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The pH of the water is an important parameter for As mobilization in the environment; it changes the surface charge
of an adsorbent (Chen et al., 2016)
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SAMMANFATTNING

Under de senaste dren har héga halter av arsenik (As) pd citka 300 pg/L rapporterats runt
guldgruveomrddena i Geita- och Mara-regionerna i Victoriasjéns avrinningsomride (LVB) 1
Tanzania. Under provtagningskampanjen vid Geita och Mara visade grundvatten- och
ytvattenproverna férekomstav héga As-koncentrationer samtFe och sulfid. Flera brunnar 6verges
péd grund av lukt orsakad av hogtinnehall av sulfid, liksom réd firg, pd grund av hég jarnhalt. Cirka
53 % av de analyserade vattenproverna 6verskred WHO:s rikdinjer f6r dricksvatten. Frisdttningen
av As tillskrivs frimst vittring av sulfidmineraler som arsenopyrit i samband med guldbrytningen.
I vissa delar av LVB rapporteras allt fler cancerfall och kliniska undersékningar stir nu pa den
nationella agendan for att identifiera méjliga orsaker.

Vattenrening med bauxit, gips och magnesit visar lovande resultat, sarskilt bauxit och magnesit kan
sinka As-koncentrationerna tll under 0.1 pg/L. Bade bauxit och magnesit fungerade effektivt for
As-avligsnande dven vid hogre koncentrationer 6ver 5 mg/L, medan gips dr att foredra for
behandling av liga As-koncentrationer. Dessutom hade magnesit en unik kemisk karaktir for att
péaverka andra material att ha hog effektivitet vid As-borttagning; Det héjer dock vattnets pH upp
dll 10. Vid dllsats av 5 g/L magnesiti vatten med 5 mg/L As, kan As halten sinkas tll under 10
pg/L inom 30 min. As-borttagningen 6kade med dosering och kontakttid upp till 98 % efter 4
timmar, vilket dr i 6verensstimmelse med Visual MINTEQ-simulering. Prestandan hos kalcinerad
magnesit och gips passade vil med Freundlich-adsorptionsisoterm, som indikerar nirvaron av
kemisk reaktion som styrande faktor f6r As-avligsnande medan bauxit stimde med Langmuir-
isoterm, vilket indikerar yttickning i ett lager. De kinetiska reaktionerna observerades folja pseudo
andra ordningen. Statistiken foljer linjir regression med R? som stricker sig mellan 0.7 och 0.9. Det
artificiella neurala nitverket avsldjade pH som en av de mest inflytelserika parametrarna for
avligsnande av As frin vatten. En kollonn i liten skala med en flddeshastighet pa 0.5 — 1 mL/min
under 30 minuter visade en adsoprtionskapacitet mellan 0.07 och 0.14 pg/g som foljer Thomas
linjira modell med hastighetskonstanten kKTH pa 29.48 ¢l 211.25 mL/min pg.

Frisittning av element frin férbrukad magnesit, gips och bauxit sisom magnesium (Mg).
aluminium (Al), jarn (Fe), kalcium (Ca) visade sig ligga under WHO:s standarder efter vattenrening.
Desorptionsprocessen av As frin férbrukad magnesit och gips var dock en utmaning, vilket
innebir att det bildades en stark bindning mellan Mg-O-As och Ca-O-As.

Denna studie dr baserad pa 5 artiklar som ger betydande insikter till forskare, beslutsfattare och
samhillet runt As-férorenade platser for att lira sig om férekomsten av As och enkla
saneringstekniker som utvirderas i denna studie.

Nyckelord: Arsenik; bauxit; gips; magnesit; naturligt vatten; rening; Visual MINTEQ;
kinetisk reaktion; isotermet; Freundlich; Langmuir.
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IKISIRI

Katika miaka ya hivi karibuni, viwango vya juu vya Asvya 300 ug/L vinaripotiwa karibu na maeneo
ya uchimbaji wa dhahabu ya mikoa ya Geita na Mara ndaniya bonde la Ziwa Victoria (LVB) nchini
Tanzania. Wakati wa kampeni ya sampuli katika mikoa ya Geita na Mara, sampuli za maji ya ardhini
na maji ya mito zilifichua uwepo wa viwango vya juu vya As pamoja naFe na sulfide. Visima kadhaa
vimeachwa kwa sababu ya harufu kutokana na sulfide iliyomo kwenye maji, pamoja na rangi
nyekundu, kwa sababu ya chuma. Karibu 53% ya sampuli za maji zilizochambuliwa zilizidi
mwongozo wa WHO wa maji ya kunywa. Kutolewa kwa As kimsingi kunahusishwa na hali ya hewa
ya madini ya sulfide kama arsenopyrite inayohusiana na shughuli za madini ya dhahabu. Katika
baadhi ya maeneo ya LVB, idadi kubwa ya kesi za saratani zinaripotiwa na uchunguzi wa kliniki
sasa uko kwenye ajenda ya kitaifa ya kutambua sababu zinazowezekana.

Matibabu ya maji kwa kutumia bauxite, gypsum na magnesite inaonyesha matokeo ya kuahidi, hasa
bauxite na magnesite inaweza kupunguza viwango vya As mpaka chini ya 0.1 pg/L. Wote bauxite
na magnesite walifanya kazi kwa ufanisi juu ya As kuondolewa hata katika viwango vya juu ya 5
mg/L wakati gypsum ni bora kwa matibabu ya viwango vya chini vya As kwenye maji. Zaidi ya
hayo, magnesite alikuwa na tabia ya kipekee ya kemikali kushawishi nyenzo zingine kuwa na ufanisi
mkubwa juu ya As kuondolewa; hata hivyo huinua pH ya maji hadi 10. Baada ya kuongeza 5 g/L
magnesite katika 5 mg/L As, inaweza kupunguza As chini ya 10 pg/L ndani ya dakika 30.
Kuondolewa kwa As iliongezeka hadi 98% kulingana na kipimo cha madini kuongezeka, pia na
wakati wa maji kugusana katika masaa 4 ambayo inakubaliana na simulation ya Visual MINTEQ.
Utendaji wa magnesite iliyochomwa, na gypsum ulioneshwa vizuri na Freundlich adsorption
isotherm, ambayo inaonyesha uwepo wa majibu ya kemikali kama sababu ya kudhibiti kwa As
kuondolewa wakati bauxite ilifaa vizuri kwenye Langmuir isotherm inayoonyesha chanjo ya uso wa
monolayer. Mwitikio wa kinetic ulizingatiwa kufuata utaratibu wa pili wa pseudo. Takwimu hutii
regression ya mstari na R* kuanzia kati ya 0.7 na 0.9. Mtandao wa neva bandia ulifunua pH kama
kigezo cha kushawishi zaidi kwa As kuondolewa kutoka kwa maji. Safu ndogo ilifunua kiwango cha
miitiriko wa 0.5 - 1 mL/min kwa dakika 30 na uwezo wa mitiritiko kati ya 0.07 na0.14 pg/gambayo
inatii mfano wa Thomas linear na kiwango cha mara kwa mara cha kyy ya 29.48 hadi 211.25
mL/min pg.

Kutolewa kwa vitu kutoka kwa magnesite iliyotumika, gypsum, na bauxite kama vile magnesiamu
(Mg). alumini (Al), chuma (Fe), kalsiamu (Ca) ilipatikana kuwa chini ya viwango vya WHO baada
ya matibabu ya maji. Hata hivyo, mchakato wa kuiachanisha As kutoka kwa magnesite iliyotumika
na gypsum ilikuwa changamoto ambayo inamaanisha kulikuwa na muungano mgumu kati ya Mg-
O-As na Ca-O-As.

Utafiti huu unategemea machapisho 5 ambapo utachangia ufahamu muhimu kwa jamii ya kisayansi,
watunga sera na jamii inayoishi karibu na maeneo yaliyochafuliwa, kujifunza kuhusu matukio ya
uchafuzi wa vyanzo vya maji pamoja na mbinu rahisi za kuondoa As zilizotathminiwa katika utafiti
huu.

Istilahi muhimu: Arseniki; bauxite; gypsum; magnesite; maji ya asili; kuondolewa; Visual
MINTEQ; misuguano ya kinetic; isotherm; Freundlich; Langmuir.

xi
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ABSTRACT

In recent years, high arsenic (As) levels of about 300 pg/L have been reported
around the gold mining areas of Geita and Mara regions within the Lake Victoria
basin (LVB) in Tanzania. During a sampling campaign at Geita and Mara, the
groundwater and surface water samples revealed the presence of high As
concentrations as well as Fe and sulfide. Several wells are abandoned because of
odordue to high content of sulfide, as well as red color, due to high iron content.
About 53% of the analyzed As water samples exceeded the WHO guideline for
drinking water. The release of As is primarily attributed to the weathering of
sulfide minerals like arsenopyrite related to gold mining activities. In some parts
ofthe LVB, an increasing number of cancer cases are being reported, and clinical
investigations are now on the national agenda to identify the possible causes.

Water treatment using bauxite, gypsum, and magnesite shows promising results,
especially bauxite and magnesite, which could lower As concentrations to below
0.1 pg/L. Both bauxite and magnesite worked efficiently on As removal even at
highet concentrations above 5 mg/L, while gypsum is preferable for treatment
of low As concentrations. Furthermore, magnesite has a unique chemical
character of influencing other materials to have high efficiency of As removal;
however, it raises the pH of the water up to 10. Addition of 5 g/L magnesite to
water containing 5 mg/L As, could lower the As concentration to below 10 ug/L
within 30 min. The As removal increased with dosage and contact time up to 98
% in 4 hours, which is in agreement with Visual MINTEQ simulation. The
performance of calcined magnesite, and gypsum fitted well with Freundlich
adsorption isotherm, which indicates the presence of chemical reaction as
controlling factor for As removal, while bauxite fitted Langmuir isotherm
indicates monolayer surface coverage. The kinetic reactions were observed to
follow pseudo-second-order. The statistic obeys linear regression with R?
ranging between 0.7 and 0.9. The artificial neural network revealed pH as a most
influencing parameter for As removal from water. The mini-scale column
tevealed that a flow rate of 0.5 — 1 mL/min for 30 min gave an adsorption
capacity ranging between 0.07 and 0.14 ug/g, which follows Thomas linear
model with rate constant of kry of 29.48 to 211.25 mL/min ng.

The release of elements from spent magnesite, gypsum, and bauxite, such as
magnesium (Mg), aluminum (Al), iron (Fe), and calcium (Ca) were found to be
below WHO standards after water treatment. However, the desorption process
of As from spent magnesite and gypsum was a challenge, which means there was
formation of strong bond between Mg-O-As and Ca-O-As.

This study is based on 5 papers that provide significant insights to the scientific
community, policymakers, and the community living around As contaminated
areas to learn about the occurtences of As and simple remediation techniques
evaluated in this study.

Keywords: Arsenic; bauxite; gypsum; magnesite; natural watet; removal;
Visual MINTEQ; kinetic reaction; isotherms; Freundlich; Langmuir.
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1. INTRODUCTION

Arsenic (As) is a toxic element which exists in the earth’s crust (Duker ez a/, 2005; Sadiq, 1997). It
is a metalloid represented in the periodic table in group VA. The occurrence of As in the
environment is through natural soutces mobilized by rock weathering and sulfide minerals
oxidation (Bhattacharya e a/, 2002). Human activities such as agricultural, industrial, and mining
have contributed to As contamination in water bodies (Chang Chien ¢ a/., 2012).

Arsenic exists in both inorganic and organic forms (Chang Chien ¢ @/, 2012), of which organic
forms are assumed to be less harmful and easily eliminated from the body through metabolic
processes (Bhattacharya ¢f al., 2002; Kapaj ez al, 20006). In natural water, inorganic forms of As(Il)
and As(V) exist depending on the oxidizing and reducing environment (Gustafsson and
Bhattacharya, 2007). Its speciation is controlled by pH, while its distribution is mostly controlled
by redox potential. As(IIl) is known as more toxic since it forms a bond with sulthydryl and thio
groups of body proteins and can cause cell damage (Anand, 2022).

The main routes for As exposure for human beings are through drinking water, ingestion of food
contaminated with As, and inhaling contaminated air (Chung ¢ @/, 2014). The long-term exposure
to this element will cause health problems such as (skin, kidney, liver, blader) cancer and gangrene
of the limbs, failure of internal organs, conjunctivitis, hyperkeratosis, hyper pigmentation,
cardiovascular diseases, disorders of the central nervous system and peripheral vascular system
(Kar e al, 2011).

The drinking water guideline for As was set by the World Health Organization (WHO) to be 0.01
mg/L (WHO, 2017; Cotruvo, 2017). However, more than 200 million people in South Asian
countries like Bangladesh, India, Pakistan, China, Nepal, Vietnam, Myanmar, Thailand, and
Cambodia depend on arsenic (As) contaminated water sources (Yadav ¢f a/, 2022). In Africa, the
occurrence of natural As is reported in Ethiopia, West Aftrica, South Africa, and Tanzania, while
anthropogenic sources were reported in Egypt, Ghana, Kenya, and South Africa (Irunde ¢f 4/,
2022).

Removal methods such as precipitation, ion exchange, reverse osmosis, nanomembrane,
electrodialysis, and adsorption are useful to remove As from water (Irunde ¢/ a/,, 2022). The reverse
osmosis and electrodialysis methods are highly expensive to qualify for application in low-income
countries. Thus, precipitation and adsorption processes are of interest due to their simple
application and low operation costs.

Considering health problems caused by As and the contribution to the United Nations Sustainable
Development Goals on safe, clean water, and sanitation for all (SDGO6) under 6.1: safe and
affordable drinking water, it is necessary to predict and prepare a simple method to remove As
from water.

The current study presents the results obtained from water treatment with locally available mineral
rock materials such as magnesite, bauxite, and gypsum. The parameters such as adsorbent dosage,
pH, contact time, and initial As concentration were evaluated in batch experiments using natural
water and a prepared spiked As solution in the laboratory. The mini-scale column was also
conducted to evaluate flow rate and adsorption capacity.

2. AIMS, OBJECTIVES, AND RESEARCH QUESTIONS

2.1. RATIONALE

The As contamination of drinking water sources around Lake Victoria basin and gold mining areas
of Geita and Mara in northern Tanzania is an alarming issue, which is associated with many patients
admitted at the Ocean Road Cancer Institute being affected from cancer. The current study
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evaluated locally available mineral rocks of bauxite, gypsum, and magnesite, which will be applied
to design drinking water filters in rural areas of Geita and Mara.

2.2. OBJECTIVES AND RESEARCH QUESTIONS

221 General objective

The aim and objective of the present study were to evaluate simple methods that can be applied
for As removal from water using bauxite, gypsum, and magnesite.

22,2 Specific objectives
Specific objectives were:

e To determine levels of arsenic from water samples around gold mining in Geita and Mara
(Paper I & IT).

e To determine mineralogical composition of the locally available mineral rocks of magnesite,
bauxite, and gypsum (Paper III, IV & V'), and

e To cvaluate efficiency of magnesite, bauxite, and gypsum for As removal from water
(Papers IIL IV& V)

22.3 Research questions

The specific objectives were achieved through the following research questions:
e  Are there water sources with As exceeding WHO guidelines in Geita and Mara?

e What are the major cations, anions, and As species in the water sample selected for As
removal evaluation?

e What is the main composition of the mineral rocks, bauxite, gypsum, and magnesite?
e How much arsenic was removed from the water?

e How do the parameters contact time, initial As concentration, and pH influence As removal
from water?

e What is the flow rate needed in the mini-scale column?

