in increased
breakthrough time. The slope of

the breakthrough curve was slightly
decreased. The broadening of the
mass transfer zone may explain this.”
Higher bed depth implies a higher
amount of biochar available for

the adsorption of Pb(II). A higher
amount of biochar indicates a higher
surface area to be filled up with
Pb(II) ions. Therefore, increasing
bed depth significantly increased

the breakthrough and saturation

time. This observation is in line with
findings by other studies.*®

Adsorption model for fixed-bed
column studies

Adams-Bohart model

The Adams-Bohart model can be
employed to estimate the fixed-bed
parameters of maximum saturation
concentration N and the Adams-
Bohart rate constant K g Linear

Journal of Health & Pollution Vol. 10, No. 28 — December 2020

regression of all the breakthrough
curves gives the value of these
parameters which were calculated and
presented in Table 3.

With increased initial Pb(II)
concentration, rate constant K, ,
decreased and maximum adsorption
capacity increased. This observation is
in agreement with the results of other
studies.” The change in concentration
gradient induces changes in rate
constant and adsorption capacity

Kumkum, Kumar
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Res e arCh Pb(II) Removal Potential of Biochar
Co(mgl) Q(mL/imin) Z(cm) Kas(x109L mg' min") No(x10%)(mgL)  R?
20.00 2.00 7.62 5.00 3.53 0.74
10.00 2.00 7.62 20.00 1.95 0.86
10.00 4.00 7.62 20.00 241 0.74
10.00 2.00 5.72 20.00 3.30 0.66

Table 3 — Adams-Bohart Variables at Different Conditions by Linear Regression Analysis

Co Q  zem) Km@&IO)mLmg'  qo(mglg) qo (mg/g) R?
(mg/L)  (mL/min) min’") (calculated) (experimental)
20.00 2.00 7.62 20.00 28.47 49.92 0.93
10.00 2.00 7.62 50.00 31.08 24.96 0.95
10.00 4.00 7.62 110.00 25.20 49.92 0.84
10.00 2.00 5.72 50.00 56.59 37.44 0.96

Table 4 — Thomas Variables at Different Conditions by Linear Regression Analysis

which implies the diffusion process

is concentration-dependent.” If the
flow rate increases, that implies that
adsorbate was getting introduced at a
higher rate, which was supposed to be
inducing faster saturation, and hence
K, , should have decreased (minimal
resistance). For this study, an increased
flow rate did not show any changes,
but validated the observation for
increased adsorption capacity, N . For
varying bed depth, the value of K, , did
not change, but maximum adsorption
capacity decreased for increased bed
depth. This can be explained by the
hypothesis that increased bed depth
provided an increased number of
available binding sites for adsorption.*
Overall, this model showed that higher
initial Pb(II) concentration, flow

rate, and bed depth will increase the
adsorption potential of biochar. The

Kumkum, Kumar

R? values for the Adams-Bohart model
are low, ranging from 0.66 to 0.86,
which indicates that this model is not a
good fit for this study.

Thomas model

The simplified expression of the
Thomas model was used to predict the
unknown values of the Thomas rate
constant. The variables K, and q and
the linear regression coeflicient (R?)
are presented in Table 4.

From the calculated values for Thomas
model parameters, it can be said

that rate constant and equilibrium
adsorbate uptake both decreased

with the increase of initial Pb(II)
concentration, which implies that

the concentration gradient was the
impelling cause for adsorption. This is

similar to studies conducted by other
researchers.*~4%49 With increased flow
rate, the rate constant increased which
indicates there was a lack of time for
the contaminants to transfer from

the liquid phase to the solid surface
of biochar, and hence adsorbate
uptake decreased.>® Increased bed
depth did not have much impact on
rate constant, but adsorbate uptake
decreased which indicates there

were more binding sites available

for adsorption. Table 4 provided the
comparative values for calculated q,
using the model and the experimental
q, According to the Thomas model,
lower initial Pb(II) concentration, flow
rate, and bed depth will increase the
adsorption of Pb(II) on biochar. As
seen in the table, there was a 20-50%
discrepancy between the predicted
and experimental values. Even though
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(m(é/OL) (mL?min) Z(em)  Kyw (x10%)(min") (J;iiﬁ?tld) (ex;eglr'nn*llnezltal) R?
20.00 2.00 7.62 0.03 12104.30 10080.00 0.93
10.00 2.00 7.62 0.05 23314.00 23040.00 0.95
10.00 4.00 7.62 0.11 9449.09 10800.00 0.84
10.00 2.00 5.72 0.05 28296.00 14400.00 0.96

1

Table 5 — Yoon-Nelson Variables at Different Conditions by Linear Regression Analysis

this model demonstrated a positive
correlation compared to the Adams-
Bohart model (R? values ranging

from 0.84 to 0.96), for this study, the
discrepancy between the predicted
and calculated value did not support
this model being a good fit. According
to Lopez-Cervantes et al. the main
limitation of this model is that it was
derived based on the assumption that
biosorption follows second-order
kinetics and does not depend on the
transformation of reactant-product but
is dominated by the mass transfer.”
This assumption might not be valid for
processes under all varying conditions.

Yoon-Nelson model

The linearized form of the Yoon-
Nelson model was used to estimate the
values of rate constant K and 50%
breakthrough time, . The parameters
value and linear regression coefficient
are presented in Table 5.

Table 5 provides the 50% breakthrough
time achieved by the prediction from
the model and the actual experimental
50% breakthrough time is also shown.
Increased initial Pb(II) concentration
decreased the rate constant and

50% breakthrough time which

implies higher feed concentration
accelerated the adsorption process
that provided a shorter breakthrough
time. Increased flow rate gave an

increased rate constant and decreased
breakthrough time. Increased bed
depth shortens the breakthrough

time which contradicts experimental
data. A comparative analysis can be
made between the predicted 50%
breakthrough time and experimental
50% breakthrough time which showed
that the values were close to each
other with no significant difference
except for the condition where 10
mg/L of initial Pb(II) concentration,

2 mL/min of flow rate and 10 g of the
mass of adsorbent was used. From the
predicted and experimental values

of the breakthrough time and listed
correlation coeflicient (R?) that ranged
from 0.84 to 0.96, it can be said that
the Yoon-Nelson model demonstrated
the most suitable relation to the
experimental data and can be utilized
to portray the adsorption potential of
Pb(II) in a fixed-bed biochar column.

Discussion

Pyrolysis temperature plays an
important role in the yield of biochar
as well as pore size and volume

of the produced biochar.>*%* Basic
components within the biomass such
as lignin, cellulose, hemicellulose
break down at different stages of
pyrolysis. At a temperature range of
200 - 260°C, hemicellulose starts to
decompose, cellulose starts breaking
down at 240 - 350°C and lignin starts

Journal of Health & Pollution Vol. 10, No. 28 — December 2020

to degrade from 280 - 500°C.>* It

was found that at a lower pyrolysis
temperature (300 — 450°C), the specific
surface area of produced biochar is
typically low (4 - 23 m?/g)>* which
could be due to the blockage of the
residual pores by inorganic material
present in biomass.>> A substantial
increase of surface area begins at 400
-500°C¢ (25 - 300 m*/g) which could
be due to the degradation of organic
matter and the emergence of porous
or narrow passage-like structures.’5
The biochar used in this study was
produced at 500°C, in accordance
with the investigation of temperature
needed for yielding high surface area.
Biochar produced at a temperature

of over 400°C appeared to be more
able to adsorb organic and inorganic
contaminants owing to its high surface
area and appearance of micropores
while preserving the oxygen functional
groups during pyrolysis.>® The higher
surface area, which is also related to
pore volume, influences the capacity
of cation adsorption of biochar onto
its surface.®®® Previous studies
conducted by various researchers
reported the physical properties of
biochar and experimental data of the
adsorption experiment. Alhashimi and
Aktas® conducted a sensitivity analysis
focusing on the effect of particle

size, surface area, pH, contaminant
concentration, adsorbent dose, and
contact dose on the adsorption
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capacity of such studies. They

found surface area to have the most
reasonable degree of correlation with
adsorption capacity compared to other
properties. A similar occurrence was
noted in the present study as well.
The pH of slow pyrolysis biochar is
typically in the range of 4 to 10.%
Yuan J-H et al. observed that biochar
pH increases (from 6.5 to 10.8) with
increasing pyrolysis temperature
(from 300 to 700°C), perhaps owing
to the increased accumulation of
undecomposed inorganic compounds
and the formation of basic surface
oxides.»® According to Ronsse et

al., Spokas et al. and Zhao et al.,

this increase in pH with increased
temperature is correlated with the
presence of higher amounts of ash
and oxygen-containing functional
groups.®5%% The value of pH (7.58)
and ash content (35.48%) of the
biochar used in the present study
(pyrolysis temperature 500°C) are in
accordance with their proposition.
Rafiq et al. found increased ash
content (from 5.7 to 18.7%) with

an increase of temperature (from

300 — 500°C), which is due to

the continuous congregation of
minerals and absolute alteration of
ligno-cellulosic components.>*°¢-
However, the presence of foreign
materials could also be responsible
for high ash content, which was also
observed by Lee et al.®® The elemental
composition of biochar varies widely
depending upon the type of feedstock
and production process parameters.
Slow pyrolysis biochar derived from
various feedstock showed carbon
content roughly in the range of 6 -
90%, oxygen content ranging from 1 -
37.7%, hydrogen content ranging from
1 - 9.9%, and nitrogen content ranging
from 0.1 - 7.4%.% Some studies found
an increase of carbon content (from
62.2 t0 92.4%) with an increase of
pyrolysis temperature, which can be
attributed to the extended level of
chemical change eventually forming

Kumkum, Kumar

robust carbon composition.®7* On the
other hand, another study by Cantrell
et al. found a decrease in carbon,
hydrogen, and oxygen content ranging
from 59.94 to 37.94%, 2.91 to 0.99%
and from 2.13 to 0.99%, respectively,
with an increase of temperature from
300 to 500°C and attributed this loss
to the disappearance of hydroxyl

and carboxyl groups of cellulose,
hemicellulose, and lignin.”»” The

H/C molar ratio (0.07) describes the
aromaticity and permanence of the
biochar, whereas the O/C molar ratio
(0.16) explains the hydrophilicity or
abundance of polar oxygen-containing
surface functional groups of the
biochar, which actively take part in
adsorption of heavy metals.”? When
comparing two different biochar,
lower H/C and O/C ratio indicates
higher aromaticity and lower affinity
to water.”

The intention in the present study
was to keep the pH unaltered

so experiments were conducted
accordingly. Increased pH (up to pH =
8) may have some impact on the Pb(II)
removal capacity of biochar. High pH
value may facilitate removal through
precipitation along with adsorption.”
Jalali and Aboulghazi showed that at
pH > 6.01, more hydroxide complexes
i.e., Pb(OH)*, Pb(OH), easily formed
and reduced the concentration of free
Pb ions in the solution.”* Moreover,
when solution pH increases, the
concentration of H* decreases. To
balance the concentration in solution,
the oxygen functional groups on the
biochar surface release the negative
charge and increase the electrostatic
attraction for Pb(II).”” Comprehensive
characterization of biochar before and
after the experiment could provide

a thorough understanding of the
adsorption mechanism of Pb(II).
According to Li et al. net release

of cations i. e, Na*, K*, Ca?* and,

Mg** can be measured to estimate

the extent of cation exchange during

Pb(1I) Removal Potential of Biochar

Pb(II) adsorption.”® Complexation
with the oxygen functional groups on
the biochar surface can be evaluated
by investigating the peak area, peak
intensity, and position of the peak in
FTIR after Pb(II) adsorption. As stated
earlier, precipitation is one of the
most important mechanisms in Pb(II)
removal and this can be evaluated by
X-ray diffraction scanning of Pb(II)
loaded biochar.

Batch experiments in this study did
not lead to a point where the isotherm
model could be plotted or reaction
kinetics could be determined since
Pb(II) was completely removed by
biochar within the very first moment
(~ 0 h) of the experiment. A fixed-
bed column study was the main
focus of this work, hence no further
batch adsorption experiments were
conducted.

