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Abstract
Mika Martikainen

Adsorption of phosphorous and arsenicoxyanions to netal hydroxide and oxide
surfaces

Licentiate Thesis 2021
239 pages

Lappeenrantd.ahti University of TechnologyUT
LUT School of Engineering Sciences
Finland

This studyfocuses ortwo quite distinct elements, phosphorous and arsenic, and their
removalfrom aqueous solutions laglsorptionOnthesurfaceone could assume there is
not much common with these avelementsPhosphorouss a vital macrautrientthat
forms the scaffolding odbur DNA, cdl membranes, and skeletons. Arseigitoxicto us

even & trace concentrationEven though the biogical andeven thegeochemical
behaviour is differentthe chemical behaviour of phosphorus and arsenic in aqueous
systems isimilar, and both elementform analogous pgecies such asxyanions like
phosphate ah arsenate An additional similarity is theirpolluting dfect on the
environment Both are dramatipollutants; trace concentratiai phosphorous causes
paradoxicallydeteriorationof water quality and aquatic life in rivers, lakes, and oceans
through etrophication while trace concentration of arsenic is directly toxic to most
lifeforms. In addition to arsenic and phosphorogpecies many other oxyanions li&
chromate, selenate, vanadasad nitrate poseeverincreasinghealth andecological
problemsUnderstanding the behaviour of arsenate and phospkga@ionsin agqueous
solutions giveshebackground to address these oxyanions as well.

The target of the work was to study real granulaporousadsorbent materigl$oth
commerciahdsorbentand novebhdsorbentsxplicitly developedn this work Granular
adsorbents produced during this study were baseeither solid industrial waste
materials or solid precipitates made from virgin materidlsmaterials were produced
on asemtproduction scale,at in thelaboratory, so any of the tested matercsld be
readily implemented imeal water treatment applicatisnThe rmain focus was on seven
different ironbased adsorbents. Two of the Hoased materialsr(ixture of Goethite and
Hydroniumjarosite were explicitly producedfor this thesis work ira semiproduction
scale procesg-or comparison three gypsumbased, two AlOs -based and two Ti©
based adsorbents were also tested. Three sé thenparisoradsorbenmaterials were
producedor this thesis work fromindustrial waste.

The resultshowthatnovel GoethiteHydroniumjarositeadsorbent granuldsave ahigh
potential as adsorbesfor phosphorous removiilom waste watersAlso, the phosphate
recovery process was developed for thedsorbengranules. It was shown thdtese
adsorbentsauld be regeneratedt least siximes with alkali solutionand theadsorbed
phosphorous can be recovered as calcium phosphatas also showed that the tested



low-cost adsorbents produced by granulatimglustrial waste aréighly efficient for
phosphorous removal and due to low castan interesting alternative to commercial
materialsproduced from virgin raw materials

DevelopedGoethiteHydroniumjarosite adsorbentsere testedntensivelyin arsenic
remediation, and these materials showggh efficiencyfor arsenic removaWhen tested
according to NSF 53 standard, it was proven that thes®ilar materialsould remove
As(V) below the drinking water limit of 10 pg As/L witthigh capacity and prodaiwity .

It was also proven that these materaald removéoth As(lll) and As(V) species from
drinking water A statistical model for fixeebed adsorption was developed oethite
Hydroniumjarosite granules.

Keywords:adsorptionarsenic, chemical pegitation, drinking watermetal hydroxide,
metal oxide phosphorous, wastewater
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1 Introduction

Oxyanionsare negatively charged iofsrmed fromoxygenand metalsor metalloids

The general formula of oxyanionsAsOy? | For example one often findsoxyanions of

W, Mo, Cr, V, Se andAs astrace contarmmants in variousvaste streams. However,
typically more common oxyanions like nitrates, phosphates and sulphates are found in
higher concentration&ailasam & Rosenberg, 2012)

Most of the oxyanionsaretoxic. As they are highlynobile in aqueus solutions, this
makes this property even worSeveral methods are developed for treating oxyanions,
but the adsorption process is an increasingly popular treatment method.

1.1 Description of adsorption and itsmechanisns

Adsorption is a separation proseshere the substances in liquid or gas (the adsorptive
substance) bind to the surfaces of a solid material (the adsorbéet)adsorptive
substancen its adsorbed state is called the adsorb@igufel.1). The gparatiorprocess,
adsorptionjs based orthermodynamior kinetic selectivitybetween thesolid surface,
adsorbentand thedissolvedcomponent, adsorba€rini, et al., 2018)

Desorption

Liquid phase Q O OO O OT O O/Adsorbate
- ..1./.\.&.&.&]5.” _____ ...... ...... e

.-....-.-..u-.n...--.-.....--...-.--.....-..----.....--n-n.----.—- ------

Solid phase |’ ', ‘ﬁ. ', ':. '. .:4 <——-— Adsorbent

Figurel.1: Basic terms of adsorptigiVorch, 2012)

In general form, @sorptionis aboutthe mass transfer from the gas or liquid phase to the
surfaceof the adsorbentin this literature reviewthe focus is on the liquidolid
adsorption systems. In this conteatisorption involves the mass transfer of a soluble
species (adsorbate) from the solution tosibled surface (adsorbent). When the adsorbent
is a porous media, the adsorption process of adsorbate to adsorbére fladlowing
basic steps.
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1) Transport and Diffusion

1 Bulk diffusion i First, the adsorbatetransfersfrom the bulk solution to the
adsorbent's boundary layer

1 Film diffusioni Then, theadsorbatgpasseghrough the hydrodynamic boundary
layer to headsorbensurface

1 Pore diffusiori Before the actual adsorption process ocduesadsorbate
transportsetherthroughpore diffusionor surface diffusion

In theFigurel1.2 belowis presented the bulk, film ammbre diffusion steps ithe typical
adsorption process afporous adsorberdccording to Wang et al. (2020)

Step 1:Bulk diffusion o o 0 i © © o © Adsorbate
© o o o e © o )
Step 2:Film diffusion °

Step 3:Pore diffusion Adsorbent

Stepd: [ Peresilig N/ )\ )\ Adsorbent surface
or intersurface

AZM-I er
orpiion .&‘lgno-l ryer
n

e

Figurel.2: Schematic presentation of thypical adsorptiomprocesseéWang, et al., 2020)

2) Surface reaction

The surface reactions usuallyvery rapid. The diffusion steps, therefore, control the
overall mass transfer rat@ragon & Thompson, 2002Based on the bond between the
adsorfate and the adsorberidsorption is considereeither a) physisorption or b)
chemisorptio.

a) The bonding in physisorptiois done througlwe a k v an dferces. Wews,al 6 s
there is no chemitébond formed. In physisorptigrthe equilibrium between the
adsorbensurface and the adsorbed moleculesbiginedyuickly, anddue tothesmall
energy requirementt is easily reversild Multilayer formation is also possible in
physisorption(Ruthven, 2001)
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b) In chemisorption, ahemical bond is formedetween the adsorbate aadsorbent
Thebondis eitherionic, metallic or covalent. The interactibetweenadsorbate and
surfaceis stronger and more specific thanthe case of physisorption. Unlike
physisorptionpnly a monolayeis formed inchemisorptior(Ruthven, 2001)

Tablel.1: Summary of the differences between physical adsorption (physisorption) and
chemical adsorption (chemisorptigiNix, 2021)

Characteristics Physisorption

Chemisorption

Substantial variation between
materials

Marked variation between
crystal planes

Slight dependence upon
substrate composition

It is independent of the
surface atomic geoetry

Material Specificity

Crystallographic
specificity

Adsorption Enthalpy

Related to factors like
molecular mass and polarity
- typically 540 kJ/mol

Related to the strength dahe
chemical bond typically 40-
800 kJ/mol

Binding force

The ghysical force of
attraction y an der
adsorption

Chemical forcegthe process
is also called activated
adsorptioi

Saturation uptake

Multilayer phenomena

Monodlayer phenomena

Kinetics of adsorption

Fast- nonactivated process

Very variable- anoften
activated proess

Activation Energy

No activation energy
involved

May be involved

Nature of sorbate

The amount of adsorbate
removed depends more on
adsorbate than on adsorbent

It depends on both adsorbent
and adsorbate

Reversibility of
adsorption

Non-dissociative-
Reversible

Often dissociative May be
irreversible

An aditional process that needs to be considered when discussing adsorption processes
is desorption.The desorption process is the opposite of adsorption.case the
concentratiomf thesubstance infte bulk phase decreasessme of thadsorbatéransfers

backto the bulk state. Mechanism of desorption, i.e. the release of an adsorbed substance
from the adsorbent surface, occurs in a reveraangr compared to adsorption. The
process startwith desoption from the adsorbent surface aedds withthe transportto

the solution phastom the boundary layesurrounding the@dsorbent.

In the adsorption processianydifferent interactions are possible, and more than one
interaction mayo-occur. Crini etal. (2018)summarized thanteraction mechanisnisto
four main mechanisms; physisorption, chemisorption,-eicthange,and surface
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precipitation However,some authors consider the iemchange process a chemisorption
mechanism (seigurel.3) (Crini, et al., 2018)

ADSORPTION-ORIENTED PROCESSES
FOR POLLUTANT REMOVAL

r ¥

onto conventional onto non-conventional
materials materials
b
BIOSORPTION
r

PHYSISORPTION | | CHEMISORPTION | | ION-EXCHANGE | | PRECIPITATION |
- surface adsorption - electrostatic interactions - reversible exchange - microprecipitation
- van der Waals - complexation (coordination) of ions - surface precipitation

interactions - chelation - proton displacement
- hydrogen bond - inclusion complex formation
- hydrophobic interactions - proton displacement
- diffusion into the - covalent hinding

network of the material - oxidation/reduction

- Yoshida's interaction

Figurel1.3: Classification of pollutant adsorpti mechanisms according to Crini et al. (2018)

Adsorption mechanismis present in many natural, physical, biological and chemical
systems and many industrial applicationare basé on it. According to Dabrowski
(2001), hetypical industrial applications of adsorption are:

1 Separation ofliquids and gass

1 Drying gases

1 Cleanirg liquids and gases from contaminants

1 Recovery of chemical

1 processing and treatment of different water streams

In themost general sensadsorption happens eitherthregas or liquid phase. This work
focuseson adsorption mechanisms in aqueous solutiand more specifichy, in
drinking water and wasteater. Adsorptiontechnology has been an integral part of the
developmentsin water treatment especially in the removal of toxic elements
highlighting the importance of this technique o#ee century For exampledrinking
water treatmenprocesses have used activated cadsanadsorbenfor overa hundred
years(Kyzas & Mitropoulos, 2019)

Various water treatment processedike biological, chemical precipitation,
electocoagulation, iorexchange, flocculation/coagulation, advanced oxidative
processes, and membrane filtrativave been successfullieveloped an@pplied over
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decades to improve the qualitydifferent types ofvateis. However, 8 theseprocesses

have the technical and economlonits. Among these techniques, adsorption processes
are commonly used to treat wastewaters,industrial effluents, andlrinking water
(especiallygroundwater. Adsorption basedprocesses offer several advantagesr
traditional water treatment processéscluding flexibility, versatile cesign, lowenergy
requirements, high effectivenesBhese benefits are seewen whenthe target is to
removevery low contaminant concentration8dditional benefits arsimplicity of the
processlow initial investment cost, ease of operation, effectiveness towards a wide range
of pollutants, utilizng little or no chemicals, and no generation of secondary sludge or
intermediate produci&umari, et al., 2019)

1.2 About adsorbents

Solid materials utilized as adsorbents vary widely in chemical composition, surface
properties, and geometrical surface structures. Since adsorption is a purfass, the
internal and external surface ar@ascritical parametes for adsobents.The reason for

the importance of the surface area in adsorption proceshesto the fadhatthe surface

area has strong influencen the mass transfer ratetiveadsorption process

mass transfer (1.2)
= mass transfer coefficient * area availaiolemass transfer * driving forc

As adsorbent materials are typically poronaterials one must considdéyoth external

and internal surface arelmternal surface area is typically significgnlarger than the

external surface area resultimgyalmost all adsorption capacitiience,th@ d sor bent 6 s
internal surface area essential for the adsorption procédgorch, 2012) Othercritical

physical parameters thaefihe the usability of adsorbenin the reatlife adsorption

process include particle size, pore size and pore size distribution, apparent density and
bulk density.

When evaluatinghea d s o r b e nt pose typicatlypstarts witlaetsaracterization

of the chemical and physical properties of the adsorbent, followed by isotherm and kinetic
studies. The last phasetbEadsorbent assessment is continuous fixed bed filtration tests
needed for scaling up the adsorption procésisorbent evaluation in thithesis work
followed steps presented Trable 1.2.
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Tablel.2: Common parameters in assessment of adsorbent.

Adsorbent assessment

Chemical andPhysical Isotherms Kinetics Continuous
Characterization filtration tests with
fixed bed filter

- )

For example For example | For example For example

- surface area - Langmuir - PseudeFirst - capacityanalyses

- particle size Isotherm order - scalability to fult
- Freundlich | - Pseudesecond scale process

- chemical composition .
P isotherm order

crystallinity

In a very simplified manner, the adsorbents can be classified into threedsairbent
categories; carbebased mineratbased and othes (Crini, et al., 2018) Typical
industrialadsorbents are presentediablel.3.

Tablel.3: Basic types of industrial adsorbe(@rini, et al., 2018)

Carbon adsorbents Mineral adsorbents Other adsorbents

Activated carbons Silica gels Synthetic polymers

Activated carbon fibres Activated alumina Composite adsorbents
(mineratcarbons)

Molecular carbon sieves Metal oxides Mixed adsorbents

Fullerenes Metal hydroxides

Carbonaceousiaterials Zeolites

Clay minerals
Pillared clays
Inorganic nanomaterials

The ternsfimetaloxide 6 o r 1 me t adsorbényrefersoaxisorbents in the form
of solid hydroxides, oxyhydroxides, and oxides. The general production pisiessss
with the precipitation ofmetalhydroxidesfrom metal salt solutiowith alkali. The next
step igpartial dehydration at elevated temperatu@sitinuation of thdeating resuftin
the transformation to stablenetal oxides As the temperature in the heaeatment
increasegthe specific surface area of theetal oxidedecreaseslhe dehydration process
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of a rivalent metal (Me) hydroxide iasimple manner is presented in equations 1.2 and
1.3

Me(OHEY Me O( OKQ + H 1.2)
) (1.3)
2 Me O( OHZOs+¥HOMe

Metal oxideadsorbentgypically have severasurface OH groups. These surface OH
groups strongly influence the adsorption properties of metdeofar hydroxide) The
surface properties make these adsorbents ideaémoovingionic compounds, such as
phosphate, arsenate, fluoride, or heavy metal species from different \(\&emsh,
2012)

Commercial metal oxides artdydroxides are commonly used as adsorbents in water
treatment (wastewater and drinking watéitso, adsorbents based on natunataloxide

and hydroxide minmalsandindustrial waste materiatontainng metal oxides and metal
hydroxides have been useat fvater treatmenin commercial metabased adsorbents,
aluminiumandiron-based adsorbents d@he most importandnes (Gai & Deng, 2021)

Aluminium oxide

Aluminium oxide i.e. the activated aluminasre porous high stace aregabout 200
m?/g) solids made by thermigltreating duminium hydroxide Activated aluminasave
been used for a long time in watezatmentfor exampleto removearsenic, phosphate,
chloride and fluoridéRuthven, 201).

Iron oxides and hydroxides

In most of the iron oxidesron exists in the three valent fofrg(lll). Iron is in the divalent
form only in two compoundsiamelyFeO and~e(OH). Mixed Fe(l)i Fe(lll) is found
in Green rusts and/lagnetite minerals. Two common iron oxyhydroxide and oxide
utilized in adsorption processesamelyFeOOHand FeOs, have several polymorphs;
FeOOH hadive and FeOz has four.Nearly all iron oxides are crystallinexcept for
Ferrihydrite andschwermannite, which angoorly aystalline(Haleemat lyabode, et al.,
2013)

Their low cost and environmental friendliness characterize iron oxide and hydroxide
materia. Iron oxides, oxyhydroxides, and hydroxidiédse amorphous hydrous ferric

oxide (FEOOH)Go et h-Fe ®@0KH )Y, Ak-gepodH)@nde hebfmbDy) t e ( U
areeffective adsorbents falifferent inorganic impurities. Irebased adsorbents are used

for both anionic and cationic impuritiesxd have been utilized in water treatment at a
commercialscale.They havea high affinity towards oxyanions, which makésem

suitablefor arsenic and phosphorous removatanular ferric hydroxide GFH (mixture

of Fe(OH} a n dFe®OH)) is an efficient adsorbéor arsenic removahnd it has been
developed esgially for drinking water treatmeNaeem, 2007)
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Titanium dioxide

Titanium dioxideparticles are typically aggregatesnainoparticleaving a size from

to 100 nm. These anopatrticles consigtrimarily of surface atomand therefore hava
high adsorptioncapacity toadsorb metal iongPirila, 2015) Titanium dioxidebased
adsorbents have been studiedemovea wide range of organic (for examptles and
pharmaceuticatesidues) and inorgé impuritieslike sulphates, arsenic, trace metals
and radionuclides from waters.

