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ARTICLE INFO ABSTRACT

Editorial handling by: Prof. M. Kersten Arsenic (As) removal studies were carried out through batch experiments to investigate the performance of the
locally available calcined magnesite mineral rocks from Tanzania. Natural water from a stream source in
Tanzania and the prepared synthetic water at the laboratory were used for the studies. Parameters such as initial
As concentration, calcined magnesite dosage, contact time and pH were evaluated for As removal using an
overhead reax2 shaker. Arsenic concentration was reduced from 5.3 to 1.1 mg/L As(V) at 180 min when 0.5 g/L
calcined magnesite was applied to a synthetic water sample, whereas the concentration of 117 pg/L As(V) and
5.2 pg/L As(Ill) was reduced to below 0.1 pg/L in natural water. An increase in calcined magnesite dosage
resulted in increased As removal up to below 0.01 mg/L. The calcined magnesite raised the pH of the water
sample from 6.8 to 10 when the applied dosage increased between 0.002 g/L and 0.05 g/L. The pH was constant
at around 10 even when the amount of 0.05 g/L was added 2000 times. Despite the high pH, the amount of
magnesium released in water was low. The calcination of magnesite at 500 °C increased surface area by 4 times
as compared to the natural magnesite and X-ray diffraction showed presence of MgCO3 phase as the dominant
phase at this temperature. The reaction kinetics of As removal on 0.5 g/L calcined magnesite fitted with the
pseudo-second-order (R% = 0.96). Reaction isotherm was strongly fitted with Freundlich isotherm (R% = 0.98).
Linear regression and artificial intelligence neural network showed the As removal was influenced by both
contact time and pH. Arsenic can be removed from As water using calcined magnesite and will be suitable for
water treatment around gold mining areas.
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1. Introduction environment is due to weathering processes of rocks and sulfidic min-

erals (Bhattacharya et al.,1997, 2002, 2004, 2007; Mohan and Pittman,

Arsenic (As) is a toxic element that occurs naturally in the earth’s
crust (Duker et al., 2005; Mandal and Suzuki, 2002). Arsenic contami-
nation in drinking water sources has been a global challenge since
1990’s when As was first detected from tube-well water in the northern
district of Bangladesh (Flanagan et al., 2012). Its occurrence in the

2007). The oxidation of sulfidic minerals such as arsenopyrites, releases
As into water sources (Islam et al., 2013). The As release in the envi-
ronment can also be contributed by anthropogenic activities such as
agriculture, mining, and industrial wastes (Finkelman, 2004; Mandal
and Suzuki, 2002; Rukh et al., 2017). Environmental conditions such as

* Corresponding author. KTH-International Groundwater Arsenic Research Group, Department of Sustainable Development, Environmental Science and Engi-
neering, KTH Royal Institute of Technology, Teknikringen 10B, SE-100 44, Stockholm, Sweden.

E-mail address: irunde@kth.se (R. Irunde).

https://doi.org/10.1016/j.apgeochem.2023.105705

Received 18 September 2022; Received in revised form 28 May 2023; Accepted 29 May 2023

Available online 3 June 2023

0883-2927/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:irunde@kth.se
www.sciencedirect.com/science/journal/08832927
https://www.elsevier.com/locate/apgeochem
https://doi.org/10.1016/j.apgeochem.2023.105705
https://doi.org/10.1016/j.apgeochem.2023.105705
https://doi.org/10.1016/j.apgeochem.2023.105705
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apgeochem.2023.105705&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

R. Irunde et al.

redox potential also influences the mobility of inorganic As species such
as As(V) and As(II) (Violante et al., 2010). It is already known that As
species distribution in the environment is controlled by redox potential
(Eh) and pH in which As(V) species (H3AsO§, HyAsO;, HAsO?™ or
AsOi’) dominate in the oxidizing environment and As(III), (H3Asog;
H>AsOg3; HAsO%’; Asog’) dominate in the reducing environment (Gupta
and Chen, 1978). At pH below 2, the uncharged elemental As is domi-
nant. Furthermore, the negatively charged arsenate that dominates at
pH between 2 and 6 is HyAsO, and HAsO?~ between pH 6 and 8 while
the negatively charged arsenite HAsO2~ dominates at pH 9 or above
(Gustafsson and Bhattacharya, 2007).

The presence of As concentrations exceeding 10 pg/L, the critical
level given by the World Health Organization (WHO) in their drinking
water guidelines (Cotruvo, 2017) has been reported around gold-mining
areas in Tanzania (Almas and Manoko, 2012; Kassenga and Mato, 2008;
Lucca, 2017; Nyanza et al., 2014; Taylor et al., 2005) and health effects
among the population around gold mining area are already reported.
The deleterious impact on human health include skin lesions such as
hyperkeratosis and pigmentation changes, black-foot disease, circula-
tory disorders, diabetes, cancers of the bladder, lung, kidney, and liver
(Gbaruko et al., 2008; Smith et al., 1992), respiratory disorders, nervous
disorders, abdominal disorders, premature birth and low weight to born
babies (Ahoulé et al., 2015; Jain and Ali, 2000; Mandal and Suzuki,
2002; Mohan and Pittman, 2007; Raj and Maiti, 2020). In this case, there
is a need to investigate simple methods that remove As from water to
secure society from excessive As exposure.