To scale-up the system using the
laboratory experimental data,

two parameters have significant
importance: the superficial velocity
and contact time (empty-bed contact
time). Both of these parameters

need to be the same so that the

mass transfer characteristics do not
change. Superficial velocity is equal
to the flow rate divided by the cross-
sectional area. Therefore, using the
superficial velocity and flow rate of
the lab-scale system, a new value of
the cross-sectional area of the packed
column can be calculated which will
further provide the required diameter
of the column. The empty-bed
contact time is equal to the volume
of the bed occupied by the adsorbent
divided by the flow rate and this is a
function of both superficial velocity
and bed depth. The required mass

of the adsorbent can be calculated

by multiplying the volume of the
packed bed and density. This makes
the density of the adsorbent an
important variable, because if the
particle size changes, density will also
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be changed which in turn will change
the length of the mass transfer zone.
If the mass transfer zone is short, the
adsorbent bed will be fully utilized at
breakthrough. This is called the point
of exhaustion when the bed completely
loses the ability to remove adsorbate.
The rate of exhaustion can be
expressed as the amount of adsorbent
used in terms of a unit volume of
water treated until the breakthrough.
If superficial velocity increases, the
length of the mass-transfer zone
increases, and the rate of exhaustion
decreases. Specific throughput is the
volume of water treated per unit mass
of adsorbent used. This is a useful
variable to determine the adsorption
capacity of a fixed-bed system. Thus,
the column diameter of the scaled-
up system can be calculated from the
required throughput and the chosen
velocity.

Conclusions

Removal of Pb(II) using biochar is
conducted in a fixed-bed column
system by varying the initial
concentration, flow rate, and bed depth
to evaluate the potential of biochar

in removing Pb(II) from drinking
water. Different parameters effect the
breakthrough and saturation capacity
for Pb(II) on biochar. Increased initial
Pb(II) concentration, flow rate, and
decreased bed depth accelerate the
process of exhaustion of the column.
The column adsorption kinetic models
are implemented to the experimental
data to further analyze the adsorption
mechanism. The Adams-Bohart
model does not fit well with the
experimental data with respect to both
the predicted values and correlation
coeflicient. The Thomas model shows
a good correlation coefficient but

the predicted values for equilibrium
adsorbate uptake have a 20-50%
discrepancy with the experimental
data. The Yoon-Nelson model assesses
the 50% breakthrough for the column

that is close to the values found
through the experiment and this
model also showed a good correlation
between the values.
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CHAPTER 4
Bioremediation of industrial effluents: How a biochar pretreatment may
increase the microalgal growth in tannerywastewater
Note: The contents of this chapter were adapted from the collaborative research article
published in the journal ‘Journal of Water Process Engineering’. Biochar
characterization, comparative batch adsorption experiments and analysis using synthetic
wastewater, batch kinetic experiments and analysis by varying biochar dose, Cr
concentration were conducted by the author of thisdissertation.
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ARTICLE INFO ABSTRACT

Keywords: The application of microalgae in wastewater treatment is gaining increasing attention due to the possible en-
Chlorella protothecoides vironmental benefits of using photosynthetic organisms for bioremediation. Tannery wastewaters, however, may
Chromium be inhibiting for microorganisms’ growth due to the presence of toxic compounds, especially chromium. In this
Adsorption

work, we assessed the possibility of combining the application of biochar, as an adsorbent for metals including
chromium, with microalgae cultivation for tannery wastewater treatment. Two different types of biochar
(pinewood biochar, PB, and a commercial one, CB) were tested as a pretreatment step prior to cultivation of
Chlorella protothecoides. The application of both types of biochar led to a significant increase in growth rates (61
% and 126 % for PB and CB, respectively) and nutrients removal compared to cultivation in raw wastewaters.
Concerning the comparison between different biochars, it resulted that biochar production process and its
physiochemical characteristics strongly affect Cr(III) adsorption performances, with CB removing 99.6 % from a
synthetic medium in 5 min, compared to 83.4 % of PB in 3 h. Cr(III) adsorption on CB followed Freundlich
isotherm model. The kinetics of adsorption was also addressed, and pseudo-second order kinetics was found to
be the best fitted model for Cr(III) adsorption on CB. When applied to real tannery effluents, chromium ad-

Photosynthetic bioremediation
Slow pyrolisis

sorption performances were affected by the complexity of the medium

1. Introduction

The tanning industry is specialized in the production of a wide range
of bovine leathers for the footwear, furnishings, clothing and leather
goods industries. The impacts of tannery wastes on health and on the
environment is potentially dangerous and continuously growing: tan-
nery effluent contains large amounts of pollutants, such as salt, lime
sludge, sulfides, and acids [1]. Secondary effluents from wastewater
treatment plants also contain large quantities of nutrients, such as ni-
trogen and phosphorus, which may cause eutrophication in lakes and
disrupt the balance of the ecosystem [2]. In addition, water generated
during this industrial process has a significant amount of heavy metals,
especially chromium, which is harmful for living organisms [3].

The water discharged from tannery industries needs a specific
treatment. Conventional wastewater treatment typically includes pri-
mary and secondary treatment. Primary treatment comprises sulfide
oxidation, solids separation, and chromium precipitation. Various
physicochemical methods such as filtration, precipitation or physico-
chemical coagulation have been used. Other methods for chromium
removal or recovery from industrial effluent include advanced

* Corresponding author.
E-mail address: eleonora.sforza@unipd.it (E. Sforza).
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treatment such as membrane separation [4], advanced oxidation pro-
cesses [5], and ion exchange [6]. Secondary treatment is usually ac-
complished by activated sludge systems [7], which is possible after a
proper pretreatment. However, conventional systems, based on acti-
vated sludge, result in the generation of a considerable amount of
sludge, which requires treatment before final disposal [8].

As an alternative to conventional technologies, the integration of a
microalgae-bacteria based process within wastewater treatment plants
seems very promising due to the ability of these microorganisms to
reduce the concentration of inorganic nutrients such as nitrogen and
phosphorus, in a gas self-sustaining system, i.e. avoiding the aeration of
the conventional biological process [9].

Another interesting advantage is related to the nitrogen exploita-
tion, that results in the accumulation of such a compound in the bio-
mass, according to a circular economy perspective. Microalgae were
also found to reduce the concentration of dissolved heavy metals such
as mercury, cadmium and copper, lead, aluminum, and chromium [3].
The applicability of microalgae/bacteria consortia in industrial waste-
water is still under preliminary investigation. Several studies demon-
strated the capability of microalgal species to survive in tannery
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wastewater (TWW) [10]. As an example, Da Fontoura et al. [2] showed
that Scenedesmus species is able to grow in TWW with a biomass pro-
duction of 1.72 g L™ !, obtaining removals of about 95 % of total ni-
trogen, ammonium, phosphorous and Chemical Oxygen Demand
(COD). Generally, phycoremediation has been evaluated by several
researchers, and different microalgae and cyanobacteria such as species
of Oscillatoria, Phormidium, Ulothrix, Chlamydomonas, Scenedesmus have
been evaluated for their ability to grow in tannery effluent and accu-
mulate chromium [11-14]. Thus, microalgae can be an alternative in
the TWW treatment, reducing the environmental impact caused by their
pollutants, converting these nutrients into biomass that can be availed
in different applications (e.g. biofuels) [3]. However, one drawback of
growing microalgae directly in TWW is that the presence of some pol-
lutants may inhibit the algal growth, besides producing a biomass
which in itself is rich in metals and may not be used in some specific
commercial products.

This could however be mitigated by integrating a biochar filtration
step prior to the algal cultivation system. Biochar is a carbon-rich ma-
terial characterized by high porosity with oxygen functional groups and
aromatic surfaces. It is obtained from the thermal degradation of wood
residues, green waste and agricultural remains. Its porous structure
with high surface-volume ratio and affinity for non-polar substances
(e.g. polyaromatic hydrocarbons) makes it a potential sorbent for or-
ganic pollutants and pesticides [15,16]. In the last few years, biochar
produced via slow pyrolysis or hydrothermal carbonization has shown
potential to remove salts and many metal contaminants from water
[17-20]. For example, biochar obtained from hydrothermal carboni-
zation treatment (HTCB) of pinewood [17] and alkali-activated biochar
(A-HTCB) from switchgrass [19] can be used as alternatives to pow-
dered activated carbon for the sorption of metal ions and heavy metals
from water. Researchers have investigated Cr(VI) removal potential of
biochar derived from rice husk, organic solid wastes and sewage sludge
[21], as well as from herb-residue [22]. Increased Cr(VI) removal ef-
ficiency and stabilization by magnetic iron nanoparticles-assisted bio-
char has been reported by Zhu et al. [23]. However, the majority of
these studies focused on Cr(VI) removal potential of biochar, and only a
few are available that involved the evaluation of Cr(IlI) removal po-
tential, which is a component of current concern in the environmental
field.

In this work, we carried out a preliminary assessment of an in-
tegrated process comprising biochar-based filtration for secondary ef-
fluent TWW and subsequent microalgae cultivation. To our knowledge,
this is the first attempt of integrating biochar technology with micro-
algal application, the latter often characterized by poor results when
applied to industrial wastewater. Accordingly, the novel solution could
provide an opportunity to minimize inhibitory compounds in algae
cultivation, which could significantly enhance the algae productivity
and biochemical composition, so that the produced biomass could be
exploited for broader applications. The influence of biochar production
process on trivalent chromium removal efficiency from tannery effluent
was also evaluated by comparing the performances of biochar obtained
using different pyrolysis temperature and feedstock. Adsorption iso-
therm and kinetic studies were carried out to increase the knowledge on
adsorption of Cr(Ill) on biochar, by deepening the influence of metal
and adsorbent concentration ratios, as well as the effect of operating
variables.

2. Materials and methods
2.1. Experimental plan

Biochar application was tested to specifically remove chromium and
other pollutants from tannery wastewater, and to assess its possible use
as a pretreatment for algal cultivation in tannery wastewater. Different
sets of experiments were carried out, and results are reported in the
same order.

Journal of Water Process Engineering 37 (2020) 101431

The first set of experiments was carried out to assess the applic-
ability of a laboratory made pinewood biochar (PB) in real tannery
wastewater as a pretreatment, followed by the growth of the microalga
Chlorella protothecoides: this algal species was cultivated in such pre-
treated wastewater as well as in a non-treated sample, as a control. The
aim of this section was to prove the applicability of biochar pretreat-
ment to improve algal growth.

The second set of experiments was carried out to specifically test the
adsorption potential of laboratory made pinewood biochar (PB) on Cr
(III) adsorption, in synthetic solutions. The adsorption performances
were also compared to those of a commercial biochar (CB). The ad-
sorption equilibrium was also studied from a kinetic point of view. The
experimental conditions (Cr concentration, biochar dosage and time
intervals) were chosen according to a literature review [24,25]. The
aim of this section was to provide information about the difference in
absorption due to pyrolysis operating conditions.

Finally, the commercial biochar (CB) was tested as a pretreatment
for microalgae cultivation in real tannery wastewater (third experi-
mental set), and a comparison of the performances with those obtained
in the first set of experiments was discussed. For clarity, the experi-
ments are summarized in Table 1.

2.2. Microalgae species and cultivation set-up

Chlorella protothecoides 3380 (SAG-Goettingen), which is a widely
investigated algal species for wastewater treatment applications
[14,26], was grown in TWW to assess its nutrient uptake effectiveness
in this medium. C. protothecoidesis is a facultative heterotrophic green
alga that can survive in a wide variety of environments [27]. Axenic
pre-inocula were maintained in BG-11 cultivation medium in Drechsel
bottles under controlled temperature and light conditions. The algae
wastewater treatment tests (see section 3.2) were performed in batch
photobioreactors, namely 50 mm diameter Drechsel bottles with a total
volume of 250 mL (Quickfit® Drechsel), for a duration of five days,
starting from a microalgae concentration corresponding to an optical
density OD,59 = 0.3. The temperature of the photobioreactors was kept
constant at 24 °C by placing the bottle inside a thermostatic incubator.
Cultures were continuously mixed by means of a magnetic stirrer. Ar-
tificial light was supplied by means of a LED panel (warm-white), and
the light intensity was regulated by varying the distance of the

Table 1

Summary of the three sets of experiments performed: the first set is related to
microalgae growth in tannery wastewaters, both raw and after biochar pre-
treatment; the second set is related to PB and CB adsorption characterization;
the third set to microalgae growth in tannery wastewaters, both raw and after
biochar pretreatment.