1.3 The behaviour of metal oxides and hydroxides in the aqueous
systems

1.3.1 Metal oxide and hydroxide surfaces

Singlecrystal surfacebavea wide variety of defects like stegnk, terrace and vacancy
defects. A simple block model shownFigure 1.4 shows that aeal surface will have
onedimensional diects in the form of stepbut besides this simplistigew, the surface
can havevarioustwo and zeralimensionatiefectslt is essentiato understanthat metal
oxide or hydroxide surfacesenot homogenous bguite heterogeneowsn many levels.
Thesesurfacedefects areessentiato the overall reactivity of metal oxide surfacesd
partially resultin how metal oxide behaves in different environmgBt®wn Jr., et al.,
1999)

Kink Adatom

Terrace

Vacancy

Figurel.4: Simple block model of defects on a singhystal surfac€Brown Jr., et al., 1999)

In the presence of water, the surfaoé metal oxides, hydroxides, and eRydroxides
arecovered with surfac®H-groups.Figurel.5 is a schematic presentation of gress
section of thanetal oxidesurface layer. In dry oxidd={gure 1.5a), the surface layér s
metal ionshave a reduced coordination numbire surface metal ions may first tend to
coordinate HO moleculedn the presence of waté€seeFigure 1.5b). Then, dueo the
charge of the formed surface site, another water molecule will adsorb to it, which
consequently results in a multilayer of water molecules that do not bekestty dike

the water molecules in solution but are affected by the surfagaré 1.5 d) (Smith,
1999) Water molecules' dissociative chemisorption is energetically favoured for most
metal oxidesand leads to a hydroxylated surface. Sénsurface hydroxylsare not
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structurally and chemicallgompletely homogenousut arestill considered one kind of
surface hydroxyl group-®H, where the S marks the oxide surf@aumm, 1992)

H HH HH H
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Qe0eHe) Qe
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Figure1.5: Schematic representation of the crseastion of the surface layer of a metal oxide:
metalatomso oatomse (a) Unhydrated surface. (b) Surface mataimscoordinated

with H,O molecules. (c) The hydroxylated surface formed from the dissociation of protons from
adsorbed kD molecules. (d) Water sorption on the hydroxylated suf@oeth, 1999)

In addition to water, ions and moleculge. ligands) inthe solution can be adsorbed to
the surface and form surfacengplexes. Tie loss of one or morhydration waters
happens whethe adsorbatesactsdirectly with the metal oxide surfacdn this process
called specific adsorption or chemisorption, a relatively solid chemical bond(s) forms
between adsorbate and adsorb@tiemstra & Van Riemsdijk, 1996)'he adsorbed
speciesre calledan innersphere complex and are relatively immobile and unlésodo

from metal oxide surfaces as solution conditidesionic strength or plehangegBrown

Jr., etal., 1999)

Innersphere complexes are classified accordmthe number of surface sites that the
ligand is bound toThe complex is mononucleaten the ligand coordinatés only one
surface siteLigands can be bound in either a monodentate or a bideatt®m in
mononuclear complexe$he surface compleis binucleaiwhenthe ligand coordinates

with two surface sitesand the ligand is usually bound in a bidentaidging
configuration. Ligands that coordinate in a bidentate fashion may lead to more stable
complexes due to the chelate effgdtemstra & Van Riemsdijk, 1996)

A weaker interaction occsiwhen one or more water molecutegstsbetween the ligand
and the surface metandthe adsorbates not directly bonded tthe oxide surfaceThis
type of alsorgion based orelectrostatic forces and hydrogen bondisgalled nor
specific. The adsorbed specigs nonspecific adsorptionare called outersphere
adsorption compless and arenore likely to desorhssolution conditionghanggBrown
Jr., et al., 1999)
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Figure 1.6: Schematic model of the electrical double layer at the metal -@xjdeous solution
interface, showing elements of the GatigapmarStern model, specifically adsorbed aniang
non-specifically adsorbed solvated cations. The metal oxide is defined by the location of surface
sitesthat may be protonated or depooiated.The centres of specifically adsorbed anions and
cationsdefine he inner Helmholz plan& he outer Helmholplanecorresponds to the beginning

of the diffuse layer of counterions. Estimate$
for the first and second water layers nearest the interface and bulBraten Jr., et al., 1999)
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These two types of interactions, specific and-specific adsorptionfesult in very
different behaviours in the adsorption process:

Specific adsorption

1 The surface charge does not influence sorption

1 The ionic strength does not influence sorption

Nonspecific adsorption

1 Sorptionhappens only on surfaces of opposite charge

1 Sorption density decreases with increasing ionic strength.
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1.3.2 Adsorption and surface complexormation

Hydroxylated metal hydroxide and oxidesurfaces have several surface complex
formationequilibriathatcan exisin theadsorptiorprocessStumm (1992) hasroposed
thatthe following fourarethe mostcritical adsorpion equilibria; Acidbase equilibria,
metal binding(complex formation) ligand exchange, and ternary surface complex
formation.

Acid-base equilibria:

The ionexchange reaction on the metal deisurface results from the combined
adsorption otations oranions from aqueous solutions while the surface simultaneously
releaseprotons or hydroxide ion3.he two surface hydroxyl groups (acid and base)
formed bydonating protons from he adsorb& water to oxide ionsThesesurface
hydroxyl groups theact aghe anion and cation exchange sitdsug, metal oxides' ien
exchange capacities and propedgpend on the surface hydroxyl grepliroki, et al.,
2001)

As desribed the surface hydroxyl groups have a protolytic behaviour. A hydroxylated
oxide surface adsorbs both protonisardd hydroxide ions Otivhich can be described as
protonation or deprotonation of the hydroxyl grogggimm, 192).

S-OH+H"2 S-OH; (14)
S-OH2 S-0O +H* (15

In these equationghe symbol S stands for the surface of the metal o)Bdsed o
equationsl.4 and 1.5the surface is positively charged at low pH values and negatively
charged at high phalues.When pH changeom low to high pH, there is point of

zero surfacecharge called pH. where thenetsurfacecharge is zerolhis pHpz is one

of the critical parameters theadsorption process as it defirtbe adsorption of charged
species antiow the pH influences$e adsorption proceds. theTablel.4 is listed pHpzc

for selected metal hydxides, oxyhydroxidesand hydroxidegWorch, 2012)
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Tablel.4: Point of zero charge for selected oxides, oxyhydroxides, and hydrdgsigesm,
1992) (Worch, 2012)%& (Smith, 1999)

Oxide material PHpzc
D-A| 203 9.1
U-AI(OH)3 9.1
2-AIOOH 8.2
U-FeOOH 7.8
UFeOs 8.5
amorphous Fe(OH) 8.5
SIO, 2.0
F&O4 6.5
TiO2 51

Metal-binding (cation adsorption)

Surface hydroxyl groups have ligand propertidsorption of metal iongcationg can
be described as complex formation with deprotonated surface hydroxyl gioups
reaction, the adsorbedtions replace the protons of the surface-@blup. The adsorbate
ions are directly bound to the oxide surface site by ligand exch@grygeral species may
be formedn these reactionsmultaneouslyas shown in equations 1.6 to 1.8

S-OH+M* 2 S-OM®P* +H" (1.6)
2S- OH+M* 2 (S- 0),M* " +2H" (17
S-OH+M* +H,02 S- OMOH*?" +2H" (1.8)

@ 2H* <> Cu?®

Figurel.7: Example ofinnersphere complex formatiorfg/orch, 2012)




1.3The behaviour of metal oxides and hydroxides in the agueous systems 27

Ligand exchangdganion adsorption)

Specifically, adsorbed anions may replace surface hydroxyl gréige example, fluoride
and oxyanions react according to this complex formatiofrigure1.8 is presented an
example of oxyanion adsorption to the metal oxide surface through ligand exchange.

S-OH+L 2 S-L+OH" (1.9
2S-OH+L 8 S,- L"+20H" (1.10)

(5
° 20H™ <= HPO?

Figurel1.8: Example of innesphere ligand exchang@&/orch, 2012)

Ternary surface complex formation:

A dissolved metal ion may coordinate with both deprotonated surface hydroxyls and
dissolved ligands forming ternary surface complextesyvever, he complexes formed
may have different structures.

S-OH+L +M*2a S-L-M* +O0OH’ (1.11)
S-OH+L +M*2a S-OM- L“?"+H" (1.12)

The formation of ernary surface complexés essentiain the adsorption processes of
oxyanions as oxyanions and metal cations ofterec@st in the aquass systemsMany
studiesconfirmthe formation oternarysurfacecomplexes on metal oxide and hggide
surfaceswhen phgphate and arsenate are press8ntdies show that the oxyanion can
enhance the adsorption of metal cations on (hydro)oxide surfatgse metal cation
may not enhance the adsorption of oxyanibor example Wang & Xing (2004)
concluded thathte presence of phosphateyaniongreatly enhanced Gtladsorption on
Goethite Study of ceadsorption of phosphate and zinc on the surfa¢esafhydrite by
Liu et al. (2016) proposed that oxyarnibridged ternary complexes can be formed on the
surface of Ferrihydrite and therefore heavy metal cations with low affinity to
Ferrichydrite may be significantly adsorbed when they weigdsorbed vth oxyanions.

A study by Mendez and Hiemstra (2020) with binary ¥eQ systems concluded that
the adsorption of Gaand Md" ions to the Feihydrite surface is enhanced agsorbed
phosphae and vice versa. This synergistic effect is due to enhaniestrostatic
interaction and the formation of ternary surface compl@dendez & Hiemstra, 2020)
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Jiang et al. (2013) concluded that arsenatdccenhanceCd?* adsorption in theegion
dominated by adsorptiothrough the terrary complex formation and the region
dominated byrecipitationdue toarseniecadmiumco-precipitation However, admium
couldincrease As(V) adsorptiamly by co-precipitationin thehighinitial concentration
where theAs-Cd co-precipitates forngJiang, et al., 2013)

Studies show that the adsorption of oxyanions and metal cations can also be inhibited by
each otherf-or examplethe competition for coordination sites at the metal oxide surface
can negatively affect oxyani@udsorption. Alternatively, formingstable noradsorbing

catiori oxyanion complex ithesolutioncan prevent the oxyanion adsorptitru, et al.,

2016)

1.3.3 Surface charge of metal oxides and hydroxides and the adsorption edge

The metal oxide and hydroxide surfadesontact with watedevelop a surface charge

for several reasons: protonatideprotonation reactions mentioned earliep@manent

structural charge adsorption of other ions thatf f e ct t h surfagedosentialb e nt 6 s
Due tosurface chargethere is apotential difference (imbalance)that influences the
distribution of neighbouring iong'he darged surface attracts oppositely charged ions

and repels ionwith a similar charge(Stumm 1992)

Smith (1999) has identified twaritical mechanisms for the origin of the surfatege;
Variable surface charge an@stant arface chargeln the constant surface mechanism,
the charge is independent of the surrounding solution compoditienconstant surface
charge mechanism wimariy applicable to layered clay minera@ay mineralshave a
negative charge deficiency. Adsorptionaaitions betweelayers compensatefor this
deficiency.Due to this fact, theetr m f c at i oismcommonyused igseead of
adsorptiorin the case ofonstant surface charg&mith, 1999)

Many metal «xides and hydroxidecontain ionisable functional groups on their surfaces.
In the variable surface charge mechanism, thegehean develodue tothe dissociation

of these functional group&or example, the electric charge of hydrous oxide is mainly
formed via the acidbasebehaviouiof the surface hydroxyl groups. In tbase ovariable
surface chargethe surface charge pends on the surrounding water's (de¢eFigure
1.9). In neutral or alkaline pkHhe surface igenerally negativig charged Smith, 1999)
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0.2

Surface charge
C/m?
o

-0.2
10 12 pH
Figurel1.9: The effect of pH on surface charge, examples of metal oxides and m{{&tuatsn,
1992)

Solution pH is asignificant variable br surfacebinding reaction®n oxide surfaces.
Typically, cation adsorption incases and anion adsorption decreaseth increasing
pH. This phenomenon, where adsorption capacity increases from neatty @8arly
100% happens in aarrow pH range of 1 to @H units This pH region is called the
Ailads or pt The positerdofte adsorption edgs characteristiof adsorbateand
lessto the particular adsorbenhéthe concentitions of surface binding site§hus,
increasing the amount of adsorbent in the systenmvaillethe adsorption edgewards
lower pH for cations anchigher pHfor anions.When theconcentration of a cationic
adsorbaténcrease while the quantity afisorbentemainshe samethe adsorption edge

movest o hi gher pH val ues. Thi s phe(®mitme non
1999).
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Figure 1.10: Generalized adsorption edge for cation (solid curve) and anion (dashed curve)

adsorption on a metalxide surface For a given solute concentration, the adsorption edge will
shift in the direction of the arrows with increasing adsorbent coi&mith, 1999)
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1.4 Adsorption isotherms

Adsorption pheamena are typically described widotherms, whicldescribe the ratio

of adsorbate concentration ati® amount adsbed to the adsorbent surface at constant
temperaturgRuthven, 2001)The shape of thésothermalso gives an indication ¢he
intensity of theadsorption and the attraction between the adsorbate and adsorbent.

1.4.1 Adsorption isotherms on homogenous surfaces

Dabrowski & Tertykh (1995) presented the following classification that summarises the
most frequently considered adsorption models for homogenous surfaces:

Tablel1.5: Summary othe differences between physical adsorption (physisorption) and
chemical adsorption (chemisorptigiabrowski & Tertykh, 1995)

without lateral interactions (Langmuir)

Localized

with lateral interactins (FowlerGuggenheim)

Monolayer adsorption

) without lateral interactions (Volmer)
Mobile

with lateral interactions (HiHbtle Boer)

All layers localized

Multilayer adsorption First n layers localized, top layers mobile (Broekliofian Dongen)

All layers mobile

The Laagmuir isotherm model from 1918 (equation 1.10) is the simplest theoretical
model utilized in adsorption studieShe Langmuirmodel describeshe equilibrium
distribution of ions between the solid and liquid phdmsessed omonolayer sorptionrto

a homognous surfac€Ruthven, 2001) The Langmuir equation is the most widely
employed tweparameter equation. The basic assumptions of this equatiadacebent

with a structurally homogeneous surface, all adsorption sites argedically identical,

and each site can hold one adsorbate molé€Eeideh & Hsisheng, 2000)

The linearigd form of the Langmuir equation is:

1.13
1_1 + 1 Gl— (113
qe qO bL (D]O Ce
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where

Qe = the adsorption density at equilibrium [pg/mg]

Jo = maximum capacity at monolayer coverage [pg/mg]
Ce = the liquid phase equilibrium concentration [mg/L]
bL = Langmuir adsorption coefficient

When 1/gis plotted as a function of 1{gone @n calculate constants 3fgom intercept
and b from the slope.

The Langmuir isotherm constant imdicates the affinity, i.e. the capacity of adsorbent
toward the ions to be adsorbedus, he high value of b indicates a strong adsorption
affinity.