Removal of As from water is accomplished by several techniques
such as precipitation-coprecipitation, coagulation from iron or alum,
membrane filtration, surface-complexation, ion-exchange, reverse
osmosis, electrodialysis, nanofiltration and adsorption (Ahmad et al.,
2017, 2018; Litter et al., 2019; Maity et al., 2019, 2021; Wang et al.,
2018). The adsorption method has been the most preferred technique
especially in low-income countries because of cost effectiveness (Ayoob
et al,, 2007; Maji et al., 2008). Local available materials such as
magnesite, contain Mg?" ions with affinity for As at pH above 7 (Pai-
karay et al., 2018). Once As contaminated water is in contact with
magnesite for long enough time, the As will be precipitated as Mgs(A-
s04)2.4H20 if pH is high (Wu et al., 2017). Precipitation, coprecipitation
and/or sorption mechanisms of As(V) in Mg(OH), under presence of
carbonate has been hypothesized and reported to occur at higher pH
above 11 (McNeill and Edwards, 1997). Removal of As from water using
natural mineral rocks have been reported (Mishra et al., 2014). Natural
mineral sorption materials are of interest due to their availability, effi-
ciency, simple application and to some extent lower operational costs
(Mishra et al., 2014). Locally available mineral rocks such as bauxite,
magnesite, manganese ore, iron ore, and laterite are potentially useful
for As removal since they provide high surface area, porosity, and sta-
bility (Mishra et al., 2014). Apart from As removal, magnesite is also
applied in other purposes (Masindi, 2021) such as in the industry for
building material and ceramics (Sadik et al., 2016). It is used for making
inorganic fertilizers (Mulana and MustanirFuadi, 2019), to produce
metallic magnesium and for removal of copper from water (Kipcak and
Isiyel, 2015), for phosphorus removal (Wei et al., 2019). The prominent
magnesite deposits in Tanzania occur around Moshi region where the
best grade of magnesite has been mined and exported as building ma-
terial while the lower grade is left in the site as a waste. The lower grade
is easily available and useful material for As removal from water sour-
ces. The current study aims to evaluate the efficiency of the locally
available calcined magnesite on As removal from water sources and
release of trace metals due to alkaline condition after water treatment.
The study is limited to not control pH with chemicals when it raises
because calcined magnesite will be applied by the local society for
arsenic removal from water sources around gold mining areas in
northern region of Geita and Mara Tanzania and hence next step to
lower pH after water treatment is recommended.
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Arsenic removal using magnesite dosage of 10 g/L magnesite is re-
ported in South Africa (Masindi and Gitari, 2016) where the equilibrium
time was reported reached at 15 minutes (min). However, the current
information about application of natural deposited magnesite as well as
calcined magnesite for arsenic removal from drinking water sources is
very limited. In the current study, the efficiency of the calcined
magnesite is evaluated on As removal from drinking water sample.
Furthermore, the release of trace metals from the calcined magnesite
material into the treated water sample was studied. The minimum
calcined magnesite dosage between 50 g/L, 5 g/L 0.5 g/L and 0.05 g/L
that is capable to remove As was investigated since the previous re-
ported dosage by Masindi and Gitari (2016) was a high dosage in 1 L of
the water sample. To the best of our knowledge, the current study is the
first evaluation study on application of locally available calcined
magnesite from Tanzania for As removal from drinking water sources.
The evaluation of As removal using calcined magnesite was carried at a
laboratory scale through batch experiments using natural drinking
water sample whereas for the high As concentration removal, synthetic
As(V) water sample was used.

2. Materials and methods
2.1. Materials

Natural magnesite rock minerals were collected from a bulk deposit
of magnesite in Chambogho in Same district, Moshi, Tanzania. Magne-
site mineral rocks were brushed clean, washed, dried, crushed, ground,
sieved to below 0.3 mm, calcined at 500 °C and thereafter used for As
removal experiments. The natural water sample fetched from Masinki at
latitude —1.48672°, longitude 34.50887°, elevation 1198 m in Tarime,
Mara, Tanzania was used for As speciation and removal evaluation.
Samples of water with different As concentrations were prepared in the
laboratory to investigate the removal capacity of calcined magnesite at
higher As concentrations.

2.2. Characterization of magnesite

A portion of raw and calcined magnesite powder sample was
mounted on X-ray diffraction (XRD) sample-plate and introduced into
the Panalytical Xpert Pro X-ray diffractometer (Cu-K-alphal). The scan
range (20) of diffractometer was 10-80° within 15 min (40 mA, 45 kV).
The obtained XRD diffraction data were analyzed in X’Pert High-Score
plus software under the database from International Center for diffrac-
tion data (ICDP PDF-4-+ 2022) to identify mineral phases that exist in the
magnesite sample. A portion of powder sample was introduced in JEOL
field emission scanning electron microscope (FE-SEM-EDS, JSM-7000F)
to determine elemental composition and the morphology of the mate-
rial. Furthermore, the surface area of the material was analyzed using
the Brunauer Emmett Teller (BET) method under adsorptive nitrogen
(N3) and equilibration interval of 15 s.

The content of iron (Fe) and As in the raw magnesite powder was
investigated by digesting 5 g magnesite in 10 mL concentrated nitric
acid, heated at 115 °C for 2 h. The filtrate was diluted with distilled
water to 100 mL and measured at inductively coupled plasma atomic
emission spectroscopy (ICP-OES, iCAP 6000).

2.3. Reagents

All purchased chemicals and reagents were of analytical grade. So-
dium arsenate heptahydrate (NagHAsO4.7H,0) was used for the prep-
aration of 100 mg/L As(V) stock solution. Deionized water was used for
preparation of diluted solutions.

2.4. Experimental part and water sample analysis

A batch experiment was carried out to evaluate the efficiency of the
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calcined magnesite on As removal. Calcined magnesite powder dosage
ranging from 0.5 to 50 g/L was applied in As water samples and agitated
vigorously at room temperature. The batch water samples were
analyzed using ICP-OES for total As, Al, Fe, Mg, Ca. An As speciation
analysis was done using high performance liquid chromatography
inductively coupled mass spectrometer (HPLC-ICP-MS) at ALS under
method OV-19d with lower detection limit of 0.1 pg/L.

