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Preface

The work reported in this thesis, including three manuscripts published in peer-reviewed journals,
form the basis for the application for the PhD - degree of doctor engineer (Dr.-Ing) at the University
of Rostock, Faculty of Agricultural and Environmental Sciences, Chair of Soil Physics. The
manuscripts and materials presented in this dissertation describe the phosphate removal methods
from aqueous solution employing readily available and low-cost adsorbents. In low-income
countries like Ethiopia, where advanced phosphate removal technologies are not affordable, the

use of low-cost adsorbents may pave the way for an effective wastewater treatment.

The dissertation starts with a brief introduction and background to water pollution and, appropriate
phosphate removal methods. Next, phosphate contamination of surface water bodies and its impact
on aquatic lives has been discussed. In the following chapters (Chapter 2, 3, and 4), the
sustainability of phosphate removal techniques using low-cost (i.e., leftover coal, pumice, and
scoria) adsorbents by slurry batch and fixed-bed column adsorption experiments were analyzed.
Further, the effects of competitive anions on phosphate removal have been discussed, and the
impact of design parameters on the removal capacity of the adsorbent are, likewise, considered.
Finally, Chapter 5 summarizes the findings obtained from the study drawing definite conclusion

and suggesting future works.
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Summary

Using low-cost and locally available raw materials to remove phosphate instead of high-cost
phosphate removal techniques is one of the viable solutions to prevent aquatic life from excess
phosphate discharges. Unfortunately, the widespread use of commercially available activated
carbon as an adsorbent for phosphate removal is not economically feasible due to its high operating
cost. Therefore, this research aimed to study the possibilities of using low-cost carbon-based (i.e.,
leftover coal materials) and natural adsorbents (volcanic rocks, i.e., pumice- VPum and scoria-
VSco) for the removal of phosphate from synthesized wastewater. The study evaluated the three
low-cost and locally available sorbents: coal leftover, VPum, and VSco, using batch and fixed-bed
column experiments under various environmental conditions.

Numerous experiments were conducted, and the effects of significant design parameters such as
solution pH, initial concentration of phosphate ion, contact time, and adsorbents dose for batch
adsorption onto leftover coal, VPum, and VSco were examined. Effects of major parameters (Bed
height, influent solution concentration, and solution flow rate) on fixed-bed column adsorption are
also investigated via breakthrough curve analysis. Design of experiment (DoE) software based on
the response surface method (RSM) using central composite design (CCD) was used to investigate
the effect of two parameters at a time such as initial phosphate concentration, contact time, pH,
and adsorbent dose at a time on the adsorption performance of the selected material.

The structure, surface morphology, and chemical compositions of the adsorbents' materials were
characterized before and after adsorption. When the crystallinity and amorphousness of the
adsorbents were examined using an XRD machine, it was found that the adsorbent used in this
study was both crystalline and amorphous. The functional groups found in the adsorbent materials
were obtained and identified using the Fourier Transform Infrared (FT-IR) method. The FT-IR
spectrum result after adsorption confirmed the interaction with phosphate ions.

The findings from batch adsorptions revealed that the maximum amount of phosphate removed
onto leftover coal material was 198mg/kg at a pH of 2.3, while for VPum and VSco were 294 and
169mg/kg at the solution pH of 6.5 and 5.5, respectively. This maximum phosphate removal
capacity was obtained at the contact time of 200 min for leftover coal and 420min both for VPum
and VSco. Furthermore, the effects of the adsorbents size on phosphate adsorption from aqueous
solution was investigated, and it was obtained that the removal efficiency of phosphate onto

leftover coal increased from 66 to 94.5%, from 64 to 91.8%, and from 74 to 92.1% for particle
v



size 0.075 — 0.425mm, less than 0.075mm, and for 0.425 to 2mm respectively. Thus, all the
adsorption experiments, both for batch and fixed-bed column experiments, other than on particle
size effect, were performed at a particle size of 0.075 — 0.425mm.

Several adsorption kinetic and isotherm models that describe the adsorption process were also
applied. The pseudo-second-order equation best described the experimental data, with a correlation
value of R? = 0.99 for all adsorbents used in this study. However, the phosphate removal process
on the adsorbents’ surface was found to be complex. Intraparticle diffusion, with the thickness of
boundary layer constants of 180 to 209 mg/kg, contributed to the rate determining step. The
adsorption equilibrium data for phosphate removal onto adsorbents materials were followed by
Langmuir, Freundlich, and Dubinin-Radushkevich isotherms at the constant temperature of 20 °C
and solution pH examined for this research. The calculated values of the dimensionless separation
factor (i.e., 0.03 to 0.87) from the Langmuir constant revealed favorable phosphate adsorption onto
the adsorbents’ materials.

The effects of competitive anions on the phosphate removal onto the volcanic rock materials, on
the other hand, were also studied by applying several anions into the synthesized wastewater usin
g a batch mode experimental setup. The study findings revealed that the presence of competitive
anions markedly reduced the removal efficiency of phosphate from the aqueous solution. The
adsorptive removal of phosphate was affected by competitive anions in the order: HCO3™ > F~ >
SO42 > NO;3 > CI" for VPum, and HCO3™ > F- > CI > SO42 > NO; for VSco.

The adsorption of phosphate onto leftover coal material by continuous-flow fixed-bed column
experiments has shown that the breakthrough curve time increased from 190 to 348min with
increasing bed height from 5 to 8cm but decreased from 348 to 187min with increasing solution
flow rate from 1 to 2 mL/min. The longer the bed height, the longer the time phosphate ions interact
with the adsorbent surface. The amount of phosphate removed onto the leftover coal material was
also increasing from 190 to 243mg/kg with increasing influent initial phosphate concentration
from 10 to 25mg/L which agrees with the previously obtained results from batch experiments. The
Adams-Bohart adsorption model with a higher correlation factor (R?) of 0.98 described the
continuous flow fixed-bed column phosphate adsorption better than Thomas and Yoon-Nelson
model.

In general, the research findings showed that the adsorbents used have an excellent capacity for p

hosphate recovery because of their high removal efficiency, especially at the optimum phosphate
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concentration, and medium particle sizes (0.75 mm to 0.425 mm). Overall, the methods look co

mfortable in preliminary and operating stages as they have relatively low operational and invest

ment costs as the adsorbents are easily accessible and found at low or no cost. In addition, the
results have shown that leftover coal, VPum, and VSco materials have great potential for
phosphate removal. However, further research is needed before the generated data can be applied
at field scale, and also regenerable adsorbents for further benefits are highly recommended.
Furthermore, to increase the removal efficiencies of the adsorbent materials as economically viable
adsorbents for phosphate removal, chemical and physical modification of the adsorbents is highly

recommended by considering the cost of modification.
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1. Introduction

1.1 Motivation

Ethiopia is gifted with natural resources and has large areas suitable for the development of a
chemical industry. With increasing industrialization and urbanization, the Ethiopian government
has recently focused on developing chemical and food-related industries. According to statistics,
there are about 2,610 processing and manufacturing plants, of which 670 belong to the food and
beverage industry (UNIDO, 2019). Several industries in the country produce and manufacture
detergents and food related products. Most industrial products, i.e., detergents and food products
contain a lot of phosphate as an ingredient. In addition, some of the industries use phosphate as a
raw material in production and return it to wastewater treatment after use. Most industrial
wastewater treatment plants release phosphate nutrients into nearby rivers, and high phosphate

levels in water bodies cause eutrophication (An et al., 2019) and require further treatment.

Phosphate is one of the most abundant nutrients and very important for living organisms (Ajmal
et al., 2018). However, when it occurs in excessive amounts, it causes serious environmental
problems such as increased eutrophication of surface waters. It occurs in combination with other
elements in the earth's crust in the forms of phosphate rock. Phosphate is increasingly consumed
with a large amount of spent phosphate eventually entering waterways as diluted waste, often

resulting in pollution of water ways.

A number of techniques have been proposed for the removal of phosphate from water and
wastewater. Biological, and chemical precipitations treatment methods are widely accepted
methods for removing phosphate from water and wastewater on an industrial scale (Srinivasan,
2011). However, these two treatment methods have several limitations, such as the cost of
chemicals, large sludge generation and sensitive process operating conditions (Lemraski &
Sharafinia, 2016; Nageeb, 2013; Pan et al., 2020). There are also techniques that can remove
phosphate from water even at very low concentrations (less than 0.15 mg/L). These include
wetland, microalgal biofilms, precipitation combined with reactive filtration, coagulation, or
precipitation with ultrafiltration (Mitchell & Ullman, 2016; Newcombe et al., 2008). However,
each technology has its own drawbacks: e.g. optimal nutrient loading and elimination, the need

for large operating areas, fouling, or large sludge formation due to the addition of metal salts.
1



Therefore, there is a need for better technologies that remove phosphate from water with less effort
and, minimal waste generation, and where phosphate recovery is possible. Of the methods listed,
adsorption is a powerful and efficient technique for removing pollutants such as phosphate from
industrial wastewater. However, commercial activated carbons are costly, and losses during
manufacture limit their application (Vassileva et al., 2013), which has sparked interest in using
low-cost adsorbents generated from locally available materials. Thus, extensive research has been
conducted to facilitate the maintenance, stable operation, and removal efficiency of adsorbents
(Wang et al., 2017). Therefore, several research efforts have been directed towards the fabrication
of low-cost and efficient adsorbents from readily available materials, such as natural, and carbon-

based materials (Cheng et al., 2018; Sud et al., 2008).

Leftover coal, and volcanic rock materials can be used as filter media because of their physical
and chemical properties and mineral composition. Although they are abundant in Ethiopia, they
have not been commercialized as adsorbents for the removal of phosphate from water. However,
studies have indicated that coal, and volcanic rocks are carbon and silica rich materials that can be
used as adsorbents to remove heavy metals and color from water solutions (Samarghandi et al.,
2018; Willett, 2015). In addition, volcanic rocks are used as adsorbents to remove heavy metals
(Alemayehu & Lennartz, 2009) and fluoride ions (Geleta et al., 2021) from aqueous solutions,
and coal ash materials are used to remove pollutants from the wastewater in batch reactors.
However, in Ethiopia, the use of coal leftover and volcanic rocks as adsorbents for phosphate

removal has received little attention until recently.

In the present study, the coal residues and volcanic rocks (pumice -VPum and scoria-VSco) for
the removal of phosphate from simulated phosphate containing water by adsorption was
investigated under different operational design parameters. Slurry batch experiments and fixed bed
column experiments were conducted to evaluate the removal efficiency of the selected adsorbents.
The mechanisms of phosphate removal from water solutions at different pH values were
investigated. The effects of competing anions on phosphate removal were also investigated in
selected removal processes. Based on the results, fixed-bed column experiments were performed
and the effects of various parameters such as adsorbent bed height, influent concentration, and

flow rate were investigated in a breakthrough analysis.



1.2 Background

Pollution is a serious problem for life all over the world, and water pollution is one of the deadliest
threats to healthy aquatic ecosystems. Water, without which no life is possible, is the most critical
resource that nature provides us (Gupta et al., 2009). However, with advanced technologies for
industrialization and urbanization, water quality is deteriorating, mainly due to population growth,
unplanned urbanization and improper use of water resources (Adeogun et al., 2013; Gisi et al.,
2016). Therefore, the sustainable livelihood of the aquatic ecosystem can be affected by water
pollution. Water bodies can be polluted by various factors, i.e., natural and anthropogenic
activities, with the latter playing a major role. Anthropogenic activities, particularly the discharge
of chemicals into water from point sources, have negative impacts on aquatic life when untreated
water is used (UNEP, 1997). However, some water pollutants that are highly toxic in excessive
concentrations are needed in trace amounts. Copper, zinc, manganese, boron and phosphorus, for
example, can be toxic or otherwise adversely affect aquatic life when presented above specific
concentrations, even though their presence in small amounts is essential to support and maintain
functions in aquatic ecosystems (UNEP, 1997).

The consequences of contaminated water directly or indirectly affect the health of those who use
it, including aquatic life. Therefore, one of the major causes of health problems worldwide is due
to poor water management. Studies have shown that more than 1 billion people in the world do
not have adequate access to safe drinking water, and in Africa, 115 people die every hour because

of contaminated water (Eriksson & Sigvant, 2019; Matsuo, 2001).

Preventing water pollution is generally a top priority in low-income countries like Ethiopia.
Accordingly, prevention of pollution at source, the precautionary principle, and the prior approval
of wastewater discharges by relevant authorities have become vital elements of a successful policy
to prevent, control, and reduce inputs of pollutants and other water contaminants from a point

source into aquatic ecosystems.

In Ethiopia, surface water quality is deteriorating due to uncontrolled urbanization and inadequate
sanitation infrastructure as a result of population growth (Yohannes & Elias, 2017). Nowadays,
water pollution from industrial wastewater disposal, domestic activities, and agricultural operations
is becoming an environmental concern in Ethiopia (Ademe, 2014). In addition, fresh surface water

is polluted by effluents from sources where the amount and nature of pollutants are not well known



(Angello et al., 2020). Several toxic and harmful nutrients enter nearby waterways via agricultural
run-off or uncontrolled municipal wastewater discharges. One of these nutrients entering waterways
is phosphate. Phosphate is an essential nutrient for plants and animals that live in the earth’s crust.
It is also very important for life and an essential component in fertilizer production (Kumar, 2018).
However, even in very low concentrations, it can threaten aquatic ecosystems once it enters into
water bodies. The presence of such nutrients, even at lower concentrations, is sufficient for
microbial growth, resulting a condition known as eutrophication. Clear, well-treated water for
drinking and other operational purposes is a top priority for humankind and other life forms.
Therefore, the removal of these contaminants (i.e., phosphate) from water and wastewater has been

a major concern of many researchers around the world and particularly in Ethiopia in recent decades.

To regulate uncontrolled phosphate discharges from various sources, new and current treatment
technologies are being proposed worldwide. Several techniques such as chemical precipitations,
electrochemical treatments, enhanced biological treatments, etc., have been used to remove
phosphate from water and wastewater. However, these techniques are not suitable for the low
phosphate concentrations in water and wastewater, that are harmful to the environment (Uddin,

2017).

Chemical precipitation and enhanced biological phosphate treatment are the main advanced techni
ques for removing phosphate from domestic and industrial wastewater (Lalley et al., 2016).
Biological removal processes are sometimes referred to as secondary treatment methods. These
technologies have great difficulty in removing very low phosphate concentration with chemical
treatment being the one in which the use of chemical agents is a major criterion, and it can remove
lower phosphate concentration even below 0.5 mg/L (Bui et al., 2018). However, the required
amount of metals ions, the cost of chemical additives, and environmental problems associated with
disposing of a large amount of chemical sludge make these treatment methods deficient. Biological
treatment uses naturally occurring microorganisms to convert dissolved organic matter into dense
biomass that can be separated from treated wastewater through the sedimentation process. In fact,
the microorganisms utilize the dissolved organic matter as food for themselves, while the resulting
sludge is much less suitable for chemical treatment. Therefore, in practice, the biological process is

combined with a chemical process to remove toxic compounds. These limitations lead to the search



for a better and more effective method of removing pollutants such as phosphate, of which

adsorption is the best.

Adsorption is a surface-based phenomenon that occurs when various ions and molecules of gases
or liquids attached to the surface of a solid (Kralik, 2014). It can also be defined as a mass transfer
process involving the accumulation of substances at the interface between two phases, i.e., between
liquid and solid or liquid and gaseous phases. Generally, this involves the use of a solid material
the adsorbent, to remove the substance of interest the adsorbate, in this case phosphate. Nowadays,
adsorption is a widely used method for separating and purifying organic and inorganic pollutants
from the aqueous phases. Therefore, adsorption is a superior technique compared to other
treatment methods because it is initially inexpensive, simple to design, flexible, easy to handle,
insensitive to toxic pollutants, and forms little or no waste (Largitte & Pasquier, 2016; Saki et al.,
2019; Uddin, 2017). Based on the interactions between the surface and the species being adsorbed
(adsorbate), adsorption can be categorized as chemical sorption or physical sorption. Both physical
and chemical forces act from the solvent adsorption. Physical forces include Vander Waals forces
and electrostatic forces, while chemical forces result from the formation of internal compounds

which exchange bonds (Mhemeed, 2018).

The most common factors affecting the adsorption performance are initial adsorbate concentration,
solution pH, contact time, adsorbent dose, temperature, and particle size of adsorbents. In addition,
pore size, surface area, and agitation speed also determine the adsorption capacity of the adsorbents

(Peng et al., 2018).

1.2.1 Water pollution and pollutants

Water pollution is the process by which water is contaminated by certain pollutants. Surface waters
can be polluted by a variety of human and natural processes, with human activities being one of
the main causes of water pollution. There are two types of water pollutions, point sources, pollution
that originates from single places and non-point source pollution that originates from many places
at the same time. Typically, point sources include industrial chemicals, sewage treatment plants,
domestic activities, and municipal waste that is discharged directly into water bodies. Non-point
sources are pollutants emitted to water bodies indirectly through natural activities such as flooding
and agricultural runoff (Angello et al., 2020). The main sources of water pollution are agriculture,

mining, deforestation, urbanization, and poor sanitation.
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Agriculture: agricultural activities play a significant role in water contamination, as agriculture
releasees large amounts of organic and inorganic matter. The use of fertilizers and pesticides on

farms releases phosphate into water bodies, leading to eutrophication (Sellner et al., 2019).

Mining: as mining is substantial economic activity in low-income countries like Ethiopia, it
negatively impacts the living environment. For example, coal and phosphate rock mining can

pollute nearby water ways and the air in general (Wolela, 2007).

Deforestation: deforestation causes soil erosion, which in turn can release nutrients from the soil

into water bodies.

Urbanization: an increasing population leads people to migrate to urban areas, where the large
volume of used water discharged to wastewater treatment plants and the lack of funding from the
local governments is the main factor in the treatment of the wastewater, which is often discharged

to water bodies with or without treatment (Figure 1.1) (Yohannes & Elias, 2017).

Figure 1.1: River pollution by (a) agricultural runoff and (b) domestic activities (Yohannes &
Elias, 2017)

1.2.2 Overall surface water pollution problems

Water pollution is the contamination of streams, lakes, rivers, oceans, and other watercourses that

degrade water quality and becomes toxic to the environment and human beings (Figure 1.2).



Surface water bodies can be polluted in many ways, with organic pollution and chemical pollution

being the main types of water pollution.

Organic pollution: this type of pollution is mainly caused by microorganisms such as bacteria

and viruses, which are produced by animal waste and plant wastes in waters.

Chemical pollution: chemical pollution is caused by nitrates and phosphates from pesticides,
human and animal medication, household activities, heavy metals, acids, and hydrocarbons used

in industry.

These pollutants can affect both surface and groundwater reservoirs. Groundwater is the deepest
form of accumulated water that is not visible to the eye. When rains fall and seep deep into the
earth, it can be accumulated as groundwater, one of the least visible but most critical natural
resources. Surface water is what fills out the oceans, lakes, rivers, and all other water bodies.
Surface water covers about 70 % of the earth. Unfortunately, ground and surface water in low-
income countries is highly polluted by agricultural runoft, domestic and institutional activities

(Sellner et al., 2019).

e
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Figure 1.2: Surface water pollution from the release of industries and municipal drainages

(Source: https://www.nrdc.org/stories/water-pollution-everything-you-need-know)

1.2.3 History, source, advantages, and disadvantages of phosphate

History of Phosphorus: phosphorus is one of the most common elements found in the

environment, and it is essential to all life on earth. Phosphorus (P) is an unusual element that does
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not occur in nature as a free element due to its high reactivity. Therefore, it has been a defining
element in modern human history. The elemental form of P was first discovered by the German
alchemist Hennig Brandt in 1669 (Ashley et al., 2011). It is a very important macronutrient for
plants and animals that is present only in a limited amount. In the form of phosphate-PO4 excess
P can promote eutrophication in water bodies (Nguyen et al., 2015). Wastewater discharged from
various sources is considered the primary source of phosphate concentration in water ecosystems.
Phosphate is a compound that contains phosphorus (P) and oxygen. Phosphorus is a vital element
for algal growth, and P loads discharged to water bodies increase, exceptional growth of algae and
aquatic plants occurs. As algae and aquatic plants die and decompose, the decomposing organisms
consume the dissolved oxygen. This causes a phenomenon called eutrophication, which is
deterioration of water quality (Fu et al., 2018). Therefore, there should be water quality criteria for
phosphorus compounds, such as phosphate, because it can lead significant changes in community

structure if enters aquatic ecosystems in excessive amounts.