1.4.2 Adsorption isotherms on heterogeneous surfaces

The following three equilibrium adsorption isotherms are the most practical on actual
heterogeneous adsorbent surfades:Ttemkin isotherm, the Freundlich isotherm, and the
Dubini-Radushkevich isotherDabrowski & Tertykh, 1995)

Temkin isotherm

Temkinand Pyzhev first proposed the Temkin isotherm mod&B40(Ayawei, et al.,
2017)

a. =BT n(a, &) .
b
where
g = Amount of adsorbate ithe adsorbent at equilibrium ffg]
R = Gas constant (8.314 J/mol K)
T = Temperature [K]
b = Temkin isotherm constant related to heat of adsorption [J/mol]
At = Temkin isotherm equilibrium binding constantdl/
Ce = Adsorbate equilibrium concentration [mg/L]

by linearization

q. =Bdn A +BdnC, (1.15)
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RO (1.16)

Plotting ¢ versus In G can be used tdetermire the isotherm constangsr and b.
Freundlich isotherm

The Freundlich equation is the most common equation used to desutiligayer
adsorption characteristickor the heterogeneous surfacé.r e u n d | iorptibnd s ads
coeficients n and K arsolved from the linear equation.

q=K, @] (.17
where:
Kt = Freundlich adsorption coefficient estimates the adsorption capacity
n = Freundlich exponent represents thasorption intensity and surface
heterogeneity
q = amountadsorbegeramountof adsorbent [mgj]
Ce = equilibrium concentration [mg/L]

Takingthelogarithm of the linear equation and rearranging:
logg=IlogK, +nlbgC, (119

The plot of log g as a function of logesultsin a straight line and from the intercept,
one can calculateskand from slope the value for n. These values indicate how favourable
the adsorption processes anth thevalue of n=0.1-0.5, adsorption isonsidered to be
favourable If n=0.5-1.0, the adsorption isomewhadifficult, and if r>1, adsorption is
difficult. If the Freundlich adsorption model fits well to the measured data, it indicates
the adsorption mechanisnrdlugh strongly heterogeneous surface sites.

DubininrRadushkevich isotherm

Dubinini Radushkevich(D-R) isotherm istypically utilized todescribethe multilayer
adsorption mechanism on a heterogeneous sufada, et al., 2012)The Dubinin
Radushkevich (ER) isotherm iscommonly utilized to differentiate between physical
adsorption and chemical adsorption andleae the characteristic porosity and the
apparent free energy of adsorpti@abrowski & Tertykh, 1995)
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.. a o} (1.20
e=RO dng+ ig
¢ Ce=
where
q = Amount of adsorbate in the adsorbent at equilibrium [pg/mg]
Om = Maximum adsorption capacity [pg/mg]
K = Dubiniri Radushkevich constant [n#kJ]
0 = Dubiniri Radushkevich isottm constant
R = Gas constant (8.314 J/mol K)
T = Temperature [K]
Ce = Adsorbate equilibrium concentration [mg/L]
By linearization
Ing=Ingq, - k& (1.23)

Plotting In q as a function d¥ should resulin astraight line and from the intercept one
can calculate maximum adsorption capacjtyand from slope the value for kree

energy of adsorption can be calculated from the k value by the equation:

1.22
£= L (1.22)

NPICY

If the free energy of adsorption is less than 8 kJ/mol, the adsorption process is dominated
by physsorption.On the other hand, whethefree energy valuesr@abetween 8 to 16
kJ/mol, the adsorption process is controlled by areixchange mechanisamdwhen the
free energy i s Igyrdhemnidaleaction(@uaay, 2008) k J/ mo |

1.5 Adsorption kinetics

Kinetics describeshe rate at whiclthe adsorption system reactezgiilibrium Both the
adsorption process and the reversacess, desorption, continuatil the equilibrium is
reachedBesides the rate of adsorptionnétic modelscangive qualitative information
on the adsorption mechanism.Understanding the kinetics behind the adsorption
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phenomengs also important datahenthefull-scale adsorption processes are developed
(Bonelli, et al., 202Q)

As described earliethe adsorption process consists of bulk diffusion, external diffusion,
intraparticle diffusion and the actual surface reacsteps.The overall rate of the
adsorption is controlled by the slowes thesesteps.However, he first step (bulk
diffusion) and the last step (interaction with the adsorbent suitafest comparetb the
second anthethird stes.

1.5.1 The pseudefirst-order kinetic model

Lagergren developed the psetidst-order kinetic modein 1898 and itis a popular
modelto describe the rates of adsorption proce@dest. McKay, 1999)

d . (1.23)
_q = kl @e - qt)
dt
where
Qe = amount adsorbed at equilibrium [pug/mg]
Ot = amount adsorbed at time t [pug/mg]
t = time [min]
K1 = the pseuddirst order rate constant [1/min]
By linearization
(1.24)
lo -q,)=lo - L'[
9(Q. -9 =log() - -7

The rate constant kl can be calcul ated
linearised form

The firstorder equationhas some limitationsFor example Ho & McKay (1998)
analysedseveraladsorption kinetic studies presented in literature ardluded that in
most cases in the literatyrthe pseuddirst-order equation and experimental data does
not correlate well within the whole contact time rantieerefore, thdirst-order kinetic
modelis oftenapplicable only for the first ZB0 min ofthe adsorption processnd not

for the whole range of contact timg4o & McKay, 1998)

f

r

0]
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1.5.2 The pseudesecondorder kinetic model

Ho & McKay (2000) proposed the pseusecondorder kinetic modelAccording to
them, the pseudsecondorder modetlescribsthe adsorption proceffisthe ratelimiting
stepis chemisorption. The parametrat influencedhe kinetics based on the pseudo
secondorder model is the adsorption equilibrium capacitgHtp & McKay, 20®). The
pseudesecondorder model is shown in equatid@r?5below.

d ) (1.25
%= k, &, - o)

After integration and linearization equation can be represented in the form

t_ 1 |t (1.26)
Qt k2 le qe

where

o] = capacity at adsorption time t [ug/mg]

Qe = equilibrium capacity [ug/mg]

t = adsorption time [min]

ko = rate constant (mg/pg*min)

If pseudesecondorder kinetics is valid, the plot ofgt/vs tis linear. From this line, the
slope determines thg, andthe intercept determines ttkevalue The pseudeecond
order kinetic model is widely used sinceapresentshe experimental datquite well
over the whole range of adsorptitio & McKay, 1999)

1.5.3 Elovich equation

When adsorption to a solid sucteahappens without desorptijdhe rae decreases as the
surface coveragmcreasse as the adsorption process progrestbee Elovich equation
describes this kind ofa ct i vat ed 6 (Kkséngamet slg 2OPIiheoEtovich
equation has general application to chemisorption kinetics ts@absystemd-dowever,
even though the Elovich equation is well known in the chemisorption of gdsaules,
the equation has been applied satisfactorily also in hgaoidl systemsand its
applicability in wastewater processes has been proven mean(i@gtung, et al., 2001)

dq = b (1.27)
—*=a (@ 4
dt %
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After integration and linearization, the equation can be presented as

q :%In aeb+%ln(t i) (129
where
o] = adsorption capacity [ug/mg]
t = time [min]
e = initial adsorption rate (mmol/g min)
b = parameter related to extent of surface coverage and activation energy for

chemisorption (g/mmol)
(= 1 (1.29)
a,®

By plotting g as a function of In(t+o) measured data should fall in a straight line having
1/b as slope and In(ab)/b as intercept.

1.5.4 Intraparticle diffusion rate 7 Weber-Morris

Webber and Morri¢Weber, et al., 1963howed that the functional relationship common

to most treatments of intraparticle diffusion is that the uptake of adsorbate varies almost
proportionately with the square root of time. The Wdlerris intraparticle diffusion
modelis extensivelyused for analysing adsorption mechanisms

In the WebeiMorris plot, q as a function of't?, should be a straight line with a slope k
and intercept C, when the adsorption mechanism follows the intraparticle diffusion
processes.

qt = kia * tY2+ Cy (1.30)
where
Ot = adsorption capacity [ug/g]
Kid = rate constant [ug/g*mhv]
t = time [min]
Cw = constant related to the thickness of the boundary layer [ug/mg]

If the straight line passes through the origin, intraparticle diffusion katesontrol the
adsorption process\ typical example is whesynthetic resiawith large particle sizes
and uniform poreare used aadsorbentddowever, on many occasions, the plot does not
pass through the origin this casejntercept C is proportional to ththicknessof the
boundary layerThis means thdhe larger the intercegghemore significanthe boundary
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layer effect. Also, the plot can show multiple linear sections (Ho#arity). Previous
studies have shown that the intraparticle diffusion plot hease multilinearity. These
different linear regions could represdie external mass transfer and intraparticle
diffusion in macro, meso, and micropa@ang & Li, 2007) In two-stage plots, the
sharper firststage portion ishe external surface adsorption stage. The second portion
representthe intraparticle diffusiofimited adsorption mechanis(Karaca, et al., 2004)
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2 Phosphorousin nature

2.1 Phosphorous speciation in waters

The speciation of pysphorous in aqueous systems is quite complex and strongly
dependent on the solution pH. In watphosphoric acid is subject to a sequential
dissociation per the equations presented in Table 8héan in Figure2.1, dihydrogen
phosphate and hydrogen phosphate are mainly present at a pH range between 4 and 11.
Whenthes o | ut i excedds pHp2HPO'is the dominant speci¢Schaum, 2018)

Table2.1 Sequential dissociation of phosphoric a@dhaum, 2018)

Reaction pK 4 constant
HsPQw & H' + H.POY 2.12
HPQ' & H' + HPQ?! 7.21
HPQ? ' H* + PQ3' 12.70
-.-= H,PO, =——H,PO; - - -HPO? =-----PO}
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
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Figure2.1: Speciation of phosphoric acid as a function of(Sehaum, 2018)
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2.2 Sources of phosphorougollution to nature

In natural water bodiesn aerobic conditionghe typical phosphorous concentration is
low (<0.05 mgP/L)Phosphorous has low solubility because it is typically bound to low
aluminium, calcium, and iron minerals existing in natimesoil, or actually in the water

in thesoil, the equilibrium concentration of phosphattesent is also typicallpw, below

5 umol. This phosphoros dissolved in soil solutiois the primary source of phosphorous
taken up by the plants and microorgarsgdorgensen & Fath, 2014AImost always, the
concentrations above 0.05 mgP/L in natural waterdsmiginate from human activities

Each phosphate minerdlas its unique solubility in different pidonditions Some
examplesareshown in Figure2.2. As pH increases, one can see that more phosphorus is
releasedrom sediments. This is because the increasingrnureassthe competition
between hydroxide and phosphate anionafborption sitegLiu, et al., 2008)

Log activity HPOy4 or HPO,*

-9 T T T T T 1

3 4 5 6 7 8 9
pH
Figure 2.2: The soulbility of phosphorusrom different phosphate minerails the soil
solution(i.e. in the water irthe soil) as a function of pH. The thick line indicates the
minimum boundary of the solubility of phosphorus given a certair(lgHi. et al., 2008)

Due tothelow solubility and low mobility of natural phosphorous sourcdsiggpart of

the phosphorous found in agueous environments is actually due to human activities
related to domestic waters, agricultural runoffs, and indlisteatewaters. Phosphorous

in domestic waters comes mostly from urinagces, and washing chemicals which
accumulates to 1.5 to 4.5 g phosphorous per day per pé/gater Environment
Federation, 2018)Total phosphorous comuations in municipal waste waters are
typically in the range of 5 to 20 mgP/L.
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In agriculture, the phosphorous sources are fertilizers and €attlexample, the typical
manure in livestock farms contains 0.29 to 0.50% phosphorus in a dry (Satfteum,
2018)

Industrial sources for phosphorecsntaining waste waterngsiclude food processing,
dairies, and metal processing industries. The mining indadsy has problems with
phosphorous as the effluent waters typicallgta;m phosphorous originated either from
explosives or reagents usedeaching, flotation, and solvent extraction. Mining sites are
located in remote areas where centralized waste water treatment is not avhilable.
addition, the mining industry efflueénvaters lack organic mattereeded in biological
phosphate removal, and therefore biological processes are not practical for phosphate
removal.When these more conventional phosphorous removal processes are unavailable,
this generates additional challesder effluent treatment for the mining industry

2.3 The effect of ghosphorous pollutionon nature

Both urban and agriculturaénvironmentscan release posphorus into natural water
bodies The most typical entryway for phosphorous to sudaeger bodies ifrom urban
and agriculturafunoffs. However, mosphorus can aldoansfer to surface watevgth
groundwateras itoften discharges into surface watéherefore,even thephosphorus
concentrations in groundwater can affect the water quality of surfaee.wa

Phosphorous is an essential nutrient for the development of plants, animals and humans.
In addition, Phosphorous is often the limitinfactor for the primary growth of
phytoplankton in natural waters. Therefore, even the trace concentration ofelissol
phosphorous in lakes, rivers, and coastal waters is often respdosiblphenomenon

called eutrophication.In simple generalizediefinition, eutrophicationis the process

where essential plant nutrientsitrogen and phosphorouare eniiched to thesurface
waterstimulaing algaegrowth Its most drastic effects aatgae blooms(United Nations
Environment program, 1995)

In lakesand coastal watersufferingfrom eutrophi@tion, the dominant phytoplankton
species shifto bluegreen algae. This type of algae generates toxic cyanotoxins that are
lethal or damagingo other organisms andven harmful to humars. Thesebloom
biomassesegatively affectaquaticlife by forming floating layers that can kill the
submerged aquat life because it blocks theunlight and causesoxygen shortage.
Overall, eutrophication can result in aadtic decrease inidmass, thus endangering
biodiversity(Liu, et al., 2018)

The Baltic Sea is the only inland seaHurope It has a relativelgmallwaterbody, and

it has only limitedvater exchangom the Skagerrak and the North S&he catchment
area of the Baltic Sea is more than 1,700,008 kvith a population of approximately 85
million. Combininga large atchment area with associateshvyhuman activitiesnakes
the Baltic Sea sensitive tihe accumulation ohutrients and resultingutrophication
(HELCOM, 2009)
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The eutrophication of the Baltic Sea is the result of decadpgisasiphorus loadind-or
example, in Finlandthe most significah single cause of eutrophication is agriculture,
which accounts for a significant share of eutrophication that ends up in the sea.iln 2010
2019, an average of 3,400 tonnes of phosphorus af8@fionnes of nitrogen ended up

in the Baltic Sea from FinlandVost of these nutrients come from human activities
(Saavalainen, 2021)owever,Finland is by no means timeost significabhphosphorous
releaseto the Baltic Se. In theFigure2.3 is presented the phosphordaadingsto the

Baltic Sea by country (tP/year).

PHOSPHORUS

Poland

Latvia
Finland
Lithuania
Atm. P sources
Denmark
Estonia

Germany

0 3000 6000 9000 12000 15000

Figure 2.3: The phosphorudoading (t P/Year) to Baltic Sea fromfférent countrieSYKE,
2013)

Chorus & Bartram (1999) studied the correlatibatweenalgae bloom and total
phosphorous inthe water. According to their findingsthe target phosphorus
concentrations in the water bodlouldbe as low as 36 0 ¢ gThu®,/alsubstantial

reduction of cyanobacterial and algal population density can be expected in many water

bodies at these concentrations. However, significantly lower total phosphorus
concentrations (<10, pargculady iih Jleepnekes, tabpeevente q Ui r €
blooms in the long terrfChorus & Bartram, 1999)

Figure 2.4 presents he average phosphorouwncentrations in European rivers over
1992 2012 for different regions of Europ®uring this periogthe average concentrations
weremore than halvedzigure 2.5 presents thelpsphorous concentration in lak€ne
can see thahe decline has been 0.0004 mg P0&% per par. This declineis almost
entirely due to improved wastewater treatment and control of detergémigever,
agricultural sources are now starting to dominated actions forgriculturalreleasesre
needed if further improvements are to bade(Schaum, 2018)
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Figure2.4: Changing concentrations of total phosphate in rivers in four regions of Europe from
1992 to 201ZSchaum, 2018)
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Figure 2.5: Changing concentrations of total phosphate in lakes in three regions of Europe from
1992 to 201ZSchaum, 2018)

Phosphorus pollution remains a significant issue ireldged countries, in the EU, USA

and Japan. Although control measures (focusing on environmental objectives and
emission controls) have been put into place, these are not aladgguatky
implementedor policies are not sufficiently comprehensive. Onéheffirst steps is the
regulation ofphosphorousischargeAs an example of the phosphorous discharge limits
the 91/271/EE European Union directive limits the phosphorus discharge into receiving
water bodi eBL farwastetvate? treargent plants. The United States
Environmental Protection Agenagcommends<0.025 md/L phosphoroudimits for

lake or resevoir discharge, <0.05 nfL phosphorous for streams discharging into lakes

or reservoirs, and <0.10 AL for streams not discharging into reservoirs and lakes
(Kobya, et al., 2021)
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Eutrophication is regarded as one of thestaoitical environmental problescaused by
phosphorus releasethto natural waters. Removal of excess phosphate to trace
concentrations from waters released#®environment is thus imperative.