The quality check from sampling to instrumental analysis was
considered to minimize error from measurements. Analytical in-
struments such as ICP-OES, were 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 mea-
surements was reported and the relative standard deviation was less
than +5%.

2.4.1. Natural water

The natural water sample from Masinki stream was analyzed using
ICP-OES (iCAP 6000) and ion chromatography (IC, Dionex Dx-120) for
the water quality parameters. The cations and anions present were
simulated using Visual MINTEQ (https://vminteq.lwr.kth.se/downl
oad/) to check the removal trend and saturation indexes.

Arsenic speciation was carried out in the laboratory at ALS Scandi-
navia in Sweden. The samples sent to ALS also included treated samples,
100 g calcined magnesite per L, to check how magnesite removes As ions
from Tanzanian natural water. The samples were analyzed using HPLC-
ICP-MS to determine the levels of inorganic As species (As(V), As(II[))
and organic species. The values of As (III) and As(V) were inserted in
visual MINTEQ to investigate removal trend of As against increase in the
adsorbent dosage and saturation indexes.

2.4.2. Preparation of synthetic As sample solution

Arsenic solutions were prepared through dilution of the stock As
solution of 100 mg/L NasHAsO4.7H,0. The initial As concentrations
prepared at near neutral pH varied from 0.1, 0.5, 1, 2, 3, 5 and 10 mg/L
for evaluating arsenic removal with influence of contact time, initial
concentrations, dosage and pH. In the As(V) solution, 0.5 g/L, 5 g/L, and
50 g/L calcined magnesite was introduced and agitated vigorously at 70
revolutions per minute (rpm) at different times such as 2 min, 5 min, 15
min up to 4 hours (h). Samples were filtered using 0.45 pm filter and
kept in the fridge at 4 °C for the subsequent analyses. The samples with
pH higher than 10 and above were acidified using 2 drops of 20% nitric
acid (HNO3).

Extraction of As from calcined magnesite was evaluated using 10 mL
of 0.1 M NaOH introduced in 1g of spent material and shaked vigorously
for 2 h.

2.4.3. Adsorbent dosage

An efficient minimum calcined magnesite dosage for enhancing
removal in this study was checked between 0.5 g/L, and 5 g/L and 50 g/
L. To determine the best calcined magnesite dosage, the amount in
concentration was varied from 0.05 g/L, 0.5 g/L, 5 g/L, 50 g/L, and 100
g/L and shaked with As solution at near neutral initial pHs. Preliminary
PH tests in this study involved 200 g/L calcined magnesite at initial pH
1.51 since pH 4.2 and 2.3 raised pH above 10.

The relationship of parameters such as concentrations, contact time,
dosage, pH, volume on influencing As removal from water sample was
checked using linear regression as well as artificial neural network in
SPSS software version 28, to evaluate how each parameter influences
removal and which dosage provides less error in the treatment system.

3. Results
3.1. Characterization of calcined magnesite

The XRD analysis shows crystalline magnesium carbonate (MgCO3)
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as the main phase in the locally available raw and calcined magnesite
material from Chambogho, Tanzania. The other mineral phases in the
magnesite powder were magnesium iron carbonate (Mg g9 Feg 91(CO3),
iron carbonate (Fe(CO)s3), and silicon dioxide (SiO3). In the calcined
magnesite, the peaks for MgCO3 were positioned at 32.8°,35.9°, 43°,
51.7° 54°, 61°, 62°, 68.5°, 70.5°, 76° and 77° (Fig. 1, Table S1b). The
phase heterogeneity was also noticed when several phases appear in the
same peak such as MgCO3, MgFe(CO)s, FeCOsand FeyOs appeared
together at positions 32.8°, 35.9°, 43°, 66° and 70.5°. A similar trend
were noticed for the overlapping peaks for MgCOs, MgFe(CO)s, FeCOs,
Fey03, and MgO at position 43°; MgO and SiO; at position 21°; MgCOs,
MgFe(CO)s and FeCOs at position 51.7°; MgFe(CO)s, FeCO3 and Fe;O3
at position 66.5°; MgFe(CO)sand FeCOs at position 38.9°, 46.9°, 69.4°;
MgCO3, MgFe(CO)3, FeCOzand MgO, at position 54° and MgCO3, MgFe
(CO)3, FeCO3 and MgO at positions 61° and 62° respectively.

The calcination of magnesite at temperature of 500 °C (Xu et al.,
2010) formed less MgO to be ranked in Xpert high score software and the
main phase ranked after calcination was MgCOj3 (Fig. 1, Figs. Sla and b,
Tables Sla and b) however under phase restriction, the MgO was
recorded at position 21°, 43° and 62°. It was reported that calcined
magnesite can yield high MgO at higher temperatures from 1000 °C
(Masindi, 2021) even though 600, 700 and 800 °C are also reported to
yield MgO (Salameh et al., 2015). The previously reported temperature
of 350 °C converts iron carbonate (FeCOs3) to hematite while 600 °C for
2 h was enough to convert all siderite to iron oxide (Zhao et al., 2014).
The MgO pure powder was reported to raise pH of the solution up to
13-14 (Natsi et al., 2023) which was noted in this study.

The presence of As in the calcined magnesite was recorded when
digested magnesite sample analyzed in ICP-OES had traces of As of
about 0.004 mg/L. However, it was not easier to observe new crystalline
phases in XRD after As treatment, but under restriction, very small phase
of magnesium arsenate were observed.