Source of Phosphate: Phosphate is a nutrient that is taken up by plants and animals from a variety
of sources. Phosphorus (P) is found in large amounts in protein foods such as dairy products, meats,
and alternatives such as beans, lentils, and nuts. In addition, whole grains provide P, while
vegetables contain a small amount of P. Phosphate polluting water bodies can come from different
groups and it can be categorized as a point source (i.e., untreated municipal wastewater and
industrial wastes) and non-point sources (i.e., agricultural runoff) (Kim et al., 2015). A point
source is a pollutant whose source has been identified, e.g., households, industries, institutions,

etc. A non-point source is from an unknown source, such as agricultural runoff.

Advantages and Disadvantages of Phosphate: Eutrophication is the enrichment of water with
nutrients (primarily nitrogen (N) and P), that results in excessive growth of algae or floating plant
mats and higher forms of plant life, causing an undesirable disturbance to the balance of organisms
present in the water and to water quality. A thick floating algal material prevents light from
reaching plants below the water surface during algal blooms. As the algae organisms die, they
settle to the bottom and are digested by bacteria living in the sediments. This mechanism, in
conjunction with an algal bloom, leads to a bacteria bloom and thus increased oxygen
consumption, which leads to anoxia in poorly mixed bottom waters. Over time, sediments release

phosphate, which reinforces eutrophication (Kagalou et al., 2008).



Plants need various things to grow, such as water, sunlight, carbon dioxide, and various nutrients
such as nitrogen and phosphate. Normally, plants absorb the required nutrients from the soil
through their roots. However, when the soil is inadequate or unsuitable, people introduce unknown
amounts of fertilizer into the soil. As a result, plants do not absorb all of the soils nutrients. Instead
of remaining in soil for years, most excess nutrients are carried away by rain or other forms of
runoff and are mixed into nearby rivers, resulting in eutrophication (Li et al., 2013). In addition,

phosphate can pollute surface water and groundwater if it exceeds the required amount.

1.2.4 Application areas of phosphate

Phosphate is used as an essential nutrient for plants and aquatic life. A single phosphate compound
can be used in a variety of applications, including pharmaceuticals, personal care products,
industrial cleaners, and fire extinguishers (Arshadi et al., 2018). In addition to being a nutrient,
phosphate can be used in many applications. The following is an example of applications of

phosphate in a various form of compounds.

e The fertilizer industry uses about 85% of the phosphates available on earth in the form of
superphosphate (CaH4P20g), triple superphosphate (Ca(H2POs4):.H20), and ammonium
phosphate (NH4)3PO4.

e 5% phosphate is used in the detergent industry mainly to give beverages a sour taste and
phosp g y ytog g

as an emulsifier (in processed cheese, dried milk, etc.).
e 2.5% phosphate is also used for the treatment of metals in the metal industry.

e 1% phosphate is used in industry for water softening (e.g., Calgon, Na3;POs), for the
production of buffers (e.g., NaH2POs, NaPOy4), for the removal of H»S from gases,
particularly in the petroleum industry (e.g., K3PO4) and as a paint stripper (e.g., NazPOx).

e 1% phosphate is used for the production of phosphorus sulfide (e.g., for matches).

e 1% phosphate is also used to produce organo-phosphorus compounds such as plasticizers
(e.g., triaryl phosphate), insecticides (e.g., triethyl phosphate), and gasoline additives (e.g.,
tritolyl phosphate).



e 1% phosphate is used for pharmaceutical products such as fluoride toothpaste (e.g.,

CaHPO4.2H>0) and combined baking powder (e.g., Ca(H2POs)y).

e 0.5% phosphate is also used as a flame retardant (e.g., ammonium phosphate and urea

phosphate).

1.2.5 Carbon based adsorbents

Numerous treatment methods have been developed to remove phosphate ions from aqueous
solutions, including adsorptions. Adsorption with carbon-based materials is one of the most cost-
effective methods for phosphate removal. Carbonaceous materials, including activated carbon,
biochar, and carbon nanotubes made from different materials, are widely used to remove various
environmental pollutants such as phosphate (Yang et al., 2019). Carbonaceous materials used to
produce biochar and activated carbons include various agricultural biomasses such as peanut shell,
diary manure, coconut shells, and rice husks (Vassileva et al., 2013). These carbonaceous materials

can be used as adsorbents in both natural and modified forms.

Coal materials are also among the carbonaceous materials used in their natural form to remove
phosphate from aqueous solutions (see chapter 2 and chapter 4 of this thesis work). However,
surface modifications of the coal materials are still required to increase the efficiency of the

materials.

1.2.5.1 Coal and its application

Coal is a material that has formed naturally from dead plant matter that has decomposed into peat
due to the heat and pressure of being buried deep in the ground for millions of years. Coal, also
known as fossil fuel, was formed millions of years ago. Because it is formed from peat deposits, it
contains energy obtained from the sun through the photosynthetic system of plants. Different types
of coal can be formed from different types of plant residues that form peat after decomposition,
producing different types of coal with different qualities. Coal materials can be occurred in

different locations in the Earth’s crust (Figure 1.3)
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Figure 1.3: Location of coal occurrence in the world (Image: Encyclopedia Britannica, Inc).

In ancient times, people began using coal to heat their homes and generate energy for cooking in
1800s. Today, we burn coal to get electricity for heating, cooling, cooking, transportation, lighting,
communications, agriculture, and so on. Many countries use coal for power system depending on
the coal resources in each area. The United States has more coal deposits than other countries in

the world.

Ethiopia is one of the African countries that have significant underground coal deposits. In western
and southwestern Ethiopia, there are large coal deposits in the Dilbi Moye, Chilga, Lalo-Sapo,
Yayu, Nejo, Wuchale, and Mush valley basins (Wolela, 2007). Coal contains several inorganic
minerals such as quartz and clay which are very important for the application of surface adsorption
(Kopp, 2021). As described in Chapter 2 of this dissertation, the Yayu coal mine is one of the
largest mining areas. The deposited coal material is mined to be used for various purposes. Coal
mining in this area produces several residual materials that can have a significant environmental
impact (details in Chapter 2). Therefore, the use of these residues as an adsorbent is very versatile

for low-income countries such as Ethiopia.

1.2.6 Natural adsorbent materials

There are numerous natural adsorbents that have recently been used to remove pollutants. With or
without processing, forest and agricultural wastes are considered as promising adsorbents for the
removal of anions and cations from water and wastewater due to their unique properties, such as

large surface area, surface chemical properties, and microporous properties (Fernando et al., 2009).
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They are also cheap and readily available raw materials where volcanic rocks being one of the

naturally occurring materials that can be used for water purification.

Rocks are any naturally occurring solid mass composed of minerals and mineraloid substances.
Generally, they can be formed naturally in various manners in the earth’s crust. Based on their
chemical and mineral composition, rocks can be classified into different categories (Warner,
1990). Igneous, sedimentary, and metamorphic are the three main categories of rocks. Igneous
rocks are formed by the cooling of molten magma in the earth’s crust and at the earth’s surface.
Figure 1.4 shows the general formation and classification of rocks and their types. These rocks can
be formed only when important elements and minerals are present in them. There are different
chemicals and minerals that are mainly responsible for the presence of rock materials; these can
be divided into felsic and mafic minerals. Example of felsic minerals are quartz (SiO3), muscovite
(KAL(AISi3010(F, OH).), orthoclase (KAISi30Og), and Na-plagioclase/albite (NaAlSi30g where m
afic minerals are biotite (K (Fe, Mg)3Al1Si3010(F, OH)2), Amphibole (Cax(Mg, Fe, Al)s(Al, Si1)sO
22(OH)2), pyroxene ((Ca,Na)(Mg,Fe,Al)(Al,Si1),0¢), Ca-plagioclase (CaAl>Si>Osg), and olivine
((Mg,Fe)2Si04). The studies revealed that of the more than 300 known minerals only the above

listed nine minerals and chemicals constitute 95% of the crust (Manville et al., 1998).
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Figure 1.4: Formation and classification of rock materials

amyxd) uo pudada(q

12



1.2.6.1 Volcanic rocks

Volcanic rocks are rocks formed from lava erupted during a volcanic explosion. In other words,
they distinguished from other igneous rocks (plutonic rocks) by their volcanic origin from molten
magma (Figure 1.4). These microvascular and macrovascular volcanic rocks are mainly classified
into two groups: pumice and scoria (Wikipedia, 2021). Thus, volcanic rocks have a vascular

texture due to the voids that escape from molten lava.

Pumice is a volcanic rock with a highly vascular, rough texture. Pumice is formed when
superheated high pressure rock is ejected from a volcano. Pumice is commonly pale in color
ranging from white, cream, blue or grey to green-brown or black. It has a porosity of 64-85% by
volume and floats on water until it eventually becomes waterlogged and sinks (Le Bas &
Streckeisen, 1991; Venezia et al., 1992). According to observations by the U.S. Geological Survey
Cascades, pumice is formed from gray to black fine-grained volcanic basalt which is rich in iron

and magnesium.

Scoria is formed from magma that exists from the volcano and condenses on the ground. The
highly vascular, dark, black, or purplish red-colored volcanic rock may or may not contain crystals
and differs from pumice that it is denser and thicker and sinks rapidly in water. It has a

large surface area and high strength for its weight (Wilkinson et al., 2009).

Pumice and scoria are abundant volcanic rock materials found in many parts of the world (Asere
et al., 2017). For example, there are large amounts of volcanic rocks deposited in the Ethiopian
Main Rift Valley, which occupies about 30% of the country's area (Alemayehu & Lennartz, 2009;
Yasin et al., 2015). Pumice and scoria have many applications in the cement industry and are also
used as the main ingredients for the supplementary cementitious materials of Portland cement
(Mboya et al., 2017). Due to their vascular structure, high content of silica, alumina, iron oxides,
alkaline earth metal, and large surface area, both pumice and scoria promote surface fixation of
hydroxyl groups, which is a basic requirement for fixation of pollutants (i.e., phosphate) on their
surface (Choi et al., 2014; Mboya et al., 2019). Previous studies have demonstrated the adsorption
efficiency of volcanic rocks (pumice and scoria) for heavy metals (Alemayehu & Lennartz, 2010;
Alemu et al., 2018; Aregu et al., 2018; Kwon et al., 2010) in a single system; in fact adsorption

efficiency for phosphate can be significantly enhanced by modifying the adsorbent as there s little
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information on how virgin volcanic rocks are used to remove phosphate from aqueous solutions

in Ethiopia.

1.3 Research Objectives
The main objective of this study is to apply leftover coal and volcanic rock materials for phosphate

removal using slurry batch and fixed-bed continuous flow experiments. Specific objectives are:

e Characterization and analysis of the physicochemical properties of leftover coal and
volcanic rocks

e Analyze the effects of key design parameters (solution pH, initial phosphate
concentration, adsorbent particle size, and contact time) on the adsorption of phosphate
on leftover coal and volcanic rocks.

e Measure the phosphate removal capacity of leftover coal and volcanic rocks by
conducting separate slurry batch and continuous flow experiments

e Investigation of the effects of co-existing anions on the adsorption of phosphate on
low-cost adsorbents

e Modeling of the adsorption process using various isotherms, kinetic models, and
breakthrough models and prediction of the removal rate of the adsorbents

e Investigation of fixed-bed experiments with continuous flow and analysis of

breakthrough curve using low-cost adsorbents

1.4 Significance of the Study

This study aimed to investigate the phosphate removal capacity of low-cost adsorbents, namely
leftover coal and virgin volcanic rocks (Pumice and Scoria) in slurry batch and fixed bed
adsorption experiments. The use of locally available and inexpensive adsorbents for phosphate
removal has several advantages. The first benefit is that there is minimal waste in the environment
when these materials are used as adsorbents, and they are even environmentally friendly after the
adsorption process. The second advantage is that the use of adsorbents from the local reduce costs
for local government to use expensive adsorbents from the markets for the adsorption purposes.
The third advantage is that the low-cost and locally available materials can be reused to recover
phosphate at low desorption costs. Fourth, the findings from this study can serve as a benchmark
for the wastewater treatment industry to replace all or part of the expensive materials/adsorbents

with low-cost adsorbents regardless of the cost and environmental impact. Finally, the results of
14



this study can also serve as a benchmark or as secondary data for stockholders, scientists, and

researchers interested in further studies on the adsorbent materials used in this study.

1.5 Scope of the study

The experimental investigations conducted in this study were carried out at laboratory scale. The
study mainly focused on the measurement of adsorption capacity, illustration of the effects of
design parameters on removal capacity, physicochemical analysis, and characterization of the
adsorbents used in this study. All three adsorbents (coal leftover, pumice, and scoria) were
characterized, and their adsorption capacities were optimized. For this particular study, the effects
of the design factors, i.e., contact time, initial adsorbate concentration, pH, adsorbent dose, and
adsorbent particle size for the batch experiment; and the effects of adsorbent bed height, flow rate,
and influent concentration for the column experiments were examined in detail. In addition,
adsorption kinetics and adsorption isotherm models were identified and applied to study the
adsorption properties. Finally, the effects of co-existing anions on the removal of phosphate on

low-cost adsorbents were investigated.

1.6 Experimental setup and conceptualization
The experiments of the present work were performed in a laboratory scenario. The following
diagram (Figure 1.5) shows the general flow of the experiments, starting with sampling and ending

with the final discussion.
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Figure 1.5: Experimental Setup and conceptualization

1.7 Outline of the Thesis
Chapter 1 describes the introduction, motivation for the study, general background of the study,
objectives of the study, significance of the study, and scope of the study.

Chapter 2 describes the removal of phosphate ions from an aqueous solution by adsorption onto
leftover coal materials. This chapter provided an overview of adsorption and removal techniques.
For each specific chapter, the research approaches were discussed and elaborated. The design
parameters for phosphate removal of a specific adsorbent were discussed and compared. In
addition, the software Response Surface Methodology (RSM) was used to compare the effects of

the selected parameters. Adsorption isotherms and kinetic models were discussed, and adsorption

16



kinetics were predicted accordingly. Finally, the results were summarized in view of future work

to improve the adsorption process for the specific adsorbents.

Chapter 3 describes virgin volcanic rocks as adsorptive material for the removal of phosphate
from solutions: Kinetics and Equilibrium studies. In this chapter, inorganic or natural adsorbents
(pumice and scoria) were used to remove phosphate in batch experiments. For this particular case,
isotherm and kinetic adsorption models were elaborated to predict the adsorption mechanism. At
the same time, the characterization and removal efficiencies of the two adsorbents were compared.
In addition, the effects of competitive anions on phosphate removal were also discussed in this
chapter. Finally, the conclusions and recommendations for the future were made at the end of the

chapter.

Chapter 4 introduced a fixed-bed column technique for the removal of phosphate from synthetic
water using leftover coal as an adsorbent. In this chapter, the total adsorption of phosphate onto
the surface of the adsorbent was studied using fixed-bed column experiments. Fixed-bed column
experiments were described using breakthrough analysis. Three design parameters, namely
influent phosphate concentration, adsorbent bed height, and influent flow rate were compared and
manipulated in detail. Known models were analyzed to manipulate the results of the column

experiments using breakthrough curve analysis.

Chapter S deals with the synthesis of the research results. It contains general discussions,
conclusions, and recommendations for future research. The findings of the experiments and future

work on the overall research work were addressed.

Appendices: Appendix 1 contains original published papers. Appendix 2 contains supplementary
materials for the published work of chapter 2; Appendix 3 contains supplementary materials to

the published work of chapter 3. Annex 4 contains the curriculum vitae of the of the candidate
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2. Removal of Phosphate Ions from Aqueous Solutions by Adsorption onto
Leftover Coal (Paper 1)

Dereje Tadesse Mekonnen, Esayas Alemayehu and Bernd Lennartz
Water/MDP], https://doi.org/10.3390/w12051381

Abstract: High loadings of wastewater with phosphorus (P) require purification measures, which
can be challenging to realize in regions where the technical and financial frame does not allow
sophisticated applications. Simple percolation devices employing various kinds of adsorbents
might be an alternative. Here, it was investigated the application of leftover coal, which was
collected from Ethiopian coal mining areas, as an adsorbent for the removal of phosphate from
aqueous solutions in a classical slurry batch set-up. The combined effects of operational
parameters such as contact time, initial concentration, and solution pH on P retention efficiency
was studied employing the Response Surface Methodology (RSM). The maximum phosphate
adsorption (79% removal and 198 mg kg—1 leftover coal) was obtained at a contact time of 200
min, an initial phosphate concentration of 5 mg L', and a solution pH of 2.3. The Freundlich
isotherm was fitted to the experimental data. The pseudo second-order equation describes the
experimental data well, with a correlation value of R*> = 0.99. The effect of temperature on the
adsorption reveals that the process is exothermic. The results demonstrate that leftover coal
material could potentially be applied for the removal of phosphate from aqueous media, but
additional testing in a flow-through set-up using real wastewater is required to draw definite

conclusions.
Keywords: leftover coal; phosphate; isotherms; aqueous solution; central composite design

2.1 Introduction

Phosphorus, generally occurring as phosphate (PO43-) in aqueous solutions (Xiong et al., 2019a),
is an essential amendment and nutrient for many industrial and agricultural applications and often
present in water and wastewater at various concentrations (Karageorgiou et al., 2007). For
example, phosphate is highly required for the manufacturing of glass products (like glass fiber,
military-grade lasers), toothpaste, pesticides and detergent among others (Arshadi et al., 2018).

However, the increase of phosphate in water bodies promotes the growth of algae, which results
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in eutrophication and eventually consumes dissolved oxygen thereby adversely affects water

quality (Ding et al., 2017; Karageorgiou et al., 2007; Kumar & Viswanathan, 2018).

Municipal and industrial wastewaters are the main point sources for phosphate while run-off from
agriculture is the dominant non-point source. Studies indicate that 4 to 15 mg/L phosphate may be
contained in municipal wastewater, whereas effluent from chemical industries such as detergent
manufacturing and metal coating processes may contain 14 to 25 mg/L phosphate (Arshadi et al.,
2018; Peleka & Deliyanni, 2009). According to Yadav et al. (2015) the tolerable phosphate level
in waters should not exceed 0.05 mg/L to maintain an ecologically sustainable status. In such a
case, to lower the phosphate loading in wastewater and runoff especially if local circumstances do
not allow for advanced techniques such as membrane filtration became a challenge to local

scientists and engineers.

The most widespread wastewater treatment technology for phosphate removal is based on
precipitation processes, in which massive amounts of chemicals such as iron and aluminum salts
are utilized (Karageorgiou et al., 2007). However, many of the techniques are suffering from either
large amount of sludge for disposal, or high operational and maintenance costs with recurring
expenses, which are not suitable for many developing countries such as Ethiopia. Therefore,
searching cost-effective and environmentally sound phosphate removal alternatives for low-

income countries is essential.

A variety of physical, chemical, and biological methods have been developed in recent years for
the removal of phosphate from wastewater. Advanced biological methods can remove up to 97%
of phosphate and generate low amounts of sludge but the method has limited practical applicability
(Karageorgiou et al., 2007). Similarly, physical processes (sedimentation, membrane filtration,
etc.) techniques are too expensive and accompanied by a high sludge production and often
inefficient in the removal of phosphate from wastewater effluent (Khan et al., 2013; Venkatesan

etal., 2016).

Studies on P-laden wastewater treatments have revealed adsorption to be a highly effective
and easy method among the physicochemical treatment processes if materials are carefully chosen
(Alemayehu & Lennartz, 2009; Mehrabi et al., 2016). Some of these adsorbents are calcite
(Karageorgiou et al., 2007), Nano-scale zero-valent iron (NZVI) (Arshadi et al., 2018), rice husk

and fruit juice (Yadav et al., 2015), acid-activated red mud (Tor & Cengeloglu, 2006), granulated
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coal ash (Asaoka & Yamamoto, 2010), aleppo pine (Benyoucef & Amrani, 2011), zirconium(IV)
loaded fibrous (Awual et al., 2011), still slag produced (Meyer et al., 2012), bone charcoal
(Ghaneian et al., 2014), Lanthanum hydroxide materials (Xie et al., 2014), aluminum sludge
(Nawar et al., 2015), modified multi-walled carbon nanotube with chitosan (Yimin Huang et al.,
2018), manganese-laden bio-char (Jiang et al., 2018), marble waste (Bouamra et al., 2018),
chitosan composited beads derived from crude oil refinery waste (Cui et al., 2019), iron-coated
diatomite (Lyngsie et al., 2019), halloysite nanotubes (Saki et al., 2019), and industrial solid waste
bio-char (Qiu & Duan, 2019). Adsorption emerges as a robust process that could solve the
aforementioned problems and render the treatment system more economically viable, especially if
low-cost adsorbents are involved. Recently, considerable attention has been directed towards
naturally occurring and abundantly available carbon-related adsorbents due to the high cost of

widely used activated carbon.