Besideseutrophication otherenvironmental impacts relatdo phosphorous are due to
the production of fertilizers from rock phosphatesidescarbon emissionsthe
production of phosphate fertilizer generatesic by-products.The processing dbnne

of phosphatefrom phosphate rock generates fitennes of aby-product called
phosphogypsumAt the dobal level, this toxic wastés growingby over 110 million
tonnes each yeafo make things worsehpsphate rock naturally contains radionuclides
of Uranium and Thorium, most of which end up in the phosphogypEhenefore, these
by-products could potentiallgontaminate the limitedrinking watersourcegCordell, et
al., 2009)

2.4 Future scarcity of phosphorous

Phosphorous ia strangeelementas at the same timeét is a question alut scarcity and

pollution. Phosphorus is one of thesentiaklements for humanbecausé depends on

our ability to produce foadscience fiction author and chemist Isaac Asimov said in 1974

that @AWe may be abl e to s dpastics forwdood, anmuc!| ear
yeast for meat, and friendliness for isolafibat for phosphorus, there is neither
substitute n(@arsem etpl, 218 T ehighlightothe importance of
phosphorous to humandorgensen &-ath (2014) estimated th#te average weight

(global average) is 45 kgnd in this masgl70g is phosphoroushts, he average daily

needfor phosphorous is 1500 mg/person/day. Witturrent population of 7.9 billign

the daily global neetbr phosphoous is 11850 mt/day or 4.3 Mt/year.

The German chemist Justus von Liebig, the father of the fertilizer industry, discovered in
1840 thatnitrogen (N), phosphorus (P), and potassium (K) are essential to plant growth.
After his discoverymineral fertilizes replacedorganicbased fertilizergInternational
Fertilizer Development Center, 2014fter World War 11, phosphorus became one of
three (NP-K) essential nutrients in commercial fertilizeFsom 1950 t®200Q the usage

of fertilizersincreased skfold (IFA, 2021) As a resulof these developmentglobal

food productioruses hout 90% of the worldwide demand for rock phospHhaitgure2.6
presents a load outline of the evolution of phosphorus fertilizer use for food production
from 1800 to 2000.
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Figure 2.6: Historical sources of phosphorus for use as fertilizers, including manure, human
excreta, guanonal phosphate rock (1802000) (Reliability of data sources vary, hence data
points for human excreta, guano and manure should be interpreted as indicative rather than precise
(Cordell, et al., 2009)

Phosphorous is lost through-treated waste waters to lakes and ocgamis the case of
conventional phosphorous treatmeihtis bound to sludgeand it is no longer readily
available for plantdn the past few decaddbge severe consequences of releasing excess
nutrients likenitrogen and phosphorous into the environment became app&oent.
example, phosphorous lost in global agriculture due to ramo#stimated at 10N
metric tons of phosphorus each year, nearlylmaieof the phosphorus extracted yearly
(Liu, et al., 2008)Since the 1950sye haveconverted and lost almo300 million tonnes

of phosphorus from nerenewable phosphate rock, most of which has ended up in, rivers
lakes and eventually to ocean sediments where it cannot beeredofLarsen, et al.,
2013) Figure2.7 shows the globalphosphorous cyclpresentedby Liu et al.(2008).
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Figure2.7: The humarintensfied global pﬁosphorus cyclékiu, et al., 2008)

Modern agriculture depends on phosphate fertdiderived from mineghhosphateock
to replenish the phosphorus removed from the soil by growing and harvesijsy
Phosplorous shortage is massie threat forhumanityas mostf the food production
dependson phosphoroysand tlere is no replacement for ifable 2.2 summarizeghe
data published by International Fertilizer Associafiéif, 2021)for phosphorous usage
in different crops at the global level.
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Table2.2: Estimates of fDs use as a nutrient by crop at the global l€ieA, 2021)

2010 2014
Mt of P05 Mt of P20Os

Wheat 6,5 6,7
Rice 5,2 5,8
Maize 6,4 6,4
Other cereals 1.6 1.6

CEREALS TOTAL 19,70 49 % 20,50 45 %
Soybean 3,2 4.5
Oil palm 0,4 0,9
Other oilseeds 2,3 2,1

OILSEEDS TOTAL 5,9 15% 7,5 16%
Fibre crops 1,7 1,7
Sugar crops 1,4 1,7
Roots & Tubers 1,3 1,1
Fruits 2,2 41
Vegetables 3,8 4,5

FRUITS & 10,40 26 % 13,10 29 %

VEGETABLES

TOTAL
Grassland 0 1.8 4%
Residual 4,5 11 % 3,1 7%
TOTAL 40,5 100 % 45,9 100 %

Besices the use of phosphorous thecrop it is critical for cattle as well. Phosphorous

usage for livestockor meat productiorgoes through crop resids andgrassused as

animal feed The cattle also need phosphordizsed feed additive3he animal feed
additives alone consume roughl yThe &reotf t he w
estimation of global phosphorous consumption by livestatied for meat productias

6 Mt P/ Year or 13 Mt of Os (Jorgensen & Fath, 2014)

When evaluating the availalbydosphorousn relation to global food security, one must
understand that is not possible to utilize all known phosphorous, for example, due to
technical and physicalimitations. There are readly available known high-grade

phosphorous deposits of 060 Mt, lowgrade deposits of 2800 Mt, and ultrdow grade

deposits of 5@00 Mt (Ragnarsdottir, et al., 2011)The distribution of available
phosphorouseservesn different countriess shownin Figure2.8 (Larsen, et al., 2013)

From the figureone can see that handful of countries, including China, the US, and

Moroccq controlst h e  wo r | ing@pkosphatemoak resers From a geopolitical

perspective, it is interesting to notice thdbroccan and Western Saharan reserves
represent mor e t han a t hgualitd phasphate rocdihewor | d 6 s
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USA has beethe wor | dos | and goessimeof phsplthte acoek and
phosphate fertilizerslt is estimated that the USBas approximately 25 years left of
domestic reserve€ordell, et al., 2009)

total = 16000 million tonnes

Phosphate rock [Mt of rock]
=
o
o

D ’b 2 o
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Figure2.8: World phosphate rdcreserves by countriarsen, et al., 2013)

Larsen et al. (2013) presented one estimate for global pboss resources indicating
thatthere will be a shortage of phosphorous in the near fulgeording to Larsen et al.
the current estimate for phosphorous resources varies from 100 to 250 years.

30
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Phosphorus production [MT P y'1]

0 2033
1900 1925 1950 1975 2000 2025 2050 2075 2100

Figure 2.9: Peak phosphorus: global annual production of current phosphate rock reserves is
estimated to peak by 2033 at 29 MY Ear while the demand will continue to incredkarsen,
et al., 2013)

Cordell & White (2011) collected phosphate rock reserves data from different sources
and their summary is presentedTiable2.3. One can see that the shortest estimation of
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the depletion of phosphorous reserves is as short as within 30 yealso@tieinge of
estimations when the phosphorous reserved aisicoed varies between 30 to 38@rs.
Even the longest émate of 390 years is short compared to human history on earth.

Table2.3: Estimates ofhelifetime of current world phosphate rock reserves by different authors

collected by Cordell & White (2011).

The estimated lifetime of | Estimated year of depletion by author

reserves

61 2050 Tweeten

88 2083 RungeMetzger
60-130 20582128 Steen

80 2080 Smil

93 2102 Fixen
69-100 20782109 Smit

90 2099 Vaccari
300400 23102410 Van Kauwenbergh
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3 Phosphorousremoval methods

Methods forremovng phosphorus from different types of waters have been studied
extensively during the past several decattegieneral, phosphorous removal methods
can be classifiedsbiological, chemical and physical. Conventioreahoval methods for

the high phosphorus concentration are biological treatment processes such as the
conventional activatedludge process,hemical processesuch as precipitation with
aluminium, iron or calciunchemicals, or a combination of bdilologicaland chemical
treatmentgBunce, et al., 2018)

Most of these conventional methods have their drawbacks. Biolgdioaphate removal
based onfor example conventional activated sludge treatment needs sipetational
control to remove phosphateefficiently as even minor changes in parameters or
composition of the influent wastewater can resnlthigh variability on phosphate
removal efficiencyTypically, biological processes can remove around 97% of phosphate
from water(Almasri, et al., 2019)An additional drawback is that thedbogical processes
areunsuitable foremovingphosphateo trace levels because the microbial metabolism
would be reduced simultaneousiypaking it impossible to rea low enough residual
phosphate levelsChemical precipitation witlaluminium, iron or calciunthemicalsis

quite reliable but in most casesit requires effluent neutralization after phosphate
removal.Also, asignificant overdose of chemicais neededto reach trace levels of
residual phosphateMoreover, both chemical and biological treatments generate large
amounts of sludge requiring proper disposal.

Physical separation techniques, such as reverse osmosis or electro@disdysigpensive
and inefectivefor phosphate removal. Conventional4exchange processes can remove
anions like phosphate. However, in phosphate remthexe is a big obstacle; sulphates.
The anion exchange resins havpreferencedor sulphates over phosphates. Sulphates
occu in higher concentrations in wastewatkan phosphate, therefore compromising
their efficiency for phosphate remov@llark, et al., 1997)

There are some throwbacks when treating trace phosphate concentrations that exist in
stormwater runoff or mine effluents. Chemical precipitation is not necessarily an option
aschemical precipitation processes have limitations due to the solubility of precipitated
phosphate speciek biological phosphate treatment, tlaek of organic mter in mine
effluents restrict the use of biological phosphate removal procdsdésrature, fixed

bed adsorption processes are recommended as effective removal processes for low
concentrations instead of conventional meth{&dsn & Han, 2004% (Zhao & Sengupta,

1998) Fixed-bed adsorption processes are effective removal processes for low phosphate
concentrations, but higher phosphate concentrations could still require combination with
convenional methods.

However, there are some studies also done for the treatment of higher phosphate
concentrations with adsorption processes. Cleaning of industrial wastewaters has been
proposed with different adsorption materials. Company Virotec has comhzectia
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Bauxsol (1. e. red mud) based adsorbent for
process was approved in 2006 by UK authorities for wastewater treatment.

Gypsum treatment of runoff waters in cultivated fields has proven effective in pilot
studies to reduce the eutrophication of the Baltic Sea caused by agriculture. In particular,
it could improve the state of the Finnish Archipelago Sea. Scientists, therefore,
recommend gypsum for widespread use for phosphate stabilization. Gypsum binds the
phogphorus in the ground to the cultivated field so that excess nutrients are not leached
through rivers to eutrophicate the ¢8aavalainen, 2021)

In this literaturereview, the focus is on chemical precipitation methods andratien
methods.

3.1 Phosphate removal by chemical precipitation

Chemical phosphorus removaldene byaddingsalts of multivalent metal ions to form
sparingly soluble phosphapeecipitates The commonly used chemicals are aluminium
(Al(11)) andferric iron (Fe(lll)) added as chlorides or sulphates, aattium (Ca(ll))

added as lime. When the phosphate is precipitated, conventional methods like settling and
filtering can be used to remove the precipitated solids. Therefore the chemical phosphate
removal isgenerally described as a physidoemical process.

Ferric salts are the most popular because theytlaeemost effective rbm a cost
perspective Aluminium sulphate (Alum) creates a lighter flthan ferric saltssettling

more slowly causing issues inehsolid separation phasenie has the disadvantage of
increasingpH significantly. This causes additional process issues. Lime precipitation also
generates higher volume of sludg&ussel, 2019)

The phosphorus precipitatiomth Fe or Alsaltsis a complexprocess. This ibecause
depending on the dose ratid metal to phosphorouthe formation of variouspecies

like metal phosphate precipitatasgtal phosphorus complexasd metal hydroxdes
occurs. Additional complexty is brought by the fact that there also hapg@rssphorus
adsorptioronto these formedprecipitatesTherefore, specially when higher dosages of

Al- or Feisaltare used, a more complex adsorption/precipitation process takes place
besides simple predtption of sparingly solublenetalphosphate

The solubility of metal phosphate precipitate depends on metal salt dose ratio and pH,
and therefore these parameters determine the lowest residual phosphorus level that can
be obtained For example, ataround pH7, the lowest residual soluble phosphorus
concentration observed is 0.01 to 0.02 mgP/L whensaAlt is usedas precipitating
chemical and 0.04 to 0.05 mgP/L for-Flt (Gillberg, et al., 2003)However,it is

possible to@ach loweresidual phosphorusvelsthan the solubility of metal phosphate
precipitatedue tophosphorus adsorptianto the precipitatethetal hydroxide
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The usage of leemical precipitationon phosphorus removahas much flexibility.
Chemical dosingcan be done at different stagesf wastewater treatmenkEirst, the
precipitaton chemicalcan be dosed before primary sedimentati@nd phosphorus
removedwith theprimary sludgeThisoptionis called pimary precipitationThe second
dosing option is &called £condaryprecipitation,where the chemical is dosed directly
to the aeration tank of an activated sludgecpss, and phosphate is removed with the
secondary sludgé&inally, in the tertiary treatment, tliwsingof chemicalss done after
the secondary treatmenthis dosing option generatashighquality effluent However,
this option is not typically used due thigh chemical costs and the creation of an
additional chemical sludgblat needs to be separa{dbrse, ¢ al., 1998)

3.1.1 Chemical precipitation with calcium

To understand the behaviour of calcium in phosphate precipitati@must consider the
water's alkalinity Alkalinity is the buffer capacity of water to resist change in ip#l
acid-neutralizing capaty. The ions present in naturally occurring waters, industrially or
domestic effluent wastewater that generally contributes most of the alkalinity is carbonate
(COs?%), bicarbonate (HC®), and hydroxyl (OH ions. Total alkalinity is the sum of all
these(WEF, 2013).

A=HCO; +CO#+0OH 1 *H (3.1)
Where A= alkalinity, eq/L.

Calcium is usually added the wastewater disne, Ca(OH), which reacts with alkalinity
forming calcium carbonate

Ca(HCQ).+ Ca(OHYz 2 CaZl® ,QH (3.2)

Precipitation of the phosphate with calcium is strongly dependent on the precipitation
conditions. Labgairi et. al. studied phosphate precipitation with lime as a function of the
precipitation pH. Based dheir analysesseveral different calciurphosphate species are
precipitated as the pH increases due to lime dosing. Their results shomotbagrtificant

steps can be identifiedorfming dicalcium phosphate dihydrate and hydroxyapatite
followed by trasformingcalcium phosphate dihydrate into Hydroxyapd(itgbgairi, et

al., 2020)



54 3 Phosphorous removal methods

Table3.1: pH precipitation ranges of some calcium phosph@iaisgaii, et al., 2020)

The chemical formula of the

precipitates Ca/P  Precipitation pH

Mono calcium phosphate

monohydrate Ca(HPQy)2. H,O 0.5 0-2
Dicalcium phosphate

dihydrate CaHPQ. 2H0 1 2-4
Hydroxyapatite Cao(PQy)s(OH), 1.67 95-12

Phosphors precipitation iffective ifthe lime dosagmcreaseshe pH of the wastewater
to pH 9.510.0 as the excess calcium ions will react with the jpihate to precipitate in
hydroxyapatite:

10C&* +6PQ>+20HZ  GotPQy)*6(0OH)2 Z (3.3)

The reactiorbetween the lime andhé alkalinity of the wastewater influences thee
dosage. The lime dose required can be approximated at 1.5 times the alkalinity gs CaCO
(Lenntech, 2021)Therefore, autralization after phosphate removal is required to reduce
pH beforethe nexttreatmentstepsor if the treated waters disposed after phosphate
removal

3.1.2 Chemical precipitation with aluminium

Aluminium salts, such as AlglAlx(SQu)s (alum) and polyaluminium chloride (PAC)
are commonly used in precipitating phosphates.

The basic reactions are:

A¥*+PQ*% Al4P O (3.4)
3A13 + 2PQ% +3H,0 7z ( A(P@)HY)3H' (3.5)
Al¥*+3H0 7  Alst 3iH) (3.6)

These simple basic reactions are just the surface, and a complex set of reactionarcan
depending on other components in thesteavater and its pH, resulting in a wide range
of complex precipitating species.

Schaum(2018)presented that the optimum pH for phosphorus removal using aluminium
coagulants is within the range of pH5.5 to pH8&keFigure3.1 below). Deviations found

to this optimum range are due to differences in alkalinity, trace elements, and other
constituents ohatuial wastewater. In practical waste water treatment operations preferred
range is pH6 to pHEGillberg, et al., 2003jlue to enhanced solid removal. Theoretically,
phosphate precipitation requires an equal mole amount of aluminium as there is phosphate
in the waste water. Due to different precipitating aluminium species, the typsajaelo
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in practice is 11.5 times the stoichiometric requirement. Different aluminium chemicals
also behave somewhat differentiynd the needed excess can be even higher.