The field emission FE-SEM-EDS revealed that the surface
morphology of calcined magnesite was heterogeneous due to the pres-
ence of different chemical elements (Fig. 2). The heterogeneous surface
of calcined magnesite provides active site for As removal. Spectrum 2 in
Figure 2 shows the presence of carbon (C), oxygen (O), magnesium
(Mg), silica (Si), calcium (Ca) and iron (Fe) with atomic percentage of
13.8%, 63%, 20%, 0.6%, 0.2%, and 0.3% respectively. The presence of
C, O, Mg, Ca and heterogeneous surfaces was also reported by Masindi
and Gitari, 2016). Furthermore, ICP-OES confirmed the presence of Fe in
the digested raw magnesite with concentrations of about 87.48 mg/L,
which is also useful for removal of As.

BET surface area analysis shows higher surface area in calcined
magnesite 18.07 m?/g than in raw magnesite 5.13 m?/g. The surface
area is important factor for the effective removal of As from water. Pore
size and volume also affect process of As removal, as revealed by the
observed reduction in pore size diameter from 8.99 nm to 8.68 nm. The
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Fig. 1. XRD spectrum of magnesite shows the main phase of

calcined magnesite.
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Fig. 2. SEM picture showing heterogeneous surface of calcined magnesite.

porous nature of the material is also believed to increase the removal
efficiency during the pore filling process.

3.2. Batch experiment for arsenic removal

The As water samples were poured in containers and agitated
vigorously using an overhead-rex2 shaker. Both natural drinking water
and synthetic water was used for evaluation of As removal on calcined
magnesite. It takes a short time to reach high removal efficiency when
using overhead-rex2 shaker. The calcined magnesite was observed to
absorb water to about 40% which reduces amount of water sample
during the batch experiment. The previous study TGA data from the
previous studies (Liang et al., 2022; Natsi et al., 2023) indicated that
magnesite loses water with an increase in temperature (Figs. S2 and S3).

3.2.1. Natural drinking water sample

The natural water sample exhibited high concentration of anions
such as sulphate (SO?() 479 mg/L which is above WHO limit of 250 mg/
L (Cotruvo, 2017), followed by nitrate (NO3) 59.5 mg/L, chloride (C17)
18. 2 mg/L, fluoride (F7) 2.3 mg/L and phosphate (PO3 ") 1.3 mg/L. The
sample was characterised by high total concentrations of calcium
(Ca%"), magnesium (Mg?") and nickel (Ni?") 45 mg/L, 16.37 mg/L and
6.09 mg/L respectively. The concentration of other cations such as Cd>*,
Co%*, cu?*, Fe?t, Mn%*, Mo(VI), Pb?*, Sr?* Sb(IIl), Se(VI), Ti(OH)4,
TL“, V(IV) and Li*! (Note: the elements are represented as ions for the
purpose of selecting specific ion in the Visual MINTEQ) were low. The
presence of high calcium and sulphate rendered the water as of
calcium-sulphate type. These species (anions and cations) including As
species were simulated on visual MINTEQ version 3.1 to evaluate
removal trends of As upon increase in dosage and determination satu-
ration indices. The dosage amounts used in the visual MINTEQ was
0.001, 0.005, 0.008, 0.01. 0.03, 0.09, 5, 10, 20, 30 g/L which shows
increase in As removal as the dosage increase (Table S3, Fig. S4). The
removal of As (V) increased from 3.3% for an added amount of 0.001 g/L
t0 99.9% at 0.03 g/L while at 0.01 g/L removal was still 40% (Table S3).
Furthermore, the element removed were influenced by pH simulated
when 5 g/L MgCOg3 added in the solution shows stability of certain el-
ements in a wide range of pH and reduction of removal as pH increases
to 10 (Table S5). The removal trend acquired from visual MINTEQ was
applied as a guide for As removal using calcined magnesite and similar
removal trend as magnesite dosage increased was observed in section
3.2.2.

3.2.1.1. Saturation index simulation on visual MINTEQ as function of pH.
The simulation of natural water in visual MINTEQ with the addition of 5
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g/L MgCOs revealed a decrease in ionic strength from 0.41, 0.40 0.39,
0.39, 0.38, 0.27, 0.20, and increase in pH from 4, 6, 6.8, 7, 7.5, 10, and
12 respectively. However, at pH 13, the ionic strength raises to 0.27 with
charge difference of 15.99%. The ionic strength affects the increase or
decrease of ion activity in the solution. The higher the ionic strength, the
lower the pH, in which enhances undersaturation of the mineral phases.

The mineral phases formation behavior in the solution of natural
water dependst on the type of the mineral as pH increases from pH 4 to
pH 13 (Table S4). The undersaturation of mineral phases was observed
at lower pH 4 while some mineral was slightly oversaturated at the
neutral pH 6.8 and oversaturation increases to pH 10 before it declined
(Table S4). For pH 6.8, Some minerals were stable oversaturated in a
wide range of pH from 6.8 to 13 while some mineral dissolved after pH
10. At pH 6.8, recorded minerals were magnesite, dolomite disordered,
dolomite ordered, huntite, NiCO3 with oversaturation indexes of 1.12,
1.56,2.11, 2.30, and 0.53 respectively. Mineral phases that existed at pH
10 to mention few were aregonite, brucite, calcite, hydromagnesite,
magnesite, MgCO3.5H,0, Nesquehonite, Ni(OH); c, strontianite, and
vaterite with oversaturation indexes of 1.86, 1.36, 1.99, 10.27, 3.23,
0.29, 0.42, 2.10, 0.85 and 1.43 respectively. Thus, the mineral phases
observed at pH 10 and above have contributed on arsenic removal from
water.