Coals, as well as leftover coal, are carbon-rich materials, which could prove suitable for the
removal of phosphate from aqueous solutions. Leftover coal is basically a material that was left as
waste after mining underground deposited coal. In many parts of the world (including Ethiopia)
this leftover coal is abundantly available. Open-pit coal mining is widespread in Ethiopia where
there are more than 430 million tons of coal deposits found in the country of which Yayu coal
mining being the largest site (Fantaw, 2019). About 200 million tons of coal deposits to be mined

in the area, from which more than 0.1% is leftover coal.

The potential of coal to remove phosphate has been reported (Asaoka & Yamamoto, 2010; Regassa
et al., 2016; Zhang et al., 2012). Moreover, a variety of carbon-related materials such as coal
gangue loaded with zirconium oxide (Xiong et al., 2019), coal bottom ash (Zhou et al., 2019),
magnetic coal (William et al., 2019), coal slag (Lam et al., 2020), and coal fly ash (Matsubara,
2018) are used as adsorbents for phosphate removal from aqueous solutions. However, very
limited information is available so far on the phosphate adsorption on raw leftover coal. Therefore,
the objectives of the present study were to (i) investigate the possible use of raw leftover coal as
an adsorbent for the removal of phosphate from aqueous solution by considering various contact
times, pH values, initial phosphate concentrations, particle size, adsorbent dose and temperature;
(i1) evaluate and optimize the interactive effects of operating parameters using the Central

Composite Design (CCD), a common approach of the response surface methodology (RSM); (iii)
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elucidate adsorption mechanisms using energy dispersive x-ray spectrometer with the scanning

electron microscope (EDX-SEM), as well as kinetics and isotherm models.
2.2 Materials and Methods

2.2.1 Adsorbent Preparation and Characterization

The sample (leftover coal) was obtained from Yayu coal mining, Ethiopia (Figure A2.1 in
supplementary data of Appendix 2). The chemical composition of the leftover coal shows that the
material has a high potential for phosphate adsorption due to significant amounts of oxides
(54.56% Si02, 34.17% Al>03, 6.85% Fex03, 1.42% Ca0, 0.9% SOs3, 0.71% MgO) (Regassa et al.,
2016).

Images and elemental spectra of the leftover coal, before and after adsorption, were obtained from
EDX-SEM (energy dispersive X-ray spectrometer with a scanning electron microscope).
Physicochemical properties such as organic matter, moisture content, electrical conductivity and
pH zero point of charges (pHzc) were also measured according to Penn & Bowen (2018). Organic
matter, moisture content, electrical conductivity and pHp. of the coal material were determined to

be 28.5%, 0.93%, 0.69 mS cm™! and 4.6, respectively.

Prior to adsorption experiments, the collected raw material was washed thoroughly and repeatedly
with de-ionized water to remove dust and small particles adhered to it (Nawar et al., 2015). Then,
the wet material was transferred to an oven for drying at a temperature of 105 °C for 1440 min to
obtain constant mass (Fiol & Villaescusa, 2009). Subsequently, the sample was grounded to small
granules and passed through an appropriate mesh size (75425 pm). Finally, the well-sieved

sample was stored in a desiccator to prevent moisture uptake until the onset of the experiments.

2.2.2 Reagents Used and Adsorbate Preparation

Hydrochloric acid (0.1 M HCI), sulfuric acid (50% H2SO4), sodium hydroxide (0.1 M NaOH),
ammonium molybdate ((NH4)6M07024-4H20), potassium antimony tartrate ((SbO)K(C4Has)s)-1/2
H>0) and ascorbic acid (CsHgOs) were used for the photometric quantification of phosphate. All
chemicals and reagents used in this experiment were of analytical grade from Merck Germany

unless stated otherwise.
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A stock solution of potassium dihydrogen phosphate, KH>PO4 with a concentration of 1000 mg/L
PO4>" and 99.9% purity, was diluted to a working solution with concentrations of 0.5 mg/L PO4>~
to 25 mg/L PO4*" in 1000 mL of de-ionized water then labeled as ‘phosphate solution or working
solution’ and stored in a tightly closed plastic bottle in a cool place (4 °C) until the experiments

were commenced.

2.2.3 Experimental Set-Up

All the experiments were conducted in batch mode by adding 25 mL of phosphate solutionto 1 g
of leftover coal (initial solution concentration ranging from 0.5 mg/L to 25 mg/L, the temperature
at 20 °C and pH = 3.5) in 100 mL Erlenmeyer flasks. The flasks were shaken using a horizontal
shaker (Edmund Buhler 7400 Tubingen, SM 25, Germany) operating at 200 rpm for 1440 min.
After the shaking of the slurries, the suspensions were centrifuged using a centrifuge apparatus
(HERAEUS MULTIFUGE 3RS+ Centrifuge, Kendro GmbH, Hanau, Germany) operating at 3000
rpm for 10 min and immediately filtered by means of a vacuum filtration pump employing 0.45
um filter (Whatman, Carl Roth GmbH, Karsruhe, Germany) to obtain a clear supernatant aliquot.
The supernatant solution obtained from filtration was then treated with ammonium molybdate and
ascorbic acid solution prior to the phosphate analysis (molybdenum-blue ascorbic acid method)
(Krishna et al., 2017). Finally, the phosphate concentration of the solution was analyzed using a
spectrophotometer (UV-SPECTROD 40, Analytik Jena AG, Jena, Germany). The adsorbed and

% removal of phosphate was computed using Equations (2.1) and (2.2) as indicated below:

C, — C)V
q = % (2.1)

_(Co—C;
% = x100 (2.2)
Co

where q; is the amount of phosphate adsorbed per unit mass of adsorbent (mg/g) at time t; C,, C;
are the initial and final concentration of phosphate at time t (mg/L) respectively, V is the volume
of the solution contacted with the adsorbent (L), M is mass of the adsorbent (g) and (%) is percent
removal at time t. For data accuracy and error minimization, all experiments were conducted in

duplicate and the average values were used for data interpretation and analysis.
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2.2.4 Effects of Particle Size

The effect of particle size on the adsorption of P was studied as follows: 200 mL of a 10 mg/L
phosphate solution was mixed with g of adsorbent (adsorbent to solution ratio = 1:25) size in a
series of 250 Erlenmeyer flasks. Well-caped flasks were then placed in a horizontal shaker
operating at 200 rpm for 240 min. The samples were withdrawn at different time intervals and

phosphate concentrations were measured as usual.

2.2.5 Effects of Temperature

The effect of temperature on the adsorption of P was measure in a separate experiment. A gram of
adsorbent was added to the series of 100 mL flasks containing 25 mL phosphate solution with a
concentration of 10 mg/L and stirred with a magnetic stirring plate at predetermined temperatures
(20, 40 and 60 °C) for 2 h. Then, the suspension solution filtered and phosphate detection analysis

has been commenced as used for adsorption study.

2.2.6 Adsorption Kinetics

In order to investigate the adsorption kinetics, pseudo-first order and pseudo-second-order linear
kinetic models were applied for the estimation of rate constants (Ajmal et al., 2006). Pseudo-first-
order expression was employed as in Equation (2.3):

Kt
2.0303

log(q. — q¢) = log(qe) — (2.3)

Where K; is the first-order rate constant of adsorption (min'); qe (mg/g) and, q: (mg/g) are the
amount of phosphate adsorbed at equilibrium and at time t respectively. The values of K and qe
can be obtained from the slope and the intercept of a linear straight-line plot of log (qe — q¢) versus

t.

The pseudo second-order equation can be written as shown in Equation (2.4): (Saki et al., 2019)

dq;

— = Ka(qe — qe)? (2.4)

And integrating provided the linear pseudo-second order expression as:

t 1 1
—=—+—t
G X Qe
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where qe (mg/g) and q¢ (mg/g) are the amount of phosphate adsorbed at equilibrium and time t
respectively; x = K2qe? and Ko is the rate constant of the pseudo second-order model (g/mgmin).

The value of x and ge can be obtained from the linear t/q; vs. t plot.

2.2.7 Adsorption Isotherm

Various models can be employed to characterize the adsorption behavior of a given compound
analyzing experimental data. Adsorption isotherms relate the adsorbed amount of phosphate to the
equilibrium solution concentration at a constant temperature. These relations are also named
‘quantity-intensity-relations’. Freundlich and Langmuir isotherms are the most frequently used
models to analyze experimental observations (Peleka & Deliyanni, 2009). These two non- linear
isotherm models (Equations (2.5) and (2.6)) were applied to obtain the adsorption isotherm

constants.

Langmuir equation:

K1 QmaxCe
e —— 2.5
9@e=77 K,C, (2:5)
Freundlich equation:
qe = KpC,'" (2.6)

Where qe (mg/g) is the specific amount of adsorbate (phosphate), and C. (mg/L) is the adsorbate
concentration in the liquid phase at equilibrium. The constants K (L/mg) and qmax (mg/g) of the
Langmuir isotherm are indicative of adsorption energy and adsorption density respectively. Kr and
n (dimensionless) are Freundlich constants and indicate the total adsorption capacity and intensity

of adsorption respectively.

The Langmuir equation is also used to obtain Ry, the separation factor, from the following

expression: R; = in which Co (mg/L) is the initial concentration of phosphate in the

1+K;Co
solution. If 0 <R, < I then a favorable adsorption situation can be assumed, while R, > 1 indicates
an unfavorable adsorption, and R, = 1 and R; = 0 indicate a linear and irreversible adsorption
isotherm respectively (Alemayehu & Lennartz, 2009). The model equations were fitted to the

experimental data using the Microsoft Excel solver function.
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2.2.8 Statistical Analysis—Central Composite Design (CCD)

The effect of experimental conditions on the adsorption process can be evaluated by either
analyzing one factor at a time (varying only one parameter and holding the other parameters
constant) or by a multiple factor optimization (parallel processing of two and more parameters).
The first method is tedious and often inappropriate whereas the latter one is simple, efficient and
precise for testing the effect of various parameters simultaneously (Asaithambi et al., 2018). Here
it was used a multivariate mathematical model approach the so-called Response Surface Method
(RSM). The Central Composite Design (CCD) is one of the majors of RSM and it was used to
evaluate the relation and the combined effect of the selected independent parameters such as
contact time (A), initial concentration (B) and solution pH (C) on the response parameters such as
% removal (Y1) and adsorption capacity-q (Y2). The experimental results were analyzed using the
CCD method, which is a widely used statistical approach in a multi-parameter operation for
optimization experiments (Asaithambi et al., 2018; Sadhukhan et al., 2016). For three factors, as
in this case, the number of required experiments is assessed as follows: N =2¥+ 2k +z=23+2 x
3 + 6 = 20; where N is the number of necessary experiments, k the number of factors and z is the
number of replicate values at the central point. Accordingly, 20 experiments with six replicates
were conducted (Table A2.6 in supplementary data) for the specific method. After conducting the
experiments, the coefficients of the polynomial of the mathematical model were calculated using

the following quadratic equation (2.7) (Saadat et al., 2018).

k k
Y =po +Zﬁixi+223ijxixj+23iixi2 2.7
=1 1

i<j i=
Where Y is predicted responses (% removal of phosphate or/and removal capacity, q), XiX] are
the coded values of independent variables (contact time-A, initial concentration-B and solution
pH-C), is B, constant coefficient B, Bii and B are the linear, quadratic and interaction coefficients
respectively. The statistical significance of the obtained model was tested and analyzed by an
analysis of variance (ANOVA) which was performed by the Design Expert software (Version
11.0, StatEase, USA).
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2.3 Results and Discussion

2.3.1 Raw Material Characterization

The energy dispersive X-ray (EDX) and the scanning electron microscope (SEM) images and
elemental spectra of the adsorbent were described both before and after adsorption respectively
(Figure 2.1). The SEM images of the adsorbent revealed that the leftover coal has a spherical shape
and heterogeneous cross-sectional surfaces (Figure 2.1a, b). The EDX analysis showed the
elemental composition and spectral peaks of the adsorbent. Figure 2.1c, d revealed that the peak
with contents of carbon(C), silica (Si), aluminum (Al), sulfur (S), calcium (Ca) and iron (Fe) all at
K-alpha signals. As expected, the leftover coal contains high amounts of SiO2, Al,O3 and organic
materials. The p was observed after adsorption at the peak position of 1.98 keV as K-alpha signal
(Figure 2.1d), from which it is conclude that leftover coal material is suitable for phosphate

removal.

Figure 2. 1: Scanning electron microscope (SEM) images (a) before adsorption, (b) after
adsorption; energy dispersive X-ray (EDX) elemental spectra (c) before adsorption and (d) after
adsorption.

2.3.2 Effect of Contact Time and Adsorption Kinetics
The effect of contact time on phosphate removal by leftover coal is presented in Figure 2.2a. The

phosphate capture on the surface of adsorbent was very rapid in the first 200 min, and equilibrium

was attained after 720 min contact time. Increasing the contact time increased the uptake of
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phosphate, indicating the high affinity of phosphate to bare surfaces and a fast filling of active sites
due to boundary layer diffusion (Alemayehu & Lennartz, 2009; Nawar et al., 2015). It can be
observed from Figure 2.2a that the adsorption process had a rapid and a slow component. The
rapid adsorption (up to 200 min) was based on the availability of active sites and a high phosphate
concentration in the solution at the early stages of the experiment. The following slow adsorption
is due to intra-particle diffusion and an according phosphate mass transfer onto leftover coal

particle. A similar finding has been reported in the literature (Du et al., 2017).

Commonly used two kinetic models, pseudo-first and pseudo-second-order models, were
employed to fit the experimental data. Optimized model parameter values are presented in Table
2.1. The equilibrium capacity as obtained from the fitting procedure employing the pseudo second-
order model (qe) very well represented the measured value. The pseudo second-order model best
represents the experimental data (R? = 0.99; Figure 2.2b), which can be taken as an indicator that

chemisorption was the dominant process (Pan et al., 2020; Witek-krowiak et al., 2011).

Table 2. 1: Adsorption kinetics constants

Initial Concentration Pseudo first-order Pseudo second-order

(mg/L) e, gecal K R? ge.eXp Qgecal Ko R?
exp(mg/g) (mg/g) (Min™) (mg/g) (mg/g) (g/mg.min)

10 0.20283 0.11676 0.195 0.96 0.20283 0.20511 7.67 0.99
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Figure 2. 2: Kinetic of phosphate adsorption process: (a) Effect of contact time on
phosphate removal and (b) linear regression of t/q vs. time (pseudo second-order)

2.3.3 Effect of Initial pH

A pH zero point of charge (pHzpc) for leftover coal material was measured to be 4.6. It is known
that adsorption of anions (i.e., phosphate-PO4>-) on the leftover coal at a pH lower than the pHzpc
is elevated because of the high density of positive charges on the surface. On the other hand,
adsorption at a pH higher than the pHzpc can be expected to be lower because of the repulsion of
similar ions. It was reported in literature that pH is a critical factor that affects the adsorption of
phosphate (Wu et al., 2017; Yadav et al., 2015). The effect of pH on phosphate adsorption onto
leftover coal for this study is presented in Figure A2.2 in supplementary data. The percentage of
phosphate removed from the aqueous solution decreased (from 86% to 68%) as the pH of the
solution increased from 2 to 12 indicating that the adsorption of phosphate is likely to be based on
physical interactions between the surfaces of the adsorbents and adsorbate (Benyoucef & Amrani,
2011). At the lower pH range adsorption increases at sites with a variable charge (e.g., -COOH, —
NH3) because of increasing protonation. At high pH values, the competition with OH ions
increases, and phosphate adsorption decreases (Bui et al., 2018; Nawar et al., 2015). The results
obtained here (Figure A2.2), however, revealed that the leftover coal material could adsorb
phosphate over a wide pH range of 2—10. The maximum percent removal of phosphate (86%) was
obtained at a lower pH = 2 and up to 80% removal can be maintained even up to a pH of 10.
Adsorption at high pH values may be caused by bridging of cations, which are present at the
surface of the adsorbent (Xiong et al., 2019). For pH greater than 10, the adsorption capacity

decreases sharply because of the more negative charges on the surface of the adsorbent. Similar
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reports confirm that phosphate removal is less efficient under alkaline conditions (Huang et al.,

2014; Mallet et al., 2013).

2.3.4 Effect of Adsorbent Dose

The adsorbent dose is the ratio of the mass of adsorbent to solution volume and is one of the
important factors in the removal process. The effect of adsorbent dose on the phosphate removal
onto leftover coal was investigated in the range of 0.5-5 g and the results were presented in Figure
A2.3. The percent of phosphate removal increased (from 58% to 96%) with the increase of the
dose of leftover coal (from 0.5 g to 5 g). On the other side, the mass uptake per unit adsorbent (q,
mg/g) was decreasing (from 2.9 mg/g to 0.5 mg/g) with increasing the dose of leftover coal from
0.5 gto 5 g, which can be related to the higher abundance of sorption sites. Similar observations
have been reported by other investigators (Baral et al., 2006; Park & Jung, 2011; Rashidi et al.,
2017).

2.3.5 Effect of Particle Size

The effect of particle size on the adsorption of phosphate was investigated with three different
particle sizes. The particle sizes of the material were categorized as silt sand (less than 0.075 mm),
fine sand (0.075 mm to 0.425 mm) and medium sand (0.425-2 mm). As can be seen from Figure
2.3, the percent of phosphate removed by the fine sand fraction was higher (94.5%) than that of
the silt and medium sand of the adsorbent (91.8% and 92.1%) after 240 min reaction time. At an
earlier stage of the experiment (after 90 min) differences were slightly more pronounced. The
results showed that the particle size as investigated here has only minor effects on the adsorption
capacity, which is only partially in agreement with earlier studies (Alemayehu & Lennartz, 2009).
Based on the results from the particle size tests, all subsequent experiments were conducted with

adsorbent material of the fine sand fraction (0.075 mm to 0.425 mm.
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Figure 2. 3: Effect of particle size on removal of phosphate (temperature: 20 °C; Co: 10
mg/L; dose 40 g/L; contact time 240 min)

2.3.6 Effect of Initial Concentration

The percent removal of phosphate gradually decreased (from 93.4% to 55%) with increasing the
initial concentration of phosphate (from 0.5 mg/L to 25 mg/L). It is likely that active adsorption
sites become saturated at higher initial concentrations (Yadav et al., 2015). It has to be emphasized
that the percent removal as presented here is based on concentrations (Equation (2.2)). If total
amounts are considered, it can be observed that with increasing initial concentration the adsorbed
amount (q, mg/g) is likewise increasing (0.011 mg/g to 0.344 mg/g; Figure A2.4). At higher
concentrations, driving forces (diffusive gradient) are also higher and barriers of mass transfer
between aqueous solution and solid interfaces are overcome (Lee et al., 2017). Although, the
increased amount of phosphate removed on the surface of the adsorbent with increasing initial
concentration is an indicator for the removal of highly contaminated water, the effects of other
pollutants have to be considered otherwise the performance of the adsorbent material will be
limited in real wastewater treatment and the surface of the leftover coal has to be modified for the
better removal. Furthermore, credible pieces of evidence from scientific literature substantiate both
beneficial and detrimental effects of coexisting anions in aqueous solution (Kim & Lee, 2012;
Rashid et al., 2017; Saadat et al., 2018).
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2.3.7 Adsorption Isotherm and Thermodynamics

Adsorption of phosphate onto leftover coal was described by both Freundlich and Langmuir
isotherm models. Figure 2.4 and Table 2.2 summarizes the results. The Freundlich model assumes
that adsorption occurs on a heterogeneous surface through multilayer adsorption, and the adsorbed
amount increases with increasing equilibrium concentrations. In opposite, the Langmuir model
assumes an asymptotic approach to monolayer surface coverage. From the obtained optimization
procedure, it became evident that the Freundlich isotherm equation (R? = 0.99) described the
system better than the Langmuir isotherm equation (R? = 0.76). The n-value of the Freundlich
isotherm lies between 1 and 10, which is a good indicator for favorable adsorption
(Pengthamkeerati et al., 2008). Furthermore, the value of 1/n, which was obtained from the slope
of the linear plot of Inge vs. InCe of the Freundlich isotherm, was below unity implying that
chemisorption is the governing process (Foo & Hameed, 2010). The separation factor, Rr as
obtained from the Langmuir isotherm model was lower than unity, which likewise indicating to a

favorable adsorption process (Baral et al., 2006; Kapur & Mondal, 2013; Yadav et al., 2015).