Experimental set  Type of Experimental conditions
experiment
1 Microalgae TWW-1a
growth TWW-1 + PBb
2 Biochar CBc/PB comparison 3 mg L™ Cr(1lD)
adsorption 5 g L™ ! biochar
5min-25h
CB adsorption 1-20 mg L™' Cr
isotherm (11D
0.5 g L™! biochar
50 min
CB adsorption 20-3-1mgL~' Cr
kinetics (11D
0.5-2-5gL™?
biochar
25h
3 Microalgae TWW-2d
growth TWW-2 + CB

first sample of tannery wastewaters; bpinewood biochar; “Commercial biochar;
dsecond sample of tannery wastewater.
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photobioreactor from the light source. The photon flux (umol photons
m~2 s1) in terms photosynthetically active radiation (PAR, 400 —700
nm), was measured with a photoradiometer (Delta OHM - HD 2101.1)
and set at 100 pymol photons m ™2 s%,

To avoid the growth of unwanted bacteria or microalgae strains (lab
environment contamination) the photobioreactors and all the tools
were sterilized in an autoclave for 20 min at 121 °C, whereas the tan-
nery wastewater was not sterilized, so to maintain the endogenous
microflora naturally present, and better exploit the CO,/O, gas ex-
change between algae and bacteria [28]. For this reason, no external
supply of air and CO, was provided to the cultures. All the growth
experiments were performed with at least two biological replicates.

2.3. Tannery wastewater

Tannery wastewater was collected from the inlet of the industrial-
urban wastewater treatment plant of Montebello Vicentino (VI), Italy,
which receives wastewater from the tanneries located in the industrial
leather districts of Montebello, Zermeghedo and Montorso (Vicenza,
Italy), and urban influents coming from the same area. Such waste
streams are then treated by conventional activated sludge, where an
efficient removal of COD and nitrogen is performed. Besides the other
contaminants, the issue of chromium removal is borderline, and more
research is needed to lower the concentration of such compound,
which, despite being under the law limits, should be reduced to contain
the environmental impact.

The TWW, after primary sedimentation, was collected and stored in
1.0 L bottles and preserved at —20 °C to limit the growth of endogenous
microflora and variation of pollutants concentration. No sterilization
was carried out on the medium. The TWW was characterized in terms of
pH and nutrients content. Two different TWW samples (TWW-1 and
TWW-2, respectively) were collected from the treatment plant in two
different moments (which were used in the first and the third sets of
experiments, respectively, see section 2.1). The analysis of these two
samples highlighted a different composition, which was due to the in-
evitable variability of the wastewater inlet composition to the plant.
The values measured are reported in Table 2, for both samples. Total
Nitrogen (TN) values were comparable with ammonia concentrations,
suggesting that nitrogen is mainly present as ammonium.

In addition, the tannery wastewater samples were analysed by ICP —
OES analysis, resulting in the metals composition reported in Table 3. It
should be noticed that most of the chromium present in wastewater was
easily settleable, so that the soluble fraction resulted in 1.55 = 0.10
ppm in terms of elemental chromium. The chromium present in the
water was mainly in the trivalent form. The Italian law limits (D. Lgs
152/06) are 0.2 mg L~ for hexavalent chromium. Thus, we refer to
total chromium, but it can be reasonably assumed that the presence of
hexavalent chromium is less than 0.2 mg L™, as certified by the tan-
nery companies, which have also revamped their processes in the recent
past, to avoid the application of such a highly toxic compound.

2.4. Biochar production and characterization

Laboratory produced pinewood biochar (PB), was obtained via slow
pyrolysis of pinewood branches using a Parr reactor in laboratory set-up
[29]. The biomass was dried in an electric oven at 105 °C for 2 days.
The bark was removed, and the branches were chopped into pieces (10
mm x 20 mm). 50 g of the biomass were incubated in the reactor. The

Table 2
pH and nutrients average concentrations of filtered TWW (mg L™ 1).
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chamber was purged with nitrogen (N2) for 5 min. The highest treat-
ment temperature (HTT) was 400 °C for a 30 min retention time at
ambient pressure. The reactor was slowly cooled with internal water
coil system. The resulting biochar was collected, and its yield resulted
about 35-40 % w/w.

Flash 2000 Elemental Analyzer was used to determine the carbon,
hydrogen and nitrogen content of the biochar sample. For quantifying
ash component approximately 0.5 g of dried sample was weighed into
ceramic crucibles and incinerated overnight in a muffle furnace at 575
°C.

Fourier-transform infrared spectroscopy (FTIR) analysis was carried
out: infrared spectra (4000 — 400 cm ™ 1) were recorded using Bruker
Alpha, Platinum-ATR. BET analysis was carried out using NOVA 2000e
surface area and pore size analyser (Quantachrome Instruments). Raw
biochar samples were analysed for multipoint BET surface area using
nitrogen as the adsorbing gas. The analysis involved degassing the
sample at 150 °C for 4 h.

Another type of biochar (CB) was commercially procured by “New
Hampshire Biochar — The Charcola Group”. According to the manu-
facturer, mixed feedstock of hardwood and softwood such as maple,
birch, pine etc. were used to produce this biochar at 500 °C via slow
pyrolysis method. Biochar was passed through 0.02—0.17 um sieves
prior to its use in the experiment.

2.5. Application of biochar as a pretreatment for microalgal cultivation

In the first and third sets of experiments, PB and CB, respectively,
were used as preliminary filtration step before microalgae cultivation in
real TWW. For each treatment, the amount of biochar needed was
powdered in a mortar grinder, weighted, and added to the TWW. The
biochar was maintained in suspension placing the test tube on a la-
boratory orbital shaker. After the treatment, biochar was separated
from the liquid phase by vacuum filtration using a paper filter with a
pore diameter of 0.8 um. The filtrate was collected and analysed. For
biochar treatment experiments the volume used was about 100 mL for
each single experiment.

2.5.1. Growth measurement

Microalgal/bacterial growth was monitored daily from each was-
tewater treatment test. Optical density (OD) was measured with a
spectrophotometer (Spectronic Unicam UV-500° UV-vis, UK) at a wa-
velength of 750 nm. Total suspended solids (TSS) concentration were
measured as dry weight, by filtering a fixed volume of sample using
0.45 pm (Whatman®, UK) filters. The pre-weighed filters were dried for
2 h at 105 °C. As these analyses do not distinguish between microalgae
or bacteria contributions, C. protothecoides growth was analysed by cell
count with a Biirker chamber, to account for microalgae growth only.
Specific growth rate (u) of microalgae was obtained by the linearization
of exponential data in semi-logarithmic graph of cell concentration,
according to Malthus model:

In(Cy/Cyoin) = ut o)

where C, is the biomass concentration, C, ;, is the initial concentration
and ¢ the time considered.

2.5.2. Analytical procedures
To evaluate the TWW treatment performances, initial and final
concentration of pollutants were measured for each test. Chemical

pH COD N-NH; P-PO, Cr (total, soluble fraction)
TWW-1 8 1104 + 21 151 +1 1.62 + 0.32 1.653 + 0.273
TWW-2 7.67 2,133 £ 78 2,218 + 12 1.68 + 0.2 2.139 + 0.001
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Table 3

ICP-OES analysis of tannery wastewater of the two water samples, TWW-1 and TWW-2 respectively.
Element Average concentration (ppm) Element Average concentration (ppm)

TWW-1 TWW-2 TWW-1 TWW-2

Ag 0.007 + 0.001 0.0028 + 0.05 Mn 0.039 + 0.007 0.138 + 0.003
Al nd 0.0214 = 0.005 Mo nd nd
As nd 0.0184 + 0.001 Na > 1005 90.8
B 0.189 + 0.045 nd Ni 0.027 + 0.026 nd
Ba 0.002 + 0.002 nd P 2.093 + 1.007 2.67 = 0.04
Be 0.007 + 0.001 nd Pb nd 0.018 + 0.04
Ca 61.190 *+ 23.905 169.92 + 0.02 S > 530 > 600
Cd nd nd Sb 0.179 + 0.028 0.396 + 0.028
Ce nd nd Se nd 0.046 + 0.01
Co nd nd Si nd 0.455 * 0.018
Cr 1.653 = 0.273 2.139 + 0.001 Sn 0.050 + 0.003 0.013 + 0.003
Cu nd nd Sr 0.140 * 0.048 0.59 + 0.048
Fe 0.160 + 0.018 1.3 + 0.004 Te 0.140 + 0.081 0.087 + 0.081
Hg nd nd Ti 0.005 =+ 0.002 0.025 + 0.002
K 46.130 = 9.247 68.84 + 0.026 Tl nd nd
Li 0.008 + 0.001 0.011 + 0.001 \% 0.025 + 0.005 0.025 + 0.005
Mg 41.957 + 4.817 76.6 = 0.03 Zn nd 0.081 + 0.005

Oxygen Demand (COD), Orthophosphates (P-PO,4), Ammonia (N-NH3),
Nitrites (NO,) and Nitrates (NO3) concentrations were measured with a
spectrophotometer, based on colorimetric tests. COD concentration was
assessed by a colorimetric method based on the oxidation of organic
and inorganic compounds by potassium dichromate (K>Cr,0;) in acid
conditions. In addition to the latter, the reagent also contains sulfuric
acid (H,SO4), which works as a catalyst, and mercury sulphate (HgSO,4)
which prevents interferences due to the presence of chloride ions.
Absorbance at 445 nm of a sample reacted for 2 h at 148 °C were then
obtained. Orthophosphates were analysed with the molybdate/ascorbic
acid method. The colorimetric reaction took place between orthopho-
sphate ions and molybdenum, under reducing conditions, resulting in a
blue complex, whose absorbance was measured at 705 nm after 10 min
reaction at room temperature. Ammonia concentration was evaluated
by measuring the absorbance at 445 nm of a sample reacted for 5 min at
room temperature, using a standard test kit (Hydrocheck Spectratest, id
6201), which involves a colorimetric reaction between ammonium ions
and the Nessler’s solution. Nitrates were evaluated using standard test
kits (Hydrocheck Spectratest, id 6227), according to the Griess test, and
measuring the absorbance at 520 nm of the sample after 8 min reaction
at room temperature. Nitrates analysis was carried out by measuring
the absorbance at 445 nm of the sample, reacted for 10 min at room
temperature with a standardized volume of powder reagent available in
a standard test kit (Hydrocheck Spectratest, id 6223). Metals con-
centration was measured by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES, AMETEK® - SPECTRO GENESIS).

2.6. Batch adsorption experiments with biochar

In the second set of experiments, biochar adsorption performances
were characterized in synthetic medium to better understand their
trivalent chromium adsorption capabilities. Chromium nitrate,
Nonahydrate nitric acid chromium salt (chemical formula - CrN3Og;
molecular weight — 238.01 g mol ') supplied by Fisher Scientific, IL,
USA, were used for the synthetic medium. The stock solutions of 1 g/L
Cr(III) were prepared by dissolving 4.577 g CrN3Og in 1 L DI water. All
other chemicals used were of analytical reagent grade. All experiments
were carried out in two replicates.

2.6.1. Comparison between adsorption potential of CB and PB

Two reactors were set: one having CB as adsorbent and another one
with PB. Each reactor had a 125 mL volume of 3 mg L™ L Cr(I1) solution
(i.e. 0.375 g Cr(Ill) in total), with 5 g L™ dosage of adsorbent. The
concentration of biochar was selected based on the survey of previous

literature [24,25,30]. All mixtures were shaken at 180 rpm. Samples
were collected at 5 min, 20 min, 40 min, 60 min, 180 min and 25 h
using PVDF filter (0.22 um). Results will be presented in the results and
discussion section. Control (no biochar) and blank [no Cr(III)] samples
were simultaneously carried through with the adsorption samples.