3.2.1.2. As speciation on natural water sample. Arsenic speciation of the
natural water sample from Tanzania (Masinki stream) shows 117 pg/L
As(V), 5.32 pg/L As(Ill), <0.2 pg/L monomethyl arsenate (MMA) and
0.83 pg/L dimethyl arsenate (DMA). The As(V) value was above WHO
guideline for drinking water (Cotruvo, 2017). In the treatment of natural
water with the calcined magnesite for 2 h, the As(III) and As(V) were
reduced to <0.1 pg/L which is 99% As(V) removal, 98% As(III) while
MMA was <0.2 pg/L and DMA was 0.36 pg/L. The observation shows
that the removal of organically bound As on the calcined magnesite was
less favorable compared to inorganic As species. On the other hand, As
speciation in visual MINTEQ was found to be influenced by pH
(Table S6). Thus, the dominance of arsenate [As(V)] and arsenite [As
(II1)] varies with an increase in pH.

3.2.2. Arsenic removal from synthetic arsenic solution

This section evaluates removal using prepared solution from the
laboratory for higher As concentrations than the levels of As present in
natural water in Tanzania. Four calcined magnesite dosage 0.05, 0.5, 5,
50 g/L were evaluated to provide a more efficient treatment system with
less error.

3.2.2.1. Concentration dependent removal. The removal percentage of As
on 0.5 g/L calcined magnesite decreased as initial concentrations of As
increases from 1 mg/L to 20 mg/L that is comparable to the previous
reported results (Masindi et al., 2014). The initial As concentration of 1
mg/L on 0.5 g/L calcined magnesite that was agitated for 30 min on
overhead reax2 shaker showed high As removal of 63% (Table S7). For
the highest initial 20 mg/L As, only 26% As removal was achieved on
0.5 g/L of calcined magnesite (Fig. 3). In comparison with higher dos-
ages of 5 g/L and 50 g/L, the As removal was recorded increasing up to
99% with an corresponding increase in initial As concentration (Fig. S8).

Observations showed more contact time is required to allow As
removal on 0.5 g/L calcined magnesite for 5.3 mg/L As since only 79.6%
As removal was reached after 3 h. In general, the As removal percentage
observed in this study was increasing with increased dosage of calcined
magnesite similar to the removal observed through the visual MINTEQ
simulations. Thus, observation at equilibrium time for 0.5 g/L calcined
magnesite was slow, as at 30 min achieved removal of 37% while 5 g/L
shortened equilibrium time (at 5 min) gave 93%. Hence the equilibrium
time is achieved fast at a higher dosage of about 5 g/L than the lower
dosage.
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Fig. 3. Arsenic removal with initial concentrations at 30 min, 0.5 g/L
calcined magnesite.

3.2.2.2. Effect of the dosage on pH and calcined magnesite release in water
after treatment. The dosage of calcined magnesite was observed to raise
pH abruptly when the water had an initial pH below 4. The rapid re-
action between calcined magnesite and acidic solution raises pH up to
10 due to the presence of MgCO3 and MgO which hydrolyses to form Mg
(OH), and HCO3 in the solution. The pH change also depends on the
volume of the water sample, initial pH and dosage of calcined magne-
site. The acidic water sample with pH 4 raises pH to 10 when 100 g of
calcined magnesite was introduced per liter of water and agitated for 20
min, but the same amount of calcined magnesite dosage to water with an
initial neutral pH 7 raised to about pH 9. At lower dosages, for example,
0.002 g/L of calcined magnesite added at initial pH 6.8 could not raise
much pH (Fig. 4) when agitated for 15 min. The increase in pH was
correlated to the amount of added calcined magnesite into the water
sample that resulted to an increase of R? to 0.96 (Fig. S6). The equilib-
rium pH of 12 as a function of magnesite dosage was predicted from
linear equation in Fig. S6 (Fig. 5).

The main mechanism of As removal at pH 10 can be a precipitation
as represented by Equation (1). The Mg?* ion from magnesite or Mg
(OH),, reacts with AsOﬁ' at alkaline conditions to form an As precipitate
of magnesium arsenate.

Mg** (aq) + AsO; ™ (ag)—Mg;(AsOy),(s) €]

The maximum removal was favored at higher pH which indicated
formation of As precipitate.

There was no observed leaching of magnesium (Mg) from the
calcined magnesite into water above WHO guideline even at higher pH
10. The elements dissolved in water after treatment such as Al. Fe. Mg

12
10 —
8
. . .
* ¢ —s,
T 6
——100 g/L
4 =+-0.002 g/L
—e—0.0055 g/L
2 0.0155 g/L
—=0.05 g/L
0 50 100 150 200 250 300

Time (min)

Fig. 4. Calcined magnesite behaviour of raising pH at different dosages.
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Fig. 5. Increase in pH as a function of dosage.

and Ca (Table 1) were analyzed to evaluate trace metals released in
water during treatment. The treated water had pH value of 10 in which
magnesium and calcium were less released and was below WHO
guideline due to its tendency to form precipitate with As. The nature of
aluminium did not tolerate pH 10, hence it was released in water with
concentrations similar or slightly above the recommended guideline
value of WHO. Furthermore, iron was not significant released in water
due to its high affinity towards As species.

3.2.2.3. Removal capacity. Table 2 shows removal capacity (qt) at any
time (t) as calcined magnesite dosage was used in descending order
between 50 g/L to 0.05 g/L, where removal capacity inversely increased
with time at low calcined magnesite dosage. Thus, removal capacity was
ranging between 2.06 and 8.39 mg/g when small amount of material of
0.5 g/L was used. Other literature sources on natural minerals reported
similar results such as manganese, 2.15 mg/g (Mohapatra et al., 2006),
natural iron ore 0.4 mg/g (Zhang et al., 2004), modified calcined
bauxite 1.57 mg/g (Bhakat et al., 2006); gibbsite 4.6 mg/g goethite 12.4
mg/g, oxisol 3.2 mg/g (Ladeira and Ciminelli, 2004) and siderite 1.04
mg/g (Guo et al., 2007).