2.3. SCOPE OF THE STUDY

This study is limited to the application of locally available geogenic materials (minerals) bauxite,
gypsum, and magnesite for batch experiments and min-scale column for Arsenic removal from
drinking water. The water samplewas collected from a source that was used for drinking, irrigation,
and other household activities.

2.4. THESIS STRUCTURE

This thesis is divided into six main sections. Section 1 gives a general introduction and the
background to the research problem. Section 2 explains the research problem and states the
objectives and scope of the study. Section 3 is the background of the study. Section 4 desctibes the
materials and methodology. Section 5 highlights the results. Section 6 is a discussion, while Section
7 is the conclusions and recommendations for future studies.

3. BACKGROUND

Although As has been known as a harmful element to humans exposed through drinking water,
food, inhalation, and dermal contact (Chung e al, 2014), there is a knowledge gap in African
countries such as Tanzania where As is not yet listed for water quality test for the drinking water.

Over a few years, As levels were reported to increase in water sources around gold mining areas
under Lake Victoria basinin Tanzania (Ligate ¢z al,, 2022); however, the Governmentof the United
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Republic of Tanzania (URT) has not taken strong initiatives for testing As. Limited studies have
been conducted to reveal As contamination in water, soils, sediments, and vegetables as well as in
urine (Nyanza ¢ al, 2014, 2019), and removal technologies have not yet been tested and or
implemented, even in large gold mining areas of Geita and Mara.

3.1. MINING ACTIVITIES IN GEITA AND MARA

The large gold mining areas of Geita and Mara contribute economically to the mining sector of
Tanzania. The large miners are careful to follow the rules and regulations that the Government of
United Republic of Tanzania sets on environmental impact monitoring. However, artisanal and
small-scale gold mining (ASM) activities are carried out in an uncontrolled manner in the Geita and
Mara regions of northern Tanzania. Due to these small-scale mining operations, the government
and mining sectors face difficulties in implementing policies and regulations that are required to
ensure environmental as well as community safety (Kinyondo and Huggins, 2021). Most artisanal
and small-scale miners have lower incomes, which limits them to attain all the processes that are
required before mining the gold, such as environmental impact assessment, and they can cause
severe damage to the land, soll, air, vegetation, and water systems. Some of the small-scale mining
was reported to be conducted in hard to reach areas, with limited information to the government
administration (Kinyondo and Huggins, 2021). Types of small-scale mining such as alluvial mining
(along riverbanks), surface or subsurface mining, and hard rock mining can lead to changes in
environmental morphology (geomorphological) and contribute to pollution in the water system.
The geomorphological processes such as weathering of broken rocks, land sliding, soil erosion,
effect on groundwater flow, and reduction of water table (Machacek, 2019) can accelerate chemical
release into water systems.

A recent gender-based qualitative study (Leuenberger ¢ 4/, 2021) conducted in northwestem
Tanzania reported how the community suffers negative impacts of mining, such as loss of
agricultural land, house cracks from mining blasting, water pollution from mining chemicals, soil
contamination, skin rashes, miscarriages, dust from the mining causing coughs and flu, intestinal
diseases in children, early pregnancy in girls, Human Immunodeficient Virus (HIV) while the
positive impacts were construction of new roads, water wells and health centers (Leuenberger ef
al., 2021). Furthermore, other studies on dust exposure of mining workers reported high-risk
respiratory diseases (such as phlegm, coughing, wheezing, breathless, and chest tightness) affecting
the underground workers, exposed to a calculated geometric mean of 0.41+0.28 mg/m? compared
to open pit workers with 0.17£0.23 mg/m?, despite using protective equipment (Rusibamayila ¢/
al., 2018).

For minimizing the poor public health and environmental degradation in artisanal and small mining
sectors, the inclusiveness of the community in policymaking and its implementation is encouraged
(Rwiza er al, 2023). The formulation of mining laws should be bottom-up, with all people
contribute ideas to policymaking. The scientific findings should be included in policymaking to
ensure problems are solved (Rwiza ¢z al, 2023).

3.2. ARSENIC

The ability of As to bind with elements such as C, O and the =SH groups lead to toxicity in the
human body. Arsenic (III) interferes with cell metabolic processes in the body and leads to cell
damage when it bonds to thiol groups of proteins (Herath ez a/, 2010).

32 1 Field measutements of Atsenic

Preliminary analysis in-situ is important to detect the presence of As. Thus, the test is performed
through arsenic field test kit with color range between 0 and 500 pg/L. This technique shows
ranges of As concentrations in the water samples.
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Table 1 The ptincipal techniques for As removal (Ahmad et al., 2017; Maity et al., 2021;
Mohan and Pittman, 2007) (Paper I).

Methods Technique Advantage Disadvantage
Oxidation/precipitation Oxygenation Simple in-situ As removal, Removes arsenate and
low cost but slow accelerates oxidation
Chemical Microbial disinfection, Efficient control of pH
oxidation while oxidizes impurities, and oxidation steps is
rapid process required
Coagulation/ Alum coagulation  Low cost, simple Produces toxic sludge,
coprecipitation operation, wide pH range low removal,
application peroxidation required
Iron coagulation =~ More efficient than alum  Medium As(11I)

removal, sedimentation,
and filtration required

Lime softening Availability of commercial Readjustment of pH is
chemicals required
Sorption and ion- Activated alumina Commercially available Need replacement after
exchange 4 to 5 regenerations.
Iron coated sand ~ Cheap, no regenerationis Not standardized;
required, remove both As  produces toxic waste
(III) and As (V)
Ton-exchange resin = Well defined medium and High-cost medium,

capacity, pH-independent, high-tech operation and

exclusive ion specific for maintenance, problem

As removal of concentrate disposal
during regeneration, As
(III) not removed

Membrane Nanofiltration High removal efficient High capital and
running costs

Reverse osmosis No toxic solid waste is High techoperationand

produced maintenance
Electrodialysis Capable to remove other Toxic concentrate
contaminants produced
Bioremediation Bacteria,  fungi, Environment friendly
algae
Plantaccumulation Green  process, high Efficiency is affected by
efficient plant age and phosphate

concentration

322 Labomtory measutements

The samples collected from the field or produced from an experiment are filtered, acidified with
nitric acid, and stored in the refrigerator at 4°C for further analysis. The total arsenic concentrations
are analyzed through inductively coupled plasma optical emission spectroscopy (ICP-OES) and
inductively coupled plasma mass spectrometry (ICP-MS). Speciation of arsenic to show As(III),
As(V), and organo-arsenicals is performed through high-performance liquid chromatography
connected to inductively coupled plasma mass spectrometry (HPLC-ICP-MS). The major anions
are usually analyzed through Ion chromatography (IC).
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323 Arsenic removal techniques

Implementation of arsenic removal is very important to secure the society living around
contaminated areas. The remediation techniques (Table 1), such as coagulation, precipitation, ion
exchange, reverse osmosis, oxidation, adsorption, nanofiltration, electrodialysis, adsorption, and
bioremediation through plants orbacteria, have been reported elsewhere (Ahmad e7 al, 2017, 2019;
Maity ¢ al., 2021).

The reverse osmosis and nano filter membranes (Table 1) are effective methods for As removal
from water; however, the running costs are unmanageable in the lower income countries. Thus,
the adsorption method from the application of locally available materials is more preferred for
water treatment since its application is simple (Herath ¢ a/, 2016).

3.3. FACTORS AFFECTING ARSENIC ADSORPTION EFFICIENCY

There are several factors that can influence or hinder As adsorption from water. Parameters such
as inital As concentrations, adsorbent dosage, pH, and contact time are of importance for As
uptake from water.

33 1 Initial As concenttation

The initial As concentrations can inhibit As removal depending on the capability and porosity of
the adsorbent. In previous studies, As adsorption was reported to decrease with an increase in As
concentration (Chen ¢f a/, 2016).

332 Adsotbent dosage

It was reported that an increase in adsorbent dosage increases As adsorption (Chen e# al, 2014).
The As removal in the current study was increasing with dosage, and the uptake was low at low
dosage (Irunde ¢ al., 2023).

333 pH

This is the parameter that has a major influence on metal and As speciation (Tahmasebpoor ¢ al,
2022). For magnesite materials, with a high point of zero charge (pHpzc) of more than 11, where
the adsorption is favoured at higher pH above 11 (Masindi ¢/ @/, 2014). For materials with low
pHpzc, such as bauxite, the adsorption decreases with an increase in pH following the Lewis
adsorption process. The pH affects the surface charge of the adsorbent and makes the surface
positively or negatively charged (Chen ¢ 4/, 2016).

334 Contact time

The longer the water is in contact with an adsorbent, the more the As adsorption (Chen ¢7 4/, 2014).
Prolonged contact times in the current study wetre obsetved to improve the adsorption removal
(Irunde ez al., 2023).

4. METHODS

The current study was carried out through field visiting observations, sample collection, laboratory
analysis, and application of locally available materials (magnesite, bauxite, and gypsum) for As
removal experiments.

4.1. STUDY AREA

The northwestern part of Tanzania around Lake Victoria Basin (LBV) is a well-known area for
gold mining activities. The current study focuses on Geita and Mara gold miningareas (Iig. 1). The
main gold mining areas are Geita Gold Mining (GGM), with latitude -2.8333°, longitude 32.1667°,
and North Mara Gold Mining NMGM) with latitude -1.4667°, longitude 34.5167°. Geita region
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border the south shores of Lake Victoria, while the Mara region is in the Eastern part of Lake
Victoria. The geology of Geita and Mara consists of Archean granitoid-greenstone belts enriched
with gold deposition through sulfide minerals such as pyrite and arsenopyrite. The greenstone belt
is covered by granitic, gneissic, and migmatitic rocks cover the greenstone belt. The continuous
evolution of the greenstone belt around gold mining area in northern Tanzania has led to formation
of lithologies such as felsic volcanic, ferruginous rocks, and metasediments. The population around
the area is estimated to increase every month due to mining activities. The indigenous population
is involved in agricultural, fishing, and grazing animals and livestocks. Due to climate change impacts,
animal keeping has been declining with time since the farmers are forced to reduce number of cows
due to lack of pasture.

The area is characterized by high lands (hills), low open land, and wetlands with sedimentary rocks
underneath. The soil in the area contains organic matter that supports vegetation growth around
the area. Because of the vegetation cover, the presence of bacteria around the area for nitrate
fixation is expected. The presence of microbes under the vegetation cover contributes to economic
activities such as the biotransformation of contaminants in the area. Some bacteria survive at low
pH and in reducing environments and are expected to introduce the dissolution of arsenic bound
to iron oxide. Furthermore, bacteria that survive in an oxidizing environment tend to oxidize
sulfide minerals and release arsenic into the water system. Bacterial use arsenic for energy
metabolism. The presence of bacteria that affect arsenic behavior was observed when an acidified
water sample collected from Geita and Mara submitted to the laboratory showed less arsenic
compared to the amount tested in the field. This indicates that bacteria could utilize most of the
arsenic during transportation from the field to the laboratory.

4.2. COLLECTION OF WATER SAMPLES AND THE LOCAL ADSORBENTS

421 Collection of water samples

The water samples were collected during a field campaign around the mining areas of Geita and
Mara from different periods between 2016 and 2019. The water samples in Geita and Mara were
sourced from shallow wells, deep wells, bore holes, spring streams, river streams, and rainwater.
To a 1 litre plastic bottle, cleaned with nitric acid and rinsed with distilled water, the filtered water
sample was introduced and capped.
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Figure 1. Study area for water sampling around Geita and Mara, northern Tanzania.
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During water sampling, several parameters were observed in the field, such as color of the water,
odour, pH, electroconductivity, temperature, arsenic level by using arsenic test kit, and redox
potential. Besides, rock samples from wells were collected for further investigation of what might
be the source of arsenic around Geita and Mara gold mining basin.

42.2 Collection of local adsorbents bauxite, gypsum, and magunesite

The locally available materials are distributed all-over Tanzania from the north to southern part.
However, the presented materials in the current study were collected from bulk deposits of Moshi-
Makanya (gypsum), Lushoto-kwemashai (bauxite), and Moshi-Chambogho (magnesite). The
mentioned areas are large mining areas for bauxite, gypsum, and magnesite and contain bulk
reserves that can last for decades.

423 Sample treatment and analysis

The water samples of 1 litre each were filtered in the field through 0.45 pm membraneand acidified
with 2% nitric acid, caped, and packed in iceboxes ready for transportation to the water laboratory
at the University of Dar es Salaam. Thereafter, water samples were kept in a fridge at 4 °C until the
analysis time using ICP-OES, IC, to characterize major cations and anions.

Some samples were sent to the Tanzania bureau of standards (IBS) Tanzania Chemistry Lab
(GCA), and some were transported to Sweden to the SEED lab, and ALS to investigate arsenic
species by using HPLC-ICP-MS.

Rock samples collected from Geita and Mara were sent for petrographic analysis at the Geology
Department, University of Dar es Salaam, to investigate the mineralogical characteristics around
Geita and Mara.

424 Prepamtion of adsotbent matesials

The local rock materials were brushed clean, washed, dried, crushed into powder form, and calcined
at temperature of 500 °C. This temperature was reported to be effective for bauxite calcination
(Mohapatra, 2008). The calcination time was set to 2 hours to save energy consumption during
future production. After calcination, the samples were stored in plastic containers ready for
application in water treatment for arsenic removal.

The calcined samples were characterized to investigate mineralogy content by using Xray
diffraction (XRD), BET, and SEM, as described below, and digested mineral samples were checked
by ICP-OES.

A portion of raw and calcined (bauxite, gypsum, and magnesite) powder sample was inoculated on
the X-ray diffracion (XRD) sample-plate and placed in the Panalytical Xpert Pro X-ray
diffractometer (Cu-K-alphal). The scan range (20) of diffractometer was 10 — 80 degrees within 15
minutes (40 mA, 45kV). The obtained XRD diffraction data were analysed in X Pert High-Score
software under the database from International Center for diffraction data ICDP PDF-4+ 2022)
to identify mineral phases that existin the local materials of bauxite, gypsum,and magnesite sample.
Portions of powder samples were introduced in JEOL field emission scanning electron microscope
(FE-SEM-EDS, JSM-7000F) to determine the elemental composition and the morphology of the
local material. Furthermore, the surface area of the material was analyzed using the Brunauer
Emmett Teller (BET) method under adsorptive nitrogen (N») and an equilibration interval of 15
seconds.

The contentof iron (Fe) and As in the raw material was investigated by digesting 5 ¢ material in 10
mL concentrated nitric acid, heated at 115 °C for 2 hours. The filtrate was diluted with distilled
water to 100 mL and measured with inductively coupled plasma atomic emission spectroscopy
(ICP-OES, iCAP 7600).
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4.3. WATER TREATMENT FOR ARSENIC REMOVAL

The water sample collected from Masinki stream at latitude -1.48672°, longitude 34.50887°,
elevation 1198 m in Tarime in Mara district was used in a batch expetriment to evaluate As removal
through application of bauxite, gypsum, and magnesite separately. About 100 g/L of adsorbent
was poured into the As solution and shaken vigorously for 4 hours at 70 rpm while 10 mL aliquots
were taken at intervals of 10 to 20 minutes. The samples were filtered through 0.45 um filter,
acidified, and sent to the specific laboratory for arsenic analysis.

For higher arsenic concentration removal, synthetic (spiked distilled water) water containing
arsenate was prepared at the SEED laboratory and applied in batch experiment for the As removal.
A stock solution of 100 mg/L Na,HAsO,.7H,O was prepated to be used for dilution to prepare
lower initial As concentrations such as 0.1 mg/L,0.5 mg/L,1 mg/L, 3 mg/L,5 mg/L, and 10
mg/L up to 30 mg/L at near neutral pH. The amount of bauxite, gypsum, and magnesite was
poured into the water sample containing the mentioned concentrations above and agitated
vigorously at room temperature. The parameters of interest on how they affect arsenic removal,
such as contact time, pH, adsorbentdosage,and initial concentration, wete evaluated through linear
regression and neural networks in SPSS version 28.