Without pH correction, increasing aluminium coagulant dosages will decrease the pH of
the treated wastewater, and the higher dosages would reduce the residual phosphorus
concentrations. With proper pH control, and if the aluminium dosage is higher than the
stoichiometric requirement, there will be an increased formation of mixed -metal
hydroxide-phosphate complexes. The acceptability of higher pH values for optimal
phosphorus removal suggests a shift in the predominant removal mechanisms, and an
increasing influence of adsorption of soluble phosphate to the hydroxide and
oxyhydroxides compbkes(Schaum, 2018)
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Figure 3.1: Optimum pH and the molar ratio of Al/P removed for oxidation pond effluent
(Schaum, 2018)The emperature conditits of the experiments were not published
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Aluminium coagulants can have a negative effect on the micnodypallation in activated
sludgeat dosage rates higher than 150 nfgnntech, 2021)Therefore, his negative
effect on tle microbial population must be consideriephosphate removas done with
analuminium salt

3.1.3 Chemical precipitation with iron

Ferric chlorides (Fe@) or sulphatesRex(SQu)s), as well as ferrous sulphate (FepQ@re
all commonly used for phosphorousmoval., Different reaction products, including
complexes, precipitateand ceprecipitates, formvhen ferric salts anesed for phosphate
removal.

The basic reactions are:

3F6*+2PQ% + 3H0 2z ( R(E@H)3H (3.7)
Fe*+2PQ*2z FesP O (3.8)
FE*+3H0 7z Fe+t3H) (3.9

According to Gillberg et al.Fé* salts effectively precipitat@rthophosphates and
polyphosphates in the pH4pH8 rangeHowever, he best result was found in the pH5
i pH6 range where the hydroxide precipitation was most effectiverecipitation of
phogphates requires a 1-0.5 molar ratio of F&/P, so the behaviour in this sense is quite
similar as seen with aluminium chemicéBllberg, et al., 2003)

In over stoichiometric dosages a ferric salt precipitation combied with adsorption
becomes a more determinant procedems hydroxidesand oxyhydroxideare formed
beside the phosphate spec(®8EFTEC, 2006) For phosphorousontaining species
following has been posed. At Fe:P = 1rholar ratio the precipitating phase is FeRO
and at Fe:P > 1:1 molar ratiokie precipitating phosphate phase is P€(OH)ass.
(Fytianos, et al., 1998)

Figure 3.2 and Figure 3.3 shows the phosphate removal efficiency when u$engc
chloride A very high overdosage of Fe(lll) is required for low residual phosphate Jevels
resulting in areverincreasing amount of chemical sludge.
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Figure3.3: Dependence of phosphate remlbsfficiency on initial phosphate concentration
(Fytianos, et al., 1998)

Martikainen & Penttiner{2012) studiedthe chemical precipitation of phosphates from
synthetic waste water and real mine process watbercommerciaferric chemicalsThe
total phosphorous content of the synthetic waste water was 1500 grgiLthe mine
process water was 7210 um/Chree different commercial ferric sgiroductswere
tested; Ferric sulphate FE€SQu)3 solution having 11.3% FeBasic feric sulphate
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FeOH(SO4) sx2 solution having 11.4% Fe arfeerric chloride FeGlsolution having
13.7% Fe.

Based on theynthetic waste water tests results, it was evident that phosphate removal
goes throughwo separate steps (segure 3.4). First, dose tostoichiometric dosages,
phosphate is removed mainly due to ferric phosphate precipitation. However, this is not
efficient alone but considerably higher dosages are needguH6 Second, wen over
stoichiometic dosages of ferric salts are usether forms of precipitates like ferric
hydroxides and oxyhydroxides are form&terefore, phosphate removal is enhanced by
adsorption processes in this rang¥ g2age)
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Figure3.4: Residual total P as a function ferric salt dosage (indicated asifeal& ratio) when
precipitation is done at pH6. Synthetic phospitatetaining waste watefMartikainen &
Penttinen, 2012)

Figure 3.5 is shown the residual phosphorous as a function of ferric salt dosage when
precipitation is done at neutral pH of pH7. It is clear that at neutrahpblverdose of

ferric salt is needed to reach low levels of realginosphoroudn principle, the selected
ferric salt type does not causelifferencein phosphorous removhletween the tested
threechemicals both ferric sulphates and the ferric chloride work quite the same way
when synthetic test water was used.
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Figure 3.5: Residual total P as a function ferric salt dosage (indicated asiFaal& ratio) when
precipitation is done at pH7. Synthetic test wélidartikainen & Penttinen, 2@).

Figure3.6 is shown the residual phosphorous as a function of ferric salt dosage at pH 4.
It is clear thatheloweringof the precipitation phignificantlyenhances the precipitation

of FePQ, and lower dosges are needed compared to experiments at pH7. This has a
positive effect on residual waste singbenless ferric salt is used in precipitatidaess

solid waste is generated.
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Figure3.6: Residual total Rs a function ferric salt dosage (indicated as Famdlar ratio) when
precipitation is done at pH4. Synthetic test wafdartikainen & Penttinen, 2012)
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Residual phosphorous as a function of pH is presentegjime 3.4. Again, aly minor
benefits are gained if pH is decreased from pH5 to pH4.
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Figure 3.7: Residual total P as a function of treatment pH. Ferric salt dosages areeithdisat
Fe:Pi molar ratios. Synthetic waste wa{étartikainen & Penttinen, 2012)

Phosphorousontaining mine process water, with the phosphorous concentration of 7210
pg/L, was first tested as it is without pH control. All exferric salts worked quite well

also in this high phosphorous loading water. However, more than two times the
stoichiometric dosage is required to reach low enough residual phosphorous levels.
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Figure3.8: Residual total P as a function ferric salt dosage (indicated asiFeal& ratio) when
precipitation is done without pH control at pH8.5. Real mine process \(#dtatikainen &
Penttinen, 2012)
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When phosphate precipitatioom mine process water was done at pH4, it is again seen
that the performance of ferric salts is improvadd significantly lower dosages are

needed.
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Figure3.9: Residual total P as a function ferrictsddsage (indicated as Fe i folar ratio) when
precipitation is done at pH4.0. Real process w@tiartikainen & Penttinen, 2012)

It was shown thaboth ferric sulphate and ferric chloride are efficient reagents for
phosphoous precipitation with the proper dosage

3.2 Phosphate removal by adsorptiori Phosphate adsorption on iron
hydroxide or iron oxide surface

Phosphate adsorption to metal oxide and hydroxide surfeaesbe described with
different mechanisms. The most commmechanisms used to explain the adsorption
phenomena arelectrostatic interaction, lig@ exchange, hydrogen bonds and surface
precipitation.

Electrostatic attraction

As described earlierhé Hpzc of the metal oxide or hydroxide is essential to the
adsoption process, and it is true also for the phosphate adsorpsdhe phosphate ion

IS negatively chargedheadsorbent's surface charge greatly influencesligrostatic
interactionslf the pH of thesolutionis higher than th@H,.c, the surfacef the adsorbent

is negativdy charged. This negative surface charge cauepslision for phosphate
anions.Also, as the pH increasabe competitive effectof OHi ons f or t he
on the adsorbent increasekecreasing the possibility for phosphate anion adsorption.
Conversely, whe the pHis lower than the point of zero chargle sorbent surface is

act
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positively charged andherefore would enhance attréion for phosphate aniorgkiu, et

al., 2018)
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Figure3.10: Phosphate sorption mechanisms of metal oxides and hydroXidepHpzc is the
pH for the point of zero chardei, et al., 2016)

Metal oxides and metal hydroxides hajmoint of zero charge at pH valuesi3l2.0 and
2.3 9.5, respectively. Due to this differentee metal oxides havamore comprehensive
optimum pH range for phosphatesarption than metal hydroxides. High pH reduces
phosphorousadsorption but will favourthe precipitation of calcium phosphates.
Therefore, thanore comprehensiveptimal pH range for metal oxides for phosphate
removal can partlycontribute to the surface guipitation mechanism in thdkaline
solution(Li, et al., 2016)

Parfittet al. (1975has studied phosphate adsorption at pH3.5 for several iron oxides and
(oxy)hydroxides. Amorphous hydrous iron oxide was found to havhbitfest capacity

for phosphate adsorptioiiable 3.2 are shown adsorption capacities for different iron
products.
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Table3.2: Phosphate adsorption capacities for déferiron hydroxides and oxidéBarfitt, et
al., 1975)

Material Capacity [mg P / g adsorbent]
Amorphous hydrous iron oxidegOOH 29.5
Akagenite b-FeOOH 26.7
Lepidocrocite o-FeOOH 16.7
Goethite UFeOOH 6.7
Hematite FeOs 53

Phosphate oxyanion is strongly adsorbed at neutral pEdeghite (FeOOH) and other

iron (111) oxides as their surface p®sitively charged at neutral pHowever, vith pure
goethite as an adsorbeane has noticed that the adsorption of phosphates decreases with
increasing pH but is still substantial above pH8.0, approaching theqiezeto charge

of goethite at pH9.4.

Phosphate adsorption throughgand exchange

The OH groups in metal oxide and hydroxide surfaceaskesphosphateOH ion
exchange a ligand exchangepossible For example,U-FeOOH {Goethite) strong
adsorption capability fophosphatas due toligand exchange reactio®n Goethite's
surface, phosphate adsorption of monovaleaP@®) and divalent phosphate (HEFD
occurs by phosphate oxygen replacing hydroxyl oxygen engthethite surface as
described in equations 3.10 and 3.(L1& Stanforth, 2000)

FeOH + POy A Fei HPQy + OH (mononuclear) (310

(FeOH), + HPQ?* A (Fe-):HPO4+ 20H (binuclear) (3.12)

According to Zhong et al. (2007)he surface speciation ohpsphate over goethite
surfaceis shown to change with pH values and phosphatexsurtoverage. As the
phoshate coveragen the surface increases, ti@H release increasgsndicating
different binding mechanisms at different phosphatarface loadings. As surface
phosphate coveragrcreaseshesurface binding changes from monodentate contplex
bidentate omplex The hdentate compleis the dominant phosphate surface speries

the pH range opH3.5- pH8.0. The concentratiorof monodentate complex increases

with increasing pH values and decreasing phosphate surface coverage. Possible
configurations of phgphate surface complexes are present&igure3.11.



64 3 Phosphorous removal methods

@]
|E Monodentat
—_— 0 — P — onodentate
0 T OH complex
OH
— O— p a-_s'--"’o Bidentate
— e complex
o} OH

_ 0— P.-;“'.-#O Binuclear

— D"'".- T OH Cﬂmplex
Figure3.11 Possible configurations of the phosphate surface comp8kés & Han, 2004)

Antelo et al. (2005) have studied phosphate and arsenate adsorption on crystalline
goethite surfaces. They concluded that phosphate adsorption is more sensitive to changes
in pH and ionic strength than arsen®béosphate adsorption was moféceent at low

pH with a wide range of ionic strengthat limited in high pH andow ionic strengths.
Figure3.12is shown the occurrence of different surface complexes as a function of pH

and ionic strength.
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Chitrakar et al(2006)have studied phosphate adsorption to Goethile ahk ageni t e ( €
FeOOH) surface from fresh water and sea water. It was noticed that in bothtlvases
adsorption of phosphate is strong even when there are competing ions in the solution.

Results are shown figure3.13.
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Figure 3.13: Adsorption
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volume = 2 L(Chitrakar, et al., 2006)
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Phosphate dsorption through Lewis acibase interaction

At alkaline pH, thesurface metadctive sites are negatively chatgalong with phosphate
speciesAlmasri et al. (2019) studied phosphate adsorptioiran oxide and observed
thatthe decrease in equilibrium pH results from the deprotonation of the coordinated
water molecules on the active site at an alkalineAa$omption occurs via Lewis acid

base interaction in which the iron active site becomes a weak base (Lewjsabddbg
phosphate aniorect as a weak acid (Lewis ac{@lmasri, et al., 2019)There are excess
hydrogen ions in th solution at acidic pHandmetal active sites are protonated and
become weak acid (Lewis acid), acting as electron acceptors. Phosphate anions become
a weak base (Lewis base), acting as electron dghprst al., 2016) These behaviours
imply that electron doncilcceptor and Lewis acioase interactions exist between the
metal active sites and phosphate anions.

Phosphate adsorption through surface precipitation

It is essential to understand when the mechanism moves froonpade to surface
precipitation in phosphate adstgm becauseseveralbasicassumptions in adsorption
modelsare no longer validnce ttke surface precipitation staffiser & Stanforth, 2003)

Surface precipitation isn addiional mechanism foiron oxides and hydroxides to
remove phosphates frorthe water. Li & Stanforth (2000) have concluded that
phosphatigoethite interactions have two distinct phases; the first phése aslsrption

by monolayer coverage, and the secphdses most likely surface precipitatiohey

also concluded that it is impossible to see this transition from adsorption to surface
precipitation from the adsorption isotherniseeFigure3.14). Thesurface pecipitation

starts to occumvell before monolayer coverage complete.The highest adsorption
capacities observed by Li & Stanforth were between 2 and 2.5 mn&®uidace
precipitation must occur at this high surface coverage since a 2.5 mmol/g coverage
represents a P/Fe mole ratio of almost 0.25; i.e., one out of every four iron abomsds

to phosphate. This ratio is too highresult froma surface reactiolike ligand exchange
alone(Li & Stanforth, 2000)
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Figure3.14. Adsorption isotherms of P on goethite for dissolved P concentrations up to 100 uM
(Li & Stanforth, 2000)

Ler & Stanforth (2003) proposed model where th@rocess for phosphateurface
precipitation onthe Goethite surfacegoesthrough four separate stepBhe surface
precipitation process presented by Ler & Stanforth (2003) is shofigume3.15.
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Figure3.15. Schematic of the proposed surface precipitation process by Ler & Stanforth (2003).
Step 1, phosphate adsorbs on the surface. Step 2, dissolved iron adsorbs on the surface phosphate.
Step 3, goethite dissolves to replenish dissolvaal Step 4, phosphate adsorbs to the surface

bound iron.
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Surface precipitation with iron is not the only option. With adsorbents containing large
amounts of soluble Cand if the pH is highphosphate removalan occur directly
through the formation afalcium phosphate precipitates on the adsorbent surface.

Phosphatgyoethite surface complexes are ineahd desorption is slow and partly
irreversible. The term "biologically available phosphorus" is not well defined but implies
that the phosphorus can lmeorporated into living cellat a reasonable speed. As the
desorption of phosphate is slow, the phosphates on the goethite surface do not lead
directly to biologically available phospha€urner, et al., 2005)Therefore,directly
recovering phosphates as a nutrieytilizing phosphate loadebn-based adsorbents

is not possibleNot being able to utilize adsorbed phosphate as a nutrient is an important
point when considerinthe phosphat@dsorbedn themetal oxidebasd adsorbent.
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4 Arsenic in aqueous systems

4.1 Arsenicbs chemi stry natmalsslaceser and i ts

Arsenic is ametalloid or semmetal that is foundll overthe earthElementalarsenic is
notcommon in nature as it is typically combingdh oxygen, chlome or sulphur

Arsenic isusuallyfoundin sulphide bearing mineral deposiBor example, &enicis

typically found together witlpyrite, one of thenostabundantmmi ner al s i n Eart hi
Besides sulphidesyseniccan also be founoh hydrous iron okdes.Arsenic can easily

dissolveinto naturalwaters from mineraldepending on pH, redox, temptnae, and

solution composition(Nordstrom, 2002)Table 4.1 showsthe most common arsien

containing minerals.