The removal capacity (Equation S13) of calcined magnesite using
dosage of 0.05 g/L, 0.5 g/L, 5 g/L, and 50 g/L, shows good trend for As
removal since removal capacity increases with decrease in calcined
magnesite dosage (Table 2). Also, the removal capacity increases with
increase in contact time (Table 2) and 0.5 g/L fitted intraparticle
diffusion (Equation S1) with R? of 0.89. Furthermore, the removal ca-
pacity was observed to increase with initial concentration with R? of 1
when 50 g/L of calcined magnesite was introduced in initial As con-
centrations ranging 0.1 mg/L to 30 mg/L (Fig. 5). The amount of 50 g/L
calcined magnesite was a very high dosage to be added in which
removes As up to 99% despite the concentration increase to 30 mg/L
hence the interest was to investigate the minimum efficient dosage of
calcined magnesite which we recommend 0.5 g/L. The lowest concen-
tration of 0.1 mg/L removed using 50 g/L calcined magnesite showed
0.002 mg/g adsorption capacity while 5, 10, 20 and 30 mg/L showed
removal capacity of 0.105 mg/g, 0.21 mg/g, 0.41 mg/and 0.61 mg/g,
respectively. The current removal capacity are closer to the ones

Table 1
Average levels of elements released in water after treatment.
Elements released Calcined magnesite dosage (g/L) WHO
in water (mg/L) 100 50 5 05 0.05 (2017)
(mg/L)
Aluminium (Al) -0.135 0.005 0.19 0.10 0.33 0.2
Iron (Fe) 0.001 0.0003 0.002  0.002 0.3

Magnesium (Mg) 14.8 1465 14.78 10.65 2.76 100
Calcium (Ca) 4.16 4.55 0.89 0.45 1.34 100
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Table 2
Removal capacity from different magnesite dosage.

Dosage (g/L) Initial As (mg/L) qt (mg/g) Contact time (min)
50 5.266 0.105 30-240

5 5.266 0.7-1.05 2-30

0.5 5.266 2.06-8.39 5-180

0.05 5.266 0.006 5-180

reported from natural iron oxides (Aredes et al., 2013). Previous study
reported that 10 g/L of magnesite removes up to 20 mg/L in water
sample (Masindi and Gitari, 2016), however, our study predicts that
more than 30 mg/L can be removed on 5 g/L.

The removal capacity increases with increase in initial concentra-
tions, because calcined magnesite provides enough surface area to
accommodate more As removal on its active sites. The ability of calcined
magnesite to remove As reveals presence of high affinity polyvalent el-
ements towards As such as iron (Fe) (Equation (2)) which supported
magnesite to have high efficiency. The iron oxide (FeyO3) transformed
from iron carbonate (FeCOs) at 600 °C is reported to enhance As
removal of about 10 mg/g (Zhao et al., 2014).

Fe’™ (aq) + AsO}™ (aq)—Fe(AsO,)(s) )

The presence of iron in the magnesite was confirmed in the analysis
of the digested raw magnesite hence it can attract arsenic due to its high
affinity towards arsenic.

3.2.2.4. Chemical reactions for arsenic removal

3.2.2.4.1. Half-life of As solution. For determination of simple half-
life, the first order of the rate law kinetics (Equation S7, Figure S7)
was calculated from the calcined magnesite dosage of 0.05 g/L, 0.5 g/L,
5 g/L and 50 g/L (Table S10). Kinetic first-order rate law was fitted with
R? of 0.93 for 0.5 g/L when 5.3 mg/L As was removed. The higher the
dosage the faster the rate of reaction. The half-life for As was calculated
and obtained as 2310, 87.7, 2, 0.3 min with respect to dosage 0.05 g/L
0.5 g/L, 5 g/L, 50 g/L (Table 510).

3.2.2.4.2. Equilibration reaction time. The equilibration time was
observed around 5 min when 5 g/L calcined magnesite was introduced
in 5.3 mg/L As sample. However, the prolonged equilibrium time
beyond our hypothesized 30 min was observed when 0.5 g/L was
applied in 5.3 mg/L As concentration. The equilibrium was fast at high
dosage ranging 5 g/L to 50 g/L which removes As to about 99% within
less than seconds. Masindi and Gitari (2016) also reported equilibrium
time of 15 min when 10 g/L magnesite was used to remove 10 mg/L As.
However, it was observed 0.5 g/L works better to remove 5.3 mg/L As
sample than when 0.05 g/L was incorporated.

3.2.2.4.3. Pseudo second order for as reaction. Arsenic removal on
calcined magnesite fitted well on pseudo-second-order kinetic (Equation
S6) proposing chemical reaction as a controlling factor. For the high
dosage of magnesite such as 50 g/L, pseudo second order was strongly
fitted with R? of 1. The pseudo second order was significant even at
calcined magnesite dosage of 0.5 g/L and 5 g/L. The correlation coef-
ficient R? was observed to decrease as calcined magnesite dosage de-
creases from 50 g/L to 0.5 g/L as 1, 0.99 and 0.96, respectively. The
minimum dosage of 0.5 g/L (Fig. 6) calcined magnesite was of interest to
understand kinetic behavior of As reaction with calcined magnesite and
its fit in pseudo second order gave equilibrium constant rate ky of 0.003
g min/mg. The chemical reactions in this section provide possible
limiting factor of calcined magnesite on As removal, however to un-
derstand the reaction mechanism, further study on the application of the
two dimensional infrared (IR) correlation spectroscopy (Li et al., 2021)
is of relevance.

3.2.2.5. Isotherm reaction for As removal. The isotherm reaction for As
removal following the Freundlich model (Fig. 7, Equation S9) indicates
the presence of heterogenous sites energy (Chiban et al., 2011) in which
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Fig. 6. Pseudo second order of 0.5 g/L calcined magnesite with R? of 0.96.
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Fig. 7. Hysteresis loop for arsenic removal on 0.5 g/L calcined magnesite.