The temperature has a considerable effect on the efficiency of the adsorption process. Here, the
influence of the temperature was tested by conducting batch experiments at 20 °C, 30 °C and 40
°C. It was found that, the percent removal of phosphate decreases with the increase of temperature
from 20 °C to 40 °C, confirming the exothermic nature of the process (data not shown). An increase
in temperature raises the thermal energy of the system which increases the mobility of phosphate
ions fostering enhanced desorption. As a result, the overall adsorption is decreasing. Similar
findings have been reported in previous research works (Baral et al., 2006; Kapur & Mondal, 2013;
Yadav et al., 2015).

Table 2. 2: Freundlich and Langmuir isotherm constants

Adsorbent Freundlich constants Langmuir constants
Kr nr R? Ky (max R? Ro
(L/mg) (L/mg) (mg/kg)
Coal leftover  0.112 1.67 0.901 1.315 38.01 0.7604 0.03- 0.60
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Figure 2. 4: The plot of Langmuir and Freundlich adsorption isotherm (Temperature: 20
°C; contact time 1440 min; dose 40 g/L; adsorbent size 0.075-0.425 mm)

2.3.8 Central Composite Design (CCD)

A three-factor and a three-level CCD method were employed in the present study to optimize and
analyze the combined effects of parameters on responses such as % removal and removal capacity,
g. The design summaries for both dependent and independent parameters with their corresponding
constants were generated. Each of the independent variables were coded and set in the range of
midpoint according to Asaithambi et al. (Asaithambi et al., 2018). The mean point for contact time,

initial concentration, and solution pH was set by the software as 180

min, 15 mg/L, and 6 respectively; the coded low, coded high, minimum and maximum values for

each parameter are summarized in Table A2.1 in the supplementary material.

The three parameters contact time (A), initial concentration (B) and solution pH (C) were selected
for the optimization of two responses (percent removal -Y1 and adsorption capacity, q-Y2).
Consequently, A, B, and C are selected by the software as independent variables whereas Y1 and
Y2 are dependent variables as expressed in the second-order polynomial equations (Equations
(2.8) and (2.9)). The equation in terms of coded factors can be used to make predictions about the

responses for given levels of each factor (see Equation (2.7)).
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Y; (% removal)
=71.03 4+ 1.024 — 6.04B — 0.2140C + 0.34004 * B + 0.33754 « C
+0.1150B * C — 1.14A% + 1.69B2 + 0.3409C? (2.8)

Y,(q) = 0.1776 + 0.00254 — 0.0151B — 0.0005C + 0.00084B + 0.0008AC + 0.0003BC
— 0.002842 + 0.0042B% + 0.0009C? (2.9)

Equations (2.8) and (2.9) revealed how the combined variables affect the removal of phosphate
from solution onto leftover coal material. The positive values in the equations indicated that the
removal of phosphate rises by increasing the effect. The quadratic equation was found as the
optimum model to interpret phosphate adsorption onto leftover coal because of the high
determination coefficient (R? = 0.9987 for % removal and R* = 0.9986 for removal capacity) and
low probability value (p-value <0.0001 both for % removal and removal capacity). A cubic model
has higher values of R? and adjusted R? but was considered by the software as aliased and can,
thus, not be used to interpret the experimental data because of an inadequate number of batch
experiments (Saadat et al., 2018). Adequacy of the model tested and model summary of both %

removal and removal capacity are summarized in Tables A2.2 and A2.3.

The capability and significance of the quadratic model and factors were analyzed by using analysis
of variance (ANOVA). A combination of the Fisher test value (F-value) and probability value (p-
value) can verify the signature of the model and the parameters used. F-values of greater than 4
and p-values of less than 0.05 indicate that the model is significant and can be used for accurate
prediction of phosphate removal (Wang et al., 2007). In this case, A, B, C, AB, AC, A%, B>, C? are
significant model terms. The F-value and p-value of BC (combined effect of initial concentration
and solution pH) for % removal was 2.07 and 0.1804 respectively indicating that the model is not
significant. The corresponding individual and combined results of each parameter for % removal

and removal capacity, q is given in Tables A2.4 and A2.5 in the supplementary material.

The comparisons between experimental and predicted values are presented numerically in Table
A2.6, graphically in Figure 2.5a, b. The plots of Figure 2.5 confirm the very good agreement

between experimental values and model calculations.
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Figure 2. 5: The plot of predicted versus measured values for: (a) % removal and (b)
removal capacity, q

Figure 2.6 elucidates the surface response of the combined effect of the tested experimental
conditions on phosphate removal. It can be seen from Figure 2.6a that the percent removal of
phosphate increases with increasing contact time from 120 min to 240 min at a minimum initial
concentration of 5 mg/L. Similarly, Figure 2.6b, ¢ shows the impact of initial concentration with
solution pH and contact time with solution pH respectively. From Figure 2.6c, however, the impact
of the combined effect of contact time and solution pH was not significant on the removal of the

phosphate as compared to the impact of contact time and initial concentration.
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2.4 Conclusions

Credible evidence from scientific literature substantiates both beneficial and detrimental effects of
coexisting anions in aqueous solution. However, this study focused on the effect of major design
parameters on the adsorption of phosphate onto leftover coal without coexisting (competitive)

anions. Accordingly, the following major conclusions can be drawn:

e When leftover coal is used for phosphate removal from aqueous solutions,
design parameters such as initial phosphate concentration, initial solution pH,
adsorbent dose, temperature, and contact time must be optimally selected to
obtain the highest possible removal. Apparently, the adsorption of phosphate
onto leftover coal increased markedly at pH value of 2, which is the actual pH

value of most industrial effluents.

e The adsorption kinetics for phosphate removal could be well described by the
pseudo-second-order equation with a correlation value of R? = 0.99 which

revealed that, chemisorption was the dominant process.
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e Observed temperature effects on phosphate adsorption reveal that the process

is exothermic.

e The central composite design (CCD) was found to be an appropriate approach
to optimize the variable affecting phosphate adsorption. The obtained quadratic
regression model well depicted observed values of percent phosphate removal

and phosphate removal capacity.

It is concluded that leftover coal could be employed as a low-cost adsorbent for the removal of
phosphate ions from aqueous solutions. Future investigations shall be directed to phosphate
removal from real wastewater that will give better insight into the effect of coexisting anions. The

material should be tested in a flow-through set-up to drive practical solutions for local industries.
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3. Adsorptive Removal of Phosphate from Aqueous Solutions Using Low-
Cost Volcanic Rocks: Kinetics and Equilibrium Approaches (Paper 2)
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Abstract: The contamination of surface and groundwater with phosphate originating from
industrial and household wastewater remains a serious environmental issue in low-income
countries. Herein, phosphate removal from aqueous solutions was studied using low-cost volcanic
rocks such as pumice (VPum) and scoria (VSco), obtained from the Ethiopian Great Rift Valley.
Batch adsorption experiments were conducted using phosphate solutions with concentrations of
0.5 to 25 mg-L! to examine the adsorption kinetic as well as equilibrium conditions. The
experimental adsorption data were tested by employing various equilibrium adsorption models,
and the Freundlich and Dubinin-Radushkevich (D-R) isotherms best depicted the observations.
The maximum phosphate adsorption capacities of VPum and VSco were calculated and found to
be 294 mg-kg! and 169 mg-kg !, respectively. A pseudo-second-order kinetic model best
described the experimental data with a coefficient of correlation of R? > 0.99 for both VPum and
VSco; however, VPum showed a slightly better selectivity for phosphate removal than VSco. The
presence of competitive anions markedly reduced the removal efficiency of phosphate from the
aqueous solution. The adsorptive removal of phosphate was affected by competitive anions in the
order: HCO3™ >F~ > SO472 > NO3™ > CI” for VPum and HCOs™ > F~ > CI” > SO4 % > NOs~ for
VSco. The results indicate that the readily available volcanic rocks have a good adsorptive capacity
for phosphate and shall be considered in future studies as test materials for phosphate removal

from water in technical-scale experiments.

Keywords: adsorption kinetics; aqueous solution; eutrophication; isotherm models; pumice;

scoria

3.1 Introduction

Phosphate, a molecule consisting of the elements phosphorus (P) and oxygen (Xiong et al., 2019b),

is an essential macronutrient for all life (Acelas et al., 2014). With nitrogen and carbon, phosphorus

is the primary source of productivity and is fundamental for freshwater ecosystems’ sustainability

(Jarvie et al., 2018). However, a high phosphate concentration above 0.1 mg-L™! (Helmer &
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Hespanhol, 1997) in water bodies has serious environmental repercussions, such as eutrophication,
which is associated with massive algal growth, the excessive growth of microorganisms, and the
depletion of dissolved oxygen (DO) in the water bodies, and, in turn, it harmfully effects life in
the aquatic ecosystems (Asaoka & Yamamoto, 2010; Karageorgiou et al., 2007; Kim et al., 2015;
Suresh et al., 2019; Yao et al., 2013). However, some researchers reported that a phosphate
concentration as low as 0.05 mg-L ™' (Yadav et al., 2015b) or 0.02 mg-L™! (Bacelo et al., 2020) in
the water reservoir is sufficient to stimulate the growth of algae. Nowadays, the contamination of
water bodies by pollutants like phosphorus has drawn attention globally. Industrialization, modern
agriculture, and human activities are the primary sources that can pose a serious threat to
freshwater ecosystems due to the pollutants released from these into the environment (Tao et al.,

2020).

In many cases, pollutants from different point and non-point sources infiltrate at high
concentrations into the nearby water bodies (Angello et al., 2020). Of the pollutants coming into
water bodies, phosphate laden-water is the primary trouble of developing countries such as
Ethiopia due to the formation of eutrophication in the surface water. The phosphate effluents from
institutions, domestic activities, municipal activities, detergent-making industries, and
agricultural-related activities are also the leading causes of eutrophication (Pengthamkeerati et al.,
2008). Wastewater released from slaughtering houses, for example, contains about 25-200 mg-L ™"

phosphate (Bacelo et al., 2020).

The elimination of phosphate from water can be achieved via many processes, such as biological
process, chemical precipitation, and adsorption methods (Lalley et al., 2016; Tao et al., 2020). In
comparison, biological processes and chemical precipitation are expensive and result in a large
amount of waste sludge to dispose of, involving high operating costs (Choi et al., 2014; Han et al.,
2017). Therefore, it is of great interest to develop reliable technologies that utilize viable
adsorbents to remove excess phosphate from water. It has been reported that due to its ease of
application, economic feasibility, and high efficiency among the mentioned methods, adsorption
is the most efficient process for the removal of phosphate from water (Acelas et al., 2014; Saki et

al., 2019).

Currently, a series of different adsorbents has been investigated for phosphate removal from

synthesized aqueous water with or without surface modification. Some of these include zirconium
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oxide nanoparticles (Su et al., 2013), exfoliated vermiculites (Huang et al., 2014), lanthanum
hydroxide materials (Xie et al., 2014), bio-chars derived from crop straws (Jiang et al., 2015), rice
husk ash (Mor et al., 2016); building waste (Yang et al., 2016), treated natural clinoptilolite
(Mitrogiannis et al., 2017), modified wheat straw (Qiu et al., 2017), quaternary ammonium
Chinese reed (Shang et al., 2017), zirconia-coated magnetite nanoparticles (Wang et al., 2017),
corn stalks (Fan & Zhang, 2018), iron oxide waste (Shahid et al., 2019), and magnetic coal (George
et al., 2019). However, many of these suffer from either poor regenerablity or high process costs
or low adsorption capacity. In such cases, looking for the most low-cost, easily available, and
easily accessible raw materials that can be used as adsorbents is a critical concern for developing

countries such as Ethiopia.

Volcanic rocks are inorganic adsorbents that are available all over the world, as well as in Africa.
Pumice (VPum) and scoria (VSco) are abundant volcanic rock materials found in many parts of
the world (Asere et al., 2017). A vast amount of volcanic rocks are found in Ethiopia’s Great Rift
Valley, which covers about 30% of the area of the country (Alemayehu & Lennartz, 2009; Yasin
et al., 2015). Due to their vascular structure, high contents of silica, alumina, iron oxides and
alkaline earth metals, large surface areas, and environmental friendliness, VPum and VSco are
given conspicuous roles for pollutants removal (i.e., phosphate ions) (Choi et al., 2014; Mboya et
al., 2019). Previous studies have showed the adsorption efficiency of volcanic rocks (pumice and
scoria) with heavy metals (Alemayehu et al., 2011; Alemu et al., 2018; Aregu et al., 2018; Kwon
etal., 2010), fluoride (Geleta et al., 2021), and phosphorus (Zhang et al., 2014) in a single system.
In Ethiopia, volcanic rocks are also applied to remove hazardous pollutants from tannery
wastewater (Aregu et al., 2018), but there is little information on which raw volcanic rocks have
been applied to remove phosphate from aqueous solutions. As such, the objectives of this study
were (1) to investigate the recovery of phosphates from aqueous solution using volcanic rocks via
classical slurry batch experiments, (ii) to determine the adsorption kinetics and adsorption isotherm
models to compare the removal efficiency of the adsorbents (VPum and VSco), and (iii) to evaluate

the impact of competitive/co-existing anions on the removal of phosphate.
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3.2 Materials and Methods

3.2.1 Materials Preparation and Characterization

The volcanic rock materials, VPum and VSco, were obtained from the Great Rift Valley of
Ethiopia. Before the experiments, the rock materials were washed several times using deionized
water to remove dust, dirt, and adhering particles from the adsorbent’s surface, and then dried for
24 h at 105 °C in the oven. The well-dried materials were ground to a powder form and sieved to
the size of 0.075-0.425 mm. The well dried and ground materials were then coated with iron salts
using iron (II) chloride tetrahydrate (FeCl,-4H>O) to promote cations on the adsorbents’ surface.
Forty grams of the adsorbents were soaked with enough FeCl,-4H>O solution at a concentration
of 0.01 M. The mixture was then sonicated at room temperature for 7 h using an ultrasonic mixer
(BANDELIN SONOREX RK 16, Retsch GmbH, Haan, Germany). After sonication mixing, the
decanted rock materials were heated at 90 °C for 18 h, then cooled and washed with deionized
water several times until the suspension became clean, and then dried again at 105 °C in the oven
for 24 h. The well-prepared adsorbent materials were labeled and stored in a desiccator until the

next experiments resumed.

Proximate and ultimate analyses of the adsorbent materials (VPum and VSco) were performed
according to the previous research (Mekonnen et al., 2020). The pH zero point charge (pHzpc) of
adsorbent materials was measured according to Rao et al. (2012) using a solid addition method.
The materials’ organic matter and moisture content were measured according to previous study as
well (Mekonnen et al., 2020), wherein the particle density and specific surface area (BET) of the
rock materials were measured according to another previous study (Alemayehu & Lennartz, 2010).
The organic matter, moisture content and pHzpc of the VPum were 4.95%, 0.85%, and 9.2, and
those of the VSco were 0.21%, 0.45%, and 7.2, respectively. The specific surface area and particle
density of the VPum were 3.5 m?-g ! and 2.46 g-cm >, and those of the VSco were 2.48 m?-g!
and 2.98 g-cm >, respectively. A scanning electron microscope equipped with an energy dispersive
X-ray (SEM-EDX) was employed to analyze the adsorbents’ surface morphology and the
microstructure of the adsorbent materials. All the chemicals and reagents used in this study were
of analytical grade unless otherwise specified. Table 3.1 (Alemayehu & Lennartz, 2009) shows
that the chemical composition of raw VPum and VSco, measured by X-ray fluorescence (XRF)

spectrometry, which was performed according to (Alemayehu & Lennartz, 2009). The greater the
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presence metal ions such as Si and Fe, the more easily the materials attract phosphate ions by

forming surface charges.

Table 3. 1: Chemical compositions of pumice (VPum) and scoria (VSco)

Chemical
SiO2 ALOs Fe:03 CaO K20 Na2O MgO TiO2 Others
Compositions (wt. %)

Vpum 68.6 8.9 4.9 1.8 5.5 4.1 0.2 0.3 5.7

Vsco 474 216 89 12.4 0.5 3.0 3.3 1.7 1.2

3.2.2 Batch Adsorption Studies

The equilibrium batch experiments were carried out to determine the removal capacities and the
percentage removal of phosphate with the VPum and VSco. The procedures described in previous
work (Mekonnen et al., 2020) were followed to prepare a working solution ranging from 0.5 to 25
mg-L~!, representing the minimum to typical phosphate concentration in water, by diluting a stock
solution of potassium dihydrogen phosphate (KH2POs). An initially known amount of each
adsorbent was added to 10 mg-L™! phosphate (1:5 solid to solution ratio) in 100 mL plastic flasks.
The initial pH of each solution throughout the experiments was adjusted to 6 £ 0.5 and 5.0 = 0.5
for VPum and VSco, respectively, at which levels monoanionic phosphate species exists.
According to the repartition diagram of phosphate species, at the studied pH ranges (pH = 6.5 for
VPum and pH = 5.5 for VSco), the phosphate species that predominantly exists could be HoPO4~
(Pismenskaya et al., 2001).

The well-capped plastic flasks containing the mixtures of adsorbents and adsorbate were then
placed on a horizontal mechanical shaker operating at 200 rpm and at room temperature. After 420
min of mixing, the mixtures were filtered through a 0.45 pum filter, and the concentration of
phosphate in the filtrate was analyzed using a continuous flow analyzer (CFA) (AA3 from seal
Analytical, GmbH, Norderstedt, Germany). Subsequently, the amount of adsorbed phosphate at
equilibrium (qe) and the percentage removal (A %) of phosphate from the aqueous solution were

calculated using Equations (3.1) and (3.2), respectively:
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(Co_ce)v
qe = Tl (3.1)

Ce
(A%) = (1 - C—O) x 100 (3.2)
where ge is the amount of phosphate adsorbed (removal capacity) per unit mass of adsorbent at
equilibrium; Co and Ce are the initial and final concentrations of phosphate at equilibrium
(mg-L™"), respectively; V is the volume of the solution contacted with the adsorbent (L); M is mass

of the adsorbent (g) and (A%) is percentage removal of phosphate at time t.

Similarly, phosphate’s adsorption kinetics on the samples were evaluated by mixing 8 g of the
VPum and VSco samples with 200 mL of solution at 10 mg-L ! phosphate concentration in 250
mL plastic flasks. The mixtures were then shaken on the horizontal mechanical shaker, then the
samples were withdrawn at each predetermined interval of time (5, 10, 20, 30, 40, 60, 90, 120,
180, 240, 300, and 420 min). At the end of each experiment, the mixture was immediately filtered

using filter paper, and then phosphate analysis was carried out using CFA.

The effects of co-existing anions (nitrate (NOs3 "), sulfate (SO42"), bicarbonate (HCOs"), chloride
(CI') and fluoride (F") from their respective salts of KNO3, Na;SO4, NaHCO3, NaCl and NaF,
respectively) on the removal of phosphate were determined in a separate experiment. First,
solutions were prepared from the respective salts at 0.1 M concentration using deionized water in
a separate bottle. Then, 5 mL equal concentrations (0.1 M) of each anion were mixed with 20 mL
of phosphate solution at 10 mg-L™! concentration in a series of 100 mL Erlenmeyer plastic flasks.
Then, 1 g of the adsorbents was added to a series of plastic flasks. The flasks were well capped
and shaken on the horizontal shaker working at 200 rpm for 24 h at room temperature. The final
suspension solution was collected and filtered, and then the phosphate concentration was measured

with similar methods.

3.2.3 Adsorption Equilibrium Studies

To understand the quantity of adsorbates that are accommodated by the adsorbents’ surface,
adsorption equilibrium information is critical. The equilibrium of adsorption between solution and
adsorbent is well described by different non-linear and linear forms of adsorption isotherms (Park
& Jung, 2011). Langmuir, Freundlich, and Dubinin—Radushkevich (D-R) isotherms were

employed to describe the equilibrium between the adsorbate and adsorbent for experimental data.
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The Langmuir adsorption isotherm describes the formation of monolayer adsorption of the
adsorbate on the surface of the adsorbent (Rangabhashiyam et al., 2014), and this can be expressed

by Equations (3.3) and (3.4):

Qe = % (non — linear form) (3.3)
Lbe
fe— L4 Le (linear form) (3.4)

Je dmKL dm

where qec (mg-g ) is equilibrium adsorption capacity; Ce (mg-L ™) is the equilibrium concentration
of the adsorbate in the solution; qm (mass of adsorbate per mass of adsorbent) is the maximum
adsorption capacity of phosphate; K. (L-mg ') is the Langmuir isotherm constant. The constants
Kt and gm can be calculated from the intercept and slope of the linear plot of Ce/qe vs. Ce (Figure
A3.1 in the supplementary data). The essential characteristics, feasibilities, and shapes of the
Langmuir isotherm can be described by a dimensionless constant, the so-called separation factor,

R (Equation (3.5)) (Naiya et al., 2009):

= (3.5)

1+KLCo

Ry,

where K1 and Co are Langmuir constant (L-mg ') and initial phosphate concentration (mg. L™!) in
the solution. The shape of the isotherm is determined by the values of the Rr; as Rr = 0 indicates
irreversible adsorption, and Rr = 1 shows linear adsorption, where R. > 1 and 0 <RL <1 indicate
unfavorable and favorable adsorption, respectively, as indicated by (Alemayehu & Lennartz, 2009;

Naiya et al., 2009).