Table 4.1: Examples of major arsengontaining minerals in naturgSmedley & Kinniburgh,
2002)

Mineral Composition ~ Occurrence

Native arsenic As Hydrothemal veins

Nicolite NiAs Vein deposits and norites

Realgar AsS Vein deposits, often associated with orpiment, cl
and limestones, also deposits from hot springs

Cobaltite CoAsS High-temperature deposits, metamorphic rocks

Arsenopyrite FeAsS The most bundant arsenic mineral, dominantly
mineral veins

Tennantite (Cu,Fe),AssSi3 Hydrothermal veins

Enargirte CwAsS, Hydrothermal veins

Arsenolite As203 Secondary mineral formed by oxidation

arsenopyrite, native arsenic and other As minerals

Scorodie FeAsQ*H 0 Secondary mineral

Besidesarsenicleachingfrom mineras also soil erosion adds to arsenic contamination.
It is estimated tha812 x 16 and 2380 x 19g arsenidyearis transferred to oceans by the
combined effect of soil erosion and leaahiThus, manyenvironmental arsenic problems
result fromarsenic mobilizatiomlue to natural process@dohan & Pittman Jr., 2007)

The microorganism plays &ssentiatole in the transformation or weathering of minerals
in the geeaqueous solutionTherefore, hesebiogeochemicabrocesses activated by
microorganisms capartially control arseit contamination in groundwatdn Figure4.1

is presented the arsenic circulation in naturélbg et al. 2013.
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Atmosphere

Adsorption-desorption;
Precipitation-dissolution

Microorganism activities;
Redox reactions

Figure4.1. The geochemical cycles of arsenic in natttao, et al., 2018)

In natural waters,raeniccan existn both organic and inorganic forms. Arsenic can occur
in the environment in several oxidation stat8s(@, +3 and +5), but stat® and 0 ar@ot
common

Thearsenic concentrations natural watersranger om | ess t han 0.5 ¢g/
5000 eg/ L. T ygns m dreshwater rae &<0 t @raghiédl and more

commonly €4  argeniél. Groundwaters rarely have high concentrations of arsenic.
However, there are regions where high arsepittaininggroundwaters are common.
Well-known high arsenic groundwater areas befound in Argentina, Chile, Mexico,

China and Hungaryindia, Bangladesh and Vietngi@medley & Kinniburgh, 2002)

The chemistry of arsenic in aqueousstsyns isquite complex. Arseniccan form
oxyanions and itsspeciationis sensitive tdhe aqueous environment's redox state and
pH. In addition, asenic can bind with one or several hydrogen ions, forming
deprotonation series of arsenates and arseAitssnic mobility, or fixation, depends on
the form of oxyaniorfSullivan, et al., 2010)

Arsenic is mainly found in natural wateas trivalent arsenite or pentavalent arsenate
depending on the prevailing redox conditioaspresented ifrigure4.2.
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Figure4.2. Arsenite (a) and arsenate (b) speciation as a function of pH (ionic strength of about
0.01M). Redox conditions haween chosen such that the indicated oxidation state dominates the
speciation in both caséSmedley & Kinniburgh, 2002)

In a reducingenvironment arsenitds found as BAsOs, H2ASOs, HASO:?, and AsG*
as shown in the Pooaix diagram irFigure4.3. However, inpH valuegypical in natural
waters, arsenite only exisas HAsOz and HAsOz". In wates with dissolved oxygen or
oxidizing conditions, arsenate is foures HAsOs, HAsOs, HAsOs®, and AsQ*
(Smedley & Kinniburgh, 2002As the kinetics of arsenic redaractionsare relatively
slow, it is possible to find botloxidation statesimultaneouslyegardless of the redox
condition(Goldberg & Johnston, 2001)
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Figure4.3. Pourbaix diagram for arsenic in agueous solution. fAJ0E 4 mol dn 3 (Sullivan,
et al., 2010)

Of the two naturally occurring forms of arsenic, arsenate As(V) and arsenite As(lll), the
As(Ill) redox state is considerably more toxic.

4.2 Arsenic originating to the mining industry

When arsenic pollution is related to human acfiyithe cause canoften be traced to
mining or miningrelated activitiesA wide range of arsenicontaining minerals have
commercial value by themselves ane associated wittmineralsthat have commercial
value For exampleprincipal sulphide copper oreke chalcopyrite CuFe$ bornite
CusFeS, and covellite Cu@re closely associated with the presenaséniecontaining
minerals. There are alssignificant deposits containing copper arsenide minerals like
enargite, CsAsS, and tennantite GuAssS1o. (Ferron & Wang, 2003)Besides copper
ores arsenic can also be found in relatively high concentrations inlggddng ore
depositsFor example, Borba et al.(2003) studig@zil's most important gold production
region the Iron Quadranglén this region, very high arsenic concentrations are found in
the goldbearing mineral (as high as 4800 mg/Kd)ey estimated thatt least 390000 mt

of arsenic was discharged into the envinemt during the whole history of gold mining
in the regionWhen local surface waters were analysed, they foynib BBOO mgAs/L
(Borba, et al., 2003)

Figure4.4 presentshe arseniccontaminatedquiers and sites with environmental issues
due tominingactivities(red dots)Again, onecan see that the problem is glo{fanedley
& Kinniburgh, 2002)



73

Fairbanks. > oy s -
TS S - Iceland >
a g ° . P e r’ P, = -
Aleutian . -
1Aty D‘;ﬂw" e by 4 g‘m':j’" P R
= us:n‘-:. South-westy @ Oreat Hungaran Plain, d e @ Kamchatka
England @ ."mm\h ugm;
Yetowsione Pn. x_‘ ‘:9 aifax Masst Cerval @ foyna | = ¢ = r} P
Westom U S; 2 Nove Scotia FRancs, Austriy- ki “ /!, Guooiig. Korea
Engfand I e @ China Shand 7 © ®
Don Podro. E  awion T ° &F
Calormia ’ Wm Perinmuia Inaus P, Teral Neps! China €, Kyushu,
- /\" _ Greece 7 Pakistan ~ ) Japan
Baa g =4 Comerca . w&-l K Tatann
\[ Laguren v
o i ( ‘M;'icl“ \ """"""" >\h‘" ¥ Hed River Deita
S~ "> goominks gt B oy PN
Burkina Deltay ' » : Oeha.
ElSsvao'. | 4 e }Wnrmm { N Ev-o, A
oy G).‘. ) @ Rca Phiben, ~ )
— | Traisnd
JY 7 N \
4 '. angeti : M v ¥
nzanka Jd I\ . 7
k \ s o > s '\ R
4 b :
Zurstwe / |
° 4
Areol-;g::; ans Geras /I
Q
/ Brazi /
/'/ &2
Chaco-Pampean Plan ; ,’
Argentina ‘/’ '-Vaé:l;;ﬂ p
-
LEGEND P}
B Assenic-affected aquifers S
® Arsenic related to mining and mineralisation
® Geothermal waters
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Arsenic has no significant economic value nowadayswever,due to environmdal

and process technical reasons, arsenic needs to be removed from ores, concentrates, and
other process streamAs mentioned, arsenic is present in many commeraakgntial

ores, and as a result mining industry is one of the lapgeducers of arsgc-containing
wastewaters, and these effluents need to be treated before discharge to nature or before
the water can be recycled back to process.

Many hydrometallurgical processes produce arseaoitaining effluentand solid waste

In hydrametallurgicd processesarsenic is present in an aqueous solutigmcally in the

acidic form (HzAsOs or H3AsOs) or asdissociation product®f these acidsFrom
hydrometallurgical processem'senic can also h@esent as an oxyanion, not in a cation
form as metal that typically contaminate the mining industry effluent wateos.tkis
reason, arsenic removal requires careful consideration when designing effluent treatment
in mineral processing

Arsenic contaminatiorgan originatan other than hydrometallurgic@rocessesin the
past the dmospheric arsenic emissions frgggrometallurgical processing @opper
minerals by roasting argeltingused to be a far more significant contributoatsenic
contaminationrelated tothe mining and metals industryherdore, atmospheric
emissions of arsenihvave been the focus of pollution control technologies and
increasingly stringent regulatiofSociety for Mining, Metallurgy & Exploration, 2015)
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Modern, wellrun mining operations havdfieient arsenic management processes for
effluent treatmentandtherisk for arsenic release from untreated effluents is e
highest riskto arsenic contamination of surface aground waters is related to closed
mines i.e. legacy mineghistoric and abandoned mine sites) and tailings bonds of still
active mine sitesThe fact thatdrge quantities of arsergontaining precipitates and
tailings arestored in mine sites increadbg arsenigelated riskof the mining industry
These tailings areypically veryreactive due to their small particle size d@hecontent

of reactive minerals, such as pyrite (Ee8Vhen these mine tailings are in contact with
oxygen and wateracidic waters are formed. These acidic wat@entain high
concentrations ofdissolved metals, arsenic and sulphatésidification further
accelerates the leachingtbkesetoxic elementgDinis, et al., 2020)

More than 200 million litres of arsenic and heavy metal contaminated wastewater streams
daiy from the legacy mine sites in the USA aloAs much as roughly 80 million litres

of this wastewaterunsdaily untreated into groundwater, rivers anch@e One of the

most significah environmental catastropbeelated to tailings pond at legacy site
happened in 2015 in Gold King mine site when 12 million litres of toxic tailings escaped
dueto accidentto nearby Animagiver, whichprovides drinking water to Colorado and
New Mexico. After the incidentthe arsenic content of the river water increased64

Hg/L. Thedrinking waterdimit for arsenic in Colorado is 10 pgflEFinley, 2015)

4.3 Arsenic from other industrial sources

Arsenic can enter the water suppliesn industrial processesjasteand chemicals used

in agricuture (herbicides, fettzers, animaifeed additives)lnorganic arsenichemicals

like calcium arsenate, lead arsenate, sodium arsenate, and many otharsedeoger
history in agriculture as insecticides, aquatic weed control, pesticides, and cdttle an
sheep dips to control parasites.

Arsenic basegbesticides were extensively usiedthe second half of the 19th century.

Copper and arsenic compou(feiaris Greenyvas first used in the US in 1885 control

the Colorado potato beetlds usagancreasedjuickly, andalready in1868 its usage

wasa commornpracticein agriculture Calcium arsenate/as useccommonlyin cotton
productionfrom 1920to 1950. Calcium arsenate was also used as a {s@extrum

insecticide throughout the U8.is estimated thatas an example, only in New Jersey as
muchast9 000 OODepduadsenate anofdalcuBarsetae 000 p
contaminated environmefrom 1900 to 198@Murphy & Aucott, 1998)

Arsenic containing animdkeed additives were usgfbr examplein the EU until1999
and in the United States and Canada until 2014 for their grpsetinoting and disease
controlling properties

In Europe and North Americ&hromated copper arsenate (CCA) treated woaslised
for more than 60 year€CA and other Adased chemicals ed as wood preservatives
in the past have contamieat thesoils around the wood preservation facilitiéhe EU
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restriced the use dhese products in 2008ndtheUS Environmental Protection Agency
(USEPA) banned CCAreated wood for residential purgssafter 2003Reimann &
Banks, 2004)

4.4 Arsenic in the drinking water

The health effects of arsenic from drinking water are well documented, so it is known that
arsenic needs to be removed to safe lirhitavever, theemovalof arsenidrom drinking
wateris not onlya technical issue but also an econoanid political issue. In the case of
arsenic in the USA, it has been estimated that the previous maximum limit of arsenic in
drinking water (<50 ug/l) costs 24 million dollaygarly. With the curreht accepted
maximum limit of <10 ug/l, the cost has increased to 270 million dollars. If the maximum
level is decreased to < 2 pg/l, as proposed, the cost would be 2100 million dollars
(Reimann & Banks, @04).

In Figure4.5, one can see the long history of drinking water standards for arsenic in the
USA. In 2002 the USEPA lowered the Maximum Contaminant Level (MCL) for arsenic
in drinking water from 50 to 10 pg/Theenforcement of this neMCL startedn 2006.

1942 1975 1999 2002 2006

US Public Health Standard USEPA adopts NRC critiques

for Arsenic (50 pg/L) 50 ug/L MCL EPA MCL
Effective date
10 pg/L MCL

Compliance date
10 yg/L MCL

Figure4.5. Timeline foradoptingdrinking water standards and reviews for arsenic in the United
StategStone, et al., 2007)

The WHO, the European Union, and several other countries have lowered their
recommended or required arsenic |lpotablet to 10
water suppliers have an eviacreasingneed forarsenic treatment processes capable of

removing arsenic to required lowoncentrations (I®0 pg/l). Table 4.2 is shown

examples of MCL for arsenic in some countries. As an interesting exception from strict

western standards, Canaatdopted a 10 pg/L limitecommendation for arsenic in 2006,

butsome areas like Ontario have kept MCL for arsenic at 25 ug/l.
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Table 4.2: Examples of maximum contaminant limits for drinking water in some countries
(Mohan & Pittman Jr., 200{Halem, et al., 2009)

Country Maxi mum Contaminan
Argentina 50
Bangladesh 50
China 50
Chile 50
EU 10
USA 10
India 10
New Zeeland 10

Figure4.6 is shown how the 10ug/l arsenic limit relates to the limit of other regulated
contaminants. One can see that the requirements for the maximum acceptable level of
arsenic in drinking water are one of the lowest in inorganic componentsedllin
drinking water.There has been discussion abobanges, for example, tuckel and
sulphatedevelsin drinking water The currentimit for SO4 is as high as 250 mg/L, and

even for nickel the double the arsenic limit (20 pg/L).

1000 mg/l ——
chloride
100 mg/l
nitrate
10 mg/l ——
1 mg/| _ 1L fluoride
100 gl | ™"
10 ug/ll ——  arsenic
MTBE
1pg/ll ——  benzene
0.1 ug/I ——  pesticides
0.01 pg/l. ——  benzo(a)pyrene

Figure4.6. Relation of arsenic limit in drinking water to limits of other contaminéftsin &
Ramsay, 2007)
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4.5 Health effects of arsenic

4.5.1 Arsenici toxic history

Arsenic is an element that haachanessentiakole in the history of humankind from

many aspects Al mo st everybody knows when they he
somethingdangerous and highly poisonoudowever, nany forgot that arsenic and

human civilization have a very long joijourney. This short history is based on the article

published in LinkedIn 201@artikainen, 2014)

Arsenic was used in many tinctures, potions, and medications for hundreds of years. As
late as the early 1940arsenic compands were used to tredbr example syphilis. At

that time arsenic mixed with a tiny amount of mercury was the only curerehtihg
syphilis, arsenic was replaced with penicillin when it was introduced as a treatment in
1943. However, the usage of emngc compounds in medicine continued to the 1950s.

Arsenic has a strange effect on human physiglogyery, very small dosest gives a

healthy glow, clear skin, rosy cheeks, sparkly eyes and in geifieealp pear ance 0°
f 1l our i s hiHowgverhvwe the drsenic dose is slightly increastd result is

death The human body and arsenic is a strange couple. When slowly increasing arsenic
consumptionthe human body becomes tolerant to even lethal levels of arsenic dosages.
This was t heerkiey dwl ttthreediacf the 19th centu

By the mid19th centurythearsenic craze was its highesbd the usage was widespread

in external and internal medications and cosmetics. Of the various arsenic compounds,

one of the most commdn ommes Fwawd eff Foswlseorl 'ust i &
of potassium arsenite, KHsOs developed by Dr Fowler in 1786. Fowler's solution was

prescribed in the United States until the late 1950sddpusdiseases from malaria to

syphilis.

Arsenic was not only used medicine and cosmetics. It was used in enormous quantities
in colour pigments, especially in gold pigments (arsenic sulphid&)Aand green
pigments like Emerald Green (mixture of arsenic and verdigris), Paris Green (copper
aceto arsenijeand Schlees” Green (copper arsenite). Green arsenic colours were so
popular from the end of the 1800s to the early 1900s that they were used in everything
from dyeing clothes and wallpapers and making paints. Wallpapers could cobin 1

of arsenicHowever this widespread use of arsenic in various applications caused lots of
deaths due to arsenic poisoni@ne of the first findings of the green pigment toxicity
was related to the wallpapers. It was eventually found out that the humid conilitions
basically everynome in the 19th centugenerated mould to the wallpaper. Mould would
start a biological process that turned arsenic dyes into extremely toxic arsenic gases like
arsine AsH and trimethylarsine.

Il n gener al, Arseni cods ef f gatwirgd uraer itshvingsan h e a |
when it was found out that it could be poisoning beer drinkers. When something threatens
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beer drinkersthere is no limit on resources oungesto find the cure. In the early 1900s,
there vere aseries of strange poisonings thagrey found out to be related to the beer.
Initially, they were assumed to be alcohol poisonihgs the truthwas more horrific.