2.6.2. Batch adsorption isotherm experiment

To investigate the best fitted adsorption isotherm, different reactors
with 125 mL of Cr(III) solution having concentration starting from 1 mg
L™ t0 20 mg L ™!, with 0.5 g L™ ! of biochar dosage at each were set. All
mixtures were shaken at 180 rpm. After 50 min. of adsorption equili-
brium samples were collected passing through 0.22 pm filter. All ex-
periments were performed in duplicate. The amount of Cr(III) removed
by adsorption was calculated using the following equation:

_V(-C)
qe - M (2)

where g, is the amount of Cr(III) removed per gram of biochar, Cy and
C, are the initial and equilibrium Cr(III) concentrations (mg L™ Y in
solution, V is the solution volume (L), and M is the weight of biochar
(8.

Adsorption isotherm can estimate the adsorption capacity and
provide knowledge of the physicochemical phenomena involved in the
process. Isotherm can describe the equilibrium relationship between
adsorbate and the adsorbent surface. Langmuir, Freundlich, Temkin,
Dubinin-Radushkevich (D-R), BET adsorption isotherms are some of
the commonly used ones. In this study, Langmuir and Freundlich iso-
therm models were tested to fit the data, as they are the most commonly
used to fit the isotherm equilibrium data of heavy metals sorption on
biochar. The Langmuir isotherm can be articulated as:

C_C, 1

9. A 9 bL (3)

g = Amount of Cr(III) adsorbed (mg/g)

C. = Equilibrium solution concentration of Cr(IIl) (mg/L)

gm = Langmuir constant related to the maximum adsorption ca-
pacity (mg/g)

b;, = Langmuir constant related to the energy of adsorption (L/mg)

A plot of C./q. versus C, will give a straight line with a slope of 1/ q,,
and intercept 1/ g, b;. The Freundlich equation can be expressed as:

1
logq, = logK; + ;logCe 4)

where g, is the amount of Cr(III) adsorbed (mg/g), K is the Freundlich
constant related to the relative adsorption capacity of the adsorbent
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(mg/g) (mg/L)", 1/n is the heterogeneity factor which is related to the
capacity and intensity of the adsorption and C, the equilibrium solution
concentration of Cr(III) (mg/L). A plot of (log q.) versus (log C.) will
give a straight line with a slope of 1/n and intercept of (log Kj).

2.6.3. Batch adsorption equilibrium experiment

Batch kinetic experiments involved using three different biochar
dose (0.5 g L7, 2 g L 'and5 g L~1 and initial Cr(III) concentration
(20 mg L', 3mg L™ " and 1 mg L™ ). Experiments were carried out for
25 h and samples were collected at regular intervals after filtering
through 0.22 pum filter. Both experiments had duplicate reactors for
each sampling interval. To investigate the possible adsorption me-
chanism and to analyse the rate of adsorption of Cr(III) on biochar,
pseudo first-order and pseudo second-order kinetic models were ap-
plied to the adsorption data.

2.7. Statistical analysis

t-student tests were applied to ascertain meaningful differences in
nutrient removal with respect to the initial concentration of the was-
tewater and in specific growth rates of C. protothecoides with and
without the biochar pretreatment. The level of statistical significance
was assumed for p < 0.05, and significantly different results are high-
lighted with an asterisk in the figures. P-values are reported in the text
when the corresponding results are discussed.

3. Results and discussion

3.1. Effect of biochar application on tannery wastewater and as a
pretreatment for algae cultivation

Pinewood biochar (PB) was used to assess its possible exploitation
as an adsorbent in TWW for metals removal, based on the results of a
previous study reporting good performances in synthetic solutions [17].
The effects of its application were evaluated by varying the operating
conditions, such as contact time and amount of biochar added. The
results showing the effect of contact time on relevant metals con-
centrations, obtained using a biochar concentration of 5 g L™, are
reported in Fig. 1. It is seen that after 5 min of contact about 34 % of the
total chromium was removed by the biochar (p = 0.01), and that
longer contact times did not result in improved performances (Fig. 1A).
Besides chromium, other metals present in the tannery wastewaters
were found to be affected by the treatment, as reported in Fig. 1B.
Metals such as Ni were reduced by 60 % (p = 0.009), which could be
beneficial for the subsequent algal growth, while K and P were found at
slightly higher concentrations after biochar pretreatment.
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Additional experiments were carried out by changing the amount of
biochar added to the wastewater, ranging between 5—50 g L ™! (Figure
S1, Supplementary Material). No differences were found among the
different treatments, resulting in chromium removal values very close
to the ones reported in Fig. 1, suggesting that a biochar concentration of
5 g L'! was indeed sufficient, and there could be some other limitation
to a higher removal, possibly related to the complexity of the waste-
water (see Section 3.5 for detailed discussion). The effect of pH was also
assessed, without significant total Cr removal improvement, in the
range of viability of microalgae (data not shown). The residual chro-
mium content in the water, even if lower than the current law limit, still
represents an environmental issue. In fact, the concerns about the
possible effects of releasing such amount of chromium into the en-
vironment has led to the resolution of strongly reduced law limits,
corresponding to 50 pug L™! of total chromium and 10 pg L7 of the
hexavalent form for drinkable water [DIlgs 31—2001, https://www.
camera.it/parlam/leggi/deleghe/testi/01031dl.htm]. Thus, new meth-
odologies should be applied to accomplish these constraints, starting
from the reduction of environmental inputs of the metals in wastewater
treatment facilities.

According to the perspective of applying biochar filtration as a first
pretreatment for subsequent algal-bacteria cultivation, COD, ammo-
nium and nitrates concentration was also evaluated before and after the
adsorption step (Fig. 2). COD and ammonium were not affected by the
treatment, while a slight decrease of N-NO3 was observed at higher
contact times. However, the concentration of N-NO3; was negligible
compared to the ammonium form, so that overall soluble nitrogen can
be considered almost constant. The only nutrient that was significantly
affected was phosphorus, whose concentration, as reported in Fig. 1B,
was found increased after biochar treatment (p = 0.007 —0.024 at
different contact times). This might indeed possibly have a beneficial
effect on the subsequent microalgal growth. This behaviour with re-
spect to nutrients adsorption is in agreement with what reported by
other researchers. For example, Zhou et al. [31] reported limited ad-
sorption or even released NO3; ™~ and P, which is in agreement also with
the findings of Zhang et al. [32]. It is suggested that an electrostatic
repulsion occurs between the negatively charged surface of biochar and
negatively charged NO3; ™~ and P ions, which makes it difficult for these
compounds to be adsorbed. Concerning organic compounds, Kwarciak-
Koztowska et al. [33] found a COD adsorption percentage of 53 %, with
a heavy metals adsorption rate up to 96 % from landfill leachate. A
possible explanation for the reduced adsorption could be the high af-
finity of heavy metal ions to biochar compared to COD, ammonium and
nitrates. In particular, in this study, pores might be quickly occupied by
Cr(IIl), leaving no binding site available for other compounds. Overall,
it can be concluded that adsorption of dominant species/compounds
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Fig. 1. Metals concentration in tannery wastewaters (TWW-1) as a function of biochar contact time: chromium absolute concentration (A), and other metals relative
concentration (B) (see Table 3 for initial concentrations). Error bars represent standard deviation of triplicates.

62


https://www.camera.it/parlam/leggi/deleghe/testi/01031dl.htm
https://www.camera.it/parlam/leggi/deleghe/testi/01031dl.htm

E. Sforza, et al.

A 1600

1400
1200
1000

800

COD (mg L™

600 -

400

200

Initial 5 min 10 min 20min  30min 40 min

Contact time

B ]
140

~ 120
v, ]
o 100
E ]
= 80

I
z

Z 60
40

20+

0+

10min  20min  30min 40 min

Initial 5 min

Contact time

:
I
3 l
=
o
E
3 21
Z
P4
14
0

T T T
20min 30min 40 min

Contact time

T T T
Initial 5 min 10 min

Fig. 2. COD (A), ammonium nitrogen (B) and nitrate nitrogen (C) in tannery
wastewater as a function of biochar contact time. Error bars represent standard
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requires systematic analysis, which will depend on the type of waste-
water and origin of contaminants, as well as on the characteristics of
the specific biochar.

After characterizing the adsorption performances of PB on real
TWW, its potential as pretreatment for microalgal cultivation was
tested. The microalgal species used was C. protothecoides which was
firstly cultivated in raw tannery wastewater (Fig. 3) to assess the
growth performances in this complex substrate. The growth obtained in
such medium (0.59 + 0.02 d 1) was significantly slower compared to
the values that are typically reported for this microalgal species in
standard synthetic media (about 1 d=1 [34,35].

Thus, even though the species was able to grow in tannery waste-
water as such, some inhibition phenomena occurred. Interestingly, a
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Fig. 3. Growth of Chlorella protothecoides in raw tannery wastewaters (TWW-1)
(open dots) and after biochar (PB) pretreatment (black dots). Error bars re-
present the standard deviation of the two biological replicates.

remarkable improvement of the growth rate was observed when mi-
croalgae were cultivated after the pre-treatment of the tannery waste-
water with biochar, as shown in the same figures. In fact, the growth
rate increased from 0.59 * 0.02 to 0.95 + 0.02d™" (p = 0.002), very
close to the values reported for synthetic media. This suggests that
biochar filtration was effective in reducing the concentration of in-
hibitory compounds in industrial wastewater. It is not clear yet which
kind of molecules may have caused the inhibition of microalgal growth,
but the improvement in growth rate after biochar treatment is pro-
mising in view of a combined application for industrial wastewater
treatment. In addition to increased growth rate, the biochar pre-treat-
ment allowed also to partially remove Cr from the medium, hence re-
ducing the amount eventually uptaken by the microalgal biomass.

Nutrients removal was also monitored (Fig. 4): the application of
biochar pre-treatment resulted in a slightly increased biological re-
moval, especially for nitrogen, which increased from 38 % to 49 % (p =
0.022). This was in agreement with the increased growth reported in
Fig. 3. The initial concentration of about 3 mg L™ ! of N-NO5 remained
constant for all the treatments, suggesting that no nitrification oc-
curred. COD and P removal were instead not significantly affected by
the treatment. However, COD removal was also carried out by the en-
dogenous bacteria, while P removal was high in both cases (83 %), as
microalgae are very efficient in uptaking this nutrient in a wide variety
of environmental conditions [36].

3.2. Biochar characterization: the importance of the biochar properties

As reported in the previous section, the PB biochar was effective as a
pretreatment for algal cultivation, but showed a reduced removal of
metals, in particular chromium, even though previous studies showed
an efficient removal of such a compound. [17] It should be highlighted
that the chromium present in TWW is the trivalent one, while usually
the adsorption capability reported by other authors is related to the
hexavalent species. In this regard, Tan et al. [37]. Reported that ad-
sorption of Cr(III) is stronger compared to Cr(VI). They suggested one of
the reasons behind this phenomenon is the higher cation exchange
properties of Cr(IlI) compared to Cr(VI). Of the Ca and Mg elements
that are present in the biochar as CaO and MgO forms, some contribute
in buffering the pH of the solution, while another portion takes part in
cation exchange with Cr®* and H*, which are hence removed from the
solution. Cr(VI) species are instead negative ions (HCrO4~ and Cro4%),
and as a result cannot take part in cation exchange. They proved this
hypothesis by observing a lower concentration of released Ca** at
equilibrium with Cr(VI) solutions compared to Cr(III). Another reason
could be related to Cr(OH)3 precipitation at higher pH, whereas Cr(VI)
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Fig. 4. Nutrient removal from raw and biochar pre-treated tannery wastewaters (TWW-1) by C. protothecoides: COD (A), total nitrogen (TN) (B) and phosphorus (C).
Different letters indicate statistically different results (p < 0.05). Error bars represent standard deviation of triplicate sampling of two biological replicates.

does not precipitate regardless of change of pH.