43 1 Bauxite (Paper 1IV)

The pH of the raw and calcined bauxite material was investigated by shaking2 g per 10 mL distilled
water with initial pH 1.51, 1.73, 2.26, 2.31, 2.46, and 4.2. The As removal procedure using raw,
calcined, and alkaline ferric-bauxite composite was evaluated.

4.3.1.1. Raw bauxite

In the 1 mg/L As water at pH 7, 100 g/L of raw bauxite was introduced and shaken at 70
revolutions per minute (rpm) for 4 hours while water samples were collected at 20 minutes
intervals.

4.3.1.2. Calcined baunxcite

0.5¢g/L,5 g/L, 0t 50 g/L calcined bauxite was introduced in the solution of 5.3 mg/L As, shaken
vigorously at 70 rpm. In natural water, 100 g/L calcined bauxite was introduced in water contain
117 png/L and 5.3 pg/L, shaken vigorously. The samples collected were filtered through a 0.45
syringe filter and stored in a fridge at 4 °C ready for analysis in ICP-OES. The high dosage of 100
g/ L of calcined bauxite was introduced in the As solution of 1 mg/L at pH 7, shaken for 4 hours,
and sample was collected at 20 minutes intervals. The pH was slightly raised above pH 7 since the
bauxite was heated in the furnace in the presence of magnesite, which might absorb carbon dioxide
emitted from magnesite. Bauxite was also newly crushed and heated in the furnace in the absence
of magnesite since the previous was slightly raising pH, and 5 g/I. was shaken in 5.3 mg/L As
water to evaluate pH effect.

4.3.1.3. Alkaline ferric-bauxite composite

The 50 g raw bauxite powder was poured into 100 mL of 0.5 M ferric nitrate, and the pH was
raised by 0.1M NaOH up to pH 12. The mixture was shaken for 12 hours at 75 °C under 250 rpm.
After 12 hours, the composite was dried at 105 °C for 24 hours and kept in a dry container. This
composite had high pH to investigate if As is enhanced at high pH. For batch experiment, 5 g/L
of ferric-bauxite alkaline composite was poured into 2 mg/L. As water at initial pH 4.

4.3.1.4. Arsenic solution

The desirable arsenic solution of different concentrations was prepared from stock of 100 mg/L
Na,HAsO,.7H,O for removal evaluation. The initial As concentrations of 0.1, 0.5. 1, 2, 5, 10, 15.
20 and 30 mg/L were prepared from stock solution of 100 mg/L. The initial pH was regulated by
0.IM NaOH and nitric acid. The bauxite amount of 0.5 g/L, 5 g/L, 50 g/L, and 100 g/L were
introduced into the solution, shaken, filtered, and analyzed using ICP-OES.
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4.3.1.5. Leaching tests

Leaching of As from 1g calcined bauxite waste used for water treatment to reduce the
concentration of 10 mg/Lt0 0.0018 mg/L As, was accomplished through mixing the matetial with
10 mL of 0.1 M NaOH, shaken vigorously for two hours, filtered, and analyzed using ICP-OES.

432 Gypsum (Paper V)

The As water solutions of different initial concentrations of 0.5, 1, 3, 5, and 10 mg/L were prepared
by dilution of 100 mg/L Na,HAsO.7H,O stock solution. The pH tests of the gypsum were
preliminarily investigated by shaking distilled water with 100 g/L raw gypsum at initial pH 4.2 and
pH 1.51.

To the small bottles with 5.266 mg/L As solution of pH 7, the 50 g/L and 100 g/L gypsum were
introduced and shaken at 70 rpm for three to five hours. In the natural water from the field with
117 ng/L As(V) and 5.3 pg/L As(Il) (Irunde e al, 2023), the 100 g/L of calcined gypsum was
poured and shaken vigorously. The samples were taken at intervals of 30 minutes, filtered through
0.45 pm, acidified with nitric acid, and kept in a fridge at 4 °C ready for the analysis in inductively
coupled plasma atomic emission spectroscopy (ICP-OES, iCAP 6000). The ICP-OES was
calibrated using the multielement standard solution to the R? of 0.99, and the calculated relative
standard deviation of the most As concentration results were below 0.9%.

The cations and anions from natural water samples were simulated through a geochemical software,
Visual MINTEQ), version 3.1 (Gustafsson, 2022), to understand the As removal trend and
evaluation of saturation indexes. Visual MINTEQ is a geochemical model that is used to simulate
metal speciation from water, the saturation index of metals, complexation of metals onto surface,
and toxicity measures. The importance of parameters was evaluated using linear regression and
artificial neural networks from SPSS version 28.

4.3.2.1. Desorption of As from spent gypsum

The leaching of 1 mg/L As from the application of 50 g/L spent calcined gypsum was carried out
using 1 g spent gypsum, poured in 10 mL of 0.1 M NaOH, shaken vigorously for two hours,
filtered, and analysed in ICP-OES.

433 Magnesite (Paper IIT)

Arsenic solutions were prepared through dilution of the stock As solution of 100 mg/L
Na,HAsO,.7H,O. The initial As concentrations prepared at near neutral pH varied from 0.1, 0.5,
1,2, 3,5,and 10 mg/L forkinetic studies to determine equilibrium time, equilibrium concentration,
equilibrium capacity, and the effect of initial concentration on As removal. In the As(V) solution,
0.5¢g/L,5 ¢g/L,and 50 g/1. magnesite were introduced and agitated vigorously at 70 rpm at different
times such as 2 min, 5 min, 15 minup to 4 hours. For the natural water sample, 100 g/L was shaken
vigorously with 117ug/L As(V) and 5.3 pg/L As(III). The samples were filtered through 0.45 pm
filter and kept in a fridge at 4 °C for the subsequent analyses. The samples with pH higher than 10
and above wete acidified using 20% nitric acid. The quality check from sampling to instrumental
analysis was considered to minimize errors from measurements. Analytical instruments, such as
ICP-OES, wete calibrated using analytical grade multi-standard solutions, and the calibration
model fit was recorded at R* = 0.99. For ICP-OES, the standard solution run was repeated after 8
samples to correct the instrument drift. The average of triplicate measurements was reported, and
the relative standard deviation was less than  5%.

To determine the best calcined magnesite dosage, the amount in concentration was varied from
0.05¢/L,0.5¢g/L,5g/L, 50 g/L, and 100 g/L and shaken with As solution at near neutral initial
pHs. Preliminary pH tests in this study involved 200 g/L calcined magnesite at initial pH of 1.51
since pH 4.2 and 2.3 raised pH above 10.

10



Treatment of arsenic contaminated drinking water sources around gold mining areas, Tanzania

4.3.3.1. Leaching of As from spent magnesite

Extraction of As from calcined magnesite was evaluated using 10 mL of 0.1 M NaOH introduced
in a bottle containing 1g of spent material and shaken vigorously for two hours.

4.4. MINI-SCALE COLUMN EXPERIMENT

The four mini-scale columns (see Fig. 36) packed with 20 g of 1 mm calcined locally available
materials were used to evaluate flow rate (Table 8) and the effluent levels of As concentrations at
30 min (Table 7). The water sample was collected from Botanga bore hall in Matongo, Mara. The
inlet plastic container of 5 litres filled with natural water was placed 70 cm high to allow water flow
by gravity into the 20 cm long mini-scale column with diameter of 1.92 cm (perfluoroalkoxy tubing)
connected to 0.4 cm plastic inlet tubes. The column was supported with 5 g clean sand at the inlet
and 3 g at the outlet. The sand was acid washed, cleaned with plenty of water, then boiled with hot
water at 100 °C for two hours, rinsed, and dried at 105 °C for 24 hours.

Column 1 was packed with 20 g magnesite, supported with 5 g washed sand at the inlet and 3 g
washed sand at the outlet, while column 2 was packed with 20 g bauxite supported with 5 g washed
sand at the inlet. The column 3 was packed with 20 g gypsum supported with 5 g washed sand at
the inlet and 3 g washed sand at the outlet. The column 4 was packed with the ratio of 1:1:2, which
means 5 g of magnesite, 5 g of gypsum, and 10 g of bauxite signified as BGM filter. The reason for
packing 10 g bauxite near the outlet in column 4 was to enhance pH regulation, as it was
hypothesized in the DAFWAT project that bauxite lowers pH.

4.5. THEORETICAL CALCULATIONS

There are several simple formulas that were applied to prepare solutions and to fit the experimental
results from this study.

Arsenic stock solution preparation from the salt Na,HAsO,.7H,O where the molecular for As itself
is 75 g/mol and the required stock solution is 100 mg/L in 200 mL, therefore:

Weight of As (wt) (g) = Molarity of As (Mras) X total molecular weight of the salt
(M.W. total) X volume (L) (Eqn. 1)
The dilution law is applied to prepare lower concentrations from stock solution.

Molarity of concentrated solution (Mc) X Volume of concentrated (Vc)
= Molarity of diluted solution (Md) X Volume of diluted solution (Vd) (Eqn. 2)

Preparation of a nitric acid solution from a concentrated acid

Mec Nitric acid = [density (8) of the concentrated solution
X percentage by weight (wt%) X 1000]/ molecular weight (M.W) (Eqgn. 3)

Equation 3 helped to calculate how much volume (in mL) can be taken from the commercial nitric
acid bottle and to be diluted to get the required concentration in moles. The density, ze. percentage
by weight and molecular weight are listed on the bottle containing concentrated nitric acid.

The percentage removal was calculated as
% Metal removal = [Initial metal concentration (Co) - final metal concentration (C]/Co] X 100 (Eqn. 4)

The mass balance or removal capacity (qt) was calculated from

qt = ((Co — Ct) V) /mass () (Egn. 5)
The saturation index (SI) of mineral precipitates from geochemical models were calculated from
SI = Log [lon Activity Product (IAP)/ solubility constant (Ks) (Eqn. 6)
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SI = 0 signifies the minerals are at equilibrium, while SI>0 signifies formation of mineral precipitate
in the water, and SI<O signifies the minerals are dissolved in the solution.

The simple linear regression model helped to determine relationship between parameters, such as
initial concentration, pH, contact time, and dosage (Irunde ¢ a/, 2023).

y=ax+c+E€ (Eqgn. 7)

where y axis is dependent variable, “a” is a slope, x is independent variable, c is constant, and € is
standard error.

For chemical reactions, rate law orders, half-life (Irunde ez a/, 2023; Mata-Perez and Perez-Benito,
1987), pseudo-second order, adsorption isotherms, and thermodynamic calculations, the following
simple equations (Irunde ¢ a/, 2023; Masindi and Gitari, 2016; Mata-Perez and Perez-Benito, 1987;
Mohapatra ez al, 2008)(Salje, 1988) were used in Papers III, IV, and V.

Zero order rate law (Hqn. 8) and its half-life (t;/,) (Eqn. 9) where k is the rate constant.

Ce=-kt+Cy (Eqgn. 8)

t — &

12 = 5k (Eqn. 9)

First order rate law (Eqn. 10) and its half-life (Eqn. 11)

InC¢ = —kt + InCy (Eqn. 10)
In2

t1/2:? (Egn. 11)

Second-order rate law (Eqn. 12) and its half-life (Eqn. 13)

! =kt + ! (E 12

C Co qn- 12)
_ 1

t1/2 = _kCO (Eqn. 13)

Pseudo-second order (Eqn. 14) where tis time in minutes, ¢, and q. are adsorption capacity (mg/g),
k; is a rate constant of the pseudo-second order.
t 1 t
= + — n. 14
a ka2 ' de Fan 19
The rate constant for intraparticle diffusion (Ig) (Eqn. 15) is given by Weber Morris (Bulut ¢f 4/,
2007)

qe = Kigt”? +C (Eqn. 15)
where C is the intercept.
In the Langmuir isotherm (Eqn 106), the linear equation below was fitted; where C. is a

concentration at equilibrium (mg/L), q. amount adsorbed at equilibrium (mg/g), b the Langmuir
constant (I./mg) related to the affinity of the adsorption sites, gy, is the maximum adsorption
capacity (mg/g).

Ce_ 1 1

@ —qu a Ce (Eqn. 16)
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To testif the Langmuirisotherm is favorable or unfavourable, a dimension-less constantseparation
factor, Ry, (Eqn. 17), is applied, whetre C is an initial concentration of As (mg/L).
R = 1

L7 14bC,

(Eqn. 17)

The nature of the adsorption process may be either unfavorable (R; >1), linear (R; = 1), favorable
(0 <Ry < 1) and irreversible (R;, = 0)

Thermodynamic function in Langmuir is presented in Equation 18.

. (1) _AG 18
n 5) = RT (Eqn. 18)
where T= 291 K, b = 0.9594 L./ mg, R = 8.3145 J/mol/K

Freundlich reaction isotherm (Eqn. 19) describes the heterogenous surface of the adsorbent.

ES
de = K¢Cen (Eqn. 19)

Equation 19 may be linearized by taking the logarithm of both sides of equation to form Equation
20.

logqe = %logCe + logK¢ (Eqn. 20)

where C.is equilibrium concentration (mg/L), q. is amountremoved at equilibtium (mg/g), K is

€« 9

partition coefficient (mg/g), and “n” is intensity of removal.

The linear plot of log q. versus log C. indicates if the data is described by Freundlich reaction
isotherm.

The value of K¢ implies that the energy of contaminant removal on a homogeneous surface is
independentof surface coverage, and “n” is an adsorption constant, which reveals the rate at which
removal is taking place. These two constants are determined from the slope and intercept of the
plot of each other.

The D-Risotherm model (Eqn. 21) is important to understand the type of removal mechanism by
plotting the graph of InCe against € (Eqn. 21, 22 and 23) and calculating the sorption energy Es,
which is correlated with “k” (isotherm constant) (Bakatula ez a/, 2017).

InC, = Inq,, —k€&? (Eqn. 21)

Whete q,, is the maximum sorption capacity of sorbent (mg/g), € is the Polanyi potential, R is the
gas law constant 8.3145 kJ/mol K, T is the absolute temperature K,

€ =RTIn [(1 + Cle)] (Eqn. 22)

1
Es = ——— n. 23

If the E, is less than 8 k] /mol, the process of adsorption is physisorption (fon-ion attraction). When
Es is between 8 and 16 kJ/mol, the process of adsorption is ion-exchange, but for Es greater than
16 kJ/mol, the process of adsorption is chemisorption involving the formation of covalent bonds
(Bakatula ez al, 2017).
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From the Freundlich straight line equation, the k¢ can help to calculate the free energy change AG®
of the sorption for both anions using Eqn. 24.

AG® = —RT In(ks X 1000) (Eqn. 24)

where Ris the gas constant(0.00831447 k] /Kmol) and T'is the temperature in Kelvin. The negative
free energy signifies the feasibility of the process and the spontaneous adsorption (Chiban ¢ 4/,
2011).

In Thomas kinetic model, the linear form applied in column evaluation (Roy ¢ 4/, 2013) is
represented as;

Flow rate (Q) X In (C,/C)-1) = (kru Xqe XM)- (kru X Co X Vo) (Eqn. 25)

where kyy is the Thomas rate constant (mL/min X pug), . adsorption capacity of the column pg/g,
M is the amount of the adsorbentin the column, V. the effluent volume (L), C, is the inlet
concentraton (ug/L), C, is the effluent concentration (ug/L).