First, it was found out that the sulphuric acid used in the sugar processes (manufacturing
fructose and glucose for beraking contained high amounts of arsenic. As high content

as 10% of arsenic could be found from sulphuric acid. The reason for arsenic was the
pyrite mineral Fesused for sulphuric acid production. The pyrite that came to England
from mines located in Spain dharzery high arsenic contertloreover,from the pyrite
mineral, the arsenic ended to the sulphuric acid and from the sulphuric acid to the fructose
and eventually to the beer. The second arsenic source contaminating beers was the
arseniecontaining coke wed in a process called malting. Arsenic would vaporize from
the coke and end up to the malhd from malt, it would end up to the be€hus, the
campaign f or AlBO3)rserted and the firs{ rég8l&iéns related to food
safetywere initiated

4.5.2 Health effects of arsenic obtained from drinking water

Arsenic was one of the first chemicals recognized as a cause of cancer. As early as 1879,
theconnection between inhaled arsenic higghlung cancer ratesf theminers in Saxony

were madeA few yearsafter thisjt was learned that medicines containing arsenic caused
skin cancer. In the 19308ndings in Argentina showed that arsenic in drinking water
could cause skin canceand later it became evident that different internal cancers are
caused B arsenic from drinking watéSmith, et al., 2002)

Nowadays, it is a known fact thatorganic arsenic cacauselung cancer, skin cancer,
bladder cancer, liver cancer, kidney cancer, and prostate chigree4.7 is shown the

odds ratio of skin lesions versus arsenic dose from drinking water. Skin lesions are the
first signs of arsenic poisoning and can develop later on skin cévieshida, et al.,

2004)

In Figure4.8 woman from Bangladesh is presenting changes in the skin of her hands due
to arsenic poisoning.
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Figure4.7. The odds ratio for the prevalence of sldsions versus the average arsenic exposure
dose over the paive years [N = 62 (Men: 32; Female: 30)]. Skin lesions are defined as the
existence of hyperkeratosis on the palm or sole and depigmentation of significant areas of the skin
(Yoshida, et al., 2004)

10

Qdds rat

© Lathigra-F.S.P./Gamma, Paris g 4
Figure 4.8. A woman from Bangladeslshows symptoms of arsenic poisonin@iorizon
International Yale University Department of Biology, n.d.)

Besides cancer,tloer symptoms associated witbxposure taarsenic include diabetes,
skin diseases, chronic cough, toxic effectshaliver, kidney, cardiovascular system,
peripheral and central nervous systerfidandal & Swzuki, 2002) A representation of
thearsenic toxicity tdiuman health is shown Figure4.9.
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Dermal Disease

Cardiovascular Disease
Epidemiology —> skin Cancer

Bladder Cancer

Diabetes Mellitus

Cell cycle arrest, autophagy
Cell aberrant differentiation
Cell dysfunction, apoptosis
Cell excess proliferation

Arsenic Cytotoxicity —)

Deletion mutations
Oxidative DNA damage
Genotoxicity ——————— DNA strand breaks

Sister chromatid exchanges
Chromosomal aberrations

Figure4.9. Arsenic toxicity in humangSiddique, et al., 2020)

The World Health Organization has estimated that -kemgn exposure to arsenic
concentrations over 500 pgih groundwater used as drinking water causes death in 1 in
10 adult§Halem, et al., 2009)n addition, theastimated cancer risk at the cutrgiHO
drinking water guideline of 10 pg/ls in the range of 1/1000 to 1/1@Uahter, et al.,
2006)

Consuming eseniccontaminated drinking water is not the orpgssiblesoure of
arsenic.For example,fiarseniecontaining groundwatds used forirrigation, this will

lead to widespreadsoil contaminationand additionalarsenicexposureto humansvia
vegetables grown in that soirsenic is concentrategrimariy in the greenparts of

plants. This means that vegetables like cabbage, where the edible part is the green leaves,
are the source of arsenic. Rita exampledoes not accumulate arsenic since the edible

part is the grainsThe indirect route of arsenic exposurehsotighcontaminatedvater

usedto prepare fooc&nd beveragedn additionto vegetables, animdlased food items

like milk, eggs, and meat can identggtentid pathways for arsenic

4.6 Occurrence of arsenic in drinking and irrigation waters

The maps showm Figure 4.10 and Figure 4.11 present some areashigtharsenic
concentratios in groundwater. Arsenic in drinking water is a global problem affecting
people living in some of the poorestissome of the wealthiest countriéowever, maps

are nowhereear completsince more arsenic is studied, more cases and contaminated
areas are found where people are atdisk tounsafe drinking watgiNg, et al., 2003)
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Figure4.10. Arsenic affecied countries (marked witiark grey (Smedley & Kinniburgh, 2002)

Nepal Unknown
China 720,000

US Unknown

Bolivia 20,000
Argentina 2,000,000
‘Chile 437,000

Taiwan 200,000
Vietnam Millions
Bangladesh 50,000,000
India 1,000,000

Figure4.11. The number of people at risk from arsenic contamingBearce, 2003)

The weltknown caseof widespreadarsenic poisoningaused bydrinking water is
Bangladesh, where several thousands of people are being killed by arsenic poéswhing
millions are suffering from symptoms caused by arsenic. World H@agfanization has
called the Bangladesh tragedy "the biggest mass poisoning of a population in history".
The first cases of arsenic poisoning in Bangladesh were reported in 1983, but now it is
likely that more than six million people in West Bengal and 8bam in Bangladesh are
drinking arseniecontaminated water. It has been estimated that as many as 330 million
people may be at risk in India and Bangladesh compared to 150 makopelieved
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earlier(Kumar, 2003)High arsaic concentrations hawaso been reported in other areas
in southeastern Asia like Rina, Taiwan, and the PhilippinéSmith, et al., 2002)

Asia

In China and Taiwarthe first cases ddrsenic poisoning caused by drinkingter were
found in Taiwan in 1968 andhainland China in the 1980$&medley & Kinniburgh,
2002)

As>0.5mg/L i . I l
ﬁ E “’ Taiggan
e 0.1<As=<0 Smg/L

% 0.05<As<0.1mg/L.

Figure4.12. Distribution of higharsenic areas in ChirfXia & Liu, 2004).

Arsenic has been detected in groundwsate6Southern Nepal and some area¥igtnam
and Cambodiajmiting the use of groundwatexs drinking watef{Bhattacharya, et al.,
2007)

Australia

Arsenic levés exceeding theurrentrecommended levelf 7 ug As /Lin drinking water
(acording to the National Health and Medical Research Council and the Natural
Resource Management Msterial Council of AustralidNHMRC/NRMMC, 2004 are
reported in groundwater gces inmany locations inAustralia (Bhattacharya, et al.,
2007)

North and South America

In Argenting the ChacePampean plain (see figure 8) area estimation of 1.2 million
peopleareaffected by arsenic concentrations extieg WHOrecommendatiofl0 ug/l
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As) as well as local limits (50 pg/l As)Groundwater from wells hasirsenic
concentrations in theangeof 4 to 5300 pg/L. Health problems linkdd the longterm
use of high arsenicontaininggroundwateras drinking wate have been recognized in
the region since 1917. Theadingindicatorsof chronic As diseasa the regiorare skin
lesions However, there is a high occurrence of several internal cancers §Swedley,
et al., 2005)

In South America also Chile and Peru have areas having high arsenic concentrations. For
example, in Chilé Antofagastaabout 130000 inhabitants haween drinking water with

high content of arsenic (800 pg/l) for 12 years from 1959 to 1970. The sourcemtars

is the Tocance River, of which water comes from the Andes Mogn#stithe beginning

of the 1960s, the firgkin lesionsverenoted, especially in children. Nowadayater is

treated to save people. However, recent studies document drskriedskin lesions

and increased bladder and lung cancer mortality in Northern Qhdadal & Suzuki,

2002)

Additionally, in South Americacountries like Bolivia, Brazil, and Nicaragua, have
geogenic sources of arsenic atiterebre risk of contaminated groundwater. In many
countries in South Amerigagroundwater is locally polluted by human activities
(Bhattacharya, et al., 20Q7)

In Mexico La Comarca Lagunera region has contaminated ground wtieXsm#50 pg/l.
More than 40@00 has been exposed to higiseniclevels. In this region, arsenic is
causing permanent risk to human health, animals, andRarda, et al., 2005)

In Canadaarsent concentrations100ug/Lare found insomegroundwatersn Ontario,
Quebec, New Brunswick and Nova Scotia province€anadaFor example,n some
cases, gold mining activities in Nova Scotia have been attributed to high arsenic levels in
local groundwater.In addition, fboding of arseniecontaining mine waters has
contaminated some areas in Can@g&haman, et al., 2008)

Several areas in the USA are faced withdhgenicproblem.The problem is severe in
the USA since the areas with the biggest acgamoblemsalso have limited water sources
Most of theworsearsenic contamination casascur in the soutlwestern states (Nevada,
California, Arizona). Howeverarsenicconcentrationexceedingthe reccomendedO
pg/l are found in thequifers in MaingMichigan, Minnesota, Soutbakota, Oklahoma
and Wisconsinlt has been estimated that in the U8®er 200000 people are in the area
having an arsenic concentration in water >5Qagitl over 2.5 M people are affected by
water having >25 ug/l arsenic amentration(Smedley & Kinniburgh, 2002)Alaerts, et
al., 2001)
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Europe

EU has set guidelines for the quality of water intended for human consumption. The
directive came to force 1998 (CouncilrBative 98/83/EC of 3 November 1998 on the
quality of water intended for human consumption). GAécember 2020, the European
Parliament formally adopted the revised Drinking Water Directive. The Directive entered
in force on 1% January 2021, and thdember States will have two years to transpose it
into national legislation. According to the directive, the maximum level of arsenic in
drinking water can be 10 pg/L.

Arsenic is a widespread problemmanyEU countries, and Finland is not an exception.

In Southwe st Fi nl and wel | waters were studied i
the arsenic concentration varied betweerd&@ pg/l. A more recent study from 2002

analysed the drinking waters from drilled wellsTiampere, Nokia, Pirkkala, Lempaala

and Vesilahti. The average concentrations in groundviraie 237 household wells was

9.7 ,agdLin 17 % of the well s, t he arsenic
(Backman, et al., 2006)

Denmark has problems with groundwater because of some heavy metals and arsenic.
Based on the stud9% of the wellshawe arsenic levels higher than 5ug/l, which is the
current limit in DenmarkFigure4.13 below is shown the problematic areas for arsenic
(Stockmarr, 2004)

T
Arsenic
a>l IJE"l
s <5 pgll

Figure4.13. Occurrence of arsenin Danish water supply wells. Red dots indicate areas where
Ni and As concentrations exceed drinking water stand&tdskmarr, 2004)

Spain has localized arsenic problemsreas of Galicia, Catalonia and Madrid. In 1998,
arsenic concentrations of >50 pg/l were detected in some drinking water supplies from
underground sources in the Autonomous Community of Madrid. The study was
performed to analyze water samples from 3%8ewsupplies in Madridt was found out
that26.3% of the water samples containetiOug As/L (Aragones Sanz, et al., 2001)
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In Italy, Toscanahigh levels of arsenic have been found from groundwater exceeding
WHO recommendabhns several times. Although a national law limitseaic to 10 pg/I,
Tuscany had aexception in many towns in the centre and south of the region to use
water that contained higher arsenic levels until the end of the year 2004. Nowiaidays
required tareatdrinking water to meet EU regulatiofdohnston, 2004)

In Greece, some areas have arsepmtaminated groundwateFor example, in the
Thessaloniki area, it has been estimated that 150000 people use groundwatdotaving
to a high concentration of arsenic. In this area, arsenic has a hydrothermglAagits,

et al., 2001) Another study donéve years later in the Thessaloniki area gave an even
worse prognosis of the arsenic situatinime wells out of 11 had arsenic concentrations
higher than the EU directive indicateand six wells out of eleven had arsenic
concentrations between 10 to 50 udte nedian arsenic concentration was 36 pg/l in
the Thessaloniki are@Katsoyiannis & Katsoyiannis, 20Q6n Chalkidiki, Northern
Greece, a studghowed that almost 65% of the examined groundwater sarhptés
arsenic concentrations higher than the maximum concentration limit of 10 pg/l. Arsenic
concentration igroundwater in the Chalkidiki area varied betweet840 pg/l(Kouras,

et al., 2007)

In Turkey's Hisarcikarsenic levels in groundwater range from 1uetectable amounts

to 3000 pg As/L(Col & Col, 2004) Also, Hungary and Romania have areas where the
groundwater has been contaminated with arsenic. In Hungary alone, it has been estimated
that 400000 people are at risk because of arsEmtaminated water.

Groundwater in eastern Croatia contaiighHevels ofarsenic fronnatural geological
sources. In this part of Croatia, almost 200000 people are daily drinking water with
arsenic concentratios r angi ng f r @abudhaSianit,etal620@) € g/ L

Figure4.14. Arsenic contaminated areas in Crogth avar , et al ., 2005)






87

5 Arsenic removal methods

Several methodsan be applied for arsenic removal from waterd they are either based

on the separation of the soluble arsenic species from water or converting soluble arsenic
species to solid form so that it can be removédgt most commoprocessefor arsenic
removal have been chemical precipitation with iron, aluminium, or calcium chemicals.
However, tiemical precipitation processes afeenunable to efficiently remove arsenic

to required low levels (for examplédrinking water limitof 10 pg As/L)due to the
solubility of precipitated solidsAs a result, alternative technologlg® adsorption, ion
exchange, and membrane proceds@ge been developed temovearsenic to trace
concentratiorlevels. Common to mosirsenic removamehods is that they generate
either solid or liquid toxic concentrated arsenic wasteer@fore, thee concentrated
waste streams need to be treatéth asecondaryprocess(Johnston & Heijnen, 2001)

Tableb.1: Different technologies for arsenic remoyilartikainen, 2008)

STEP 1 STEP 2 STEP 3
As(lll)y A As(V) As removal process or arsenic binding Treatment of
oxidation: process arsenic
containing
waste stream
Biological oxidation Adsorption:
Chemical Oxidation T Iron-based adsorbents
Advanced Oxidation I Zero valentiron
Processes 1 Activated alumina (granular ADs)

Photochemical Oxidatior adsorbents
Fe/Mn coated sand

. — 1
Photaatalytic Oxidation 7 Greensand, rust, etc.
Chemical precipitation (Coagulation-

Flocculation):

1 Precipitation with aluminium salt X
1 Precipitation with ferric salt X
9 Lime precipitation’ Lime Softening X
Electrocoagulation X
Hybrid systems:
9 Ultrafiltration / Microfiltration X
combined with coagulation
lon Exchange X
Membrane processes: X

Microfiltration
Ultrafiltration
Nanofiltration
Reverse osmosis

il
il
il
)l
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The US Environmental Protection Agency (USEPA) has identiffexiseven best
available technologies (BATspresented inTable 5.2. USEPA determined these
technologies to be the BAT for the removal of arsenic in drinking water based on a
demonstration of efficacy under field conditiomglaonsidering the cost of the ttazent.
However, hese BATs are for arsenate (As(V)) and adequag for arsenitgAs(lll))
without preoxidation.

Table5.2: Best available technologies and their arsenic removal efficiency. Percentagalremov
figures are for arsenic (V) removdiohnston & Heijnen, 2001)

Treatment technology Maximum removal-%
lon-exchange (sulphate 50 mg/L) 95
Activated alumina 95
Reverse osmosis >95
Modified coagulation/filtration 95
Modified lime softening (pH>10.5) 90
Electrodialysis reversal 85
Oxidation/filtration (Fe:As=20:1) 80

5.1 Oxidation of As(lll) to As(V)

Most arsenic treatment methods are effective datyremoving As(V), and therefore
oxidation ofarsenite As(lll) to arsenates(V) is needed as a pteeatment stepArsenite
oxidation with natural aeration @prolonged process andt practical for any largscale

arsenic treatment. Several oxidation methods can betasexidisearsenite, such as
oxygen(equation 5.1)ozore, free chlorine, hypochlorit@equation 5.2) permanganate
(equation 5.3) hydr ogen per oxi dé¢Singhaet dl., 26X)ilteo n 6 s
oxidation step mugiefollowed bya removal process such as coagulation, adsortion

ion exchange.