A possible explanation of reduced removal might be related to the
complexity of the wastewater, which contained a huge amount of or-
ganic compounds, as well as other metals, possibly causing a compe-
tition in the adsorption efficiency of the biochar. To further investigate
the possible reasons for reduced Cr adsorption in real tannery waste-
waters, it was decided to carry out some additional tests at lab scale,
using a synthetic medium with dissolved Cr(III) salts (see section 2.6).
Moreover, to investigate whether the type of biochar and its physio-
chemical properties could be affecting the adsorption performances, PB
was compared to a commercial biochar (CB), having different char-
acteristics in terms of raw materials and operating conditions used for
their production. The elemental composition and surface area of the
two types of biochar is given in Tables 4 and 5 A shows the FTIR
(Fourier-Transform Infrared Spectroscopy) spectra of CB. The spectra
demonstrate the presence of several oxygen containing functional
groups in biochar. The peaks that can be identified and designated were
aromatic C=C (~1418 cm-1), aromatic carbonyl/carboxyl C=O,
phenolic —OH (~1027 cm-1) and aromatic — CH (~ 872 cm-1). Fig. 5B
shows the FTIR spectra of pinewood biochar (PB). The peaks that can be
identified and designated were aromatic C=C (~ 1585 cm ™Y, asym-
metric stretching of COO- (~1429 cm™ 1) and peak at ~1171 cm™ can
be corresponding to R—OH and phenol groups.

3.3. Adsorption kinetics

Fig. 6 shows the comparative removal percentage of Cr(III) using CB
and PB: commercial biochar was able to remove ~99.6 % Cr(III) within
5 min. (p = 0.22), whereas the laboratory made pinewood biochar
showed ~83.4 % removal after 1500 min (3 h) (p = 0.16). However,
after 25 h, both of the biochar showed almost similar removal

Table 4
BET Surface area and elemental composition of biochar.

Component name Commercial biochar (CB) Pinewood biochar (PB)

Surface area (m?/g) 285.40 2.10
Ash content (%) 35.48 3.99
Nitrogen 0 < 0.50
Carbon 44.59 81.60
Hydrogen 1.01 2.69
Sulphur 0 0
Oxygen 18.93° 15.71°
H:C Molar Ratio 0.07 0.15
0:C Molar Ratio 0.16 0.07

aPDetermined by differences after retrieving data from CHNS analyzer.

efficiency. Varying surface functionality (carboxylic and other oxygen-
containing functional groups) of biochar attributed from feedstock and
pyrolysis temperature can play an important role in this regard. Further
investigation of this phenomenon could be the scope of future work. It
was evident from these studies that CB was more efficient in removing
Cr(IlI) compared to the PB which was utilized for the preliminary in-
vestigation.

Li et.al. [38] proposed that five basic mechanisms are responsible
for heavy metal adsorption on biochar, such as complexation, cation
exchange, precipitation, electrostatic interactions and chemical reduc-
tion. There is not much research conducted on adsorption of Cr(II) on
biochar compared to Cr(VI). However, according to the limited studies
available, three basic mechanisms are suggested to be responsible for Cr
(IIT) adsorption on biochar: (a) complexation with oxygen containing
functional groups, (b) cation exchange, and (c) electrostatic interaction
between Cr(III) ions and biochar [39]. Higher O:C ratio corresponds to
the presence of native negative charge from oxygen functional groups
[29,40], which can play an important role in creating complexation
with positively charged metal ions [41]. O:C was slightly lower for PB
compared to CB, which can be related to the lower Cr(Ill) removal
potential of the former compared to that of CB. During the batch ex-
periment, it was observed that the solution pH having CB was slightly
higher (8.38) compared to the solution pH having PB (7.18). This little
increase could be due to the release of CaO and MgO into the solution
upon adding biochar, which suggest that cation exchange could also
play some role. Chen et al., and Qian et al., observed a similar phe-
nomenon in their studies [37,42]. According to studies conducted by
other researchers, sorption of Cr(IIl) increases with increasing solution
pH [30,43]. Lower solution pH indicates higher H* concentration,
which can take part in creating electrostatic attraction of positively
charged Cr(III) species with negatively charged biochar. However, in
this study, the presence of CB in solution inhibited the increase of so-
lution pH beyond 7 (8.38) which might rule out the possibility of
sorption of Cr(III) through electrostatic interaction.

It is evident from this discussion that O:C ratio and solution pH seem
to have minimal effect in Cr(III) sorption in this study. It can be con-
cluded that the extremely high surface area of CB (approximately 2
orders of magnitude higher i.e., 285.40 m?/g vs. 2.10 m?/g) governs the
overall sorption capacity. This variation happened mainly due to the
difference in feedstock and pyrolysis temperature adopted in the pro-
duction of biochar.

Accordingly, the following investigations were carried out with re-
spect to the CB only. Onward, a complete set of batch adsorption ex-
periment was conducted to evaluate the best fitted adsorption model
and kinetics. The Langmuir and Freundlich isotherm models were used

64



E. Sforza, et al.

Journal of Water Process Engineering 37 (2020) 101431

0257 A |
| &
) N
- =
0.207
Q
2
<
£
20.157
<
0.10+
0.054
4000 3000 2000 1000
Wavenumbers
0.25 B |
Il
= = 10
v v
00 <
g 0.20 a g5
9 o~
g
=]
< 0.157
0.104
0.05
4000 3000 2000 1000
Wavenumbers
Fig. 5. FTIR spectra of (A) commercial biochar (CB), and (B) pinewood biochar (PB).
I Pinewood maximum adsorption happens in monolayer form, which means that
B Commercial molecules of adsorbate are adsorbed only on the free surface of ad-
1904 : N e sorbent and there is no interaction between adsorbed molecules [44].
On the other hand, the Freundlich model assumes that adsorption
80 happens on a heterogeneous adsorbent surface by multilayer adsorp-
tion. The isotherms derived from the Langmuir and Freundlich models
g 604 for sorption of Cr(II) on CB are shown in Figs. 7 (A) and (B) respec-
IS tively.
% il The parameters obtained from the Langmuir and Freundlich models
© are listed in Table 5. The values of the correlation coefficients (R?) for
the Langmuir model was 0.98 (p = 0.056) and for the Freundlich
24 model was 0.99 (p = 0.008). According to Table 5, it can be said that
the linear fits using the two equations were good for explaining the
0 adsorption, but the fit with Freundlich isotherm model was relatively
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Fig. 6. Cr(IlI) removal using commercial and laboratory-made pinewood bio-
char as a function of contact time.

to investigate the sorption isotherms of Cr(III) adsorption (see Section
2.6.2). The Langmuir isotherm model assumes that adsorbate molecules
occupy only one active site on adsorbent surface. It also assumes that

better. This suggests that biochar surface has some heterogeneity and
sorption happens in multilayer. The n value (n = 2.7) indicates that
adsorption of Cr(IlI) on biochar for this study is a physical process
which is in agreement with other literatures [45,46].

The effect of adsorbent dosage was also evaluated, and the results
for the Cr(IIl) uptake using various amounts of CB (0.5, 2 and 5 g/L) are
shown in Fig. 8 (A).

The equilibrium Cr(III) uptake capacity (q.) was found to decrease
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1 - 20 mg/L, contact time =50 min, T =25 °C. Error bars represent the standard deviation of the two replicates and straight lines represent linear trendlines.

Table 5

Langmuir and Freundlich parameters for Cr(III) adsorption on CB.
Model Langmuir Freundlich
Parameters qm(mg/g) br(L/mg) R? Kdmg/g) (mg/L)" 1/n R?
Values 28.65 1.04 0.98 13.64 0.36 0.99

(4.31 to 0.6 mg/g) with an increase in the dosage of the adsorbent. On
the other hand, removal rate of Cr(Ill) increased (from 71.77% to
100%) with the increase of adsorbent dose (p = 0.004). This can be
explained by the hypothesis that increased adsorbent dose provided
increased number of available bonding sites for adsorption, which in
turn reduced the adsorption capacity per bonding site [19].

Accordingly, the effect of initial chromium concentration was as-
sessed, and Cr(III) adsorption with varying Cr(III) concentration is
presented in Fig. 8(B). It is evident that the equilibrium adsorption
capacity of Cr(IlI) on CB increased from 0.19 to 3.9 mg/g with the
increase of initial Cr(IIl) concentration (p = 0.003). This indicates that
initial ion concentration plays an important role to overcome mass
transfer resistance of metal ions between solid and liquid phase. The
change in equilibrium adsorption capacity with contact time was also
studied at given different initial concentrations ranging from 1 to 20
mg/L. Results are shown in Fig. 9.

Cr(II) adsorption was rapid for the first 50 min, and continued at a
slower rate afterwards till it reached equilibrium (p = 0.004—0.011 at
different initial concentration). Equilibrium adsorption capacity in-
creased with the increase of initial Cr(III) concentration.

A
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35 » —<—15mg/L
== g »— 20 mg/L
TU)
o
£
()
o
(=
2
I
o
«n
e
©
S
0 T T T T 1

T T T T T
0 20 40 60 80 100 120 140 160 180 200
Time (min)

Fig. 9. Effect of initial Cr(III) concentration and contact time on Cr(IIl) ad-
sorption.

3.4. Kinetic model of adsorption of trivalent chromium by CB

Different kinetic models can be employed to investigate the rate-
control mechanism of Cr(III) adsorption on CB. In this study, pseudo-
first order and pseudo-second order were evaluated. The linear form of
pseudo-first order kinetic equation is

In(qe — qY) = In qe - kst 5)

5,0 1 40 .
45 354
o 40 o 3,0 1
1 (o))
> |
35
£ ] % 2,5
Q
g 0] & 20
a 1 c 204
C o ’
9 25 =
= o
S 1 5 154
o 2"
8 207 S
4 ©
® S 104
= 154 . =
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5 10l S 054
1 n
0,5 - 0,04
T T T T T T T T T T T T T T
0 1 2 3 4 5 0 5 10 15 20

Adsorbent dose (g L™)

Initial Concentration (mg L")

Fig. 8. Effect of A) adsorbent dose and B) initial concentration on the removal of Cr(Ill). Error bars represent the standard deviation of the two replicates.
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Fig. 10. Pseudo-second order kinetic for adsorption of Cr(III) on CB. Straight
lines represent linear trendlines.

The linear form of pseudo-second order kinetic equation is:

t 1 t

a9 ke’ q 6

Here, q. is the amount of Cr(III) adsorbed onto the adsorbent at equi-
librium (mg/g), q; is the amount of Cr(III) adsorbed at any time t (mg/
g), and k; (min~ 1) and k, are the rate constant of the pseudo-first order
and pseudo-second order kinetic adsorption respectively which can be
calculated from the slope of the linear plot of In(q. - q,) and t/q, vs. t.
Fig. 10 represents the fit of pseudo-second order kinetics models to the
adsorption of Cr(III) by CB.

The calculated value of ky, k,, q. and their corresponding correla-
tion coefficient values (R?) are presented in Table 6. R-squared de-
scribes the proportion of the variation in the dependent variable ex-
plained by the independent variables whereas adjusted R-squared
explains the statistic based on the number of independent variables in
the model. For the best estimate of the linearity, multiple regression
analysis have been conducted and adjusted R? values have been re-
ported here.

The regression coefficients for the models show that pseudo-second
order kinetic model fitted best with adsorption data. When pseudo-first
order kinetic equation was applied to describe Cr(III) adsorption, the
equilibrium adsorption capacity (q.) of CB were calculated to be 0.11
mg/g for 20 mg/L initial Cr(IIl) concentration and 0.033 mg/g for 3
mg/L initial Cr(III) concentration which were significantly lower than
the experimental values of 3.90 mg/g and 0.60 mg/g respectively.
Therefore, the pseudo-first order model is not applicable for Cr(III)
adsorption on CB. Hence, the kinetic adsorption data were further
employed to pseudo-second order kinetic model and it was found that
this model predicted the values of equilibrium adsorption capacity as 4
mg/g and 0.6 mg/g for 20 mg/L and 3 mg/L initial Cr(III) concentration
respectively which almost accurately match with the experimentally
acquired values. Therefore, it could be stated that chemisorption might
be the rate-limiting step of Cr(II) adsorption on CB. It can also be

Table 6
Pseudo-first order and pseudo-second order kinetic parameters for Cr(III) ad-
sorption on CB.