The Freundlich isotherm involves heterogeneous adsorption or multi-layer adsorption

(Padmavathy et al., 2016), and can be described by Equations (3.6) and (3.7):
ge = KgCe'/™ (non — linear form) (3.6)
Ing, = InK + ilnCe (linear form) (3.7)

where qc (mg-g') is the equilibrium adsorption capacity; C. (mg-L™!) is the equilibrium
concentration of the adsorbate in the solution; Kr, and n (unit-less) are the Freundlich isotherm
constants related to sorption capacity and sorption energy, respectively. Freundlich isotherm’s

constants can be calculated from the slope and intercept of the linear plot of Inqe vs. InC. (Figure
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A3.2 in supplementary materials). The values of “n” indicate the type of adsorption isotherm; when
the value of 1/n is greater than zero, which means 0 < 1/n < 1, the adsorption is favorable and
chemisorption occurs. When 1/n is greater than one, the adsorption is unfavorable, and irreversible

adsorption occurs if 1/n is equal to unity (Al-ghouti & Da’ana, 2020).

The Dubinin-Radushkevich (D-R) isotherm is an empirical model that does not assume
homogenous or constant sorption potential. It instead estimates the solute’s mean free energy
change when a mole of solute in the solution is transferred to the surface of the adsorbent (Foo &
Hameed, 2010; Rao et al., 2012). The mean free energy describes the physical or chemical nature

of the reaction for the adsorption. The D-R isotherm can therefore be expressed by Equation (3.8):

Inqe = Inqax — BSZ (3.8)

where e is the equilibrium adsorption capacity (mol-g '), qmax is the maximum adsorption capacity
(mol-g™!), B is the activity coefficient or adsorption constant depending on the mean free energy

of'adsorption, and ¢ is the Polanyi adsorption potential, which can be expressed by Equation (3.9):

£ = RTIn (1 + Ci) (3.9)

e

where R is the universal gas constant (kJ-mol !-K ™), T is the absolute temperature (K), and Ce s
the equilibrium concentration of the adsorbate in the solution (mol-L™!). The qmax and B can be
obtained from the linear plot of Inqe vs. €2(Figure A3.3). The mean free energy of adsorption E

(kJ-mol ') can be obtained from the expression of Equation (3.10) (Hamayun et al., 2014):

1
E= (3.10)

3.2.4 Adsorption Kinetics

To quantify the time-dependent adsorption process, adsorption kinetics were investigated using

pseudo-first-order kinetics, pseudo-second-order kinetics, and intra-particle diffusion models.

Lagergren pseudo-first-order expression is given by Equation (3.11) (Rao et al., 2012):

In(qe — q¢) = In(qe) — Kyt (3.11)
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where K is the first-order rate constant of adsorption (min'); qe (mg-g ') and q; (mg-g ') are the
amount of phosphate adsorbed at equilibrium and at time t, respectively. The values of K and qe

can be obtained from the slope and the intercept of a linear straight-line plot of In(qe-qr) vs. t.

The pseudo-second-order expression can be described by Equations (3.12) and (3.13):

d
—& = Ka(de — q)? (3.12)

which can be integrated via the linear expression as:

t 1 1
a—ﬂ‘l’ at (3.13)

where ge (mg-g!) and q; (mg-g ) are the amount of phosphate adsorbed at equilibrium and time t,
respectively; h = K,qe? and K3 is the rate constant of the pseudo-second-order model (g-mg ' -min’
1. The values of K and ge can be obtained, respectively, from the intercept and slope of the linear

plot t/q vs. t.

The intra-particle diffusion equation can be expressed as shown in Equation (3.14) (Acelas et al.,

2014):
qe = Kigt®®>+C (3.14)

where g is the amount of phosphate adsorbed at time t, Kig (mg-g '-min~"?) is the intra-particle

t3, and C (mg-g ') is the intercept

diffusion rate constant obtained from the slope of the plot q; vs.
of the plot, often referred to as the thickness of the boundary layer and obtained from the intercept

of the plot (Chen et al., 2013).
3.3 Results and Discussions

3.3.1 Adsorbents Characterization

The scanning electron microscope (SEM) analysis revealed that the surface morphology of the
VPum was rough and wrinkled, which potentially provides more adsorption sites for phosphates
(Figure 3.1a) than VSco, where a relatively smooth and uniform surface structure was observed
(Figure 3.1c). The pumice’s porousness and cavities indicated that the pumice materials had a
rougher surface compared to scoria, which implies that pumice has a better phosphate adsorption

capacity than scoria. Figure 3.1b, d show the energy dispersive X-ray (EDX) image for the
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adsorbent’s elemental composition of VPum and VSco. The measured EDX image indicates that
the oxides of Al, Si, Fe, and K were the main constituents of the adsorbent materials, while the

rest of the elements, such as Mn and Pb, were detected at lower values (<0.1% weight).

b) . Spektrum 39

Massen’ o
19

Figure 3. 1: Scanning electron microscope (SEM) and energy dispersive X-ray (EDX)
patterns of Vpum (a,b) and Vsco (c,d), respectively

3.3.2 Effects of Contact Time

Designing an appropriate batch adsorption experiment is very important to get the rate at which
the adsorption takes place, and the adsorption process’ time dependence was described by varying
the contact time between the adsorbates and the adsorbents’ surface. Twelve contact points were
examined to evaluate the effects of contact time on the abilities of VPum and VSco to remove
phosphate at room temperature. The impact of contact time on the percent of removed phosphate
is shown in Figure 3.2. The phosphate removal efficiencies of VPum and VSco were sharply
increased for the first 240 min, from 0 to 81% for VPum and from 0 to 76% for VSco. The first
fast increase in the removal efficiency was due to the significant validity of active free pore sites
on the adsorbent’s surface compared to the remaining adsorption time (Omari et al., 2019; Rout et
al., 2015). As time goes on, the adsorbent’s surface gets saturated with phosphate, and only a few

phosphate removals occurred during the last 3h of equilibrium. Therefore, equilibrium was
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achieved at the 420 min contact time. Similar materials were used to remove chromium from the
aqueous solution, and adsorption equilibrium was attained at 540 min (Alemu et al., 2018).
However, a fast equilibrium time was attained at 120 min for blended rock materials with chitosan,
used to remove arsenic from aqueous solution (Asere et al., 2017). This indicates that the surface
modification of the adsorbents provides a better adsorption time, as the contact time is crucial for

calculating the process’ optimum reaction time (Fan & Zhang, 2018).

It was also observed that the removal efficiency of VPum was slightly better than that of VSco,
which was in agreement with the results for the adsorbents’ surface morphology obtained from
SEM. The more porous the surface is, the better the phosphate’s adsorption onto the adsorbents’
surfaces (Huang et al., 2016).
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Figure 3. 2: Effect of contact time on the removal efficiency of phosphate
3.3.3 Adsorption Kinetics
Due to providing worthy information on the reaction pathways and adsorption mechanisms,
adsorption kinetics analysis plays a vital role in the adsorption system (Vaghetti et al., 2008). The

mass transfer and chemical reaction mechanisms of the adsorptive removal of phosphate onto

VPum and VSco can be examined by various kinetic models, namely Lagergren pseudo-first-
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order, pseudo-second-order, and Weber and Morris intra-particle diffusion kinetic models
(Aljeboree et al., 2014; Lin et al., 2018). Therefore, their validity for use with the experimental
adsorption data for phosphate onto VPum and VSco was investigated. The results obtained from
the pseudo-second-order model exhibited higher correlation values (R? > 0.99) for both VPum and
VSco than the pseudo-first-order model tested in this study. Moreover, the calculated adsorptive
capacity values (qe, cal) from the pseudo-second-order kinetic model were 228.22 mg-kg ' and
216.84 mgkg! for VPum and VSco, respectively. These values agreed well with the
experimentally determined adsorptive capacity values (qexp) of 238 mg-kg! and 234.75mg kg
for VPum and VSco, respectively. Moreover, the pseudo-second-order linear plot (Figure 3.3)
shows the good agreement of the experimental data with the calculated data for VPum and VSco.
Nevertheless, the values of the calculated removal capacity and its linear plot (Figure A3.4)
obtained from pseudo-first-order, compared to pseudo-second-order, for both VPum and VSco
were not allied with the values of the removal capacity derived from the experimental values. This
validates that the pseudo-first-order kinetic model does not adequately describe the adsorption
process, whereas the adsorptive removal of phosphate by VPum and VSco followed the pseudo-
second-order reaction (Ahn et al., 2009; Ozacar, 2003). The non-linear adsorption kinetics plots
for pseudo-first-order, pseudo-second-order, and intra-particle diffusion are shown in Figure 3.4,
which describes the nonlinear curve fitting of the adsorption kinetics and its corresponding
constant parameters, and the calculated and experimental values of the adsorption kinetic models

are summarized in Table 3.2.
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Figure 3. 3: Pseudo-second-order kinetic plot for VPum and VSco

Intra-particle diffusion is also responsive to the diffusion mechanism of the adsorbate in the
solution. If the plots for the intra-particle diffusion q; vs. t*> of Equation (3.14) both for VPum and
VSco are leaner and pass through the origin, then the intra-particle diffusion model is the sole rate-
limiting step; otherwise, an adsorptive process other than intra-particle diffusion can occur (Ahn
et al., 2009). According to the intra-particle diffusion model, three points can be valid: (1) if the
plot of g vs. t>7 is linear, the intra-particle diffusion model will be involved in the rate-controlling
step for the adsorption process; (ii) if this line passes through the origin, i.e., intercept = 0, then
the intra-particle diffusion model is the sole rate-controlling step of the adsorption process, and
(111) if two or more slopes could occur, then there should be an indicator for the multi-step
adsorption process (Pan et al., 2017). In this case, the linear plot of q; vs. t*° (Figure 3.5) did not
pass through the origin, but was linear in some points, and two slopes were observed. Therefore,
this validates that intra-particle diffusion was not the only rate-limiting step, and non-diffusive
reaction also occurred between the phosphate ion and rock materials. This applicability of the
intra-particle diffusion model for the present kinetic data is also in agreement with other studies

(Pan et al., 2017; Saha et al., 2016).

49



250

LY
240 - S
- . -8
.- 1 =
- ® -7
230 - e ¥
e A AoSTiA e A
-l e
oog8-0-9- - -@-~-"0--0--—--——- ®
_zanf BRg S :
' {e, D S P Biiiilaiiiiiiais >
2 VA m g > EC .
= 210 - if# G -4 % - — 44— — — - - el == -
£ e »
=3 200 - e m  Experimental data - VPum
“ * - ® - Pseudo first-order - VPum
--#-- Pseudo second-order - VPum

— <4 - Pseudo first-order - VSco

190 - w — Intra-particle diffusion - VPum
# Experimental data - VSco

180 --#-- Pseudo second-order - VSco
— @ - Intra-particle diffusion - VSco
170 L] = T b L) v L) v L) b L} h L) v L) ol ) = L) -
0 50 100 150 200 250 300 350 400 450 500
t (min)

Figure 3. 4: Kinetics of phosphate adsorption on VPum and VSco, and data fitting for
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Figure 3. 5: Intra-particle diffusion plot for VPum and VSco with two different slopes
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Table 3. 2: Calculated and experimental values of parameters for pseudo-first order, pseudo-
second order, and the intra-particle diffusion kinetics model for phosphate adsorption onto
volcanic rocks

Kinetic Model Parameters VPum VSco
Experimental qexp (mg-kg ™) 238.0 234.75
Qe.cal (mg-kg™) 221.60 210.94
Pseudo-first-order K; (min ') 0.35 0.42
R’ 0.97 0.98
Qecal (mg-kg™h) 228.22 216.84
Pseudo-second-order K, (g. mg '.min!) 3.20 4.10
R? 0.999 0.999
Kiid (mg-kg '*min %) 4.82 2.45
Koid (mg-kg '*min "?) 1.45 1.90
Intra-particle Cria (mg-kg™) 180.81 182.78
diffusion Caia (mg-kg ™) 209.92 197.55
R 0.98 0.92
R2 0.91 0.78

3.3.4 Effects of Initial Concentration

The variation in phosphate removal by VPum and VSco as a function of the initial phosphate
concentration is presented in Figure A3.5 in the supplementary material. It was noticed that the
percent removal of phosphate decreased (from 93% to 43% and from 81% to 23%, for VPum and
VSco, respectively) with an increase in initial phosphate concentration (from 0.5 to 25 mg-L ™).

This is because the resistance to the up-taking of the adsorbate onto the adsorbents’ surfaces is
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higher, and the active site for adsorption gets saturated at higher concentrations (Yadav et al.,
2015). In contrast, phosphate removal capacity, qs, increased with increasing the initial phosphate
concentration due to the higher driving forces provided by the higher initial concentrations, which
were able to resist the mass transfer between the solid surface and aqueous solution (Lin et al.,
2018), which enables the adsorbate to remain on the surface of the adsorbents. Furthermore, for
the initial phosphate concentration in the range of 5 to 25 mg-L!, the amount of phosphate
adsorbed decreased in the order of VPum > VSco. This revealed that VPum has, relatively, a better

removal capacity than VSco.

3.3.5 Adsorption Isotherm

The adsorption equilibrium data are represented with the correspondences of adsorption capacity,
qe, and the adsorbate’s concentration, Ce, at equilibrium. Figure 3.6 shows the isotherm plots and
experimental data. As seen in Figure 3.6, the adsorption capacity ge increases with the increase in
phosphate concentration. This is due to the increased mass transfer driving force with the
increasing initial phosphate concentrations (Fan & Zhang, 2018). The constant values and
coefficients of determination of the adsorption isotherms are described in Table 3.3. From the
results obtained in Table 3.3, Ry values for the Langmuir and 1/n values for the Freundlich
isotherms were less than unity, and this elucidates that the adsorption of phosphate onto VPum
and VSco is favorable. Furthermore, the lower value of 1/n (0 < 1/n <1) is also a good indicator
that chemisorption was governing the adsorption process for VPum and VSco. Similar findings

were reported in the literature (Al-ghouti & Da’ana, 2020; Foo & Hameed, 2010).

The adsorption behavior can be depicted as physical or chemical, depending on the value of the
mean free energy (E) of the D-R isotherm model. When the mean free energy of adsorption is
between 1 and 8 kJ-mol !, the adsorption behavior can be depicted as physical adsorption. The
force of attraction between the adsorbate and the adsorbent is feeble. Otherwise, it is represented
as chemical adsorption if the value of the mean free energy of adsorption is greater than 8 kJ-mol .
The chemical bond between the adsorbate and the adsorbent is very strong. From the results
obtained in Table 3.3, the value of E for the D-R isotherm is between 1 and 8 kJ-mol™' for both
VPum and VSco, indicating that the adsorption process was also governed by physical adsorption
due to Van der Waals forces (Lin et al., 2018; Naiya et al., 2009). Unlike the Langmuir and

Freundlich isotherm models, a D-R isotherm model follows the pore-filling mechanisms with the
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assumption of a multilayer character, which involves the Van der Waals force applied to the

physical adsorption process. Still, from the adsorption kinetic values and Freundlich isotherm, the

adsorption process followed chemisorption. The adsorption process’ deviation confirmed

phosphate adsorption onto VPum and VSco following the physisorption and chemisorption (Al-

ghouti & Da’ana, 2020). The covalent forces of electron attraction due to metal ions exist on the

adsorbent’s surface, and surface attraction between the adsorbent and adsorbate is applied

(Kudeyarova, 2010). A similar study was reported wherein both physisorption and chemisorption

were applied to remove orange 16 onto hemp stalk activated carbon (Rehman et al., 2017).
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Figure 3. 6: Nonlinear phosphate adsorption isotherms for VPum and Vsco
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Table 3. 3: Adsorption isotherm parameters for the adsorption of phosphate onto volcanic
rocks

Isotherms Parameters Adsorbents
Pumice Scoria
Ky (L-mg ) 0.74 0.31
dm (mg'kg‘l) 294.28 169.95
Langmuir isotherm
R? 0.73 0.81
RL 0.05-0.7 0.11-0.87
Kr
114.80 45.58

((mg-kg")(mg-L™")1/n)™!
Freundlich isotherm

n 276 237
R? 0.89 0.92
Qrax (kg 1) 280,81 13432

Dubinin-Radushkevich E (kJ'mol™) 331 5.44

isotherm B 0.045 0.017
R? 0.80 0.69

3.3.6 Effects of Competitive Anions

Real wastewater commonly contains different anions, which exist in various forms of
concentration (Boukemara & Boukhalfa, 2012; Kim & Lee, 2012). Phosphate adsorption onto
VPum and VSco was independently studied in competing anions: nitrate (NOs), sulfate (SO4%"),
chloride (CI"), fluoride (F) and bicarbonate (HCOs3). The effects of competitive anions on
phosphate removal onto the surface of the adsorbent materials showed that the phosphate removal
efficiency of VPum and VSco with the absence of competitive anions was 85% and 79%,

respectively (Figure 3.7). The reductions in phosphate removal efficiency were observed after
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adding the competitive anions. When 0.1 M of bicarbonate ion was introduced to the phosphate
solution, the removal efficiency was reduced by 14.1% for VPum and 11.4% for VSco. The
addition of the bicarbonate ion may make the overall solution of phosphate alkaline, by raising the
pH (from 6.5 to 9.6 and from 5.5 to 7.8, for VPum and VSco, respectively), which could be the
reason for the decrease in phosphate’s removal efficiency. In this case, an anion exchange reaction
occurs between the phosphate ions and metal oxide, which favorably competes with hydroxide
ions. The affinity of phosphate ions to the surface of the adsorbents becomes lower, and the
adsorption efficiency is decreased. Similar findings were also reported in other studies (Huang et
al., 2014; Rashid et al., 2017). Similarly, a fluoride ion has shown a high impact on the removal
of phosphate onto VPum and VSco materials, whereby the removal efficiency of phosphate
reduced by 13% and 7.6%, respectively. The noticeable reductions in phosphate removal
efficiency by fluoride ion were likely due to the higher competition for fluoride ions binding to the
adsorbents’ surface than for phosphate ions (Li et al., 2016). From this result, it can be concluded
that VPum and VSco as adsorbents can be applied for the simultaneous removal of phosphate and
fluoride from water. However, no noticeable effect was observed due to chloride for VPum or
nitrate for VSco materials. Similar studies reported that nitrate and chloride did not affect
phosphate removal when bio-char from anaerobically digested sugar beet, silicate hybrid materials,
and acid-coated magnetite nanoparticles was employed as the adsorbent, respectively (Rashid et
al., 2017; Yao et al., 2011; Zhang et al., 2011). In contrast, the addition of nitrate into the aqueous
solution greatly affected the removal efficiency of phosphate onto the modified sludge bio-char
adsorbent (Saadat et al., 2018). These contradictions in the present study’s results and previous
studies might be attributable to different experimental conditions, such as anion concentration and

other adsorbents’ properties.
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Figure 3. 7: Effects of competitive anions on phosphate removal: (a) pumice and (b) scoria

3.4 Conclusions

In the present study, cost-effective, environmentally friendly, and easily accessible volcanic rock
materials (pumice and scoria) were used to recover phosphate from aqueous solution. The
Freundlich and Dubinin-Radushkevich isotherms better described the adsorption process than the
Langmuir isotherm model. The optimized parameter values for various adsorption kinetic models
and adsorption isotherms advocate that the adsorption processes are mainly dominated by
chemisorption and the strong attraction of covalent bonds. However, the value of mean free energy,
as obtained from the Dubinin-Radushkevich isotherm, indicated that physisorption may likewise
play an important role in the removal process due to Van der Waals forces. It was also observed
that the removal of phosphate from the solution was dramatically affected by competitive anions.
Thus, the simultaneous removal of pollutants has to be considered during water treatment. Overall,
volcanic rocks (i.e., pumice and scoria) can be used as potential adsorbents to remove phosphate
from water, but additional studies are required to further explore the potential of the rock material
in a technical-scale (flow-through) set-up. In addition, several repetitions for the desorption and
regeneration of the rock materials are highly recommended in further studies so as to increase the

reusability of the materials.
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4. Fixed-Bed Column Technique for the Removal of Phosphate from
Water Using Leftover Coal (Paper 3)

Dereje Tadesse Mekonnen, Esayas Alemayehu, Bernd Lennartz

Materials/MDPI https://doi.org/10.3390/mal4195466

Abstract: The excessive discharge of phosphate from anthropogenic activities is a primary cause
for the eutrophication of aquatic habitats. Several methodologies have been tested for the removal
of phosphate from aqueous solutions, and adsorption in a flow-through reactor is an effective
mechanism to reduce the nutrient loading of water. This research aimed to investigate the
adsorption potential of leftover coal material to remove phosphate from a solution by using
continuous flow fixed-bed column, and analyzes the obtained breakthrough curves. A series of
column tests were performed to determine the phosphorus breakthrough characteristics by varying
operational design parameters such as adsorbent bed height (5 to 8 cm), influent phosphate
concentration (10-25 mg/L), and influent flow rate (1-2 mL/min). The amorphous and crystalline
property of leftover coal material was studied using XRD technology. The FT-IR spectrum
confirmed the interaction of adsorption sites with phosphate ions. Breakthrough time decreased
with increasing flow rate and influent phosphate concentration, but increased with increasing
adsorbent bed height. Breakthrough-curve analysis showed that phosphate adsorption onto the
leftover coal material was most effective at a flow rate of 1 mL/min, influent phosphate
concentration of 25 mg/L, and at a bed height of 8 cm. The maximal total phosphate adsorbed onto
the coal material’s surface was 243 mg/kg adsorbent. The Adams—Bohart model depicted the
experimental breakthrough curve well, and overall performed better than the Thomas and Yoon—
Nelson models did, with correlation values (R?) ranging from 0.92 to 0.98. Lastly, leftover coal
could be used in the purification of phosphorus-laden water, and the Adams—Bohart model can be

employed to design filter units at a technical scale. leftover coal.