0.5 g/L calcined magnesite was sufficient to provide active sites for As
removal in this study.

Chiban et al. (2011) stated that “reaction isotherms are mathemat-
ical models that describe the distribution of the contaminant among
solid and liquid phases and are important data to understand the
behavior of the removal”. The hysteresis loop observed in Fig. 7 in-
dicates the presence of mesoporous in the calcined magnesite (Xie et al.,
2022) which enhances As removal during pore filling.

The initial concentrations ranging from 1-20 mg/L were agitated
vigorously for 30 min. The result obtained fitted well with the Freund-
lich isotherm model (R? value of 0.98 (Fig. 8, Equation S9, Table S12)
and n value of 1.54. The n value indicate favorable chemical reaction on
As removal (Bakatula et al., 2017). From Fig. 8, k¢ (equation S3) is 0.87
which can give Gibbs free energy AG® of 0.33 that means the removal
process was non-spontaneous deviating from the process reported by
Chiban et al., (2011). The calcined magnesite fitted Freundlich isotherm
better even at higher dosage of 5 g/L and 50 g/L.

For the determination of the removal, the D-R isotherm model using
equation S10, 11, and 12, the removal energy was 1290 kJ/mol which is
greater than 16 kJ/mol (Bakatula et al., 2017) and hence the removal of
As onto calcined magnesite can be controlled by the chemical reaction.
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Fig. 8. Reaction removal isotherm fitted Freundlich isotherm with R? of 0.98
when 0.5 g/L calcined magnesite agitated for 30 min.

3.2.2.6. Statistics linear regression and artificial intelligence neural network
for factors influencing as removal. Linear regression (Equation S2) assists
to predict the best treatment system characterized with less error
considering relationship between dependent and independent variables
(Tables S13-516). The linear regression analysis on SPSS version 28
revealed the significant model fit with F = 21.56, R% = 0.92, adjusted R2
= 0.87, standard error = 0.5 when dosage of 0.5 g/L calcined magnesite
was applied to remove As of 5.3 mg/L As in which concentration
decreased depending on time and pH. The decrease in As concentration
was much dependent on contact time since pH was not significant. The
As concentration was strongly positive correlated to time and pH with r
= 0.957.

Conc = —0.02 Time — 0.25 pH + 6.68 3

The model was validated with a significant probability of 0.007
when predictors were time, and pH (Equation (3)). Thus, 91.5% of the
model was linearly explained by time and pH. From this equation (3), an
optimized values can be predicted to improve the water treatment
system.

Similar experiment applying 0.05 g/L calcined magnesite revealed
significant fit model with adjusted R?=0.93,R?=0.95, F = 38.31, error
of 0.08 and a strong positive correlation of concentration to time, and
pH with r = 0.98.

Conc = 0.001 Time — 0.25 pH + 6.91 @

This equation model was significant at a probability value of 0.002
(Equation (4)). The removal dependent on pH since time was not
significant.

In addition of 5 g/L, shows model significant F = 26.2 and proba-
bility of 0.01. The R? was recorded as 0.95, R? adjusted at 0.91, positive
correlation (r) of 0.97 and error of 0.6. Removal of As depends on both
time and pH since are significant (equation 5)

Conc = —0.17 Time — 0.97 pH + 11.74 5)

For 50 g/L calcined magnesite application, indicates significant
model at probability <0.001 and F of 294.8. The relation coefficients are
positive at r = 0.99, R? of 0.99 adjusted R? of 0.99 and error of 0.2. The
removal was much influenced by pH since time was not significant.

Conc = —0.003 Time — 1.14 pH + 13.02 (6)

In general, it was an interest to evaluate parameter mostly influences
arsenic removal on the calcined magnesite and the linear regression
shows dependence on contact time, and pH interchangeably according
to the model error. The less model error was recorded by 0.05 g/L
calcined magnesite followed by 50 g/L calcined magnesite. However,
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the highest best model to remove arsenic in a short time was 50 g/L
calcined magnesite.

The knowledge of artificial neural network (Chakraborty et al.,
2014) in SPSS version 28 can help to optimize experimental parameters
and provide the strong relationship between removal parameters. It also
highlights the most important parameter during removal process. The
arsenic removal has strong relation with pH and contact time (Fig. S8,
Fig. S9).

3.2.2.7. Extraction of arsenic from spent calcined magnesite. It was ex-
pected to release more As from this material at high pH, instead of that,
the precipitate of calcined magnesite and As shows high stability at high
pH. Thus, extraction of As using 0.1 NaOH was not successful. When 10
mL of 0.1 NaOH with pH 11.89 was poured in 50 g/L wet calcined
magnesite spent on the removal of 10 mg/L As(V), agitated for 2 h, only
8% As was leached into the solution. For this observation of less release
of As from calcined magnesite, then NaOH is not a good solution for
desorption process from calcined magnesite. Also, low concentrations of
Ca, Fe, Mg as (0.46, 0.02, 0.08) mg/L respectively which is below WHO
guideline were released. Probably there was strong covalent bond for-
mation which was in agreement with D-R isotherm model and the sta-
bilization of As was enhanced.