Co Experimental Pseudo-first order Pseudo-second order
(mg/L) Calculated Calculated
Q. (mg/g) ki (min~')  q.(mg/g) R? k(g . R

mg~'  (mg/
min~") g

20 3.90 —0.002 0.11 0.152 0.155 4 0.99

3 0.60 —0.002 0.033 0.2197 10.59 0.6 0.99

1 0.19 N/A N/A N/A 3.52 0.2 0.99
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shown that the values of k, decreased with the increase of initial Cr(III)
concentration. This was because when initial concentration increases it
takes longer time to reach equilibrium, hence the rate constant de-
creases.

3.5. Application of CB as pretreatment for algal cultivation

Having verified that CB outperformed PB in terms of Cr(IlI) ad-
sorption in synthetic waters, its adsorption capabilities were tested on
real tannery wastewater, to assess its possible application as a pre-
treatment for algae cultivation. In this case, the tannery wastewater
sample showed different characteristics compared to the previous one:
TWW-2 were found particularly polluted, with higher content of nu-
trients and metals compared to TWW-1, as reported in Table 2 and 3.

Generally, it appeared that different metals were adsorbed from the
tannery wastewater by the CB, compared to PB (see Section 3.1): Al, As,
Ni, S, Na, Si were partially removed by the application of CB (10 g L. ™!
for 30 min), as well as Fe and Ca, which was removed as in the case of
PB. A slight increase of K and Mg was observed, but also a reduction of
P, which was not observed previously with PB. No significant differ-
ences were instead found for the other metals analysed. Concerning
chromium, a removal from 2.14 mg L™ ' to 1.2 mg L™ was observed,
accounting for 44 % reduction of the initial TWW content. This result is
lower than that expected based on previous adsorption experiments
carried out in synthetic medium, which is certainly due to the com-
plexity of the wastewater used. In fact, part of the COD was removed by
the application of biochar, suggesting competition of organic matter to
the biochar adsorption capabilities.

On the other hand, the application of biochar on TWW-2 showed
similar results on the cultivation of C. protothecoides, as reported in
Fig. 11. It should be noticed that the higher pollution level of the TWW-
2 caused a strong reduction of the growth capabilities of microalgae in
the raw wastewater with respect to that obtained in TWW-1, with a
growth rate of about 0.23 = 0.001 d~?, and cell death after 3 days. On
the opposite, the application of biochar pretreatment showed an in-
crease of the growth rate up to 0.52 + 0.06 d~! (p = 0.024), sug-
gesting that the application of biochar was beneficial even in highly
polluted waters.

Nutrients removal was affected by the different microalgae growth
in the two cases, as reported in Supplementary Materials (Figure S2). In
particular, COD removal did not change as a consequence of biochar
pretreatment, and was equal to 64 + 1% in both cases. On the other
hand, N and P removal improved from 14 % to 34 % (p = 0.079) and
from 73 % to 88 % (p = 0.046), respectively, thanks to biochar pre-
treatment. It should be noted that the N concentration in TWW-2 was

4.0x107
3.5x107 4 (]

" . i
3.0x10"

1

Cell concentration (cells mL™")

2.5x10" A %
2.0x107
1.5x107 1 ]
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Fig. 11. Growth of Chlorella protothecoides in tannery wastewaters (TWW-2)
with (black dots) and without (open dots) biochar pre-treatment. Error bars
represent standard deviation of two biological replicates.
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slightly higher than that of TWW-1. In this case, the beneficial effect of
the biochar filtration pre-treatment was even more evident, due to the
significantly higher pollution level of TWW-2, which strongly hindered
biomass growth. The removal of nitrogen is also interesting as it is
stored in the biomass, and not lost in the atmosphere as in the case of
conventional nitrification/denitrification processes, showing the po-
tential of microalgae in a waste-to-product perspective.

In summary, the results of this study show that a combined biochar-
microalgae process for tannery wastewater treatment might be pro-
mising in view of an industrial bioremediation approach, by increasing
algal growth while also reducing the amount of heavy metals in the
biomass. The quality of the influent tannery wastewaters, as well as the
characteristics of the biochar, can have a strong impact on the overall
performances, so that further investigation is necessary to optimize the
process. The complexity of the tannery wastewater composition should
also be considered, as, if the biochar is not specific enough for metal
removal, some competition for adsorption site may occur, thus lowering
the metals remediation.

4. Conclusions

This work aimed at assessing whether the combination of a biochar
filtration step followed by microalgal cultivation could result in a
promising technology for treating industrial wastewaters from tan-
neries. These wastewaters have a complex composition, which may
cause inhibition phenomena in microorganisms. In our experiments,
microalgal-bacteria consortia were found to be able to grow and par-
tially remove nutrients from such a stream, however growth was slower
compared to those reported in standard media. On the other hand, the
application of a biochar filtration step on the raw wastewaters resulted
in improved growth (by 61 % and 126 % for two different sets of ex-
periments) and nutrient removal for the microalgal species tested. In
addition, it was found that, if the target of biochar adsorption is tri-
valent chromium, the biochar production process is the key for an ef-
ficient removal of this metal. In fact, a commercial biochar produced by
slow pyrolysis of mixed feedstock at 500 °C allowed achieving an al-
most total removal of chromium III from synthetic water, significantly
higher than that obtained with the biochar produced in the lab by slow
pyrolysis of pinewood at 400 °C. Ultimately, the pollution level of the
tannery wastewater influences the performances of both the biochar
adsorption and the microalgal cultivation steps. Nonetheless, biochar
pretreatment always resulted in improved microalgal growth and nu-
trients removal performances, highlighting the potential of the com-
bined treatment for tannery wastewater bioremediation. Economic
feasibility of such adsorption process widely depends on the regenera-
tion/re-use of the spent adsorbent. A comprehensive desorption study
would be an interesting scope for future work.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The dissertation aims to serve as a valuable resource for future researchers in this field to

identify opportunities and challenges associated with biochar's application in heavy metal removal

and to develop innovative and sustainable solutions for water treatment and management.

As discussed in Chapter 2, numerous studies have demonstrated the impressive potential of
biochar as a cost-effective and sustainable solution for water remediation. The review
acknowledges that although biochar has significant potential as a metal adsorbent, there are
several gaps and limitations in the existing literature. For example, there has been limited
research conducted on the disposal options for Pb(I1)-loaded biochar, regeneration of biochar,
and the use of column flow setups. Moreover, most studies have focused on single-metal
solutions, which may not accurately reflect real-world scenarios. To address these gaps and
limitations, future research should conduct a comprehensive analysis of toxic Pb(Il) leaching
from biochar to identify the most feasible management solution for spent biochar. Furthermore,
there is a need for more studies to establish design criteria for scaling up the system and gain a
comprehensive understanding of the mechanisms underlying Pb(11) sorption behavior. In
summary, the review highlights both the opportunities and engineering challenges of using
biochar as a metal adsorbent and serves as an essential resource for researchers working in this

area.

In Chapter 3, the adsorption study has successfully demonstrated the potential of biochar as

a cost-effective adsorbent for removing Pb(Il) from contaminated drinking water through a fixed

bed continuous flow process. The focus on commercially available biochar and its use in a flow-

through system is a unique approach that sheds light on the effectiveness of biochar in
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addressing the issue of lead contamination. Additionally, the study emphasizes the potential of
locally produced biochar from clean biomass sources as a sustainable and low-cost option for
removing Pb(I1) from water. Based on the findings of this study, it is recommended that further
research be conducted to optimize the biochar production process and investigate the use of
different types of biomass sources. Moreover, efforts should be made to develop a practical and
scalable point-of-use water filter using biochar as an adsorbent, which can be deployed in
regions where access to clean drinking water is limited.

In Chapter 4, in collaboration with the University of Padova, Italy team, the use of biochar
as a pretreatment measure for the bioremediation of tannery wastewater was investigated. The
application of biochar obtained from two different sources (laboratory made Pinewood biochar
and commercial biochar) in the wastewater to remove Cr(l11) led to a significant increase in
microalgae growth rates (61% - 126%) and it was concluded that biochar production parameter
effects the Cr removal efficiency which is in agreement of the findings of Chapter 2 and Chapter
3. This knowledge can be further elaborated for practical application.

In conclusion, the dissertation provides valuable insights into the potential of biochar as a
sustainable and cost-effective solution for heavy metal removal from contaminated water. The
study's findings underscore the need for further research to address the engineering challenges
associated with scaling up the system and standardizing the market for biochar as an adsorbent.
The dissertation's contribution to the field of water treatment and management is significant, and

the findings will help guide future research in this area.
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APPENDICES
APPENDIX A: EPA P3 PROPOSAL

Abstract Opportunity Number: EPA-G2017-P3-Q4 — Water
Funding Opportunity Number and Research Area: P3 Awards: A National
Student Design Competition for Sustainability Focusing on People, Prosperity and the
Planet; Funding Opportunity Number: EPA-G2017-P3-Q4 — Water

Project Title: Low-cost Household Biochar Water Filter for Lead Removal

Principal Investigator (P.l.):

Sandeep Kumar, skumar@odu.edu Associate Professor, Department of Civil &
Environmental Engineering, Oold Dominion University.
www.odu.edu/directory/people/s/skumar
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Kumkum Engineering . . Lead
Engineering
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Morgan BS Civil Engineering (Sophomore) Team Member
Mr. Aaron Cox BS Civil Engineering BS Student (Junior) Team Member
Mr. Jacob Landis | BS in Civil Engineering Industry Consultant Consultant
Mr.E"gggthy BS in Civil Engineering Industry Consultant Consultant
Ms. Angela N MS Student Research . .
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BS Applied Science PhD Student Civil &
Mr. Caleb Talbot MS Environmental Environmental Project Advisor
Engineering Engineering

Institution: Old Dominion University, 5115 Hampton Road Blvd. Norfolk, VA

Student Represented Departments and Institution: Department of Civil &
Environmental Engineering, and Biology

Project Period and Location: August 15, 2017 to August 14, 2018, Awardee
Institution: Old Dominion University Research Foundation, Norfolk, VA; Performing
Institution: Old Dominion University, Norfolk, VA
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Proposed EPA Project Cost: $15,000
Total Project Amount: $15,000

Project Summary:

e Objective: Heavy metal contamination in drinking water is a growing
concern due to its severe health effect in human. Conventional processes like use of
activated carbon for the adsorption of metals i. e., lead has always been an
expensive method which has precluded its ubiquitous use. We propose to design
and develop a low-cost household water filter using biochar to introduce a user-
friendly cost effective system for removing lead from drinking water. There are
several intellectual merits (based on our several prior published studies) of the
proposed filter. First, the proposed filter reduces the cost and makes it a more
effective approach since biochar is significantly cheaper and has higher cation
exchange capacity (CEC) than activated carbon in lead removal. Second, the
proposed filter is an easy-to-use system that works in residential faucet water flow
and requires no professional help for the installation. Third, the proposed filter is
effective in natural water condition and does not require any pH adjustment.

e Description: Biochar can be a cost effective substitute to activated carbon in lead
adsorption because of its porous structure, irregular surface, high surface to volume
ratio and presence of oxygenated functional group. We propose to design a
household water filter that uses biochar as an adsorbent for removing lead from
drinking water. The proposed filter integrates the conventional filter and adsorption
potential of biochar in order to create a system that can eliminate lead from
supplied water. It will significantly decrease the cost for abatement of lead
pollution. In addition, the proposed filter uses only biochar (a renewable material)
for filtration and production of biochar is a relatively simple process. . Furthermore,
this project will provide a good opportunity for educating the public, especially
school students in local community. We plan to attend and present our results in the
regional science fairs. We specifically target annual Tidewater Science &
Engineering Fair, which welcomes all the K-12 students from in the Hampton
Roads area.

e Results: The expected deliverables of the proposed filter consists of three stages.
In the stage one, theoretical investigation will be performed on the proposed filter.
The research will focus on breakthrough point calculation, material selection,
product design, and efficiency evaluation. In the stage two, the research team will
build a prototype of the filter to evaluate the practical lead removal performance of
the proposed concept. The third stage is to demonstrate the potentiality of the
prototype filter for successful elimination from lead contaminated drinking water.