5. RESULTS

5.1. ARSENIC OCCURRENCE AND CONTAMINATION IN THE
ENVIRONMENT (PAPERS I & IT)

This section briefly describes As contamination as a global challenge due to its toxicity and
mobilization in the environment.

511 Occutrence (Paper I)

Arsenic occurs naturally from weathering of parent rocks bearing sulfide minerals through
oxidation, dissolution, volcanic eruption, and thermal springs (Abiye and Bhattacharya, 2019;
Bhattacharya ¢ al., 2002; Bundschuh ef a/, 2013; Maity ¢ al., 2011; Nriagu ¢ al., 2007) Furthermore,
climatic change factors such as drought or flooding can influence the mobilization of As in the
environment (Irunde e a/, 2022). Human-induced pollution from industrial, mining, and
agricultural activities has been contributing to the detrimental distribution of As in the solil, water,
air, and vegetation (Bhattachatya ¢f 4/, 2010; Herath ¢t al, 2016; Irunde ¢f al., 2022).

For Africa, As is reported around the northern Egyptian delta lake associated with pesticides
containing As and industrial wastewater flows (Hl-Badry and Khalifa, 2017). The natural
occurrence of As related to the oxidation of sulfide minerals in agricultural and industrial
applications of As in South Africa has been previously reported (Abiye and Bhattacharya, 2019).
In West Africa, the occurrence of As was associated with the presence of gold deposits (Gbogbo
et al., 2017) and industrial activities (Asante ¢/ a/, 2012). In the semi-arid regions of West Africa, As
are due to the geogenic oxidation of sulfide minerals in auriferous zones of volcano-sedimentary
schists and volcanic rocks of Birimian formation influence As mobilization (Bretzler e al, 2019).

The weathering of fluvial-volcano-lacustrine rocks hydrothermal water associated with high pH
geochemical environment was reported to influence As mobilization in the East of the main
Ethiopian Rift (Rango ¢ al,, 2010, 2013). The oxidation of arsenopyrite in mine wastes and tailings
was hypothesized to lead to As occurrence in Tanzania and Kenya (Kassenga & Mato, 2008;
Nyanza ¢t al., 2014; Ogola ez al., 2002; Yang et al, 2017). The concentrations of As were found close
to the WHO drinking water guideline, except in some hotspots both in shallow groundwater and
surface water sources in areas in close proximity to the gold mining activities in northern Tanzania.
The concentration of As ranged between 1 and 300 ng/L, and nearly 53% of all analyzed samples
exceeded the WHO guideline value of 10 ng/L (Paper I).
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o a 5 o Country Arsenic occurrence Concentration range Units  #of studies

SI W 19 E 2‘? E 4,0 E Ethiopia Surface water 0.21-568 pg/L 3

N Groundwater 0.016-278 g/l 4

Soil 21-30.73 pa/g 1

7| Morocco Vegetation 1.93-573 pglg 1
:“Q T : + + 1 Kenya Surface water 0.147-22.7 Hg/L 2
: Mine tailings 0.06-76 uglg 1
Soil 300 ug/day 1

Sediments 0.014-6.19 vg/g 2

Vegetation 0.210-0.981 ug/g 1

;L Tanzania Surface water 0.13-324 Hg/L 4
] Groundwater 01324 pg/L 3
Sail 0.183-20.298 uglg 1

Plants (Cassava) 0.06-1.12 [Visljs] 1

Urine 0-150 pa/lL 1

Malawi Groundwater =2-3 pa/lL 3

z South Africa Surface water 062-118 pa/lL 5
n Groundwater 830-1553000 Hg/L 4
Soil 0.00001-1.369 [Vls} 3

Botswana Surface water <1-188 Hg/L 2

Groundwater 3.2-185 Hg/L 2

Ghana Surface water <0.003-28950 Hg/L 9
w Groundwater <0.003-28950 Hg/L 13
=1 Soil 0.00163-8401 [Vells} 2
- Urine 17 pg/L 1
Ivory Coast Fish 0.00413-0.427 [isljs] 1

Burkina Faso  Surface water 0.039-13.9 pa/lL 3

Groundwater =0.5-1630 pa/lL 4

w Fish 0.039-0.42 pa/g 1
3\ L Mali Surface water 1250 pa/L 1
L Groundwater 0.8-139 giL 1
Sail 6-479 Hg/g 1

Botswana Sediments 44-1928 Hela 1

South Afﬂca Vegetation 0.1-45.9 vg/g 1

L Morocco Surface water 38.9-199.6 Hg/L 2

0250 500 1000 1500 2000 Egypt Surface water 12132 pg/L 1
T K Sediments 10-44 vglg 1

Figure 2. Arsenic occutrences and spatial disttibution in Aftica (Irunde et al., 2022).

The limited studies of As in Africa revealed information that it was spatially distributed among
water systems, soils, sediments, vegetables, and fish (Fig. 2, Paper I'). For the surface water, 30%
of the minimum values exceeded 10 pg/L, one value of which was recorded in eastern Africa
(Tanzania), the restwere recorded in western Africa, in Ghana (50%), Morocco (25%), and Togo
(12.5%). Of the maximum values, around 74% were above 10 pg/L and were spatally distributed
in northern (4.3%), southern (13%), eastern (26%), and western (57%) parts of Africa. In the
northern part of Africa, this value was reported in Egypt, while the rest were reported in Zimbabwe
(33.3%), South Africa (33.3%), and Botswana (33.5%) in southern Africa. In eastern Africa, the
maximum values exceeding 10 pg/L were reported in Kenya (16.7%), Ethiopia (33.3%), and
Tanzania (50%). In western Africa, these values were reported in Cote d’Ivoire (7.7%), Togo
(7.7%), Morocco (15.5%), and Ghana (69.2%).

Furthermore, about 24% of groundwater samples exhibited the minimum As concentration
exceeding 10 pg/L and were spatially distributed in eastern (14.3%), western (28.6%), and
southern (57.1%) parts of Aftica. In eastern Africa, As exceeding 10 pg/L was reported in
Ethiopia while others were reported in Nigeria and Ghana within western Africa. More than 10
pg/L of As was reported in Botswana (25%), where 75% of the sample was observed in South
Afftica. For the maximum value, around 86% of the samples were reported to have As
concentration above 10 ug/L and were spatially distributed in eastern (16.7%), southern (23.3%),
and western (60%) parts of Africa. In eastern part, As values were reported in parts of Tanzania
(20%) and Ethiopia (80%), while then reported in Botswana (28.6%) and South Africa (71.4%)
in southern part of Africa. Likewise, these values were reported in parts of Nigeria (5.6%) and
Mali (5.6%), Burkina Faso (22.2%), and Ghana (66.7%) in western part of Africa.

5.2. EVALUATION OF WATER SAMPLE CHARACTERISTICS IN GEITA AND
MARA (PAPERIT)

In Paper II, the physical and chemical characteristics of the water sample are described using
different analytical and statistical analyses to understand the water chemistry in the environment.
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Table 2. Results from 40 samples in Geita and Mara.

Area As total  As(V) As(III) Al Fe Si Ca Sulfate
pg/L pg/L pg/L pg/L  pg/L mg/L mg/L mg/L
Geita-rural 100 36.7 2 2047.6 63128 3028  76.7 5.29
Geita-Katariyo 100 56.3 3.19 30.8 0.29 14.7 46.5 45.3
Tarime-Kemambo 150 37.9 3.18 668.6 2739 18 32 110
Tarime-Matongo 300 1934 2 1602 961 20.6 35.6
Tarime-Matongo 20 18.2 10 7.97 28.7 85 56.9
Tarime-Matongo 220 18.1 3 77 36 11.8 54 15.7

Paper IT forms the foundation for the present study on As removal since it provided broad
information on the motre contaminated sites within Geita and Mara. From Table 2 above, the
presence of aluminium (Al), calcium (Ca), iron (Fe), silicon (Si), as well as sulphate reveals the
existence of the natural factors that cause As contamination in water. The natural phenomena, such
as the dissolution of Al/Fe hydroxide and oxidation of sulfide containing minerals, cause As level
to increase in water (Ligate ez al, 2022).

The visual MINTEQ simulation of cations and anions present in the water samples in Geita and
Mara was described in Paper IT (Fancul ¢ al, 2022). The saturation indexes (Iig. 3) reveal whether
a compound will precipitate in the natural water or dissolve, depending on whether the index is
above zero ot below zero (Ligate ¢/ al,, 2022). The information obtained from visual MINTEQ was
useful for the preparation of removal technologies that are described in Papers III, IV, and V.

5.3. REMOVAL TECHNOLOGIES USING BAUXITE, GYPSUM, AND
MAGNESITE (PAPERSIIL IV& V)

The evaluated simple removal methods using locally available materials bauxite, gypsum, and
magnesite are of importance due to their availability and ease of application. These materials show
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Figure 3. Visual MINTEQ satutation indices from cations and anions in water sources
around Geita and Mara (Ligate et al., 2022)
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good trends of arsenic removal from water. Locally available materials, such as magnesite and
gypsum, can also be applied to mining soil waste to capture As and form precipitates which are
stable up to pH 12 (Sun ¢f al,, 2022).

5.3 1 Magnesite (Paper III)

5.3.1.1. Characterization of magnesite

The X-ray diffraction data indicated that the raw magnesite contained magnesium carbonate
(MgCOs) as the main phase (Fig. 4), while the other phases were magnesium iron carbonate,

siderite, and silicon dioxide (Irunde ¢# a/, 2023). These phases MgCO;, MgFeCO3;, FeCOs5, SiO»)
were also observed in calcined magnesite.

The MgCO5 showed peaks positioned between 32.8° and 77° (Fig. 4) (Irunde ¢f a/, 2023). The
calcination process led to the formation of oxides, MgO, which was identified by peaks at 20 of
21°, 43°, and 62° while Fe,O; was identified by peaks between 32.8° and 70.5° (Irunde ¢ a/, 2023).
The peak overlapping was observed when more than one phase shared one peak (Fig. 4).

The field emission scanning electron microscope FE-SEM-EDS revealed the presence of high
amount of oxygen (O), followed by magnesium (Mg), carbon (C), silicon (Si), Iron (Fe), and calcium
(Ca), which confirms the sample is magnesite. The 5 g raw magnesite dissolved in 10 mL nitric acid
under heating and later diluted to 100 mL was revealed to contain 87.48 mg/L Fe (Irunde e al,
2023), which indicates the presence of iron compounds similar to siderite (FeCO3). The calcination
of magnesite increased the surface area to about 4 times; however, the pore size was slightly reduced
(Irunde ¢ al, 2023).

5.3.1.2. Batch experiment

The calcined magnesite was observed to absorb more water to about 40% (Irunde ¢ al, 2023),
which means significant loss of water molecules during heating at 500 °C. The possibility of the
magnesite to lose water under heating was previously studied in thermographic analysis (TGA)
(Liang ef al., 2022; Natsi ¢ al., 2023).
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Figure 4. X-ray diffraction showing phases in calcined magnesite (Irunde et al., 2023).
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5.3.1.3. Natural water for As removal

The presence of cations and anions in the natural water sample, which was simulated in Visual
MINTEQ 31 revealed that the chemical removal was increased with an increase in the adsorbent
dosage (Fig. 5). There was rapid inctease in removal to 99% when adsorbent dosage of 0.03 g/L
was applied.

The cations and anions removal from natural water in the simulation was also influenced by pH
(Irunde ez al, 2023). The pH 4 favored undersaturation, while the saturation index increased from
pH 6.8 to 10. The precipitated compounds at pH 10, such as brucite, calcite, hydromagnesite,
magnesite, MgCO3.5H,0, and Nesquehonite might have contributed to chemical removal of As
from water.

Arsenic speciation from the water sample revealed an oxidizing environment due to the presence
of high As(V) and low As(Ill) in which, after treatment with 10 g/mL of calcined magnesite
removed 99% As(V) and 98% As(I1L).

5.3.1.4. Synthetic (spiked) arsentc solution

The arsenic solution was prepared in the laboratory to evaluate the removal efficiency by calcined
magnesite. The selected dosage was 0.05 g/L, 0.5 g/L,5 g/1,50 g/L, and 100 g/L, which were
introduced to arsenic solution with initial concentrations ranging from 0.1 mg/L to 20 mg/L. The
parameters such as initial concentration, contact time, dosage, and pH effects are reported below
as how they affect removal percentage and removal capacity.

5.3.1.5. Initial arsenic concentration effect

The percentage removal was observed to decrease with an increase in initial As concentration from
0.1 mg/L to 20 mg/L when 0.5 g/L calcined magnesite was applied (Fig. 6). The decrease in
removal as the effect of an increase in As initial concentration was in agreement with the previous
study (Masindi ez a/, 2014). For the higher dosage of 5 g/L, and 50 g/L, the removal percentage
was obsetrved to increase with the initial As concentraton (Fig. 7). The 99% was obsetved to be
reached in 20 min when 100 g/L calcined magnesite was used to remove initial arsenic -
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<
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Adsorbentdosage (g/L)

Figure 5. Removal trend from visual MINTEQ for natural water in the presence of 5g/L
magnesite.
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concentration of 1 mg/L from watet. In the initial concentration of 5.266 mg/L, the percentage
removal of 93% in 5 min and 99% in 5 - 8 min was shown at dosage of 5 g/L calcined magnesite.
Furthermore, in initial arsenic concentrations between 0.1 and 10 mg/L shaken 3 hours with 5 g/L
calcined magnesite, there was observed to be a constant percentage removal of about 99 %, while
at the same time, removal capacity (qt) was increasing, ranging between 0.02, and 2.1 mg/g,
respectively. In initial arsenic concentrations ranging between 1 and 20 mg/L, shaken in 30 min,
with 0.5 g/L calcined magnesite, there was a dectease in petcentage removal as initial As
concentration increased, while the adsorption capacity increased between 1.3 and 10.86 mg/g. For
initial As concentrations of 5.266, 10, 20, and 30 mg/L shaken with 50 g/L in 5 hours, there was
approximately 100 % removal efficiency, and the adsorption capacity increased from 0.03 to 0.6
mg/g, which indicates that the latger the amount of adsorbent material, the lower the removal
capacity.
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Figure 6. The temoval decteases with an increase ofinitial As when 0.5g/L is applied for
30 min (Irunde et al., 2023).
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Figure 7. As removal increases with initial As concentration at higher dosage and
sufficient contact time.
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5.3.1.6. Contact tine

An As concentration of 5266 mg/L shaken with 0.5 g/L calcined magnesite, in 3 hours, was
observed to decrease down to 1.1 mg/L.In the same dosage of 0.5 g/I.and concentration of 5.266
mg/L, the removal was increasing with time from 20% to 80%. The adsorption capacity also
increased with contact ime between 2.1 and 8.4 mg/¢ (Fig. 8).

The As concentration of 5.266 mg/L decreased in 20 minutes to 0.006 mg/L when shaken with 5
g/L calcined magnesite. The percentage removal increased with time from 69 to 100%, and the
adsorption capacity increased from 0.7 mg/gin 2 minutes to 1.05 mg/gat8 minutes, then remained
constant for 240 minutes.
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Figure 8. As removal capacity on 0.5g/L calcined magnesite increases with contact time.
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Figure 9. As removal with increase in adsorbent dosage at 5 minutes.
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Another observation was that As decreased with time when 5.266 mg/L was shaken with 50 g/L
calcined magnesite. The level decreased to 0.0075 mg/L in 30 minutes and reached 0.0039 mg/L
in 5 hours. The percentage removal was approximately 100%, and adsorption capacity of 0.105
mg/g in this scenario was constant with time.