4. Discussion and recommendations

The characterization of calcined magnesite at 500 °C (Xu et al.,
2010) revealed presence of magnesium carbonate as a main phase, less
MgO (recorded under phase restriction) as well as other phases which
correlate to reported studies (Masindi, 2021; Masindi and Gitari, 2016).
MgO presence was revealed when magnesite raised pH of the water
sharply to 10 which is in agreement with previous reported pH (Natsi
et al., 2023). The visual MINTEQ simulation on natural water in pres-
ence of 5 g/L MgCOs3 revealed oversaturation of mineral phases such as
brucite, hydromagnesite, dolomite, calcite, magnesite, MgCO3.5H0,
nesquehonite which might influence As removal at high pH. Dissocia-
tion of magnesium carbonate (Equation S4, S5) (Shadrunova et al.,
2022) and MgO in water sample forms Mg(OH); (Tong and Tang, 1999)
and other solubility products which raised pH to 10 creating alkaline
environment for As precipitation as magnesium arsenate (McNeill and
Edwards, 1997). It was reported that heating magnesite at 700 °C con-
verts Mg, Fe, C into oxides which raise pH to form alkaline solution
(Liang et al., 2022). Following alkaline condition, it was expected that
arsenate which is lewis base (electron pair donor) could repel from
magnesite surface and desorb into water, but As uptake was favored at
this high pH creating more interest to investigate the phenomena. The
presence of polyvalent metals such as iron, copper, titanium, zinc,
manganese in the magnesite sample could have contributed to a synergic
effect on As removal from water (Zhang et al., 2021).

The natural drinking water sample collected from Tarime - Tanzania,
shows presence of As above WHO recommended limit of 0.01 mg/L
(Cotruvo, 2017; Ligate et al., 2022). The presence of calcium sulphate
water type was in agreement with the water type reported at Ethiopian
great rift valley (Rango et al., 2013). The status of As around gold mining
areas in Geita and Mara is expected to increase in future due to high As
content analyzed to be present in rock samples collected around drink-
ing water sources (Irunde et al., 2022) in which requires simple treat-
ment to ensure the society is safe from contamination exposure. The
health problem status linked to As contamination exposure is reported
(Nyanza et al., 2019). Thus, application of locally available materials
such as natural magnesite for As removal is of great importance.

Previous reports on locally available natural materials for As removal
and their removal capacity are reviewed (Irunde et al., 2022). In the
current study, removal capacity of the calcined magnesite was affected
by pH, As initial concentration, calcined magnesite dosage and contact
time. The higher dosage of calcined magnesite (50 g/L and 5 g/L) was
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observed to extract As in shorter contact time of 5 min and 20 min which
can be correlated to the effect of 10 g/L reported in the earlier studies by
Masindi and Gitari (2016). Thus, the low dosage of 0.5 g/L calcined
magnesite exhibited increase in removal capacity from 2.06 mg/g to
8.39 mg/g as contact time increased from 5 to 180 min and also fitted
intraparticle diffusion with R? 0.89. The linear regression predicts the
0.05 g/L magnesite application as the less error model which should be
applied for arsenic removal but during the experiment, not much uptake
was revealed in this model hence the following less error model 50 g/L
should be adopted during As removal since its efficiency was high at a
short time due to higher magnesite dosage, and 99% of As removal was
statistically influenced by contact time, and pH at probability <0.001.
The strong relationship between As removal, pH and contact time was
predicted by the application of artificial intelligence neural network
(Figs. S8-9) in SPSS version 28. The artificial intelligence neural
network predicts the pH as a high importance parameter to enhance As
removal accompanied by contact time.

Removal process was observed to occur at higher pH 10 in which
could cause release of metal into the water since pH influences the
speciation of metals (Tahmasebpoor et al., 2022). The increase in As
removal at high pH was also reported by Masindi et al. (2014) which
related the effect of the high point of zero charge (pzc), pHpzc of around
11, that means, removal occurred because pH 10 was still below pHpzc
of the calcined magnesite. The adjustment of pH is recommended after
treatment before water supply to the community since WHO recom-
mends pH 8.5 (Cotruvo, 2017). The adjustment of pH during application
of calcined magnesite might be accomplished using activated carbon.
Despite the higher pH, calcined magnesite did not release its constituent
metals such as Mg, Ca, Fe above WHO except for Al, hence the adsorbent
is useful for drinking water treatment purposes (Table 1).

Kinetic reaction fitted well with pseudo second order which corre-
lates to other reported studies (Maji et al., 2008; Mohapatra et al., 2007;
Sanou and Pare, 2021; Simsek and Beker, 2014). The pseudo second
order assume chemical reaction to be a rate-limiting step involving
valence forces through sharing electrons (Bulut and Tez, 2007).
Furthermore, the isotherm fitted well on Freundlich model (Liu et al.,
2014) which signify presence of active sites for As removal. The meso-
porous structure of the magnesite material can be observed on the
hyteresis curve (Fig. 7) which was similar reported (Xie et al., 2022).
The porous nature of the magnesite also influences arsenic uptake dur-
ing pore filling.

In future research on calcined magnesite application to remove As
from drinking water sources, the pH of water should be regulated to
meet the WHO guideline for drinking water of pH 8.5 (Cotruvo, 2017).
The 50 g/L and 0.5 g/L should be a maximum and minimum calcined
magnesite dosage respectively and should be analyzed to investigate
harmful metal contents. The enhanced mechanism for As removal on
calcined magnesite should also be checked by two dimensional infrared
correlation spectroscopy (2D-COS) (Li et al., 2021).

5. Conclusion

In the present study, it was observed that As removal increases with
increasing calcined magnesite dosage, pH and contact time. The
calcined magnesite dosage of 0.05 g/L applied to water removed 5.3 mg
As/L revealing a Mg?*:As ratio of 10:1. The removal process of As on
calcined magnesite obeys pseudo-second-order with R? of 1 on 5 g/L and
R? decreased with the decrease of calcined magnesite dosage from 5 g/L
to 0.5 g/L. The removal process fitted strongly in Freundlich isotherm
model. The D-R isotherm model can indicate that chemical reaction
controls As removal. The calcined magnesite favored the removal of
both As(V) and As(IIl) species present in natural drinking water from
Tanzania. At high pH of 10, magnesium and calcium were not signifi-
cantly released in water signifying safety of calcined magnesite at higher
pH.
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