Contribution to Pollution Prevention or Control: The proposed project
practically put an end to the dependence on activated carbon and therefore reduces the
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cost and difficulty in removing lead to ensure safe drinking water. Being a renewable
material, the proposed biochar filter will produce minimum pollution to the environment.

Supplemental Keywords: human health, toxics, pollution prevention, drinking water
treatment technologies, cost-benefit.
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Low-cost Household Biochar Water Filter for Lead Removal

Section 1: Proposed Research

Opportunity Number: EPA-G2017-P3-Q4 — Water

The proposed project is directly related to the EPA/P3 objectives of ensuring long-term
sustainability including the prevention and/or control of the man-made or man-induced
alteration of the chemical, physical, biological, and radiological integrity of water.

Challenge Definition:

According to United Nations, “The human right to water entitles everyone to sufficient,
safe, acceptable, physically accessible and affordable water for personal and domestic
uses.”(“General Comment No 15,” n.d.). It is the responsibility of the government to ensure
its people have access to safe, sufficient, and affordable water. There is increasing concern
over health effects of toxic compounds released into the natural environment. Drinking
water becomes contaminated due to levels of toxins or suspended solids. The Clean Water
Act and the Safe Drinking Water Act are two pioneering pieces of legislation regulating the
discharge of pollutants into the waters and set the water quality standards for all
contaminants in surface water in United States. However; even with strict regulations in
place, mishaps persist.

As an example, in Flint, Michigan a crisis effected safe drinking water. Lead piping
was outlawed thirty years ago, but it is estimated that almost ten million pipes remain in
use today (Wines, M., & Schwartz, J., 2016). When the states switched the source of water
supply from Lake Huron to the Flint River in 2014 (Ganim, & Tran, 2016), the river water
tested 19 times more corrosive than lake water according to a study by Virginia Tech.
Toxic lead began leaching into the city’s water supply causing a national health crisis.
According to the Centers for Disease Control (CDC) and Prevention (“Lead”, 2016a), there
are half a million children with blood level concentrations of lead ranging from one to five
micrograms per deciliter. This range in toxin concentration requires public health
intervention enforced by the CDC. According to the World Health Organization, high lead
levels in the blood are especially harmful to children and pregnant women, and can cause
learning disabilities, behavioral problems, and mental retardation. For adults, blood lead
levels less than 5 pg/dL decreases kidney function (“Lead”, 2016b); for pregnant women
high levels of lead in the circulatory system reduces fetal growth. Medical treatment may
reduce the amount of lead in the blood but cannot reverse the damage (Pilsner et al., 2009).
This intensifies the need for prevention and a sustainable system that can effectively
remove lead from tap water after reaching the homes of citizens. Various methods are used
to remove metal from water and wastewater, i.e., chemical precipitation, ion-exchange,
adsorption, membrane filtration, electrochemical treatment technologies, etc. (Fu, & Wang,
Q. 2011). Adsorption is the most efficient for metal removal (Liu, & Zhang, 2009) and
activated carbon has been used widely in many applications as an effective adsorbent but
high production cost (Salam, Reiad, & ElShafei, 2011) created the necessity of a low-cost

alternative like biochar. The goal is to design a filter that can effectively
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remove lead from tap water using biochar and make it safe for drinking
towards the people of the household.

Research Description:

The major challenge of using biochar as a cost competitive method is to assess what
quantity of lead a given amount of biochar can adsorb before supersaturation in a
continuous flow packed-bed system. Adsorption of a substance involves its accumulation at
the interface between two phases. Breakthrough; the point at which all adsorption sites are
occupied-adsorbate and adsorbent are in equilibrium, of a given amount of biochar data can
be used to design a household water filter for drinking water free of lead contamination.
This P3 award team proposes to design a biochar filter for removal of lead from tap water
using the principle of adsorption based on the schematics shown in Figure 1.1 for real
applications.

This project will follow the below goals:

Goal 1: Theoretical investigation will be performed on the proposed filter. The research
will focus on breakthrough point calculation, material selection, and efficiency evaluation

Goal 2: The research team will build a prototype of biochar filter to evaluate the practical
lead removal potential of the proposed concept.

Goal 3: The research team will demonstrate the efficiency of the filter of eliminating lead
from supplied household water

UNDER COUNTER MOUNT FAUCET MOUNT

FILTER CONNECTION DETAIL

Figure 1.1 Proposed Concept for the Biochar filter

This filter is designed for ease of use for any person that may need it. To meet this goal the
schematic (Figure 1.1) demonstrates how the product is envisioned: simple
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installation of filter, mounting onto the faucet, and replacement of the filter cartridge as
needed. Under the counter filters can also be produced for those that are not in need of
immediate use; a product designed for longevity rather than providing potable water in
emergency situations. Materials will be inexpensive to ensure convenience for those in
need and are available for shipment to areas of crisis. Plastics manufacturers can be utilized
for mass production and use of char, as opposed to GAC, will also reduce cost. To
guarantee operational design, additional testing and refinement is necessary to secure an
appropriate factor of safety.

As shown in figure 1.2, there are three stages in this project to engage intended end users.
Additionally, this filter can be used in different types of residential areas.

*Selecting the isotherm that most
suitable for the filter design
*Evaluating performance based on
breakthrough point, different
feedstock of biochar, pyrolysis
temperature and certain flow

*Communicating with potential
partners forthe execution of
future endeavors

cond.ltlo.n } *Conducting promotional activity
*Designing the filter targeting potential consumers
*Building a prototype of the proposed «Distribution of the product to the
concept rratket

*Getting expenmental datausing the
filterin reallife application

*Categonzing the datafor
different parameter
*Optimizing performance and
increasing the efficiency of
the filter

*Estimating the final price
through cost-analysis of the
filterin TS and other
developing countries

Figure 1.2. Road Map for the Proposed Concept.

Research Background:
The project is backed up with years of research data on the use of biochar for metals
removal from water which are published by the PI in following publications:

1.

T.M. Abdel-Fattah, M.E. Mahmoud, S.B. Ahmed, M.D. Huff, J.W. Lee, S. Kumar,
Biochar from Woody Biomass for Removing Metal Contaminants and Carbon
Sequestration, Journal of Industrial and Engineering Chemistry 25, 103-109,
(2015).

Mohamed E. Mahmoud, Gehan M. Nabil, Nabila M. El-Mallah, Heba I. Bassiouny
Sandeep Kumar and Tarek M. Abdel-Fattah, Kinetics, Isotherm, and
Thermodynamic Studies of the Adsorption of Reactive Red 195 Dye from Water by
Modified Switchgrass  Biochar  Adsorbent" Journal of Industrial and
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Engineering Chemistry (2016) Volume 37, 25 May 2016, Pages 156-167.
doi:10.1016/].jiec.2016.03.020

3. Regmi P., Garcia M., Kumar S., Cao X., Mao J., Schafran G., Removal of Copper
and Cadmium from Aqueous Solution using Switchgrass Biochar Produced via
Hydrothermal Carbonization Process. Journal of Environmental Management;
(2012), 10, 61-69.

4. Kumar, S.; Loganathan, V.A.; Gupta R.B.; Barnett, M. An Assessment of U(VI)
removal from groundwater using biochar produced from hydrothermal
carbonization, Journal of Environmental Management; (2011), 92, 2504-2512.

The idea of designing a biochar filters for lead removal stems from recent needs and
developing a marketable products spinning off from several proven lab-scale studies by the
PI. An interdisciplinary student team with interest in water and sustainable design has
worked for nearly 1 year in PIs laboratory to conceptualize this project idea to take it for an
everyday use by developing a marketable product.

Biochar, which results from thermal degradation of organic materials such as crop
residue, forest residue, wood, manure, and other materials, is a carbon rich material that is
porous with oxygen functional groups and aromatic surfaces. Because of its high surface-
to-volume ratio, cation exchange capacity (CEC), and strong affinity for non-polar
substances such as PAHs, dioxins, furans, and other compounds, biochar can be a potential
sorbent for metals, organic pollutants, and pesticides. Recently, biochar has attracted much
attention due to its potential application in environmental management. It is also a
byproduct from upcoming biorefineries, which are expanding following the government’s
drive toward biofuels. In view of the growing biofuels industry, it is important to add value
to the byproduct (biochar) collected at the end of the bioenergy cycle in part to make
biofuels more cost competitive.

The processing conditions and type of biofuel being produced generally determine
the composition, properties, and yield of biochar. Slow/fast pyrolysis or hydrothermal
carbonization (HTC) are usually used for producing biofuels and biochar from
lignocellulosic biomass. These processes are usually conducted in the temperature range of
250-400°C. The HTC process is comparatively low emission and a hazardous waste free
process because it uses water as the sole reaction medium under pressure and heat. The
HTC process has ability to utilize mixed biomass feedstock without prior pretreatment or
drying gives it an edge in terms of energy savings over other thermochemical processes
where prior drying is required. Pyrolysis/HTC produced biochar can be subsequently
activated with the use of alkali (KOH/NaOH) solution to increase its BET surface area or
surface properties to improve its CEC. The PI possess all necessary facility for producing
and activating biochar in his laboratory. Table 1 shows elemental composition of biochar
produced in the PI lab.

Table 1: Composition of Switchgrass and Biochar Used in the Study

Elements C Ash | Ca K Mg P Fe Mn Na Pb
(Wt%) (mg - kg'')

Switchgrass | 44.6 1.3 | 2105 4082 4514 941 115 48 701 1
HTC Biochar | 70.5 3.2 2029 665 2215 481 258 53 395 <0.1
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Compared to switchgrass, HTC biochar had a much higher carbon percentage and a
comparatively lower inorganic content.

The BET surface area of HTC biochar, activated HTC Biochar, and powder activated
carbon (PAC) were examined as part of the study to help assess what effect surface area
may have contributed to differences in metal removal. The effect of KOH activation can be
seen in the increase of BET surface area of the Activated HTCB biochar (5.01 g/m?)
showing an increase of 2.4x over the non-activated biochar (2.11 g/m?) (Table 4). The
BET surface area of PAC (726 g/m?) was more than two orders of magnitude greater than
both of these adsorbents.

Table 2: BET Surface Area of HTC Biochar Activated HTCB and PAC.
HTC Biochar Activated HTCB PAC

BET surface area 2.11 m%/g 5.01 m?%/g 726 m?/g

The adsorption of positively charged lead, copper and cadmium ions mostly occurrs via
attraction to negatively charged surface groups or through the formation of direct surface
complexes to biochar. Figure 1.3 shows the FTIR spectra of HTC biochar, activated
HTCB, and PAC in the near IR region (wave number: 4000-400 cm"). The spectra suggest
the presence of several oxygen functional groups in both HTC biochar and activated HTCB
biochar whereas the spectra of PAC clearly indicate the absence of such functional groups.

- Alipathic C-H Arormatic C=0,
PAC vz me Carbonyl, ?j[ﬁ) CH.
2530 ‘:E o4 quinone,ester or i =

2001 1450
carbecyl 1 I;m o

U

HTC Biochar

Activated

HTCB

3600 2800 2000 1200 400

Figure 1.3: FTIR Spectrum comparing powder activated carbon (PAC), HTC
biochar, and activated biochar (HTCB).
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Results (outputs/outcomes), Evaluation and Demonstration
Preliminary Study: A focused study by the PI had shown the efficacy of removing lead
from water through means of biochar. The results were presented at the 22" Annual
Environment Virginia Symposium, Lexington, VA on April 5-7, 2011 titled Biochar: A
Renewable Material for Removing Contaminants from Water. The parameters from this
past experiment are as follows:

° 40 mg/L lead (as lead nitrate)

° 3.0 mL/min flow rate through column
° 50 mL biochar volume (Sampling after 48 hours exhibited 0 mg/L of lead
penetration)

° Total lead adsorption = 3 mL/min X 40 mg/L X 1L/1000mL X 48 h X 60
min/ 48 h = 345.6 mg/L

Results showed the potential efficacy of lead adsorption in a continuous packed bed flow
setup but does not specify when breakthrough will occur. The intention of conducting this
experiment is to achieve breakthrough. To accomplish a conclusion, the point at which the
adsorbent is no longer accepting any adsorbate must be reached. This will be essential to
use this adsorbent in a filter design that can be used as a product by different customers.