5.3.1.7. Dosage

Arsenic removal was observed to increase with an increase in adsorbent dosage (Fig. 9). For the 50
g/L calcined magnesite applied to temove 10.45 mg/L, shaken in 5 hours, revealed 100% As
removal, and adsorption capacity of 0.2 mg/g. For 5 g/L calcined magnesite, applied to removal
10.45 mg/L, shaken 3 hours revealed 100% removal and adsorption capacity of 2 mg/g. For the
0.5 g/L, shaken with 10.45 mg/L As for 30 minutes, it revealed 36% removal and the adsorption
capacity of 7.5 mg/g.

5.3.1.8. pH

The alkaline condition favored As removal since there was a rapid increase in pH once calcined
magnesite was mixed with water. It was observed that higher dosage gave a stable pH, and As
removal increased from pH 6.8 to 11 (Fig. 10). Thus, at 5 minutes, 0.5 g/L calcined magnesite
raised the pH to 8, and removal was 20%, while 5 ¢/L raised the pH to 10, and removal was 93%.
Despite the higher pH of the water, no metals were released in water above WHO limits (Irunde
et al., 2023).
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Figure 10. Increasing removal of As with an increase in pH.

5.3.1.9. Chemical reactions for As removal on calcined magnesite

The As concentration was observed to decrease over time, which indicates the chemical reaction
was progressing. The final As concentrations remaining in the solution were fitted in kinetic rate
laws, and the applied 0.05 g/L, 0.5 g/L, and 5 g/L, fitted first-order kinetic rate law with rate
constant k of 0.0003, 0.0079, and 0.3171 min". The observations revealed As uptake in the shortest
time when a large dosageis applied for water treatment, so the equilibrium time was shortened.
The dectease in dosageto 0.5 g/ L extended the equilibrium time, which was hypothesized to occur
at 30 minutes.

For the prediction of removal limiting factors in the mixture of As solution and calcined magnesite,
the results wete fitted to simplified kinetic equations, such as pseudo-second-order, intraparticle
diffusion, and isotherm model. The As uptake data fitted on intraparticle diffusion was better -

21



Regina Irunde TRITA-ABE-DLT-2351

9.0 A % 12 B
— 05449+ 0,304 ) - . .
8.0 ¥ = 05449 + 0. 10 y 0.;324&942.4213 o
70
560 e x 508 -
™ 5.0 o
Eao xo g0
3.0 04
) >
- Dosage 0.5 g/L Dosage 5g/L
0.0 T T 9 g \ 0.0 T T T T g. g \
00 50 10.0 15.0 0.0 05 1.0 15 20 25 3.0
i i
0.105 -
c ,
0.105 - ¥ = 9E 06x + 0.1051 x X
R?=0.9693
__0.105 i
5
0.105 o
£
= 0.105 - X
o
01051 D 50 g/L
x osage
0.105 , . 9 il
0.0 5.0 10.0 15.0 20.0
t1.’2

Figure 11. Intraparticle diffusion fitted well 0.5 g/L with Ky 0.54 mg/gmin"?.

distributed at the dosage of 0.5 g/L with the rate constant Kiy 0.54 mg/g min'/? (Fig. 11A). At 5
g/ L, the intraparticle diffusion was exhibited in the first 8 minutes of reaction with the rate constant
Kid 0.23 mg/g min'/? (Fig. 11B). For the dosage of 50 g/L, the rate constant for the intraparticle
diffusion Kid was 9 X 10 mg/gmin'/? (Fig. 11C). The best-fit straight line of the intraparticle
diffusion did not pass through the origin, indicating the existence of initial boundary layer resistance
(Bulut and Tez, 2007).
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Figure 12. Pseudo second order fit of 0.5 g/L (Irunde et al., 2023).
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Figure 13. As removal on 0.5 g/L magnesite obeying Freundlich isotherm.

The correlation coefficient R* of pseudo-second-order was observed to decrease (1, 0.99, and 0.96)
as the dosage decreased from 50 g/L, 5 g/L to 0.5 g/L (Irunde ¢ al, 2023). The best-fit of the As
removal explained in pseudo-second-order mightindicate that the chemical reaction is a limiting
factor. The As uptake data at 0.5 g/ L, fitted on pseudo-second-order, exhibited the correlaton
coefficient R? of 0.96 and equilibrium constant rate k, of 0.003 g min/mg (Fig. 12).

The Freundlich isotherm model represents the presence of heterogenous surface distributed with
multi-site for accommodating contaminants (Chiban ¢ 4/, 2011). However, the heterogeneity of
the surface needs to be confirmed. In the present study, the Freundlich isotherm linear equation
was fitted with data from 0.5 g/L shaken with initial As between 1 and 20 mg/L and exhibited a
cortelation coefficient R? of 0.98, distribution coefficient k¢ of 0.87 mg/g as well as removal
intensity n of 1.54 (Fig. 13).

The Gibbs free energy calculation indicated that the As removal using calcined magnesite was non-
spontaneous. The D-R isotherm model confirmed that the removal was controlled by chemical
reaction.

5.3.1.10. Arsenic extraction from spent material

Sodium hydroxide (0.1 M NaOH) was mixed with 1 g wet calcined magnesite that was spent on 10
mg/L As removal at pH 11.89 and agitated for 2 hours. The As recovery was only 8%, which
means the leaching solution was not perfect for the purpose. Other elements leached during As
extraction process were Ca, Fe, and Mg, which were below WHO guidelines.

5.3.1.11. Statistics of linear regression and neural network

The dependentand independent variables, such as concentration, contact time, dosage, and pH,
yielded useful information when simulated in SPSS version 28 for linear regression and artificial
neural networks (Irunde ¢z a/, 2023). Linear regression (Table 3) indicated that all models in terms
of dosage (0.05 g/L, 0.5 g/L, 5 g/L, and 50 g/L) applied for arsenic removal were significant at
probability value (p-value) 0.002, 0.007. 0.013, and <0.001, respectively.

The reduction of As concentration was strongly positively correlated (r 20.9) to contact time and
pH. The most significant parameter that mightinfluence As removal from water was pH especially
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Table 3. Linear regression analysis for magnesite.

Dosage Model F R? . Adj. R? Std Parameter,
g/L p-value error p-value
0.05 0.002 38.31 095 0975 0.93 0.08 pH, 0.001
0.5 0.007 21.56 0915 0.957 0.87 0.5 Time, 0.003
Time, 0.019
5 0.013 26.2 0.946  0.97 0.91 0.6 pH, 0014
50 <0.001 294.8 0.995 0.997 0.99 0.2 pH, <0.001

observed when 50 g/L was applied. Linear regression simulation of the dosage 0.05 g/L exhibited
a small error of 0.08, indicating a suitable dosage for water treatment, but it is preferable for the
treatment of As concentration below 5 mg/L. The best dosage for the removal of high As
concentraton above 5 mg/L was predicted as 50 g/L with standard error of 0.2 (Table 3).

The artificial neural network simplified to predict that pH was 100% normalized importance factor
that influenced As removal when calcined magnesite was applied while the normalized importance
of the contact time was 80%.

532 Bauxite (Paper IV)
5.3.2.1. Banxite characterization

The red bauxite collected from Kwemashai, Lushoto, Tanzania, was analyzed in X-ray diffraction
(XDR) under X-pert High-Score-Plus and showed the presence of phases such as gibbsite, iron
oxide, aluminium oxide hydrate, and aluminium silicate compounds (Fig. 14A, paper IV)). the
calcined bauxite, the presence of hematite, and aluminium oxides was observed. In the spent
material, there were traces of arsenic phases (silver arsenide), in the calcined bauxite but not the
raw bauxite.

The XRD spectrum was complicated by the presence of iron oxide (Fe,O3) in the bauxite sample.
The XRD patterns (Fig. 14) also reveal a shift or disappearance of the iron oxide peak from raw
bauxite to calcined and spentbauxite. Although the As phase was not detected in the raw bauxite
sample, the acid-digested bauxite samples revealed 65.34 mg/L Fe, which causes noise in the XRD
spectrum background, and 0.0058 mg/ L trace arsenic was observed (Paper IV).

In the field emission scanning electron microscope, there was a higher oxygen content percentage
by weight. The elemental content for oxygen (O,), aluminium (Al), and iron (Fe) were 68.84%,
18.41%, and 4.74%, respectively, which indicates high levels of aluminium oxides and iron oxides
(Paper IV).

The Benuer Emmet Teller (BET) analysis of bauxite sample revealed reduction in surface area after
calcination, from which the raw bauxite exhibited surface area of 263.06 m?/¢g and dropped to 151
m?/g after furnace heating at 500 °C (Paper IV). The bauxite sample can be termed a

heterogenous material as was revealed in SEM, due to the composition of many elements in the
material (Mohapatra ¢ al., 2008).

5.3.2.2. Batch experiment
5.3.2.3. Natural water with bauxite treatment

The natural water sample that was analyzed revealed the presence of cations and anions, of which
arsenate 0.117 mg/L, fluoride 2.3 mg/L, and sulphate 479.8 mg/L exceeded the recommended
guideline for drinking water of 0.01 mg/L, 1.5 mg/L, and 250 mg/L respectively (Cotruvo, 2017).
Thus, removal was important for the safety of drinking water consumers.
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Figure 14 XRD spectrum of A) taw bauxite, B) calcined bauxite, C) raw spent bauxite
after As removal, D calcined spent bauxite after As removal (Paper IV).

The As and fluoride removal was seen in the Visual MINTEQ model (under selection of gibbsite
database, which was the dominant phase in bauxite sample) to increase with an increase in dosage;
however, the pH significantly affected the process. There was higher As and fluoride removal at
lower pH 4, fast equilibrium, and the removal declined as pH increased despite the higher dosage
(Paper IV), similar to the reported Lewis adsorption mechanism (Cumbal and Sengupta, 2005).
The lower the pH, the higher the As removal, and less dosage added (Paper IV). In Tigure 15,
the removal of As, and fluoride at pH 7.5 reached saturation pointat below 50 g/L gibbsite (Paper
IV). There was a similar path for As, and fluoride removal at pH 6.5, and despite the removal
decreased as pH increased, the fluoride removal was slightly higher than As when pH increased
from 7 to 11 (Paper IV'). Lead and cadmium were highly removed at pH 7.5, while manganese
removal was very low (Fig. 15, from PaperIV).

Species of As was affected by pH as singly charged As (H,AsO5") had higher concentration at pH
between 4 and 5 (Paper IV). The doubly charged As (H,AsO5?) dominates between pH 7.5 and
10 with higher concentration (Paper IV). The saturation phases in the solution appeared from pH
5 as PbMo, with saturation index of 0.9 (Paper IV). For the pH 7.5, chloropyromorphite and
hydroxyapatite precipitate at the saturation index of 4.9 and 4.7, respectively (Paper IV). The
saturation index of the hydroxyapatite was obsetved to increase with pH and reached 13.2 at pH
10, from which it enhances fluoride removal increase than As (Paper IV).

In the natural water, the application of 100 g/L calcined bauxite removed 0.0053 mg/L and 0.117
mg/ L As(V), which exhibited high removal between 98% and 99% (Paper IV).

5.3.24. Arsenic solution prepared in the laboratory

5.3.2.5. Dosage

Arsenic percentage removal at 30 min was observed to increase with dosage (Fig. 16, from Paper
IV). The removal increased rapidly from dosage 0.5 g/L, with the removal of 19%, and reached
equilibrium  at the application of 5 g/L with 99% (Fig. 16).
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Limitation of dosages was observed as 5 g/L could lower As levels ranging between 0.1 and 3
mg/L to below 0.001 mg/L As within 3 hours, while 5.3 mg/L As was lowered to below 0.005
mg/L (Paper IV'). Thus, 5 g/L was sufficient to remove As to below the WHO-recommended
guideline for drinking water of 0.01 mg/L (WHO, 2017; Cotruvo, 2017). The dosage of 50 g/L
was sufficient to lower higher As concentrations ranging between 10 and 30 mg/L to 0.003 mg/L,
which is below 0.01 mg/L of WHO guideline (Paper IV). The dosage of 0.5 g/L was
recommended for lower As concentrations below 0.1 mg/L. The alkaline composite was not
sufficient to remove As due to high alkalinity, which leached 435 mg/L aluminium (Al) into the
water and only lowered 2 mg/L to 0.6 mg/L at 4 hours (Paper IV).

In 60 min, observations show 1 mg/L As was decreased to 0.003 mg/L when 100 g/L of raw and
calcined bauxite were applied (PaperIV).

For the adsorption capacity, the results showed that the adsorption capacity was increased with a
decrease in dosage; thus, the lower the dosage, the higher the adsorption capacity (Paper IV'). The
adsorption capacity of 0.89, 0.21, and 0.0095 mg/ g were exhibited by 0.5 g/L, 5 g/L,and 100 g/L,
tespectively, with the agreement to the 0.09-1.37 mg/g teported by Bhakat ez a/. (2006).

5.3.2.6. The impact of initial As concentration

The percentage removal decreased with an increase in initial As concentraton between 0.1 mg/L
and 30 mg/L, as presented in Figure 17A (from Paper IV'). For the higher dosages of 50 ¢/L and
5 g/L, the removal occurred rapidly up to 99% and remained constant throughout the process
(Paper IV'). The removal percentage decreased rapidly as initial As concentration increased when
the low dosage of 0.5 g/L calcined bauxite was applied and shaken for 30 min (Fig. 17A, Paper
Iv).
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Figure 15. Visual MINTEQ simulation for As and trace elements removal on gibbsite

(Paper IV).
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Figure 16. As removal increases with an increase in dosage at 30 min (Paper IV).

The adsotption capacity was found to be increasing with an increase in initial As concentration
from 1 mg/L to 20 mg/L (Fig. 17B, from Paper IV'). The value of adsorption capacity ranged
from 0.9 to 6.3 mg/g; this was similar to the results reported by Bhakat ¢ a/ (2006), where capacity
ranged from 0.999 to 1.37 mg/ ¢ from the initial concentration range of 0.5 mg/Lto 8 mg/L (Paper
Iv).

5.3.2.7. The impact of pH

The visual MINTEQ simulation indicated that percentage of As removal was higher at lower pH
4 which decreased as pH increases is similar to the phenomena reported by Mohapatra ¢f a/. (2008).
It was reported that As removal is influenced by pH and controlled through ligand exchange,
coulombic attraction, and repulsion from which the point of zero charge (pHpzc) for calcined
bauxite was 7.54, and 7.76 for the raw bauxite (Mohapatra ¢/ a/, 2008). The amphoteric nature of
the bauxite (Eqn. 26 and 27 below) to shift equilibrium to the right or left, trying to neutralize
solution was previously reported (Mohapatra ¢ al., 2008). It is observed that at neutral pH 7, the
raw bauxite lowered pH from 7 to 6, which correlates to the hypothesis that bauxite acidity
regulates pH of the water (Table 4).

AlFeOH," > FeAIOH + H* (Eqn. 26)
AlFeOH <> AlFeO + H* (Eqn. 27)

There was marginal increase in pH for acidic solutions (Table 4), which can be explained by the
amphoteric nature of the bauxite. The presence of oxides in the calcined bauxite increased pH of
the water. From XRD data, iron oxide (Fe,Oj3) was naturally present in the bauxite, even before
calcination, and it affected the X-ray analysis of the bauxite by creating background noise in the
spectrum. The calcination process increases oxides in the material and, thus, raises the pH to a
greater extent. The bauxite is also reported to have an ability to absorb carbon dioxide (CO,) (Han
et al, 2017; Yadav e al., 2010) to form metal carbonates, which can dissociate to form carbonate
ions that raise pH. The ability of bauxite to act as a carbon sink was revealed when bauxite calcined
in the presence of magnesite raised pH. The bauxite calcined in the furnace, in the presence of
magnesite, gave a rise in pH, while the bauxite calcined (newly calcined) in the absence of magnesite
lowered the pH.