Keywords: Breakthrough Curve; Fixed-bed Column; Bed Height; Adsorption; eutrophication

57


https://doi.org/10.3390/ma14195466

4.1 Introduction

Increasing concern about the effect of phosphate released from different natural and human
activities has resulted in more stringent environmental policies in recent years. Phosphate is one
of the main nutrients for plants and aquatic lives, and is, in turn, primarily responsible for the
eutrophication of water (Ajmal et al., 2018; Biswas et al., 2008; Hamzah et al., 2018; Khan, et al.,
2013; Nagoya et al., 2019; Sellner et al., 2019). The eutrophication of water bodies due to
phosphate discharges is a challenging issue for industrialized regions (Lin et al., 2015; Shahid et
al., 2019). Domestic activities, detergent-making industries, and mining companies are the primary
sources for phosphate discharged to water bodies. The uncontrolled use of fertilizers also releases
phosphate and affects nearby water streams due to the runoff from agricultural activities (Hu et al.,
2020; Ramirez et al., 2018). Water pollution by phosphate is tremendously increasing, and demand
for the removal of excess phosphate from water bodies is thereby also increasing (Zhang et al.,

2011).

There are numerous methods to remove phosphate from water, including chemical precipitation,
biological treatment, physical process, coagulation, and adsorption (DPurici¢ et al., 2016; Qiu &
Duan, 2019; Wang et al., 2018; Ye et al., 2019). Nevertheless, most of them, with the exception
of adsorption, show drawbacks due to the high sludge production, the complexity of the process,
and high operational costs compared with adsorption methods (Bezza & Chirwa, 2021; Castro et
al., 2021). Adsorption has received immense interest due to its high removal efficiency, simple
operation, better cost effectiveness, less or no sludge production, and invulnerability to coexisting
pollutants (Jung et al., 2017; Rout et al., 2014; Woumfo et al., 2015). The application of low-cost
and locally available materials for phosphate removal was widely investigated during this decade,
such as with modified biochar (Jung et al., 2017), steel slag (Meyer et al., 2012), volcanic rock
(Mekonnen et al., 2021), alkaline Tunisian soil (Beji et al., 2018), chitosan composite (Cui et al.,

2019), alum sludge (Yang et al., 2006), and furnace slags (Xue et al., 2009).

Numerous studies were applied as adsorption methods and to remove phosphate from water by
using batch experiments with different low-cost adsorbents (Cui et al., 2019; Huang et al., 2018;
William et al., 2019; Zhang et al., 2019). At the industrial scheme, however, it was difficult to
remove phosphate from a large amount of a water solution at the industrial level using batch

adsorption (Ahn, et al., 2017), so continuous-flow fixed-bed column adsorption is versatile in the
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removal of phosphate from large amounts of a water solution using low-cost adsorbents (DPuricic,

et al., 2016).

In the present study, phosphate removal potential was examined in a fixed-bed column by using
leftover coal material. The same authors verified the application of leftover-coal (Mekonnen et al.,
2020) and volcanic-rock (Mekonnen et al., 2021) material as potential adsorbents for the recovery
of phosphate from an aqueous solution through classical slurry batch experiments. However,
batch-adsorption data are inconvenient for large-scale volumes due to the overestimation of
sorption capacities (Negrea et al., 2020). In order to obtain convincing results, fixed-bed column
adsorption is more realistic and popular in water treatment plants due to its continuous, high-yield,
easy, and economical operation, and the ability to be scaled up from the laboratory scale (Nuryadin
& Imai, 2021). Furthermore, few or no studies have reported on the phosphate adsorption capacity
of leftover coal via continuous-flow fixed-bed column methods. Therefore, the main objective of
this study is to: (i) investigate the application of fixed-bed column for the removal of phosphate
using leftover coal material, (ii) study the effects of operational parameters on removal capacity
by using breakthrough-curve analysis, and (iii) correlate experimental data with theoretical

breakthrough-curve models to predict overall adsorption behaviors.
4.2 Materials and methods

4.2.1 Adsorbent Preparation and Characterization

The coal material was obtained from Yayu coal mining, as presented in the previous study (Mekonnen
etal.,2020). Prior to the experiments, the coal material was washed several times using deionized water
to remove dust, dirt, and adhering particles from the surface of the adsorbent, and then dried for 24 h
at 105 °C in an oven dryer. The well-dried materials were ground into a powder form. The ground
powder was sieved to the size of 0.075-0.425 mm. The well-prepared adsorbent materials were labeled

and stored in desiccator until the following experiments.

Proximate and ultimate analyses of the adsorbent material were performed according to the previous
research (Mekonnen et al., 2020). The pH zero point charge (pHzpc) of the adsorbent material was
measured according to Rao et al. (2012) by using the solid-addition method. The organic matter,

moisture content, and pHzpc of the material were measured to be 28.5%, 0.93%, and 4.6, respectively.
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The functional groups of the adsorbent material were recorded using an FTIR machine (PerkinElmer,
FT-IR spectrometer—Spectrum two) in the mid infrared region of 450—5000 cm ™! with a spectral
resolution of 2 cm™!. First, the pellet was prepared from dried sample materials by the proper mixing
of potassium bromide (KBr) with a 1:9 adsorbent-to-KBr ratio (Jiang et al., 2018) and ground to a very
fine size. The well-mixed material was pelletized using a pressure corporation machine, and the pellets
were then measured accordingly (Alemu et al., 2018); the Fourier transform infrared (FT-IR) of the

adsorbent material is shown in Figure 4.1.

X-ray diffraction (XRD) analysis was performed to observe the crystal structure and mineral
composition of the adsorbents. The XRD patterns of the leftover coal were recorded using an XRD
apparatus (XRD-7000, SHIMADZU Corporation, Japan). Before XRD analysis, the leftover coal
material was washed, dried in an oven to the appropriate temperature, and milled and sifted through a
75-micrometer sieve to obtain uniform and homogeneous particles. Then, XRD analysis was recorded
with CuKa as the source radiation at wave length of 1.4 nm, at 40 kV and 30 mA (Figure 4.2). All

employed chemicals and reagents in this study were of analytical grade unless otherwise specified.

4.2.2 Phosphate Adsorption in a Fixed Bed Column

The fixed-bed column adsorption experiments were conducted using a Pyrex glass column of 130
mm height and 26 mm diameter. The column was packed with a known amount of adsorbent
material (leftover coal) to achieve the intended bed heights (5 to 8 cm), and then caped at the top
and at the bottom with glass wool to avoid bed height changes due to the loss of some adsorbents
and to prevent adsorbent wash out. Artificial phosphate-laden wastewater was synthesized by
previously diluting phosphate stock solution with a concentration of 1000 mg/L to the working
solution at concentrations of 10 to 25 mg/L using distilled water, and the pH of each working
solution was adjusted to 3.5 using HCl and NaOH by pH meter according to the previous works
(Mekonnen et al., 2020). Depending on the pH of the working solution, phosphorus can be present
in the solution in the form of H3PO4, HoPOs~, HPO4*", and PO4>. At the working pH of 3.5,
dihydrophosphate ion (H2PO4") species was dominating, which can be seen from the repartition or

speciation diagram of phosphate ion (Kilpimaa et al., 2014).

Prior to the experiments, the filled and packed column was flushed upward by deionized water
until steady flow conditions were established (Lee et al., 2015). The working solution then pumped

up through the column with different flow rates (1 to 2 mL/min) using a peristaltic pump (MS-
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REGLO, Labortechnik-Analytic, Zurich, Switzerland). In order to obtain the breakthrough curves,
the effluent was collected at a predetermined interval of time. Lastly, equilibrium phosphate
concentration was measured by continuous flow analyzer (AA3 from Seal analytical GmbH,

Norderstedt, Germany).

4.2.3 Theory and Column Data Evaluation

The obtained data from the fixed-bed column studies were used to estimate the breakthrough curve
by plotting the Ct/Co (the ratio of effluent phosphate concentration at time t to influent phosphate
concentration) vs time. The breakthrough curve, therefore, could be calculated at breakthrough
time (tp) at which the Ct/Co = 10% and exhaustion time (tc) at which Ct/Co = 90%, defined as
Ct/Co = 0.1 and Ct/Co = 0.9, respectively. The breakthrough curve and its shape are the main
characteristics that are used to investigate the dynamic response of the adsorption system (Alalwan
et al., 2018). For a desired initial phosphate concentration and flow rate, the total amount of
phosphate retained by the column, gt (mg) could be calculated from the area under the
breakthrough curve (Equation (4.1)), while the mass of phosphate adsorbed per mass of adsorbent
at equilibrium (ge (mg/g)) was calculated from Equation (4.2) (Lalley et al., 2016).

B QCO ft=t0tal ) Ct it i1
Qtotal
Qe = —= (4.2)

where Q is the volumetric flow rate (mL/min), and m is mass of adsorbent packed within the

column (g).

The mass transfer zone (MTZ) is defined as the active region of the coal material where the
adsorption of phosphate takes place and can be defined as Equation (4.3) (Husein et al., 2017;
Vieira et al., 2019).

te - tb
MTZ = H, ( t ) (4.3)

e

where Hjp is total bed height (cm), and tb and t. are the breakthrough time and exhaustion time
(min), respectively, which can be obtained from the area under the curves (Equations (4.4) and

(4.5)) (Geleta et al., 2021; Golie & Upadhyayula, 2016; Yagub et al., 2015).
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ty c,
ty = f (1-Z)dt (4.4)

ttotal Ct
t, = f (1 -t (4.5)
0 o

Empty bed contact time (EBCT) is the time of contact between the water phase and the adsorbent
(Equation (4.6)), and it measures critical depth and contact time for the adsorbent (Beji et al.,

2018).

EBCT = Y (4.6)
Q

where Vb is adsorbent bed volume (mL), which can be described as (V,, = mr?Hy, Hp is the
corresponding bed height in cm, r is the inner radius of the bed column tube), and Q is volumetric
flow rate (mL/min). The total amount of phosphate (P, mg) entering the bed can be used to
determine the removal efficiency of the column, and can be calculated according to Equation (4.7)
(Hu et al., 2020; Jiang et al., 2018; Nunes et al., 2020).

Q Co ttotal

Piotar = 1000 (4-.7)

where tiotal (min) is the operation time for the saturation of the adsorbate. Effluent volume Ve (mL)
can also be calculated from the product of flow rate and total time, where influent volume Vi is
obtained from the product of flow rate and break though time (Tamez et al., 2009; Woumfo et al.,
2015).

4.2.4 Theoretical Breakthrough Curve Models

Several theoretical adsorption models have been used to predict the dynamic adsorption behavior
of the leftover coal in a fixed-bed column. Therefore, in this work, three of most commonly used

mathematical models, the Thomas, Adams—Bohart, and Yoon—Nelson models, were applied.

Thomas model: It is the most widely used theoretical model to evaluate column performance and
predict concentration—time profile of the whole breakthrough curve. The model assumes that
adsorption is limited by the mass transfer at the interface rather than chemical interactions of the

molecules; experimental data obey the Langmuir isotherm and the second-order reversible kinetic
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model (Jung et al., 2017; Ramirez et al., 2018). The linear form of the Thomas model can be

expressed using Equation (4.8).

C K, m
In(=2 — 1) = ™ _ e (4.8)
Ce Q

where Co and Ct are influent and effluent phosphate concentration (mg/L), respectively, K

(mL/min.mg) is the Thomas rate constant, qrn (mg/g) is predicted adsorption bed capacity, m (g)

mass of adsorbent packed within the column, and Q (mL/min) is flow rate. From the plot of In (% —
t

1) vs t, the values of Ktn and qrh can be determined using the slope and intercept, respectively.

Adams—Bohart model: The bed depth service time (BDST) is the other linearized form of Adams—
Bohart (A—B) model expression, commonly applied to illustrate the relationship between service
time and bed depth at fixed-bed column study (Foo et al., 2013; Li et al., 2013). The A—B model
generally predicts a linear relationship between bed height and the time required to reach
breakthrough time (Chu, 2020). The linear form of A—B model can be expressed by Equation (4.9)
(Han et al., 2008; Woumfo et al., 2015).

H,

C
ln(C_Z) = KqpCot — KapN, (7) (4.9)

where Kap (L/mg min) is the Adams—Bohart rate constant, No (mg/L) is saturation concentration
in column (adsorption capacity per unit volume), Hp (cm) is the column bed height, and U (cm/min)

is linear velocity and is calculated by dividing Q (mL/min) by the cross sectional area (cm?) of the
bed (U = %). This model is more appropriate for describing the initial parts of the adsorption
breakthrough curve at which Ct/Co = 0-0.5 (Husein et al., 2017; Ramirez et al., 2018). The values

of Kag and No are determined from the linear plot of In( %) vs t, which are equivalent to the slope

and intercept of the linear plot, respectively (Chu, 2020).
Yoon—Nelson Model: This theoretical model is based on the assumption that the rate of adsorption
for each adsorbate is proportion to the rate of decrease in adsorption. The model does not require

explicitly elaborated information about the characteristics of adsorbate and its type (Aksu &

Gonen, 2004). It rather predicts 50% of the breakthrough time and simulate the column data
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obtained from single adsorbate system (Ye et al., 2019). The linear form of the model can be

expressed by Equation (4.10) (Li et al., 2013).

) = KYNt - TKYN (410)

where Ky~ (min—1) is the Yoon—Nelson rate constant, T (min) is the required time for 50% of the

phosphate breakthrough and t (min) is the running time. The values of Ky~ and t can be obtained

Ct
Co—

from the linear plot of In( c ) vs t using the slope and intercept respectively.
t

4.3 Results and discussions

4.3.1 Adsorbent characterization

The FT-IR spectrum of the adsorbent material (leftover coal) at wavelengths ranging from 5000
to 450 cm! is shown in Figure 4.1. Five major bands were identified for the FT-IR spectrum of
the coal material, from which a strong and broad band was formed due the stretching vibration of—
OH functional groups at the wave number of 3694.15 ¢cm™!; the band around 1631.96 c¢cm™
indicated the bending vibration of -NH in NH; for the FT-IR spectrum of coal materials (Huang
et al., 2020; Li & Bai, 2005). The band obtained at the wave number of 2931.82 cm ™! indicated
stretching vibrations of C—H (Liu et al., 2020; Omari et al., 2019). The peak observed in FT-IR
spectrum band at 1358.20 cm™! for coal material is characteristic of the SiO4? group, and is caused
by the symmetric stretching vibration of Si—O-Si and the stretching vibration of —CO in —-COH
(Huang et al., 2020; Li & Bai, 2005; Li et al., 2010). The small peaks shown at the bands of 537.92
and 471.98 cm™! in the FT-IR spectrum of the leftover coal material belong to the bending vibration
of Si—~O-Si bonds (Geleta et al., 2021; Pirsaheb et al., 2018). As shown in Figure 4.1b, after column
adsorption, some weak bands occurred at the band wavelengths of 537 and 471 cm™'. This shows

the adsorption of phosphate onto the surface of the adsorbent (Nunes et al., 2020; Xie et al., 2014).
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Figure 4. 1: FT-IR results for leftover coal material (a) before and (b) after adsorption

The XRD pattern of the leftover coal material before and after column adsorption is presented in Figure
4.2. A diffraction peak at 20 = 12.6 degree is associated with kaolinite (Al032Si0>-2H>0), and the
typical peak obtained at 20 = 25.4 degrees was induced by quartz (SiO2). The small peak at 20 = 35
degrees belongs to goethite, consisting of iron (III) oxide—hydroxide (Kajjumba et al., 2019; Yuan et
al., 2016). Data for coal material obtained from XRD patters revealed the dominance of Si in coal
material, which agrees with obtained SEM/EDX data from previous work (Mekonnen et al., 2020). The
crystalline size of the XRD pattern of the coal material can be calculated from the Scherer equation as

presented in Equation (4.11).