COLUMN WITH BIOCHAR

CONTAMINATED WATER

Figure 1.3. Experimental set-up

The procedure for mixing the stock solution was done according to the Standard Methods
for Examination of Water and Wastewater 22" edition. The biochar for this project was
prepared from woodchips by slow pyrolysis process which was conducted at 400 degrees
Celsius at a reaction time of 30 minutes. 500 mg/l lead solution was prepared from 20 g/l
stock solution, diluting with (1:1) HNO; which lowered the pH of the solution to less than
2, this is a standard procedure for preserving the sample during metal analysis. Sample was
collected every 0.5 h
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Figure 1.4. (a) Concentration of Lead vs Time (initial lead concentration = 500 mg/l)
(b) Concentration of Lead vs Time (initial lead concentration = 15 mg/l)

The pH of the lead solution was adjusted back to pH ~ 7 using 1M NaOH before running
through the columns and at about pH 5, the solution started creating a precipitation of
Pb(OH)2 which results in some discrepancy in the concentration. To avoid this
discrepancy, the lead solution was prepared the same day of the next experiment. The
results in figure 1.4 (a) show the concentrations of lead expressed different aspects of the
filter columns containing biochar and the control (which did not contain any biochar). Total
run time was 6hrs and sampling interval was 1 hr. In this case, sample was collected at the
very first hour (t = 0 h) so that the breakthrough point can be investigated. For ty hr the
concentration of lead was found near zero for the duplicates, for the control it was close to
the initial concentration. The samples showed relatively consistent concentration of lead
throughout the rest of the experiment for control and for the filter columns as well. This
figure shows the biochar columns became saturated in the first hour and lost the potential
of removing lead. In support of this hypothesis, the next experiment was conducted using a
lower concentration of lead (15 mg/l) and decreasing the sampling interval to 30mins to
observe the change of concentration more accurately. The figure 1.4 (b) also shows that
for this ty hr the concentration of lead was found close to zero for the duplicates even at this
low concentration where as for the control it was close to the initial concentration. The
samples showed relatively consistent concentration
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of lead throughout the rest of the experiment for control and for the filter columns as well.
Presumably it can be said that the biochar columns got saturated at the very first hour and
lost the potential of removing lead anymore. This data concur with the data from previous
studies where no lead concentration was detected in the filtered water at the first hour. The
idea is to progress this experiment further to find out the breakthrough point accurately.
The data will be used to identify the most suitable adsorption isotherm (among Langmuir
and Freundlich) applicable for the design of the proposed filter.

To turn this into an effective and marketable product, some improvements need to be made.
Modifications to the experimental design would create more concise results in future
testing. There are indications that not all of the biochar was effectively utilized in the
experimentation. In using a downward drip method through the packed biochar, there was
likely a specific flow channel that would result in contact time for only some of the
biochar, leaving some particles untouched. By implementing an upward flow system as
opposed to downward, this would completely saturate all the biochar packed in the column.
This will allow the same amount of biochar to adsorb more lead giving results for a
superior filter design.

The most effective filter design is one in which all of the resources are used
efficiently; an achievement that will be gained in future testing. The type of material used
in this experiment was Alder wood. Future testing would include analysis of different
sources of organic material to produce a char that is more effective. The procedure of
pyrolysis can also have an effect on the composition of the biochar. Producing biochars at
different temperatures and lengths of time is also something to consider.

It is essential to consider the availability and life cycle costs of the materials used in a
business scenario. In other words, how does our use of this natural resource ultimately
impact our environment? There is potential in finding a source of organic matter and even
biochar itself from the byproduct of other processes such as from logging and forest
clearing operations. Wood processing mills have sawdust and woodchips as a byproduct of
their operation that could be utilized. Bio-refineries utilize processes such as hydrothermal
liquefaction; pyrolysis (used for bio-oil and syngas), as gasification to convert
lignocellulosic biomass into biofuels. These organizations produce biochar as a direct
byproduct which is sold to reduce their production costs. In potential business practice of
this study, it is critically important to remain as a green as possible which means
exhausting options like sources of feedstock or char before anything else.

A pressurized system would be implemented to test with a higher flow rate to
observe how the results withstand a larger scale. The current experiment flow rate is six
milliliters per second while the average home faucet is at a much higher rate of 133
millimeters per second. Continued testing is necessary to support the validity of this
experiment, providing credibility when communicating with potential partners for the
execution of future endeavors.

This project depends on the clarification of essential factors. A biochar supplier
with the ability to mass produce a supply to meet the needs of this production. A cost
analysis for the quantity needed would be performed to determine which company would
be most viable to use. The biochar filter would initially be marketed to the citizens of
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Flint Michigan and other areas that are affected by lead in drinking water. Also, there is a
potential to be marketed to developing countries with subpar infrastructure.

Section 2: Relationship of Challenge to Sustainability (People, Prosperity and
the Planet)

Environmental
* Mo GHG emission while
producing biochar

*Movel approach tewards water
purifying technology

Economic
*Create future jobs through
initiation of creative
technologies and
applications

* significantly influence
costs of procedure, usage
and products throughout the
entire life cycle

Figure 1.5. Schematic of relation between environment, social, and economics.

People:

Sandeep Kumar (PI): Dr. Kumar earned his PhD degree in chemical engineering from
Auburn University in 2010. He possesses more than twenty years of professional
experience in industry, R&D, and academic research in the area of carbon black, nuclear
fuels, and biofuels with a focus in new process development, process engineering and
project management. Dr. Kumar started his professional career in 1994 as a process
engineer and was a certified project management professional (PMP®) between year 2007-
2011. For the last five years, Dr. Kumar has been actively engaged with biofuel/bioproduct
startup companies. Recently, he played a lead role in designing and commissioning a pilot-
scale hydrothermal extractor customized for the extraction of tobacco biomass sugar at the
Tyton BioEnergy facility located in Danville, VA.
http://www.godanriver.com/work it sova/news/bioscience-company-re-imagining-
tobacco-for-new-age-with-machine/article e808e8b6-5812-11e5-8bf8-07820208e5¢7.html
Dr. Kumar is a NSF CAREER award recipient and has two granted patents along with
several publications in the proposed research area.

The interdisciplinary students’ team proposed here will have opportunity work of hands
experience in design of experiments, conducting experiments in laboratory, analyses
related to water quality, products design, demonstration, interaction with local community,
business development, and many outreach activities. The impact of this
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project is directly on people living in areas which has seen lead contaminations in water as
well as sudden surge of contaminants due to some failures.

Prosperity:

The project aims to develop a low-cost, user friendly technology that efficiently removes
lead from potable water and ensures the right for pure, clean drinking water for developed
and developing countries all over the world. Lead poses severe health defects in human
biological system which makes it essential to certify that the supplied water is completely
lead-free. Among the bio-sorption methods of metal removal, lead activated carbon is a
costly technique making it difficult for ordinary citizens to afford. Biochar an economical
easy-to-use system. When successful, the proposed technology has potential to be
transformative and will meet the need for a sustainable method to ensure safe drinking
water. Furthermore, the accomplishment of this project will have a major impact on the
water treatment sector of developing countries.

Planet:

Impact of the proposed project will be: 1) reducing the energy requirement ii) an efficient
procedure for biochar production, iii) production of biochar from various feedstocks, iv)
water purification using biochar with minimal resources required, v) enrichment of the
literature of lead removal using adsorption principal of biochar, vi) training of graduate and
undergraduate students to enhance environment literacy, vii) reduction in greenhouse gas
emission through the development of biofuels.

Section 3: Project Management

Regarding to the goals, four people are in the research plan, there are several tasks in the
Figure 1.6. for Phase I and II:

Task 1: Low pressure testing with existing setup

Task 2: Experimental apparatus setup

Task 3: Prototype design and testing prototype

Task 4: Creating a business plan

Task 5: Writing proposal for Phase II funding and final report of Phase !

81517 91417 101417 11/13/17 12/13/17 1712718 271118 3/13/18 41218 512718 61118 711718  §/10/11
Writing Proposal
Business Plan
Testing Protoype
Prototype Design
High Pressure Flow Testing
Experimental Apparatus Setup

Low Pressrue Testing With Existing Setup
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Figure 1.6. Proposed timeline.

Table 2 shows the all student team responsibilties. Student team leader, Pushpita Kumku,
has several work experience in developing methodology, running experimental projects
and investigations of the system behavior. Jacob Landis has experiences on system design
and experiments.

Timothy Evard and Angela Barnes are undergraduate students with background in civil and
environmental engineering and Biology. They have expertise in soil, water, and
environmental evaluation.

People 2017 2018

Aug[Sep |Oct [Nov [Dec [Jan [Feb [Mar |Apr [May Jun [Jul
Pushpita T1 (T1 [T2 |T2 (T3 (T3 [T4 [T4 [TS [TS [Report
Jacob T1 (T2 [T2 |T3 T3 (T4 [T4 [T5 |T5
Timothy T2 (T2 T4 (T4 (TS5 [TS
Angela T4 [T4 TS5 (TS5

Table 1. Student team responsibilities

Facilities and Resources:

The Biomass Laboratory (BRL) at ODU directed by Dr. Sandeep Kumar is at Kaufman
Hall (Civil and Environmental Engineering) and occupy a laboratory space of
approximately 3000 square feet equipped with fume hoods and small equipment. The
laboratory houses high temperature and high pressure equipment for conducting the
supercritical water based research for biofuels applications. Students will have access to
gas chromatograph (TCD & FID), high temperature (500°C) and high pressure (5000 psi)
batch reactor (Parr Reactor), ICS-5000 ion chromatography system, calorimeter (Parr
Instruments), and BET surface area and pore volume analyzer (Quantachrome NOVA
2200e), Labconco freeze dryer, rotary vacuum evaporator, UV-Vis Spectrophotometer
(Varian), Total carbon/nitrogen (TOC/NOC) analyzer (Shimadzu), Particle size analyzer
(Coulter Multisizer), Zeta potential (Coulter Delsa 440SX), atomic absorption
spectrophotometer, and many small conventional analytical instruments.

Regarding the team specialists, facilities from the labs, and also primary data from
the other researcher which is proposed in this proposal, this team are so motivated to set up
the system at Old Dominion University.

Section 4: Educational and Interdisciplinary Aspects of Research

This research is an excellent efficient system. It will have a large impact on communities,
because people will be able to use the filter in their residences without needing any special
expertise. The students’ team will follow the experience in sustainable process
improvement. The practical experience the team will gain with this system will make it
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easier to take development to the next level, which is establishing a small business and
commercializing the system. In this description, students as a team can be educated.

Educational:

The research effort outlined above provides a context to communicate the principles of
sustainability, green processes, and necessity of integrated approaches to complex water
treatment problems to the students. The students’ team will get hands-on experience in
sustainable process development, the importance of innovation through research and
development, demonstration of sustainable projects, and see the opportunity of developing
small business.

This study is designed to conduct a number of integrated educational and outreach
activities, all of which communicate the necessity of integrated approaches to complex
water treatment technology and environmental engineering issues. As a senior faculty, the
PI sets the long-term education and outreach goal. The successful implementation of P3
Award will motivate students for innovation in addressing environmental concerns.

Interdisciplinary Team:

The PI has a chemical engineering background and has more than fifteen years of
professional experience in industry and R&D. The students team comprise of students from
Environmental Engineering, a senior with Civil Engineering and Biology background. The
proposed interdisciplinary research provides the opportunity to use PI’s reaction
engineering and project management skills to environmental engineering areas which is
crucial for the development of biochar filter with minimal environmental impacts. The
technical challenges proposed here involve the knowledge /contributions from several other
disciplines such as chemistry, environmental engineering, mechanical engineering and
biology.
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Human Subjects Research Statement (HSRS)

This is to declare that “the proposed research does not involve human subjects”.
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