27



Regina Irunde TRITA-ABE-DLT-2351

120 + A
100 »*0—® 50 g/L, 7200 min
g
o 80 1 50 g/L, 300 min
£
g 60 - —»— 5g/L, 180 min
<< 40
0.5g/L, 30mi
2 g min
20 -
—— 549gI/L, 30 min (Newly calcined)
0 L] L] L] L]
0 10 20 30 40
Initial As concentration (mg/L)
7 -
— y = 0.2694x + 0.8354 ., B
o6 - R?=0.9837 .~
)]
E°]
® 4 T 0.
>
g 3 A ¢ 0.5g/L, Calcined
0 2 Q.
w ..-'.“
<119
0 L] L] L] L] L]
0 5 10 15 20 25

Initial As concentration (mgJ/L)

Figure 17. Effect on initial initial As removal: A) %As removal, B) Removal capacity
(mg/g) (PaperIV).

Table 4 The measured pH of bauxite.

Bauxite (g) Volume (mL) Initial pH Final pH
Raw 2 10 4.2 5.08

2 10 2.31 342

10 100 1.73 2.3

10 100 2.46 4.4

10 100 7.0 6.07
Calcined 2 10 2.26 5.09

2 10 1.51 3.97

10 100 7.0 74
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Figure 18. The influence of pH 5 - 7.8 for As removal capacity.
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Figure 19. As removal by calcined bauxite with increase in contact time.

The mechanism of As removal is explained through non-specific adsorption (Mohapatra ¢/ 4,
2008) since the saturation indexes from the visual MINTEQ did not show the formation of Al and
Fe precipitation with As at pH range 4 to 10. However, XRD showed the formation of arsenate
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with Al and Fe. Therefore, it is suggested that both mechanisms of precipitation and adsorption
may occur simultaneously during As removal by bauxite. However, further elucidation with
advanced techniques such as extended X-ray absorption fine structure (EXAFS) and with X-ray
absorption near edge spectroscopy (XANES) would be valuable to show how As is attached on
the adsorbent edge.

In the present study of bauxite application, it was observed that more As removal capacity occurred
between pH 5 and 7.8, and lower dosage of 0.5 g/L gave a higher removal capacity (Fig. 18). It was
previously reported that the maximum As removal was within pH 4 to 7 (Mohapatra ¢f a/., 2008),
and pH range 2 to 8 (Bhakat ¢z a/, 2006) and the removal decreases as pH increases above 8.

5.3.2.8. Contact time influence

The longer contact time caused an increase in As percentage removal (Fig. 19). There was a rapid
percentage removal increase in the first 5 to 30 minutes before it reached equilibrium. The
maximum As removal to below 0.01 mg/L recommended by WHO was achieved from the
application of 50 g/L and the equilibrium was reached before 5 min. The 5 g/L required longer
contact time for about 3 hours to lower As below 0.01 mg/L. Improvement of As removal was
observed for longer contact time was provided for lower dosages of 0.5 g/L (PaperIV).

5.3.2.9. Kinetic reactions

The reduction of As concentration in the solution decreased with an increase in contact time (Fig.
20). The equilibrium time for higher dosage was approximately reached before approximately 5
minutes (Fig. 20).

The hypothesized CO, sink with calcined bauxite in the presence of magnesite exhibited an
efficiency reduction for 5.266 mg/L As to below 0.01 mg/L, but this occurred only at higher
dosage since lower dosage of 0.5 g/L was not suitable for high As concentrations (Paper IV).
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Figure 20. As reduction by calcined bauxite with increasing contact time.

30



Treatment of arsenic contaminated drinking water sources around gold mining areas, Tanzania

0.007 - . = -5E-06x + 0.0053
0.006 - YR = 0847
0005 S .
oooa | et .
© 0.003 - .
0.002 {
0.001 -
o . . : .
0 100 200 300 400
t (min)

Figure 21. As removal with 50 g/L calcined bauxite is explained by zero order.

The rate law orders were applied to provide an insight into how fast the reaction was during As
temoval (Paper IV). The cotrelation was poor (R? = 0.18) for the 50 g/L dosage, which lowered
As to below 0.01 mg/L, but the indication is that the zero-order reaction kinetics had a rate
constant k of 5 X 10 M/min (Fig. 21).

Rate constants “k” of 0.00001 and 0.0008 M /min from the zero-order rate law were exhibited from
the application of the calcined bauxite of 100 g/Land 0.5 g/L, respectively (Paper IV ). Motreover,
the rate constants “k” of 0.0003, 0.0093, and 2.2 /M min from the second-order rate law was
exhibited from the application of 50 g/L alkaline composite, 5 g/L newly calcined, and 100 g/L
raw bauxite, respectively (Paper IV). For the rate constantk of 0.0071 /min from the first-order
rate law of 5 g/L calcined bauxite application (Paper IV).

The kinetics of the reaction for As removal by raw and calcined bauxite fitted well to pseudo-
second-order reaction kinetics with R* = 0.99, which signifies chemical reaction involvementin the
process (Bulut and Tez, 2007).
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Fligute 22. Pseudo second otder teaction kinetics for As temovalon 5g/L calcined bauxite

(Paper IV).
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Figute 23. Langmuir isotherm for As temoval on 5 g/L calcined bauxite (Paper IV).

The rate constants k, for the pseudo-second order were 0.65, 3.9, 17.8, 953, 1198, and 2427 ¢
min/mg from the application of 5 g/L newly calcined, 5 g/L calcined, 50 g/L alkaline composite,
0.5 g/L calcined, 100 g/L raw, and 50 g/L calcined respectively (Paper IV'). The adsorption
capacity q. of 1.053 mg/g in Figure 22 was correlated to the expetimental calculations (Paper IV).

The chemical reactions wete fitted to a Langmuir isotherm with correlation coefficient R* ranging
between 0.73 and 1 (Paper IV'). It was reported previously that the 5 g/L bauxite fitted Langmuir
isotherm with maximum adsorption capacity g, of 1.566 mg/g (Bhakat ¢z a/, 2006) and 1.78 mg/g
(Mohapatra e al, 2008). The Langmuir isotherm explains better adsorbents with monolayer
coverage.

The present study revealed the Langmuir model's maximum removal capacity of 1.33 mg/g (Fig.
23, from Paper IV'). The Langmuir adsorption was favorable since the calculated R, was 0.65,
which is greater than zero and less than 1.

5.3.2.10. Parameter influencing As removal

Table 5 below represents how linear regression can analyze experimental data to define if there is
significant relation between independent and dependent variables relating to the probability value
(p-value) of 0.05. For significant models, the parameter with lower p-value was also trained in the
neural network as an important parameter for As removal.

For the higher As concentration of 5.3 mg/L, results were non-significant according to probability
value of 0.05 (Table 5). The parameters such as pH and contact time were also not significant,
which means no relation between predictors As concentration increased. In the low As
concentraton of 1 mg/L, the model was significant, and the predictors, such as pH and contact
time, were significant, which signifies bauxite was suitable for lower As concentrations.

5.3.2.11. Leaching of the spent bauxite material

For the 1 g of bauxite, which was able to lower 10 mg/L to 0.0018 rng/L after 4 hours was mixed
with alkaline solution 0.1 M NaOH, and 45.8% As was released into the solution of pH 12.89. It
was observed that more aluminium jon about 646 mg/L, was released into the solution at pH of
12.89, which decreased the amount of aluminium in the adsorbent material. The release of

aluminium ions into the solution after washing with NaOH was previously reported to lower the
ability of the adsorbent (Bhakat ¢/ a/, 2006; Mohapatra ¢z al, 2008).
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Table 5. Parameters influencing As removal from bauxite.

Dosage (g/1) ;/f\(::l?lle ’ Eczljusted f :(rlor Low p-value llizltl\:za:)lrk
0.5 Calcined 0.441 0.34  0.004 0.5 Time = 0.277 pH

5 Newly calcined 0.082 057 04 075 1.2 pH = 0.06 pH

5 Calcined 0.415 0.44  0.07 0.67 21 Time = 0.303  Time
50 calcined 0.126 0.65 047 0.8 1.45 pH =0.11 pH
Combined above 0.035 029 0.2 0.5 1.9 Time = 0.021  Time
100 Calcined 0.014 071  0.62 0.84 0.2 pH =0.011 pH

100 Raw 0.022 0.67 0.57 0.8 0.2 pH =0.018 pH

533 Gypsum. (Paper V)

5.3.3.1. Characterization of gypsum

The X-ray spectrum analyzed in X-pert high score-plus shows phases of calcium sulfate deuterate
and calcium sulfate hydrate in raw gypsum with peaks at 20 between 11.8° and 54.6° (Paper V') .

The calcined gypsum at 500 °C showed the presence of calcium sulphate and calcium carbonate
(Tig. 24, from Paper V)

The phases of calcium oxide (CaO) and calcium peroxide (CaO,) observed under X-pert high score
restriction was positioned at 20 = 26.8°, and 29.6° (CaO), and 29.6° (CaO,), respectively (Pzper
V).

In the Field emission SEM-EDS, the analysis showed the elemental composition of calcium (Ca),
oxygen (O), carbon (C), and sulfur (S) with percentages by weight around 12%, 62%, 13%, and10%
respectively (Paper V). The surface area of the calcined gypsum decteased by 9 m*/g to 26 m?/g
since the fine powder forms aggregation when kept compacted for a long time (Paper V).
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Figure 24, XRD diffraction of calcined gypsum showing main phases (Paper V).
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5.3.3.2. The natural water

The composition of cations and anions presentin natural water from Masinki stream (Irunde ¢/ al,
2023) was simulated in visual MINTEQ to observe the As removal with an increase in dosage,
under pH influence. The mineral saturation index with an increase in pH predicts removal
efficiency at higher pH than at lower pH (Paper V).

The simulation revealed that As removal was increasing with dosage, but more removal occurred
at higher pH between 9 and 10 (Fig. 25, Paper V). For the arsenate and phosphate having similar
characteristics, the difference was revealed in visual MINTEQ that phosphate removal was higher
than arsenate, at lower pH up to pH 7, while As is favored at pH 9 — 10 (Fig. 25, Paper V).
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Figure 25, Visual MINTEQ simulation for As removal by calcined gypsum with dosage
effect (Paper V).

In pH 6, the As percentage removal was increased with dosage, as 1.3%, 2.6%, 15%, 34%, and
64.9%, from the dosage of 5 g/L, further, 10 g/L, 50 g/L, 100 g/L, and 200 g/L, tespectively,
while for phosphate removal, 5%, 9.9%, 42.7%, 68.6%, and 88.5%, respectively, with dosages (Fig.
25). The phosphate removal dropped much at pH 9, for lower dosages 0.5 g/L.— 50 g/L (Fig. 25).

The application of 100 g/L calcined gypsum on natural water revealed 99 % As(IlI) removal and
84 % As(V) at pH 9 (Paper V). The batch experiment shows little leaching of dimethyl arsenate
(DMA) from the calcined gypsum (Paper V).

5.3.3.3. Arsenic solution prepared in the laboratory

This section summarizes the parameters effecting As percentage removal and removal capacity
from the prepared solution as well as reaction kinetics phenomena when gypsum was applied.

5.3.3.4. Initial As concentration effect

Arsenic removal percentage was observed to decrease with higher As initial concentration (Fig. 20).
The application of 50 g/L calcined gypsum (Fig. 26), stirred for 4 hours, removed As from initial
concentraton ranged between 0.1 and 10 mg/L,and the removal decreased from 83% to 54%,
respectively.
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Figure 26. The decrease in As removal by calcined gypsum as the initial As concentration
increases (Paper V).
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Figure 27. Adsotption capacity on additions ofcalcinated gypsum increases with increase
in initial As concentration (Paper V).

The adsorption capacity was observed to increase with an increase in initial As concentration (Fig.
27, from Paper V). The trend of removal capacity increasing with an increase in initial As
concentration, indicates an adsorption mechanism, as was previously reported (So ¢ al., 2008). The
removal capacity was also increased with the decrease in adsorbent dosage (Fig. 27, from Paper
V), from which the lower dosage exhibited more adsorption capacity, similar to our previous study
on As removal using calcined magnesite (Irunde ¢ a/., 2023).
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5.3.3.5. The effect of contact time

The percentage As removal was observed to increase with extended contact time (Fig. 28, Paper
V). Thus, for the 50 g/L calcined gypsum, shaken with 5.3 mg/L for 5 hours exhibited removal
as 43%, 47%. 54%, 58%, and 60%, which indicate rapid increase in removal followed by constant
removal after 3 hours (Fig. 28). This can predict equilibrium time at 3 hours, than the previously
reported 12 hours from gypsum (Chen ¢z a/, 2014) and calcite 25 hours (So ¢ al., 2008).

70 -

60 - >K>K .......... X

% As removal
N w B (3,]
o o o o

-
o
1

o

0 100 200 300 400
t (min)

Figure 28. Astemoval from a solution with 5.3mg/L As by addition of 50g/L calcined
gypsum, showing the effect of contact time (PaperV).
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Figure 29. Increasing As removal capacity of calcinated gypsum with contact time (Paper

V).
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Table 6 Removal increased and capacity decreases with calcinated gypsum dosage.

As mg/L 5.3 1
Dosage (g/L) 50 100 100
As removal (%) 59 76 99
Removal capacity (mg/g) 0.06 0.04 0.01

The removal capacity increased rapidly within the first 60 minutes (Fig. 29, from Paper V') before
reached a constant state. The lower dosage of 50 g/L for the gypsum application exhibited a more
rapid increase in adsorption capacity (Fig. 29).

5.3.3.6. Dosage increase

The removal percentage was observed to increase with an increase in dosage (Table 6). For dosage
of 50 g/L stirred with initial As of 5.3 mg/L, there was a removal of 56%, which increased to 76%
when 100 g/L was added (Table 6). The trend of increase in removal percentage with dosage was
reported previously (Chen ¢ al, 2014). The increase in active sites is also influencing removal
increase (So ¢f al., 2008). The adsorbentcapacity was decreased as dosageincreased, which was also
previously reported (Chen ¢ al, 2014).

5.3.3.7. pH impact

The observations revealed the neutral pH 6.8 solution as a better working solution during the
application of raw gypsum since lower pH 4.2 and 1.5 were raised to 8 and 6, respectively (Paper
V). The main phases presentin the gypsum were calcium sulphate, and calcium carbonate, which
formed calcium oxide during heating at 500 °C. The oxides presentin the calcined gypsum rise pH
to 9 (Paper V). There was a variation of pH between 7 and 9 for water samples treated by calcined
gypsum in the present study, attributed to the amount of oxides converted from heating. The As
removal at around pH 9 was previously reported (Bardelli ¢z a/, 2011; Roman-Ross ¢ al., 2006; So
et al., 2008).
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Figure 30. Variation of the As removal percentage by calcinated gypsum with pH.

37



Regina Irunde TRITA-ABE-DLT-2351

In Figure 30, the As percentage removal is seen to increase with an increase in pH. It was a
challenge to relate pH with percentage removal or adsorption capacity since mostof the sample
solution had pH of around 7 to 8, and removal was similar to the samples with pH of 9 to 10. This
phenomenon oflittle correlation between the pH effect and As removal was previously reported
So ¢t al, 2008). In the present study, the highest 83% removal occurred around pH 9.3 (Fig. 30).