_ Kh
- Lcos 6

(4.11)

where D is the average crystalline size (nm), K crystal shape factor or Scherer constant (0.68 to 2.08
and 0.94 for spherical crystallites with cubic symmetry) (Langford & Wilson, 1978), A is X-ray
wavelength of radiation which is for Cuka = 1.4 A, B peak breadth or line broadening at full width at
half maximum (FWHM) in radian, and 0 is equal to %2 of the 260 position of the peak. The crystalline of
the leftover coal material was 6.2 nm. However, the XRD peaks of the coal material showed amorphous
rather than crystalline surface; the more amorphous the surface was, the higher the adsorption capacity

(Kajjumba et al., 2019; Yang et al., 2018).
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Figure 4. 2: XRD pattern of leftover coal material (a) before and (b) after adsorption

4.3.2 Effects of operational parameters

4.3.2.1 Effects of Adsorbent Bed Height

The effect of bed heights on the breakthrough curves of column adsorption were studied using bed
heights of 5, 6, and 8 cm with a constant influent phosphate concentration of 10 mg/L and at a
fixed flow rate of 1 mL/min. Figure 4.3 shows the related breakthrough curves with different bed
heights. The removal efficiency of the phosphate was proportional to the proposed bed height. In
all cases, breakthrough times were extended from 190 to 235 min, and then to 348 min, with
increasing bed height from 5 to 8 cm. Subsequently, the influent volume of phosphate solution
treated at the breakthrough time (Vi) and at exhaustion time (V) increased from 190 to 348 mL
and from 273 to 381 mL, respectively, for longer bed heights as compared with for the shorter one
(Table 4.1). This indicates that the shorter beds saturated faster than the longer one did because
the longer bed heights need longer to become saturated (Rout et al., 2014). The increase in Vi and
Ve was probably due to the high contact time between phosphate ions and adsorbent (Woumfo et
al., 2015). Furthermore, the longer bed height (8 cm) used in this study had higher phosphate
adsorption capacity (190.7 mg/kg) than that of 6 cm (178 mg/kg) and 5 cm (163 mg/kg) bed height.
Therefore, the longer the bed height was, the longer the time taken was to reach complete
exhaustion time due to broadened mass transfer zone for phosphate adsorption (Li et al., 2013;

Tamez et al., 2009).
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Figure 4. 3: Effects of adsorbent bed height

4.3.2.2 Effects of Influent Concentration

The effect of initial phosphate concentration on the performance of the column was studied by
varying the inlet concentration from 10 to 25 mg/L while the same adsorbent bed height of 8 cm
and flow rate of 1 mL/min were used. Figure 4.4 shows that a very fast breakthrough time occurred
at the inlet concentration of 25 mg/L. At a higher influent concentration of the phosphate, the quick
fill of the binding sites of the adsorbent material was observed (Chowdhury et al., 2013; Husein et
al., 2017). As the influent phosphate concentration increased from 10 to 25 mg/L, exhaustion time
also decreased from 348 to 144 min. The lower phosphate concentration caused the slower
diffusion of the phosphate than that of the higher concentration onto the surface of the coal material
due to the lower mass transfer coefficient, and contributed to the longer breakthrough time and
exhaustion time (Husein et al., 2017; Rout et al., 2014). Equally, the higher the influent
concentration was, the higher the concentration gradient and the lower the mass resistance were
with shorter breakthrough time and exhaustion time. Similar tendencies were reported by (Nguyen
et al., 2015) in the case of removing phosphate from an aqueous solution using zirconium-loaded
okara. Nevertheless, the increase in influent concentration increased the phosphate removal

capacity (from 190 to 243 mg/kg), but the total influent volume (Vi) of the treated solution was
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decreased from 348 to 144 mL. Utilizing the lower influent phosphate concentration is preferable
to a higher concentration when the treatment of a larger volume is prioritized. Calculated

parameters for different concentrations are presented in Table 4.1.
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Time (min)

0 180 360

Figure 4. 4: Effects of influents concentrations on phosphate behavior

4.3.2.3 Effects of influent flow rate

The breakthrough curves at different flow rates (1 and 2 mL/min) using influent phosphate
concentration of 10 mg/L and adsorbent bed height of 8 cm are presented in Figure 4.5. The
breakthrough time and exhaustion time of the adsorbent material appeared significantly faster,
which was related to the mass transfer process when the used flow rates were increased from 1 to
2 mL/min. In this case, the breakthrough time decreased from 348 to 187 min, and exhaustion time
decreased from 381 to 313 min for the increase in flow rate from 1 to 2 mL/min. Another study
reported a very fast breakthrough time (<40 min) for the removal of phosphate from a solution
using andosol bagasse mixtures at the influent solution flow rate of 4 mL/min in 1.8 cm bed height
(Woumfo et al., 2015). According to Chittoo and Sutherland (Chittoo & Sutherland, 2020),
increasing the flow rate may reduce the resident time of the adsorbate to diffuse into the pores of

the adsorbent materials; thus, the adsorbates predominately interact with surface functional groups.
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At lower flow rates, adsorbates have enough time to interact with the surface of the adsorbents,
and additional external mass transfer and intraparticle diffusion are thus enhanced (Zheng et al.,
2019), where, at the higher flow rate, the adsorbate solution leaves the column before reaching the
equilibrium point (Babu & Gupta, 2005). The adsorption parameters for varying bed depths,

concentrations, and flow rates are presented in Table 4.1.
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Figure 4. 5: Effects of influent flow rate on phosphate breakthrough
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Table 4. 1: Obtained parameters from breakthrough curves for phosphate adsorption onto leftover coal material with different
bed heights, initial phosphate concentrations, and flow rates

EBCT MTZ total qe
Co(mg/L) Hp(em) Q(mL/min) Vi(mL) ty(min) t.(min) Ve(mL)
(min) (cm) (mg) (mg/kg)
10 8 1 348.39 34839 38137 607.79 5.78 5.72 190.7 381.37
10 8 2 374.06 187.03  313.39  303.89 6.56 6.27 208.9 626.78
10 5 1 190.68 190.68 273.21  257.33 3.96 4.1 163.9 273.21
10 6 1 235.73 23573 297 357.81 4.59 4.46 178.2 297
10 8 1 348.39 34839 38137 607.79 5.78 5.72 190.7 381.37
10 8 1 348.39 34839 38137 607.79 5.78 5.72 190.7 381.37
25 8 1 14445 14445 29192 607.79 6.96 7.3 243.2 291.79

Vi = influent volume; V. = exhaustion/effluent volume.

Table 4. 2: Parameters for Thomas, Adam-Bohart, and Yoon-Nelson models at different parameters

Thomas Adams-Bohart Yoon-Nelson
Exp. Co Hb Q Krnx10? qrh ) Kapx103 Nox10? s Ky~ ) s
Parameters (mg/L) (cm)  (mL/min) (mL/min.mg) (mg/g) (L/mg min)  (mg/L) (minty @0 R
Q (mL/min) 10 8 1 283 0215 087  0.188 1.69 0.98 2.831 6.453 09
10 8 2 261 0203 092 0172 3217 0.92 2613 6.079  0.92
Hb (cm) 10 5 1 1.67 0328 084  0.151 2.602 0.96 2.608 5985  0.92
10 6 | 2.43 0253 093  0.155 2.188 0.98 243 6.174  0.93
10 8 1 2.83 0215 087  0.188 1.69 0.98 2.831 6.453 0.9
Co(mg/L) 10 8 1 2.83 0215 087  0.188 1.69 0.98 2.831 6453 0.9
25 8 1 2.12 0.197 094  0.143 1.578 0.92 2.121 5908  0.94
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4.3.3 Prediction of breakthrough curves using adsorption models

Predicting fixed-bed column parameters in continuous flow analysis is very important for both
laboratory- and industrial-scale processes (Ye et al., 2019). The breakthrough curve is a plot of
ratios of effluent to influent concentrations versus running time, and its prediction provides the
mechanisms and generally any changes in the adsorption processes. In the present study, three
theoretical models, namely, the Thomas, Adams—Bohart, and Yoon—Nelson models, were applied
to determine the best model for predicting the dynamic behaviors of the models (Bohart & Adams,

1920; Thomas, 1944).

The Thomas model is frequently used to determine adsorption capacity of the adsorbent. The rate
constant, adsorption capacity, and other parameters were obtained from the linear plot of Equation
(4.8) and numerical values are presented in Table 4.2. Table 4.2 shows that Kt values increased
from 1.67 x 102 to 2.83 x 10?> mL/min mg, while the values of qm decreased from 328 to 203
mg/kg with increasing adsorbent bed height from 5 to 8 cm. However, other researchers reported
a decreasing value of Ktn and increase in qrn with increasing bed depth (Husein et al., 2017;
Woumfo et al., 2015). This is may have been due to the experimental measuring and applying
different adsorbents. On the other hand, the values of K decreased with increasing influent
phosphate concentration and flow rate. These values can be illustrated with the driving force due
to the increase in concentration gradients and flow rate as reported in other studies (Negrea et al.,
2020; Woumfo et al., 2015). Regression values (R?) from the Thomas model ranged from 0.84 to

0.94, which illustrated a worse fit than that of other models.

The calculated data for the Adams—Bohart model are presented in Table 4.2. Kag values increased
with increasing adsorbent bed height, but decreased with increasing influent phosphate
concentration and flow rate. The values of No decreased with increasing bed height and influent
phosphate concentration, but increased with increasing flow rate. The calculated and experimental
data for the A-B model using initial phosphate concentration and adsorbent bed height are
illustrated in Figures 4.6 and 4.7, where the R? values of A-B model ranged in between 0.92 to
0.98, which provided a better fit than that of the Thomas and Y-N models.
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Figure 4. 6: Experimental and calculated breakthrough curve values for Adams-Bohart
model at different values of adsorbent bed height
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Figure 4.7: Experimental and calculated breakthrough curve values for Adams-Bohart

model at different values of influent phosphate concentration
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The Yoon-Nelson (N-Y) rate constant, Kyn, and time required for 50% breakthrough t values at
different operational parameters are presented in Table 4.2. The values of both Kyx and Tt were
decreased with increasing flow rate and influent phosphate concentration. The fitness of the N-Y
model was evaluated using correlation values (R?) ranging from 0.90 to 0.94. The Y-N model
described the behavior of sorption of phosphate better than the Thomas model did under different
experimental conditions. However, the Adams—Bohart model described the adsorption of the
phosphate in the column better than the Thomas and Y-N models did at different operational

conditions.

4.4 Conclusions

This study was conducted to test leftover coal as a material for the removal of phosphate from
solutions by adsorption using continuous-flow fixed-bed column experiments. The adsorption
performance and the breakthrough-curve characteristics of the column were influenced by influent
phosphate concentration, adsorbent bed height, and the influent flow rate of the solution. The
increase in bed height significantly improved the performance of the column by increasing the
breakthrough and exhaustion times of the process, and increased the volume of water that could
be treated. On the other hand, the increase in initial phosphate concentration and influent flow rate
reduced the breakthrough and exhaustion times. This was due to the fast saturation of the surface
of the adsorbent with phosphate ions and a lower resident time of the adsorbate. Adam—Bohart
model fitted the experimental data well, and performed better than the Thomas and Yoon—Nelson
adsorption models did. Overall, the results of this study suggest that phosphate removal using
leftover coal material is a promising low-cost technology for the sustainable control of excess
phosphate in water. However, additional testing of the adsorbent using surface modification and

applying real sample water with competitive anions are required for final conclusions.
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5. Synthesis

5.1 General Overview
As discussed in the previous chapters, phosphate is one of the most important nutrients for plants
and animals and pollutes water bodies in excessive quantities where a well-organized and cost-
effective removal is urgently needed. However, financial constraints, technical inefficiencies, and
lack of commitment in Ethiopia have resulted in unsuccessful pollution management. As
mentioned in the introduction section, excessive phosphate discharges from various sources into
nearby aquatic ecosystems threaten mainly industrialized regions. Eutrophication of water bodies
is one of the main consequences of this threat. Several studies have reported methods to remove
phosphate from water in which advanced biological and chemical precipitation is the primary
process. In addition, most water treatment methods are complex and inadequate. They use
advanced water treatment techniques with high financial and resource constraints. In this context,
adsorption is used in a variety of water treatment technologies, especially for phosphate removal

techniques, due to its relatively low-cost, environmental friendliness, and easy accessibility.

Many adsorbents are used to remove phosphate from water and wastewater by adsorption (Bezza
& Chirwa, 2021; Fu et al., 2018; Min et al., 2019; Shi et al., 2011; Zhang et al., 2011). Most of the
adsorbents listed are often unsuitable for low-income countries such as Ethiopia due to their high
cost. For example, the cost of commercial activated carbon is prohibitively expensive, and its
regeneration after use is tedious (Kyziot-Komosinska et al., 2014). The selection and application
of low-cost and locally available materials as an adsorbent is currently receiving considerable
attention (Husein et al., 2017). Coal leftover and volcanic rocks are abundant in Ethiopia
(Alemayehu & Lennartz, 2010; Fantaw, 2019) and the use of these materials as adsorbents will

benefit the country economically, environmentally, and technically.

Based on this, the main objective of this work is to develop locally and readily available leftover
coal and volcanic rocks as adsorbents for the removal of phosphate from simulated phosphate
containing water using batch and fixed-bed column adsorption technologies. Preparation and
characterization of the adsorbent material was performed before and after adsorption. The effects
of operating design parameters such as particle size, contact time, initial phosphate concentration,
sorbent dosage, and solution pH were evaluated for specific adsorbents. The Response Surface

Method analysis was used to determine an optimal removal capacity.
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On the other hand, the effect of competing anions on phosphate removal was evaluated using a
batch adsorption technique. The effects of three key operating parameters were investigated in
continuous flow fixed bed experiments, such as influent flow rate, initial phosphate concentration,
and adsorbent bed height. Finally, the removal capacity of the material was evaluated in a separate
experiment to determine the removal efficiency of the adsorbent under various adsorption
conditions as discussed in Chapters 2 to 4. Therefore, this chapter (Chapter 5) aims to provide an

overview of the research and discuss the results of each specific objective.

5.2 Synthesis and general discussions

5.2.1 Batch adsorption experiments
The purpose of this sub-section is to discuss the relevant points of the previous discussions and to

draw conclusion from previous chapters (chapter 2 and chapter 3).

5.2.1.1 Effects of contact time

Designing an appropriate batch adsorption experiment to determine the adsorption rate is very
important, and separate kinetic experiments were performed to evaluate the effects of contact time
on phosphate removal and to determine the optimum contact time. Phosphate removal on the
adsorbent was very fast in the first 200 min for leftover coal (Mekonnen et al., 2020), and 300 min
for both VPum and VSco (Mekonnen et al., 2021). The high initial rate of phosphate uptake may
be attributed to the substantial free pore sites on the surface of the adsorbents in the initial phase
(Omari et al., 2019). As the free pore sites are gradually occupied and filled up by the phosphate
ions, the adsorption becomes lower and the kinetics slower due to intraparticle adsorption.
Therefore, the equilibrium time was reached after 720 min for leftover coal and after 420 min for
VPum and VSco. Hence, the optimum contact time was selected at the equilibrium time to achieve
the maximum removal of phosphate ions from water with the adsorbents. However, in several
studies the maximum removal was obtained at a lower contact time with modified adsorbents
because the more modified the surface of the adsorbent the more porous the materials (Huang et

al., 2026).

5.2.1.2 Effects of Particle size
In this study, kinetic experiments were performed to determine the effects of particle size of the
adsorbent on the removal of phosphate ions from synthetic phosphate-containing water

(Mekonnen et al., 2020). The results showed that the particle size of the adsorbent significantly
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influenced the phosphate removal at the surface of the coal material. The maximum phosphate
removal (94.5 %) was achieved with at fine sand particle size of 0.075 to 0.425 mm. Reducing the
particle size from fine sand to the silty sand (>0.075 mm) resulted in a slight decrease in removal
efficiency from 94.5 % to 91.8 %. The smaller the particle size, the larger is the surface area of the
adsorbent. However, in this case, the higher removal efficiency was obtained with fine particle
size, which is due to the fact that the surface area of the adsorbents is covered as the particle size
increases. Therefore, all subsequent experiments were performed with fine sand particles size

(0.075 -0.425mm).

5.2.1.3 Effects of solution pH

It is well known that the initial pH of a solution is important for adsorption experiments. This
affects the degree of ionization, the speciation of phosphate ions, and the surface charge of the
adsorbent. This is related to the competition of hydrogen ions (H") with phosphate ions for active
sites on the adsorbent surface and the attraction of phosphate ions by H" ion in acidic
environments. To obtain the effect of pH on phosphate removal using leftover coal material
(chapter 2), separate series of experiments were performed which the pH of the solution was
changed from 2 to 12. The results showed that the percentage of phosphate removed by the leftover
coal material decreased from 86 to 68 % as the pH of the increased from 2 to 12. The pre-
determined pH was adjusted depending on the pHz,c value of the adsorbent. The calculated value
of the pHzpc of leftover coal was 4.6. In the lower pH ranges, the adsorption of phosphate on the
leftover coal material increased due to the formation of cations on the surface of the coal material,
and it decreased as the pH of the solution increased above pHzpc, when more OH™ was present to
repel phosphate ions, thus decreasing the removal rate. Therefore, the optimal pH value (3.5) for
adsorption of phosphate on leftover coal material was selected as slightly acidic. Since the pH ranges
investigated were 6.5 for VPum and 5.5 for VSco (Mekonnen et al., 2021), the repartition diagram of
phosphate indicated that the dominant phosphate species was between 80% and 100% for both VPum and

VSco was (H.POs-). However, the predominant phosphate species for leftover coal materials were dihydro

phosphate ion (H2POy") and tri-hydro phosphate ion (H3POy') at the pH of 3.5.

5.2.1.4 Effects of initial concentration
It is known that the initial concentration of the phosphate solution affects the removal of phosphate
on the adsorbent material (Yadav et al., 2015). In this study, the phosphate removal efficiency of

leftover coal, VPum, and VSco decreased significantly from 93.4 to 55 %, from 93 to 43 %, and
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from 81 to 23 % respectively where the initial phosphate concentration increased from 0.5 mg/L
to 25 mg/L. This is because the surface of the adsorbent becomes more resistant to adsorbate
uptake and the active sites for adsorption become saturated at high concentrations (Lin et al., 2018).
However, the phosphate removal capacity per kg of adsorbent increases with higher initial
phosphate concentrations due to the higher mass transfer driving force (Mekonnen et al., 2020;

Mekonnen et al., 2021).

5.2.1.5 Effects of adsorbent dose

The effects of adsorbent dosage on phosphate removal onto leftover coal material were
investigated in a separate batch experiment (Chapter 2). The more the adsorbent was included in
the residue dose, the more efficient was the phosphate removal by the leftover coal material.
However, the removal capacity per weight of adsorbent decreased from 2.9 mg/g to 0.5 mg/g as
the adsorbent dose increased from 0.5 gto 5 g. This is due to the high frequency of sorption sites
on the surface of the adsorbent. The studies of (Park and Jung, 2011; Rashidi et al., 2017) come to

similar conclusions that the adsorbent dose is strongly correlated with the phosphate removal rates.

5.2.1.6 Adsorption kinetics

The adsorption rate plays a very important role in the adsorption process. Therefore, various
adsorption kinetic models such as Lagergren pseudo-first-over, pseudo-second-order and intra-
particle diffusion were applied to evaluate the sorption mechanisms of phosphate on leftover coal,
and volcanic rock materials in batch experiments. The results of the study showed that the pseudo-
second order equation best described the adsorption kinetics of phosphate with high correlation
values of R? > 0.99 for all adsorbents used (Mekonnen et al., 2020; Mekonnen et al., 2021).
Furthermore, the results obtained from the experimental outputs indicated that the intra-particle
diffusion model was also responsive to the phosphate diffusion mechanism in solution (Aljeboree
etal., 2014; Lin et al., 2018). As expected, the plot of qt vs t*> was linear in some cases but crossed
the origin resulting in two slopes and intercepts. This confirms that intra-particle diffusion is not

the only rate-limiting step (Mekonnen et al., 2021).

5.2.1.7 Adsorption isotherms
Various isotherms such as Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm
models have been applied to describe phosphate adsorption on adsorbent materials. The Freundlich

isotherm assumes that adsorption occurs on heterogenous surface via multi-layer adsorption. The
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value of 1/n obtained from the Freundlich isotherm is between 0 and 1 for all adsorbents, and it
that can be concluded that the Freundlich isotherm describes the process well with a correlation
value of R? > 0.99, which in turn shows that chemisorption governs the adsorption of phosphate
on leftover coal and volcanic rocks. However, the D-R isotherm values obtained from the
mathematical calculations ranged from 1 to 8 kJ.mol! for VPum and VSco, indicating that
phosphate adsorption on the volcanic rock was not only chemisorption but also physisorption
(Mekonnen et al., 2021). Similar studies concluded that intraparticle diffusion was the indicator

of the for the multistep adsorption process (Pan et al., 2017).

5.2.2 Fixed-Bed Column Experiments
This section summarizes the adsorption removal of phosphate on leftover coal materials using
fixed-bed column (Chapter 4). The effects of selected design parameters such as bed height,

influent flow rate, and initial influent concentration were discussed.

5.2.2.1 Effects of adsorbent bed height

The effect of adsorbent bed height on the column adsorption breakthrough curve was studied with
bed heights of 5, 6, and 8cm, with constant influent flowrate and concentration set at the values of
1 mL/min and 10 mg/L respectively. The results showed that increasing the bed height from 5 cm
to 8 cm increased the breakthrough time from 190 minute to 348 minutes. The volume of the
threatened phosphate solution at the time of breakthrough (Vi) and the volume of solution at time
of depletion (Ve) also increased with increasing adsorbent bed height (Vieira et al 2019). The more
breakthrough time, the greater the volume of phosphate solution threatened. The higher the bed
height, the longer phosphate ions have to move to have enough time to attach to the adsorbent
surface when optimum flow rate and concentration were selected. Similar studies confirmed that
increasing of the bed height increases the influent volume of the treated solution and also increases

the contact time between the adsorbent and adsorbate (Husein et al., 2017).

5.2.2.2 Effects of influent concentration

The effect of initial phosphate concentration on the adsorption breakthrough curves was
investigated by varying the initial influent concentration from 10 mg/L to 25 mg/L. At higher
influent concentrations rapid filling of the adsorbent binding sites was observed, which was
attributed to a higher affinity of the ions for the free surface. Therefore, the adsorption
breakthrough curve decreased from 348 minutes to 144 minutes where the concentration increased
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from 10 to 25 mg/L. However, the amount of phosphate removed per kg of adsorbent decreased

with increasing feed concentration and flow rate (Chapter 4). This result is consistent with the

phosphate adsorption determined in batch experiments at high concentrations. At the higher

concentration, phosphate ions were able to fill all the vacant sites better than at the lower

concentration. From the two experiments, i.e., batch and fixed-bed column experiments, it can be

observed that the initial concentration of the adsorbent to be adsorbed has a direct effect on the

removal efficiency of the adsorbent. Therefore, the ratio of adsorbent and adsorbate should be

considered for better removal.

This leads to the following conclusions (but not limited to):

7
L X4

The surface of the leftover coal material was used as an adsorbent at room temperature
without surface modification, and a maximum removal capacity of 198 mg/kg was
obtained at a contact time of 200min, an initial pH of 3.5, and an initial phosphate
concentration of 5 mg/L using Response Surface Methods based on Central Composite
Design methods. Similarly, a maximum removal of 294 and 169mg/kg was obtained for
VPum and VSco, respectively for batch experiments. The Freundlich isotherm fitted the
experimental data for both materials (Coal leftover and Rocks), however, D-R for volcanic
rock indicates that physical sorption on the surface of the adsorbents also possible. This
may indicate that the adsorption mechanism of phosphate on coal leftover and volcanic
rocks is not limited to heterogeneous surface interaction but also surface homogeneity.
The size of the adsorbent material strongly affects the phosphate adsorption capacity of the
selected material, and the optimal removal was obtained with a size ranging from 0.075
mm to 0.425 mm for both leftover coal and volcanic rocks in batch and fixed-bed column
experiments.

The effects of contact time, initial phosphate concentration, adsorbent dosage, pH, and
temperature were reported as factors for phosphate removal. The longer the contact time,
the less the adsorption can be performed due to the saturation of the adsorbent surface.
Increasing the concentration of the adsorbate also results in a decrease in the percent
removal and an increase in the removal capacity. The higher the concentration of the
adsorbate in the solution the more anions are occupied on the surface of the adsorbent
materials and the higher the removal capacity. However, the percentage removal of the

material decreases as the adsorbate concentration increases because the material becomes
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saturated quickly. Therefore, the ratio of adsorbent to adsorbate should be chosen
appropriately.
In almost all cases, the adsorption data are well described by the Freundlich isotherm
model, indicating the heterogeneity of phosphate sorption on the surface of the adsorbents.
However, the D-R isotherm model in addition to the Freundlich isotherm best described
the adsorption data for VPum and VSco. This means that the adsorption of phosphate on
the surface of the adsorbents is not considered as heterogeneous adsorption only.

XRD and FTIR characterization showed that the surface of the adsorbents was crystalline
and amorphous, and many functional groups appeared on the surface, which uniquely
describes the content of the materials.

The effects of competing anions were studied under a variety of conditions, and fluoride
ions were found to have very strong electron affinity as phosphate ions on the surface of
adsorbents. However, when the final pH of the solution with competing anions was
measured, it was observed that the pH of the solution with bicarbonate increased, and the
phosphate removal decreased accordingly. This is probably due to the increase in OH™ ions
on the surface of the adsorbent which repelled with the phosphate ions.

Column experiments were conducted to investigate the effects of three operating paramet
ers, i.e., adsorbent bed height, influent concentration and influent flow rate. Adsorption of
phosphate in the column experiments was optimal at low flow rates, low influent
concentrations, and high bed heights. This is due to the extended breakthrough time and
exhaustion time. The longer the exhaustion time for the adsorbates and adsorbents, the
longer they are in contact with each other.

The adsorption models applied in the column experiments described the data with
correlation values (R?) greater than 80 %. However, the Adams-Bohart model fitted the
adsorption data from the column experiments better than either of the Thomas and Yoon-

Nelson models.

In conclusion, the different results from the different experiments indicate that the selected
adsorbents have significant potential for phosphate removal. Therefore, the data obtained from the
batch and continuous flow fixed bed experiments can be used as secondary data for the preliminary

scale-up-flow analysis.
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5.3 Recommendations for future work
The objective of this study is to investigate the adsorption process of phosphate on leftover coal
and volcanic rock materials (VPum and VSco). The experiments presented in this study have
shown that three adsorbents, such as coal leftover, VPum, and VSco have the potential to be used
in wastewater treatment. Batch and fixed bed column experiments have yielded promising results
in removing phosphate from simulated water using coal leftover and volcanic rocks. Although the
original objectives were achieved in this study, there are some other aspects that were not within
the scope of this study due to time constraints. Therefore, further investigation is required.

Optimization and full utilization of adsorbents for phosphate removal in wastewater technologies

can be exploited. Therefore, the following key issues are strongly recommended (but not limited

to);

» In Chapter 2, the phosphate retention capacity of leftover coal was tested. This is the first time
that such a material has been studied in more detail. The objective of this chapter is to (i) clarify
the maximum adsorption potential and (ii) gain more insight into the impacts of operational
processes on the removal of phosphate on leftover coal. This idea was pursued using an
aqueous model solution rather than natural wastewater. Wastewater is not a well-defined
compound, but varies greatly depending on the source. For instance, wastewater from the
tanning industry is fundamentally different from wastewater from glass manufacturing (both
industries are found in Africa and Ethiopia). Thus, the results of experimental studies with
natural wastewater would depend on the type of wastewater and could hardly be used to reveal
the underlying processes. Therefore, based on the parameters studied, the test for actual
wastewater containing different anions should be investigated, and recycling/or regeneration
of adsorbent material is strongly recommended for future work.

» Although the removal efficiency of the selected materials was reasonable, it is strongly
recommended that the surface area of the absorbents be modified to achieve the optimum
removal capacity and get the most out of the adsorbents.

» Continuous flow experiments in fixed bed were performed under various adsorption conditions
with laboratory-synthesized water. Next, the recycling potential of P-laden leftover coal and
rock materials should be thoroughly analyzed. The effects of different anions on the removal
of phosphate on rock materials and phosphate containing industrial effluents are strongly

recommended.

81



Adsorbents have been tested for the remove of phosphate from synthetic water. But it is
recommended to use these materials also for other cations to evaluate the simultaneous removal
efficiency of the materials. Because successful application for hazardous cations/toxic
contaminants will allow the adsorbents to be used in other wastewater practice as well.

Small Pyrex laboratory tubes with an inner diameter of 2.6 cm and a height of 13 cm were used
for the continuous flow fixed-bed experiments. These small diameters and heights are only
used at low flow rates. However, for future work, it is strongly recommended to work at high
flow rates and large scale.

In this work, only a few adsorption models were applied to demonstrate the compatibility of
experimental and theoretical results in both batch and column flow experiments. However, the
application of other adsorption models such as Temkin, Clark, and Yan, is strongly
recommended for a detailed description of the adsorption data.

This study has demonstrated the feasibility of using leftover coal and volcanic rock materials
as low-cost and readily available materials in water purification systems. However, pilot and
large-scale studies are recommended to evaluate the practical application of the materials and

to apply the findings to wastewater treatment plants.
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Abstract: The excessive discharge of phosphate from anthropogenic activities is a primary cause
for the eutrophication of aquatic habitats. Several methodologies have been tested for the removal
of phosphate from aqueous solutions, and adsorption in a flow-through reactor is an effective
mechanism to reduce the nutrient loading of water. This research aimed to investigate the adsorption
potential of leftover coal material to remove phosphate from a solution by using continuous flow
fixed-bed column, and analyzes the obtained breakthrough curves. A series of column tests were
performed to determine the phosphorus breakthrough characteristics by varying operational design
parameters such as adsorbent bed height (5 to 8 cm), influent phosphate concentration (10-25 mg/L),
and influent flow rate (1-2 mL/min). The amorphous and crystalline property of leftover coal
material was studied using XRD technology. The FT-IR spectrum confirmed the interaction of
adsorption sites with phosphate ions. Breakthrough time decreased with increasing flow rate and
influent phosphate concentration, but increased with increasing adsorbent bed height. Breakthrough-
curve analysis showed that phosphate adsorption onto the leftover coal material was most effective
at a flow rate of 1 mL/min, influent phosphate concentration of 25 mg/L, and at a bed height of 8 cm.
The maximal total phosphate adsorbed onto the coal material’s surface was 243 mg /kg adsorbent.
The Adams—Bohart model depicted the experimental breakthrough curve well, and overall performed
better than the Thomas and Yoon—Nelson models did, with correlation values (R?) ranging from 0.92
to 0.98. Lastly, leftover coal could be used in the purification of phosphorus-laden water, and the

Adams—Bohart model can be employed to design filter units at a technical scale.

Keywords: breakthrough curve; fixed-bed column; bed height; adsorption; eutrophication

1. Introduction

Increasing concern about the effect of phosphate released from different natural
and human activities has resulted in more stringent environmental policies in recent
years. Phosphate is one of the main nutrients for plants and aquatic lives, and is, in turn,
primarily responsible for the eutrophication of water [1-6]. The eutrophication of water
bodies due to phosphate discharges is a challenging issue for industrialized regions [7,8].
Domestic activities, detergent-making industries, and mining companies are the primary
sources for phosphate discharged to water bodies. The uncontrolled use of fertilizers also
releases phosphate and affects nearby water streams due to the runoff from agricultural
activities [9,10]. Water pollution by phosphate is tremendously increasing, and demand for
the removal of excess phosphate from water bodies is thereby also increasing [11].

There are numerous methods to remove phosphate from water, including chemical
precipitation, biological treatment, physical process, coagulation, and adsorption [12-15].
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Abstract: The contamination of surface and groundwater with phosphate originating from industrial
and household wastewater remains a serious environmental issue in low-income countries. Herein,
phosphate removal from aqueous solutions was studied using low-cost volcanic rocks such as
pumice (VPum) and scoria (VSco), obtained from the Ethiopian Great Rift Valley. Batch adsorption
experiments were conducted using phosphate solutions with concentrations of 0.5 to 25 mg-L_1 to
examine the adsorption kinetic as well as equilibrium conditions. The experimental adsorption data
were tested by employing various equilibrium adsorption models, and the Freundlich and Dubinin-
Radushkevich (D-R) isotherms best depicted the observations. The maximum phosphate adsorption
capacities of VPum and VSco were calculated and found to be 294 mg-kg'1 and 169 mg-kg'l,
respectively. A pseudo-second-order kinetic model best described the experimental data with a
coefficient of correlation of R? > 0.99 for both VPum and VSco; however, VPum showed a slightly
better selectivity for phosphate removal than VSco. The presence of competitive anions markedly
reduced the removal efficiency of phosphate from the aqueous solution. The adsorptive removal of
phosphate was affected by competitive anions in the order: HCO3~™ >F~ > 50,2 > NO;~ > CI~
for VPum and HCO3;~ > F~ > Cl~ > SO4~2 > NO3~ for VSco. The results indicate that the readily
available volcanic rocks have a good adsorptive capacity for phosphate and shall be considered in
future studies as test materials for phosphate removal from water in technical-scale experiments.

Keywords: adsorption kinetics; aqueous solution; eutrophication; isotherm models; pumice; scoria

1. Introduction

Phosphate, a molecule consisting of the elements phosphorus (P) and oxygen [1], is an
essential macronutrient for all life [2]. With nitrogen and carbon, phosphorus is the primary
source of productivity and is fundamental for freshwater ecosystems’ sustainability [3].
However, a high phosphate concentration above 0.1 mg-L™! [4] in water bodies has serious
environmental repercussions, such as eutrophication, which is associated with massive
algal growth, the excessive growth of microorganisms, and the depletion of dissolved
oxygen (DO) in the water bodies, and, in turn, it harmfully effects life in the aquatic
ecosystems [5-9]. However, some researchers reported that a phosphate concentration as
low as 0.05 mg-L. 7! [10] or 0.02 mg-L~! [11] in the water reservoir is sufficient to stimulate
the growth of algae. Nowadays, the contamination of water bodies by pollutants like
phosphorus has drawn attention globally. Industrialization, modern agriculture, and
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Abstract: High loadings of wastewater with phosphors (P) require purification measures, which
can be challenging to realize in regions where the technical and financial frame does not allow
sophisticated applications. Simple percolation devices employing various kinds of adsorbents might
be an alternative. Here, we investigated the application of leftover coal, which was collected from
Ethiopian coal mining areas, as an adsorbent for the removal of phosphate from aqueous solutions in
a classical slurry batch set-up. The combined effects of operational parameters such as contact time,
initial concentration, and solution pH on P retention efficiency was studied employing the Response
Surface Methodology (RSM). The maximum phosphate adsorption (79% removal and 198 mg kg ™!
leftover coal) was obtained at a contact time of 200 min, an initial phosphate concentration of 5 mg/L,
and a solution pH of 2.3. The Freundlich isotherm was fitted to the experimental data. The pseudo
second-order equation describes the experimental data well, with a correlation value of RZ = 0.99.
The effect of temperature on the adsorption reveals that the process is exothermic. The results
demonstrate that leftover coal material could potentially be applied for the removal of phosphate
from aqueous media, but additional testing in a flow-through set-up using real wastewater is required
to draw definite conclusions.

Keywords: leftover coal; phosphate; isotherms; aqueous solution; central composite design

1. Introduction

Phosphorus, generally occurring as phosphate (PO437) in aqueous solutions [1], is an essential
amendment and nutrient for many industrial and agricultural applications and often present in water
and wastewater at various concentrations [2]. For example, phosphate is highly required for the
manufacturing of glass products (like glass fiber, military-grade lasers), toothpaste, pesticides and
detergent among others [3]. However, the increase of phosphate in water bodies promotes the growth
of algae, which results in eutrophication and eventually consumes dissolved oxygen thereby adversely
affects water quality [2,4,5].

Municipal and industrial wastewaters are the main point sources for phosphate while run-off
from agriculture is the dominant non-point source. Studies indicate that 4 to 15 mg/L phosphate may
be contained in municipal wastewater, whereas effluent from chemical industries such as detergent

Water 2020, 12, 1381; doi:10.3390/w12051381 www.mdpi.comfjournal/water
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Figure A2. 1: Yayu coal mining- Oromia, Ethiopia [Latitude =(X, Y) = (8.479572,
8.069128); Longitude= (X, Y) = (35.637697, 36.098927)]
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Figure A2. 2: Effect of initial pH on phosphate removal by leftover coal (Temperature:
200C; Co: 10mg/L; dose 40g/L; adsorbent size 0.075mm-0.425mm, contact time 1440min)

109



Effects of particle dose
2 4

120 v T 4
100 f
3
ICT)
80 F "u‘a
E
3 2
E 60 b s Removal I , 8
u ]
e ==removal capacity e
® 2
=]
40 | £
o
1
20 F
0 0

0 2 a 6
Adsorbent dose(g/25ml)
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Figure A2. 4: The plot of effect of initial concentration (Co) of phosphate on the removal
and uptake capacity, q (Temperature: 200C; contact time 1440mn; dose 40g/L; adsorbent
size 0.075mm-0.425mm)
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Table A2. 1: Design Summary for independent and dependent variables/responses

Factor Name Units Min. Max. Coded Low I(-jI(l)gdlf d Mean Std. Dev.
A Contact Time min 120 240 -1=120.00 +1=240.00 180.00 43.53
B . mg/L 5 25 -1=5.00 +1=25.00 15.00 7.25
Concentration
C Solution pH - 2 10 -1=2.00 +1=10.00 6.00 2.9
Responses
. . . . Std.
Response Name Units Minimum Maximum Mean Ratio De Model
V.
R1 % Removal % 64.11 78.75 71.48 1.23 4.52 Quadratic
Removal .
R2 . mg/g  0.16 0.197 0.1787 1.23 0.191  Quadratic
Capacity

Table A2. 2: Adequacy of the model tested and model summary statistics for % Removal

Sum  of
Source Squares df Mean Square F-value p-value
Mean vs Total 1.02E+05 1 1.02E+05
Linear vs Mean 375.35 3 125.12 149.52 <0.0001
2FI vs Linear 1.94 3 0.6473 0.7351 0.5495
Quadratic vs 2FI  10.94 3 3.65 71.47 <0.0001 Suggested
Cubic Vs
Quadratic 0.5045 4 0.1261 137.04 <0.0001 Aliased
Residual 0.0055 6 0.0009
Total 1.03E+05 20 5128.83
Model Summary
Source Std. Dev.  R? Adjusted R? Predicted R PRESS
Linear 0.9148 0.9656 0.9591 0.9436 21.93
2F1 0.9384 0.9706 0.957 0.9043 37.22
Quadratic 0.2258 0.9987 0.9975 0.9852 5.74 Suggested
Cubic 0.0303 1.000 1.000 0.9825 6.79 Aliased
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Table A2. 3: Adequacy of the model tested and model summary statistics for Removal
capacity, q

Mean
Source Sum of Squares df Square F-value p-value
Mean vs Total 16.65 1 16.65
Linear vs Mean 0.5609 3 0.1870 22.65 <0.0001
2FI vs Linear 0.0643 3 0.0214 4.12 0.0295
Quadratic vs 2FI  0.0668 3 0.0223 228.16 <0.0001 Suggested
Cubic vs Quadratic  0.0001 4 0.0000 0.2514 0.8987 Aliased
Residual 0.0008 6 0.0001
Total 17.35 20 0.8673
Model summary
Adjusted Predicted

Source Std. Dev. R? R? R? PRESS

0.809
Linear 0.0909 4 0.7737 0.6445 0.2464

0.902
2F1 0.0722 3 0.8572 0.8588 0.0979

0.998
Quadratic 0.0099 6 0.9973 0.9931 0.0048  Suggested

0.998
Cubic 0.0118 8 0.9962 -0.4809 1.03 Aliased
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Table A2. 4: ANOVA, test of significance for % removal of Phosphate onto leftover coal
material

Mean
Source Sum of Squares df® Square F-value  p-value
Model 388.23 9 43.14 845.72 <0.0001  significant
%’i’ma“ 10.32 11032 20238 <0.0001 significant
2jrlllcizstlration 364.57 1 364.57 7147.64  <0.0001  significant
C-Solution pH  0.4580 1 0.4580 8.98 0.0134 significant
AB 0.9248 1 0.9248 18.13 0.0017 significant
AC 09112 1 09112 17.87 0.0018 significant
BC 0.1058 1 0.1058 2.07 0.1804 NOt .

significant

A? 3.57 1 3.57 69.96 <0.0001  significant
B2 7.86 1 7.86 154.15 <0.0001  significant
C? 0.3196 1 0.3196 6.27 0.0313 significant
Residual 0.5101 10 0.0510
Lack of Fit 0.5101 5 0.1020
Pure Error 0.0000 5 0.0000
Cor Total 388.74 19

® degree of freedom.

Table A2. 5: ANOVA test of significance for quadratic model of removal capacity, q

Sum of Mean

Source Squares df Square F-value  p-value
Model 0.0024 9 0.0003 845.72 <0.0001 significant
A-

~Contact 0.0001 1 0.0001 20238 <0.0001 significant
Time
Blnitial ) 023 1 0.0023 7147.64 <0.0001  significant
Concentration
C-Solution pH  2.862E-06 1 2.862E-06 8.98 0.0134 significant
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AB 5.780E-06 1 5.780E-06 18.13 0.0017 significant

AC 5.695E-06 1 5.695E-06 17.87 0.0018 significant

BC 6.613E-07 1 6.613E-07 2.07 0.1804 Not significant
A? 0.0000 1 0.0000 69.96 <0.0001 significant

B2 0.0000 1 0.0000 154.15 <0.0001 significant

C? 1.998E-06 1 1.998E-06 6.27 0.0313 significant
Residual 3.188E-06 10 3.188E-07

Lack of Fit 3.188E-06 5 6.376E-07

Pure Error 0.0000 5 0.0000

Cor Total 0.0024 19

Table A2. 6: Experimental Design matrix and response based on actual and predicted values
of % Removal and Removal capacity, q

Factor 1 Factor2 B: Factor 3
A: Initial C:
Run Contact  Concentrati  Solution Response 1 Response 2 Removal
Order Time on pH Removal Efficiency % Capacity mg/g
(min) (mg/g) - Actual Predicted Actual  Predicted
1 120 25 10 64.11 64.10 0.1603 0.1602
2 180 15 2 71.29 71.59 0.1782 0.1790
3 180 15 6 71.05 71.03 0.1776 0.1776
4 120 25 2 64.88 64.97 0.1622 0.1624
5 240 25 10 67.21 67.48 0.1680 0.1687
6 240 5 2 78.63 78.63 0.1966 0.1966
7 240 5 10 78.75 78.65 0.1969 0.1966
8 180 15 6 71.05 71.03 0.1776 0.1776
9 180 15 10 71.41 71.16 0.1785 0.1779
10 180 15 6 71.05 71.03 0.1776 0.1776
11 180 15 6 71.05 71.03 0.1776 0.1776
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120
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180
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180
120
120
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180

15
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25
15
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15
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76.53
71.05
66.93
67.11
71.05
68.76
78.24
70.98

78.47

76.62
71.03
66.69
67.01
71.03
68.88
77.95
70.91

78.76

0.1913
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0.1776
0.1719
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Figure A3. 2: Linear plot of Freundlich isotherm model for Vpum and Vsco
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Figure A3. 3: Linear plot of Dubinin-Radushkevich isotherm model for VPum and VSco
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