5.3.3.8. Kinetic reactions

The equilibrium time was observed to be dependenton As initial concentrations (Paper V). The
high As concentrations above 5 mg/L require longer contact ime to reach equilibrium. Figure 31
showed 50 g/L calcined gypsum caused 5.3 mg/L As to attain equilibrium after 3 hours. The higher
dosage shortened the equilibrium time, which was reported to be 12 hours (Chen ¢ a/, 2014).
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Figure 31. As concentration decreased when 50 g/L calcinated gypsum was added to 5.3
mg/L As, showing equilibtium was teached at around 3 houts.
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Figure 32. Arsenic temoval from application of100g/L calcinated gypsum obeyed second
order.
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Figute 33. Pseudo second order fitted 5.3 mg/L As removal by 100 g/L calcinated
gypsum.

The second-order rate law explained better the reaction between 5.3 mg/L As stirred with 100 g/L
(Fig. 32) and 50 g/L with R* of 0.85 and 0.91, respectively (Paper V). For the 5.3 mg/L As, the
half-life following second-order rate law decreased with an increase in dosage (Paper V). The
pseudo-second-order (Bulut and Tez, 2007) fitted 5.3 mg/Las removal with R* of 0.99 (Fig. 33,
Paper V).
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Figure 34. Intraparticle diffusion results for 100 g/L gypsum in 1mg/L As [A], 50 g/L
gypsum 5.3 mg/L [B], and 100 g/L gypsum in 5.3 mg/L As [C].

39



Regina Irunde TRITA-ABE-DLT-2351

P

-1.5 -1 -0.5 J: 0.5 1
0.5 -
y =0.7292x - 1.5883
] R? = 0.9978
RN
q, ........
= A.5 | .h
°c A
e 2
= 2.5 -
-3
logCe

Figure 35. Freundlich isotherm results for 100 g/L dosage of for 5.3 mg/L removal.

The higher the dosage, the faster rate of As removal, while adsorption capacity increases with an
increase in initial As concentration. The rate constant (k;) for pseudo-second-order increased with
dosage; 100 g/L exhibited 6.4 g min/mg, which was 5 times more than the application of 50 g/L
(Paper V') . The adsorption capacity (q.) had a slightly small difference from the application of
100 g/L and 50 g/L.

The temoval data fitted intraparticle diffusion with R* of 0.83 (Fig. 34A), 0.95 (Fig. 34B, and 0.88
(Fig. 34C) (Paper V). The higher dosage of 100 g/L exhibited lower diffusion rate of 4 X 10°
mg/g min'/? (Fig. 34A) and 0.0007 mg/g min'/? (Fig. 34C). The 50 g/1. dosage exhibited higher
diffusion rate of 0.0016 mg/g min'/2 The linear fit did not pass through the origin, which is in
agreement with the previously reported obsetvations (Bulut and Tez, 2007).

The experimental data obeyed Freundlich isotherm with R* of 0.99 (Fig. 35). The convex shape
was reported to signify sorption (So ¢ al, 2008), which also indicates the presence of mesoporous
structures. The rate kr was approximately 4 mg/g for both 50 g/L and 100 g/L as well as 1/n was
observed to be 0.73 (Paper V).

5.3.3.9. Leaching of spent gypsum

The spent 50 g/L calcined gypsum was mixed with 10 mL of 0.1 M NaOH and shaken vigorously
for 2 hrs at pH 12.47, showed 0.24% As leached in water. Minerals, which were also not leached,
were calcium and magnesium (Paper V). However, some minerals, such as Al (53.8 mg/L) and
Fe (0.0004 mg/L), were released below the WHO recommended guideline (Paper V). The
leaching solvent was not suitable for As release at the specific pH since gypsum stabilizes As at pH
between 10 and 13.

5.3.3.10. Paranseters that influence gypsum for As removal

The linear regtession of the experimental data simulated on SPSS version 28 showed 100 g/L
dosage as the best system, which had less error and was significant at probability value (p-value) of
<0.001. The 98% was explained by pH and time (Paper V). The pH was a significant parameter
at the p-value of <0.001. The tresults were positively correlated with an adjusted R* of 0.97 (Paper
V). The application of 50 g/L was not significant, with an adjusted R*of 0.45 (Paper V).
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5.4. THE MINI-SCALE COLUMN EXPERIMENT

The mini-scale column experiment (Fig. 36) was conducted to evaluate flow rate and As percentage
removal. The major cations, trace elements, metalloids, and anions were analyzed from the column
sample collected at 30 min (Table 7) since this was hypothesized from the batch experiment as
suitable forequilibrium to occur. The elements calcium (Ca), iron (Fe), magnesium (Mg), potassium
K), silicon (Si), sodium (Na), sulfur (S), aluminium (Al), arsenic (As), barium (Ba), boron (B),
cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), manganese (Mn), mercury (Hg),
molybdenum (Mo), nickel (Ni), phosphorus (P), strontium (St), and zinc (Zn) were analyzed (Table
7), The As level of 92 g/ exceeded WHO guideline of 10 pug/L. For anions, the concentration of

chloride (CI), fluoride (F'), nitrate NO5), and sulfate (SO*) were 104, 2.47, 37.7,and 82.2 mg/1,
respectively (Table 7), and fluoride exceeded the WHO recommended guideline 0f 1.5 mg/L.

Figure 36. Mini-scale column to evaluate efficlency of magnesite, bauxite, gypsum, and
BGM (1:1:2).

The results from outlet sample showed that about 15 to 20 mL (Table 7) were collected from
columns within 30 min, and the flow-rate at 30 min ranges between 0.5 and 1 mL/min, which is
lower than the previously reported flow rate (Liu e al, 2014; Roy e al, 2013). The adsorption
capacity of As on magnesite was 0.138 mg/g, which agrees with findings from the batch
experiments (Irunde ¢z a/, 2023).

The arsenic outlet concentration dropped from 92.2 ug/L to 0.07 ng/L in magnesite, 0.327 pg/L
in bauxite, 1.46 pg/L in gypsum and 0.126 ug/L in BGM (Table 7). Fluoride decreased from 2.47
mg/L to 0.23 mg/L in bauxite, to 0.59 in gypsum, 0.78 in magnesite and 0.94 mg/L in BGM.

The uptake of each element is shown in Figure 37 and Table 7. The removal was above 90% in
many cases, and the magnesite uptake of As was above 99%, marginally higher than bauxite and
gypsum.

The mini-scale column packed with magnesite (Fig. 37) showed high removalin the order = 59%,
ranging between 59.4% nitrate and 99.9% of As, Zn, Pb, and Cu. Despite the fact that magnesite
had high efficiency to remove broad range of metals and non-metals, it exhibited an increase of
magnesium in water for about 60 mg/L, the same as 59% (Table 7).

The As removal capacity for 20 g magnesite in the mini-scale column (Table 8) was 0.14 pg/g from
the flow rate of 1 mL/min. The Thomas kinetic rate constant Ky from the magnesite column for
As removal at 30 min was evaluated as 211.25 mL/min pg.
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Table 7. Initial levels of elements in natural water sample from Botanga borehole and
percentage removal from application of BGM. (Note: A increased metal levels after water
treatment)

Element Units  Initial levels }]\/’:ag“esm E:’“X“e gﬂyps“m BGM %
Calcium me/T, 211 93.93 40.76 7630 67.73
Tron mg/L 0.00792 93.69 4722 992A  71.09
Magnesium  mg/L  40.8 59.6A 93.38 80.8A 466
Potassium mg/L 274 78.87 87.55 71.31 81.39
Silicon mg/l. 228 96.75 88.64 1316 9439
Sodium me/l. 202 55.00 84.06 6243 6243
Sulfur mg/L. 369 45.80 81.68 5745 379
Aluminum ug/LL 14.6 86.30 771A  878A  934A
Arsenic we/L 9212 99.92 99.65 9842 99.86
Barium we/l 272 96.32 18.01 719A  30.88
Boron ug/l. 347 90.03 25.36 1931 3573
Cadmium wg/L 0.0978 79.55 79.55 51.6A 7955
Chromium ug/L 154 87.40 5.19 6948  81.7A
Cobalt we/l 054 90.74 81.30 86.4A 8243
Copper we/l 428 99.21 97.45 7850 9925
Lead we/l. 394 99.49 98.25 2680 9949
Manganese  pg/L 449 98.31 85.81 931A 9296
Mercury we/L 2,03 29.5A 34A 29A 36.8A
Molybdenum  pg/L 4.5 4133 91.96 3244 6111
Nickel ug/T. 10.4 96.60 94.64 943A 9289
Phosphorus  pg/l. 774 97.42 87.30 2171 9552
Strontium we/l 405 98.67 78.35 6.5A 88.84
Zinc ug/L 630 99.82 99.24 9544  99.89
Chloride mg/L 104 63.08 58.08 7317 56.44
Fluoride me/l. 247 68.58 90.85 7603 61.82
Nitrates me/T. 377 59.42 83.18 6207 6472
Nitrate as N mg/I. 852 59.39 83.22 6221 6479
Sulfate SOZ  mg/L 822 30.29 75.79 6071 1024

The bauxite column showed good efficiency, as shown in the order of highest removal to the lowest
= 59%. The element removal ranged from 75.8% sulphate to 99% As and Zn (Table 7). The 71%
Al was also released in watet. The uptake of As in bauxite (Table 8) was 0.078 pug/g from the flow
rate of 0.57 mL/min. The Thomas kinetic rate constant Iy, for As removal at 30 min was 97.39
mL/min pg (Table 8).

The gypsum uptake was higher at 98.4% for As and 95.4% Zn while other elements removal =
59% ranged between 60.7% sulfate and 78.5% Cu (Table 7). The As adsorption capacity recorded
at 30 min was 1.4 pg/g from the flow-rate of 0.5 mL/min (Table 8). The Thomas kinetic rate
constant Ky for As removal at 30 min from the application of gypsum was recorded as 121.45
mL/min pg (Table 8).

For the BGM, an uptake above 59% was recorded, ranging between 61.1% Mo and 99% of Zn,
As, Pb, and Cu (Table 8). Arsenic adsorption capacity at 30 min was 0.1 pg/g from the flow rate
of 0.7 mL/min (Table 8), while the Thomas kinetic rate constant Ky was 29. 48 mL/min pg.
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Figure 37. Percentage removal of various elements from natural water sample water from
Botanga borehole (Table 7).

Table 8 Arsenic temoval in the mini-scale column at 30 min.

parameters Magnesite Bauxite Gypsum BGM
pH 10 7 9 8
flow rate (mL/min) 1 0.57 0.5 0.7

qt (ng/g) 0.14 0.078 0.07 0.1
Kry (mL/min pg) 211.25 97.39 121.45 29.48
effluent (mL) 30 17 15 20
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5.5. NATURAL FACTORS THAT CONTROL ARSENIC IN LAKE VICTORIA
BASIN

The uncertainty in the behavior of most samples collected from Geita and Mara around Lake
Victoria basin creates curiosity to understand mechanism of As depletion with an increase in
storage time. In the field test, most water samples had high As levels, but in the laboratory analysis,
60% of unfiltered samples (acidified and notacidified) from Geita showed less As after storage of
three months. The indicator factors were the presence of sulfur and iron in water samples since
bacterial activity can be connected to these metals during reduction and oxidation. In the current
study, bacteria were notanalyzed, but observations are similar to the previously reported behavior
by Anand (2022). Despite the samples being acidified, still As was decreasing with storage time,
which signifies the presence of bacteria (not included in the analysis) that utilize As as source of
energy to survive in acidic water. The acidified filtered samples and unfiltered behaved similarly in
As reduction with storage time.

6. DISCUSSION

6.1. OCCURRENCE OF ARSENIC (PAPER I)

The review study of As occurrence and spatial distribution in the Aftican environment (Paper I')
was useful to create awareness and insight into As contamination in African regions where data
shows high As levels in surface water compared to groundwater (Irunde ¢z a/, 2022).

The data for As contamination in groundwater and surface water published in Africa ranged
between maximum and minimum As levels to evaluate percentages that exceed the WHO
recommended guideline (Irunde ¢ 4/, 2023). It was revealed that 86% of maximum As levels in
groundwater exceeded the WHO recommended guideline of 0.01 mg/L, and 20% was reported in
Tanzania, especially around the gold mining area of Geita and Mara (Paper I). It was reported
that both natural processes and anthropogenic activities contributed to As distribution in water,
soil, sediments, vegetables, and fish in regions of Africa. Climatic change factors such as prolonged
drought, flooding, aquifer depth, and land use, such as irrigation, have contributed to As release in
the water (Coomar e/ al., 2019).

In west Africa, more studies revealed the occurrence of health risks from As contamination
(Ahoulé ¢t al, 2015). Similarly, health problems have been reported in Tanzania (Nyanza e al,
2019); however, more epidemiological studies are required.

The people of Tanzania were not aware of simple mitigation techniques for As despite the process
being well-studied in the wortld, especially in Bangladesh. Hence, the importance of the present
study aims to evaluate locally available materials presented in Papers III, IV, and V.

6.2. GEOCHEMICAL EVALUATION OF WATER (PAPER IT)

The water sample analysis and evaluation using different analytical methods, statistics, and
geochemical simulations revealed more contaminated areas from As, which need simple
preparation of removal technologies represented in Papers III, IV, and V.

Arsenic concentrations differed within the area due to the geological rock formation in the specific
area (Paper IT). The more contaminated areas, about 80 % were observed within Tarime, while
28% were within Geita (Ligate e al, 2022). The surface water was characterized with more
dissolved As(V) than the boreholes, which indicates that the depth affects As release into the water
(Paper IT).

From the depicted Table 2, there was a high dissolved Al in the water, which might be caused by
reductive dissolution, and hence high As was released (Paper II'). The dissolution of metal
hydroxides of Al/Fe was evaluated using principal component analysis (PCA) in Paper II and
revealed positive correlation at p-value less than 0.05 (Paper IT).
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6.3. MAGNESITE (PAPER IIT)

Calcination of magnesite powder sample at the temperature of 500 °C (Xu ¢ a/, 2010) is a thermal
modification that increases stability on the magnesite surface of active sites for As removal. X-ray
diffraction analysis of the magnesite sample showed magnesium carbonate (MgCO;) as the
dominant phase in the material. For the ICP-OES confirmed the raw magnesite to contain iron
(Fe), then the other phases in the magnesite were magnesium iron carbonate Mgyq0 Fey1(CO3), iron
carbonate Fe(CO);, and silicon dioxide (SiO,) (Irunde ¢ a/, 2023). The previous reported
transformation of metals to oxides under heating were FeCOj5 to Fe,O5 at 350°C, 600 °C (Zhao e
al., 2014), magnesite to MgO at 1000°C, (Masindi, 2021), 600 °C, 700 °C, and 800°C (Salameh ¢
al, 2015), magnesite to MgO, Fe;Os, and CO, at 700 °C (Liang ¢/ al, 2022). Thus, in the present
study, the magnesite converted to products of MgO and Fe,Os. Pure MgO was reported to raise
water pH to 13 (Natsi ¢/ a/, 2023), which correlated to the effect of calcined magnesite to raise pH
abruptly during As removal in our study.

In the initial pH 1.51, 4, and 7, there was rapid raise in pH up to 10 when calcined magnesite was
applied for As removal. The probable causes of the raise in pH were the formation of Mg(OH),
(Tong and Tang, 1999) from the dissociation of MgCO; (Eqn. 28 and 29) in water (Shadrunova ez
al., 2022) and MgO. The formation of oxides of Mg, Fe, and C, after calcination, also raises pH of
the water (Liang ¢ al, 2022). The point of zero charge (pHpzc) for Mg(OH), was previously
reported to be 12.4 and about 100% As(V) removal at pH 11 without dissolution of Mg(OH),
(McNeill and Edwards, 1997). Thus, the alkaline solution in the present study favored As removal
at pH 10 since the point of zero charges pHpzc for magnesite was previously reported to be around
11 (Masindi ¢ al, 2014); hence the surface is positively charged to attract negatively As.
Furthermore, the metals of Mg, Ca, and Fe in calcined magnesite were not released into the solution
at a value higher than WHO except Al, which exceeded the recommended guideline of 0.2 mg/L
by 0.1 mg/L.

MgCO4(s)+ H,O) <> MgOH*(ag)+ HCO; (aq) stage 1 (Eqn. 28)
MgOH"(aq)+ HO(l) <> Mg(OH), (s)+H(aq) stage 2 (Eqn. 29)

The mechanism of As uptake by calcined magnesite at pH 10 could be enhanced through
precipitaion (McNeill and Edwards, 1997) of arsenate (Fqn. 30 and 31). The formation of
precipitate phases was also observed when the natural water was simulated in Visual MINTEQ
(Irunde ¢z al, 2023). The presence of Fe in calcined magnesite added value to efficient As removal,
however, other metals such as titanium, zirconium, zinc, and manganese can improve the synergic
effect on As removal (Zhang ez al, 2021).

3Mg?* (aq) + 2As03~ (aq) » Mg3(As0,),(s) (Eqn. 30)

Fe3*(aq) + AsO; ™ (aq) - Fe(As0,)(s) (Eqn. 31)

The chemical reaction was predicted as a control factor for As removal when fitted with pseudo-
second-order kinetics, which correlates to the previously reported (Bulut and Tez, 2007). The first-
order kinetic rate constant in the rate law was observed increasing with an increase in dosage of
0.05 - 5 g/L correlated to the previously first-order kinetic reported (Zhang e al, 2004) and hence
indicates slower equilibrium time at low dosage. The rapid intraparticle rate diffusion was exhibited
at 0.5 g/L, which deviates from the slow intraparticle rate diffusion reported previously (Chen ez
al., 2008). The removal isotherm fitted the Freundlich equation, which correlated to the previously
reported (Liu e/ al, 2014) and might highlight the presence of multi-sites as well as mesoporous
surface (Xie ¢/ al, 2022) that influences As removal.
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Arsenic removal percentage increased with an increase in dosage, while removal capacity decreased
with an increase in dosage. The removal capacity ranging from 0.006 mg/g to 8.4 mg/g was closer
to the adsorption capacity reported (Aredes ¢ al, 2013). The comparison of predicted small error
dosage during water treatment using 0.05 g/L and 50 g/L shows that 0.05 g/Lis preferential at
lower As concentration below 5 mg/L, while 50 g/L was significant at probability <0.001 for
treating higher As concentrations. The artificial neural network helped to predict pH as the most
important parameter for As removal from water from the application of magnesite.

6.4. BAUXITE (PAPER IV)

The 500 °C for the bauxite calcination was previously reported to convert bauxite into oxides
(Mohapatra ¢f al., 2008). The present study reports the presence of alarge amount of gibbsite phase,
while the other phases were aluminium silicate, aluminium oxides, and iron oxides, which enhance
As removal from water (Paper IV'). The presence of iron oxide in the bauxite sample increases
fluorescence, which led to the background noise observed in the x-ray diffraction spectra (Fig. 14).
The high content of oxygen of 68% signifies high content of aluminium oxides, similar to the
previously reported (Mohapatra ¢/ al, 2008). The calcination of the bauxite affects porosity and
leads to the reduction in surface area, which was not reported by Mohapatra ez a/ (2008).

In natural water, the percentage removal increased with dosage, similar to previously reported
(Mohapatra ¢ al., 2008). However, lower pH 4 gave higher As removal, and this declined as the pH
increased to 11, which signifies the ligand exchange mechanism of As and fluoride removal
(Mohapatra ¢ al., 2008). The increase in hydroxyapatite saturation index with pH improved the
removal of fluoride at pH 10. Arsenic species in the water were successfully removed to below
WHO recommended guidelines for drinking water.

Arsenic removal increase with an increase in bauxite dosage was previously reported (Mohapatra
¢t al, 2008)and was in agreement with the results from visual MINTEQ. Dosage of 5 g/L was
previously reported to enhance As percentage removal up to 99% in 3 hours (Bhakat e# a/., 20006;
Mohapatra ¢t al, 2008). In the present study, the reduction of As to below 0.001 mg/L due to the
application of 5 g/L was limited to concentration range of 0.1, 0.5, 1, and 3, while 5.27 mg/L was
decreased to below 0.005 mg/L, which is still within WHO recommended guideline for drinking
water of 0.01 mg/L.This dosageis sufficient for As removal around gold mining areas in Tanzania,
from which it is current As contamination does not exceed 0.3 mg/L. The extended As
concentrations between 10 and 30 mg/L were sufficiently treated from application of 50 g/L
calcined bauxite. The linear regression revealed that the application of 50 g/L calcined bauxite for
As removal exhibited less standard error, making it suitable for longer periods of water treatment.
The adsorption capacity decreased with an increase in dosage because more active sites were not
saturated.

The increase in initial As concentration decreased the percentage removal of the lower dosage of
0.5 g/L since the active sites were saturated in a short contact time (Paper IV'). The increase in
initial As concentration ranging between 0.1 mg/L and 30 mg/L did not destabilize dosages
ranging from 5 g/L and 100 g/L (Paper IV'). However, the bauxite calcined free from the CO,
environment exhibited less tolerance to the higher As concentration since the bauxite calcined in
the presence of the CO, was hypothesized to absorb the CO, and exhibited rapid removal up to
99% (Paper IV'). The adsorption capacity (0.9 - 6.3 mg/g) increases with an increase in initial As
(1 - 20 mg/L), similar to the reported (Bhakat ez a/, 2006), which signifies more active sites are
saturated from As (PaperIV).

The application of the rate law orders revealed that higher dosages depleted As from the solution
in a short equilibrium time, and lower dosages are suitable for lower As concentrations (Pzper
IV). The pseudo-second-order explained the results better, which reveals the involvement of
chemical reactions that control As removal from water similar to as previously reported (Bulut and
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Tez, 2007). The experimental results fitted Langmuir isotherm with adsorption capacity of 1.33
mg/ g, whichis closer to the onereported 1.37 and 1.78 mg/ g from the application of 5g/L (Bhakat
et al., 2006; Mohapatra e al., 2008).

For the visual, MINTEQ presents that an increase in pH influences decrease in As removal; the
acidity nature of bauxite was useful since the higher percentage removal was observed at pH 4
(Paper IV'). The amphoteric nature of bauxite was confirmed when the pH in acidic solution was
slightly raised, and the pH 7 was decreased to 6 (Paper IV'). In the batch experiment, the linear
regression and artificial neural network indicated that pH and contact time were important for As
removal. The regeneration of the spent bauxite was leaching much aluminium, which decreased
the suitability of the adsorbent use in more than one circle.

6.5. GYPSUM (PAPER V)

Characterization of calcined gypsum revealed the presence of calcium minerals such as CaSO,,
CaOs;, and CaO, which raise pH. The pH was previously reported as an important parameter to
enhance As removal on a synthesized calcium sulfate (Chen ¢ @/, 2014), which correlates to the
present study. The percentage removal of As showed efficiency removal at high pH 10 and lower
removal at lower pH 4. The increase in pH from 4 to 10 required a small amount of dosage since
As removal was increasing with pH. The oversaturation of minerals was also increased with pH,
from which precipitated minerals of gypsum, calcite, Ca3(AsO),.4H,O(s), and hydroxyapatite might
be contributed to As removal from water. The ionized arsenite dominance was increased with pH
up to 95% at pH 10.4. In natural water, As(III) removal was 99%, which deviates from the reported
that As(IIl) was not removed (Chen ¢/ al, 2014). The visual MINTEQ simulation revealed the
presence of high ionic strength, which lowers the ability for As uptake, similar to the result reported
(So et al, 2008).

In the application of calcined gypsum for As removal from a solution prepared in the laboratory,
the observation shows percentage removal decreased with an increase in initial As concentrations
in the solution (Paper V). The synergic contribution of longer contact time and pH 9 enhanced
the reduction of As from the water solution (Paper V). The behavior of decreasing As removal
was previously reported by Chen ¢f /. (2014). The decrease in As remowval as initial concentration
increases has been reported (Rodriguez e al, 2008). The application of 50 g/L calcined gypsum
could reduce As closer to the WHO guideline value of 0.01 mg/L for four hours, which indicates
gypsumis preferable for removal of the lower As levels (Paper V). The removal capacity increased
with an increase in initial As concentration, which deviates from the previously hypothesized
precipitation, which was supposed to decrease with an increase in initial As concentration (So ¢ al,
2008). The removal capacity being higher as adsorbent dosage decreases was previously observed
(Irunde ez al., 2023).

The equilibrium time started at 3 hours when 50 g/L calcined gypsum was used to remove 5.3
mg/L from the solution (Paper V'), which is shorter due to high dosage than the previously
reported 12 hours and 25 hours (Chen ez al, 2014; So e al, 2008). The adsorption capacity also
increases with an increase in contact time, which indicates slow diffusion into the material for
higher As concentrations.

The exposure of the active sites enhances the mass transfer driving force for the adsorbate to attach
at the surface of the adsorbent (Chen ¢f a/, 2014). In the present study, As percentage removal
increases with an increase in dosage, which signifies the presence of active sites. For the adsorption
capacity, the trend was vice versa, where it decreases with an increase in adsorbent dosage because
the adsorbate is depleted by higher dosage.

For the reported pH(pzc) of calcium minerals ranging between 9 and 10 (Sadiq, 1997) can be the
reason why the calcined gypsum was still removing As at pH above 9. The visual MINTEQ
simulations also revealed high As removal at higher pH 9 (Paper V). The most important
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parameter in the present study was pH. The study deviated from the previous report that gypsum
lowers pH from 9 to 7 (Rodriguez ez al, 2008).

Kinetic reactions in the application of gypsum show that the As removal was governed through
chemical reactions since it obeys pseudo-second order (Paper V). The higher the dosage exhibited,
the shorter half-life, the faster rate constant k,, and the higher the adsorption capacity. Intraparticle
diffusion correlated to the one reported (Bulut and Tez, 2007), and it signifies slow diffusion since
the diffusion rate decreases with an increase in dosage despite the difference in initial As
concentration. The application of gypsum deviated from the reported data, which fitted Langmuir
and extended isotherm models (Chen ez al, 2014; So e al., 2008).

Gypsum study reported As removal to occur at pH 12 (Chen ¢ a/., 2014), which gives the reason
for As notleached at pH 12.47 when 0.1M NaOH was applied to regenerate spent material. The
calcium was notleached into the water, which signifies gypsum stabilizes As and is hence suitable
for As control in the environment.

The most important parameter for As removal using calcined gypsum was pH, which was
significant at p-value of <0.001. The dosage of 100 g/L indicated less standard error during
simulation, and hence, it is the best system for As removal at lower As concentrations below 1
mg/L.

6.6. MINI-SCALE COLUMN EVALUATION

The local material evaluation on mini-scale column (Fig. 36) shows importantinformation, which
requires more investigations in future column studies. The ration of (1:1:2) of the local materials in
the column, where bauxite is higher in amount slightly regulated pH, which was neutral at the
bauxite column, and higher in magnesite and gypsum. The regulation of pH from the application
of bauxite is in agreement with the project hypothesis. The flow rate was lower than the previously
reported from more porous materials (Roy ¢f @/, 2013), and magnesite revealed higher flow rate of
1 mL/min than other columns. The adsorption capacity is in agreement with batch expetiments of
a similar study. The Thomas kinetic linear equation revealed that the rate flow in the column was
higher when the magnesite was applied.

6.7. NATURAL MITIGATION OF ARSENIC

The field study observation leads to the assumption that the arsenic sources around gold mining
areas of Geita and Mara are released from the natural sources (oxidation of arsenopyrites) and
human activities, such as mining, farming, cattle keeping, and timber conservation. However, many
of the natural environments seem to be resourceful for the natural mitigation of As, and this is why
there were places where there were very low recorded As concentrations. A high number of water
samples from Geita and less number from Mara showed very low As levels so these can be
recommended as an alternative source of aquifers that are free from Arsenic contamination for
water supply in the mining areas.

Duting the water sample collection, it was observed that water contained high iron and sulfide.
There were abandoned boreholes due to bad odour, and other abandoned boreholes due to the
change of color, after the water was pumped out from the borehole into the basket. This was
evident that the environmentcontains high iron, and sulfide, which can be of importance to capture
arsenic depending on pH and redox of the specific aquifer.

Alongside the presence of iron, and sulphate, water sources also have a presence of bacteria, which
can play part in arsenic oxidation or reduction. In the reducing environment, iron will be reduced
to iron (II), which releases As into the water; however, sulfide will be reduced to an insoluble
material, which can form complexes with As, and reduces As levels from the environment. For
oxidizing environment, sulfide will be oxidized to release As, while Fe is oxidized to an insoluble
material that can precipitate As from water.
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The presence of bacteria will help in the detoxification of As through the formation of organo-
arsenicals, such as dimethylarsenite, which are believed less harmful.

7. CONCLUSIONS

The present study aimed to create awareness and scientific insights about As contamination in the
environment, using limited studies conducted in the African continent (Paper I). The study
includes geochemical evaluation of water sample characteristics in Geita and Mara, where 80% of
the As contamination was reported in Mara (Paper II') . Levels of As about 300 pg/L were
reported at locations in Geita and Mara, including several wells in Geita, which were abandoned
due to strong odour from sulfide and red color from iron. The Mara region was more contaminated
by As, with As(V) being a dominant species, signifying an oxidizing environment. The low
contamination in Geita correlates to the natural control of As mobilization, whereby iron and
sulfide contribute to bind arsenic when the oxidation and reduction conditions are favourable. The
saturation indexes from simulation of natural samples using Visual MINTEQ revealed pH as a
main controlling factor in the oxidizing environment, which influences oversaturation of minerals
that contain arsenic. The environmental disturbance through natural weathering and human-
induced activities leads to the As release in water sources. Increased number of cancer cases from
patients originating from the Lake Victoria basin, including regions of Geita and Mara, is a serious
indicator, which requires clinical investigations.

Arsenic removal evaluation was described in Papers IIT, IV, and V. The application of calcined
magnesite gave a high uptake of As, resulting in levels below the 0.01 mg/L recommended in
WHO guidelines for drinking water. The calcined bauxite removed As above 5.3 mg/L to below
the 0.01 mg/L athigher dosage of 50 g/ L., while lower dosage of 0.5 g/L. was suitable for removal
of As concentrations below 1 mg/L (Paper IV'). The application of gypsum is recommended for
lower As levels below 0.5 mg/L (Paper V). The elements released into the water during treatment
and leaching of spent materials were below WHO guidelines, which signify the safety of the
materials. The leaching process with an alkaline solution did not leach As from magnesite and
gypsum due to formation of strong bond between Mg-O-As and Ca-O-As. The alkaline solution
leached much Al from bauxite, reducing its uptake capacity after one period of treatment.
Elucidation of the mechanisms of As uptake in magnesite, gypsum, and bauxite requires more
advanced techniques to reveal bonding of As to the surfaces of the material.

Experiments with a mini-scale column showed that a fast flow rate can be viable for the use of
magnesite for As removal, and there is a potential to upscale this technique. The mini-scale column
showed that bauxite has the potential to regulate the pH of the solution in the treatment system.
More studies on the materials represented in this study are recommended to determine their useful
lifetime before the necessary replacement in the column.
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