HsASOs + %2 Oy A HoASO,~ + 2HY (5.1)
HsAsO; + HCIOA HAsSOs* + CI + 3H' (5.2
3H3AsO; + 2KMNnOs A 3HASQ? + 2MnQ; + 2K* + 4H" + H,0 (5.3)

Photocatalytic processes have also been proposed for arsenite oxidation. For example,
ultraviolet radiation can catalyse the oxidization of arsenite in the presence of other
oxidants, such saoxygen. Photocatalytic and photochemical oxidation processes are
summarized in the table beldMartikainen, 2004)
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Activation No activation Biological Photolytic activation Catalytic activation
activation Heteroaoeneous/Homogenous
Oxidant Photocatalytic
Oxygen 0, 0, 0,-TiO,-UV:
(aeration) TIO; + h3 A TiOy(h* +e) A h* +HO A H* +90H

TiIO, + hv A TiO,(h* +e)A e+ O, A 50,

0O,-UV : direct photolysis

v
Hydrogen H,0, H,O, | H,0,-UV: Fenton reaction pH<5
Peroxide H,O+hv A H,O,* A 2 SOH Fe?* + H,0, A HO" +90H + Fe3* /
Fed* + Hy0,A Fe?* + H* + HO,®
H,0, Peroxone: - -
04/H,0, Photo-assisted Fenton Reaction : H,0, i Fe?*/Fe3* - UVB
Fe?* + Hy0,A HO™ + %OH + Fe3* | Fe3* + H,0 +hvA Fe?* +H* +90H
Ozone O;5-UV O; 1 ozonationusing
O3 0, Os+hvA O*A O, +O/ 0 + H,0 A solid-bed catalystwith
H,O, +hv A 2 °OH activated carbon
No oxidant H,O 1 VUV
photolysis of water
H,O + hv A H,0f A HO+90H + H* + e

Figure5.1. Summary of different lpotochemical and photoizdytic oxidation processethat are
used in water treatme(i¥lartikainen, 2004)

5.2 Arsenic removal by chemical precipitation

As mentioned earlierrsenic can be treated from wabsr usingchemical precipitation
l.e. coagulabn. The precipitation processs quite simple looking from the surface
However, itis a complex processith several simultaneous mechanisms like forming
precipitates ando-precipitates, adsorptiorprocesses to precipitated solid surfacesd
finally sdid-liquid separation through settling or filtratigRal, et al., 2007)

Removal processesitilizing chemical precipitationare effective but complicated
requiring different process equipment, chemical dosing, and pH ceystams. Also,
the treatment of arsenmntaining sludge can cause extra cdsigure5.2 is presented
the typical process steps required in chemical arsenic precipitation.
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Figure5.2. Arsenic removal by coagulatidnsimplified process example

One of the first implemented chemical arsenic precipitation processes was lime
precipitation (lime softening)Both arsenates and arsenites chemically bond with
hydrated line to form precipitates:

2H3AsO, + 3Ca(OH) (aq.)Y Ca(AsOy):2 (s)+ 6H.0 (5.9
HsAsQ; + Ca(OH) (ag.)Y CaAsQOH (s)+ 2H.0 (5.5)

Lime softening proesses are simple and quite effective for arsenic removal when
operated ahigh pH. However, it should be noted thia¢ lime softening process is not
effective if operatedat or below pH 10According to Sullivan et al(2010), arsenate
Ca(AsOs)2 is lesssoluble than arsenite in the form of CaHAsOhis difference in
solubilities showed thairsenates ammore accessibl® removethan arsenites with lime
precipitation Therefore, midation of As(lll) to As(V) befordime precipitation increase

the remeal efficiency especially in the casegherethe dominant species in wastewater

is As(III).

Lime precipitation processes generate considerable amounts of, slodges disposal is
expensiveThe USEPA Toxicity Characteristic Leaching ProceduC(LP) describes
whether the waste is hazardous or+hazardous before disposal ahd is suitable for
the landfill. When the pecipitates coming from the lime precipitation processe
studied withthe TCLP test, theesults showdthat solids from the limeoftening process
are hazardous wastEPA - United States Environmental protection agency, 2000)

Other common chemicals used for arsenic removal are alu(B8@)s, ferric chloride
FeCk, and ferric sulphate E€Qy)3. Addingiron or aluminiunmsaltsto the wateconverts
soluble As(V) and As(l) species into insolubl@recipitatedspecies. According to
Edwards (1994) one can identify threespecific steps in the chemical
precipitation/coagulation process with iron or alummiteagents:
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1. Precipitation i Formation ofinsoluble arsenic speciéke Fe(AsQ) or
Al(AsO,).

2. Co-precipitation i The inclusion of theoluble arsenic speciegana growing
ferric hydroxide phase

3. Adsorption T Formation of surface complexes betweerubtd arsenic and the
solid metaloxide, hydroxideor oxy-hydroxide surface sites.

Several parameters influence arsenic removal by coagulegimgent type (Fe or Al) and
its dosage, pH, initial arsenic concentration in the water, arsenic speciation) (Asdl|
As(V)), and other impurities in the watiéte trace metals, S&, PO andClI-.

Ferric coagulantsare generallymore effective in removing arsenic than aluminium
chemicals on a weight basis amdore effective over awvider pH range Besides
preciptation of solid arsenic species, also adsorption to freshly precipitated surfaces plays
an important role.When added to water, ferric saftsm solid ferric hydroxide with a
net positivesurfacecharge which isa function of pH. As the pH decreasds humber
of positively charged sites on the ferric hydroxide particles incredsssnate as an
oxyanion is negatively chargethereforejt will adsorb to the positively charged ferric
hydroxide particles by surface complexat{@matby, 2016) Therefore, Bsenic removal
with ferric ions is strongly dependent on the pH of the water. On range- Badsenic
removal decreases with increasing pHFigure5.3 below is shown arseniemovat%

as a function of equilibrium pH when initial arsenic concaimdn is relatively low. In
thisfigure, the ferric chbride dosage with As(V) 100 pglhitial concentration was 1 mg
Fe(ll)/L, with As(Ill) 50 pg/l initial concentration dosage wasn3g/L accordingly
(Meng, et al., 2000)
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Figure5.3. Removal of As(V) and As(lll) in the 0.04 M KNO3 solution undar(<>- ’) and air
(©. @) with ferric chloride as precipitation reagéMeng, et al., 2000)

Song et al(Song, et al., 2006&tudied the treatment of concentrated arsenic waste waters
(mine drainage wateysvith ferric sulphate. Frorigure5.4 one can see that when waters



92 5 Arsenic removal methods

having high arsenic concentrations are treated with ferric coagylagtter removal
rates are obtained at a lower pH.
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Figure5.4. Arsenic removafbe as dunction of pH. As(V) concentration 5.07 m¢8ong, et al.,
2006)

Figure5.5is shown the effect of two different ferric coagulant dosages on arsenic removal
efficiency. Lower pH andigher ferric coagulant dose increased arsenic removal. There
were no significan differences in ferric species;oth sulphate and chloriceased
coagulantperformed inthe same manneiThus, reachinghe drinking water maximum
level of 10ugAs/L, but requéd significant overdosing @érric coagulant.
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Figure5.5. Removal of As(V) with different dosages of ferric sulphatg)(or ferric chloride
(botton). The initial arsenic concentration was 42 ug/l. Sspvere filtered after coagulation
with a 0.22 um membran@lan, et al., 2002)

When utilizing chemical precipitation processes for arsenic remanaayother removal
methods consideration must be given to the disposawakte generated by these
processedVaste streams from these processes may meet the critdrvé@éodous waste

This means thahe leachate produced by the Toxicity Characteristic Leaching Procedure
(TCLP) test of the arsenmontaining waste must comieb.0 mg/L of arsenic or leder

waste to be suitable for disposal in a landfillthe arseniecontaining waste doeasot

meet the TCLP requiremerthe disposal has to be done according to hazardous waste
material increasinghe cost of the whole treaent process consideral{Bratby, 2016)
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5.3 Arsenic removal by ionexchange

The ionexchange mediumused for arsenic in oxyanion forare usually synthetic
strongbase typs of resirs. These resins can remosaesenate (As(V)jrom the wateto
<1 ¢ g reAidual level

When using iorexchange processesijdgtcrucial to take into account arsenic speciation.
For example,n natural water pHlaround pH6 pH9), arsenatespecies are in ionic forms
(H2AsO4' and HAsQ? ), while arsenite species tharte found, for example from deep
groundwatersarein molecular forms (BAsOs or HAsQG,). Because of this difference in
speciation ion-exchangeprocessesire not effective foarsenites Therefore oxidation
from As(lll) to As(V) must be done before argeremoval with iorexchange.

The arsenic exchange and regeneration withsthadardsalt solution are as follows
(Johnston & Heijnen, 2001)

Arsenic exchange:

2R-Cl + HAsQ? 2 R,-HAsO, + 2Ct (5.6)
Regeneration:
R>-HAsSO, + 2Na + 2Chz 2R-Cl + HASQ? + 2N& (5.7)

With chlorideform resins, regeneration is typically donevith concentrated NacCl
soluion. Only a few bed volumesf salt solutionis typically required toregenerate the

resin Of course, the volume needed depends on the strength of the salt solution.
Regardless of resin type, arsenic is easily removed fromxohangecolumnsasit is
subject to selectivity reversal in high ionic strength (> 1M) solufitA - United States
Environmental protection agency, 2000)

Also, HCI solution can be used ftineregeneration of the chloriflerm resin. When an
HCI solution is used, the arsenic anions are transformed into arsenic gssDgH The
regenerationwith HCI is considered to be morefficient. The mechanism can be
presented as followssa, et al., 200):

Roi HASO, + 2CF + 2H' 2z 2Ri Cl + HzAsOs (5.8)

Also, weakbase anion exchange has been studied for arsenic redatadly conducted
by Awul & Hossain (2012) showed that the wdadse adsorbents prove to beeséle

to As(V) over the competitive ionsf chloride, nitrate, and sulfate anions. The solution
pH played aressentiatole in As(V) removal, and a higher ghiminished theadsorption
capacitiesignificantly. Adsorbed As(V) was quantitatively eluted with 1 M IH(Cid.In
theFigure5.6 is presented their results done with wdxalse iorexchange. One can see
that the performance is dinished as the pH increases towatdstypical drinking water
pH range of pH6.5 to pH8@wual, et al., 2013)
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Figure 5.6. Equilibrium As(V) adsorption as a function of equilibrium pH in the presence or
absence of common competing anionsexchangers: Dan WA20 (a) and Diaion WA30 (b).
Solutions: 0.010 M As(V) solution at various pH values in the presence or absence of competing
anion; equilibration: 30 °C for 24 h; competing anions: 0.010 M of XBD5', and S@ '(Awual,

et al., 2013)

The major problem ofutilisingion-exchange processés arsenic removak the spent
regenerate containinghagh concentration of arsenithese concentrated toxic arsenic
solutiors need to be treated separatblgfore these streams can be safely disposed.
Typical treatment processes are chemical precipitation with lime or ferric chemicals.
Precipitate coming from the ieexchange process is considered to be hazardous waste.

Sulphats in the influent form @ditional risk whenusing the ionrexchange process
especiallyfor drinking watettreatmentArsenate is weakly held by anion exchange resins
andeasily displaced bgulphate Therefore, an increase in sulphate concentratiag

resut in high concentrations of argerpotentially ending up among the treatithking

water asarsenicis displaced by competing anions. Therefore, care must be taken when
employing anion exchange resin as the prir@senic removal methddom drinking
water(Dupont, 2021)

5.4 Arsenic removal by membrane techniques

In recent yearsnembrane technologidsve become more populdor drinking water
treatment due to their simplicity, versatility and constantly decreamg cost of
membranes. In principle, the membrane process does not need chemidhle as
contaminant separatias carried out solelypased ormolecular sizgSiddique, et al.,
2020) However, membrane processes generate liquid wastes niogtaoluble
impurities in a concentrated fortf membrane techniques are used in arsemwoval,

there is the same problem as with-exthange processes; one needs to have a separate
treatment process for concentrated toxic arseaitaining waste stams
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The most popular pressudeiven membrane filtration processes aegerse osmosis
(RO), nandfiltration(NF), ultrafiltration (UF), andmicrofiltration (MF). Classification of

the membrane processes is presenteldiganre 5.7. From the figure, one can see that
reverse osmosis (RO) and nanofiltration (NF) membranes are suitable for removing
dissolved arsenibased on its sizevhich is in théimetal ior>-fi a g u e 0 Bizerasga | t O
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Figure5.7. Pressuralriven membrane process classificatjgfA - United States Environmental
protection agency, 2000)

Reverse osmosisan remove arsenic efficiently, bitifs energyintensiveand has &igh
operational costNanofiltration is basedon size sieving and Donnan exclusiand
effectively rejects multivalent ion8ecause of thegaroperties nanofiltration is a more
attractive separation technology for arseniicrofiltration is a low pressre-driven
filtration process, and therefore its operational cost is lower than reverse osmosis or
nanofiltration. However, MF alone isot efficient for arsenic removal as allows
multivalent iors to pass through the membrane po(8&ddique, et al., 2020)

Nanofiltration membranes (NF) have sho@&to 99% rejectionperformance towards
arsenate A%) ions. Howeverstudies withNF membranes show that thegnnot reject
more than 10% to 60%f As(lll). Therefore preoxidation of As(lll) to As(V) is needed
Largescalearsenic removaapplicatiors based on Nfave not yet been implemented
due tothe limited longterm durability of membranesAlso, issues related to NF
membrane fouling isincreasing operational cost oveonventional technologies
(Woroua, et al., 2021)

MF and UFmembrane processese operated under low pressuaad they are not
recommended as it is for removal of arsenic due to the limited possibility of separation.
However, asenic can be removed with MF or UF membranesoifnbinedwith a ferric
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or aluminium coagulantor example, wh the MF processhe removal of arsenic was

only 8% from the influent concentratidout when combined with Ferric chloride dosing

the removal ree increased to 785%. Similar results for arsenic removal have been found
using an integrated UF system with activated alumina adsorbent. In both cases, it was
found out that the removal of the strongly adsorbing As(V) was much greater than the
poorly adorbing As(lll) (American Water Works Association, 2016)

5.5 Arsenic removal by electrocoagulation

Electrocoagulation invater treatmenthas been employed for more than 100 years as the
first electrocoagulation treatment plantsmauilt in London in 1889. In 1909, in the
United States, J.T. Harries received a patent for wastewater treatment by electrolysis with
sacrificial al umi ni um and i ron anodes.
electrochemically dissolved aluminium ions irdolution and reacted them with the
hydroxyl ions formed at the cathode to form aluminium hydroxides used in the 1940s

for water treatment. Electrocoagulation (EC) is a process where reagents/coagulants are
generated in situ by an electrical dissolataf electrodes. The metallic cation formation
occurs at the anodehile hydrogen gas (b is typically formed at the cathodélansen,

et al., 2007)

The chemistry in arsenic removal by electragulation is similar to inraenic removal

by chemical precipitation. The same principkasply: the chemical reagent (ferric
chloride or aluminium sulphate) is mixed with the arsexintaminated water. After a
specific timethe precipitated particles need to be removed from i@ by settling,

filt ration, andbther processes. In electrocoagulation, the chemical reagent is formed with
the help of the applied electric current and the sacrificial anodes (iron or aluminium)
(Ucar, et al., 2013)

During the electrocoagulation process with iron electrodes, many iron oxide and
oxyhydroxide species are formed like green rust (layered Heg(l)l) hydroxide),
Hematite (FeOs3) , Ma g h-leex®d), Magnetite (FgDa4), Lepidocrocite §-FeOOH),
Ferrihydrite(hydrous ferric oxide, E©:*0.5H,0) and GBe®®OH)(Mdreno, ¢t U

al., 2009) Strong adsorption properties of th@sa oxyhydroxides and oxides have been
observed in electrocoagulativelated studiestEmamjomeh & Sivakumar, 2009)
Layered Fe(lhFe(lll) hydroxides have an internal surface araad therefore, these
particles have both reactivity and a specific surface for interacting with agueous arsenic
speciegMoreno, et al., 2009Besides ferric hydroxides, Ferrihydrite and Goethite have
also beerstrong arsenic adsorbing agents (Jain, Raven & Loeppert, 1999, Kumar et al.
2004).

Lakshmipathiraj et al. (2010) proposed that the following interactions betwaeaxy
hydroxide and aqueous arsenic species take place in variable conditions:

FeOOH + HAsOs A FeOHAsQ + H.0O (5.9
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FeOOH + HAsOs A FeOHAsQ + OH (5.10)
3FeO0OH + HASGF A (FEOASO, + H,0 + 20H (5.11)
Fe(OHY + H,AsOS ¥ FeAsQ + 2H,0 (5.12)
FeOOH+ HzAsO: ¥ FeOHASO; + Hz0 (5.13
FeOOH+ H,AsOs ¥ FeOHAsQ' + H.O (5.14)
FeOOH+ HASO2 'Y FeOAsQ? '+ H,0 (5.15)

According to Lakshmipathiraj et al. (2010), the surface of irontopdroxide (FEOOH)

is negatively charged above pH 7.8 in aqueous solufidns valueis consistent with the
isoelectric point of other mineral phases such as Magneti#@®{Fand Lepidocrocitex
FeOOH. The presence of arsenic, either afrivalent or pentavalent igrshifts the
isoelectric point (IEP) of iron oxitydroxide towards thacidic region. This indicates the
interaction of both arsenic species arsenite and arsenate with the iron oxide / oxy
hydroxide precipitate. Kumar et #004)also reported that the electrocoagulafi@sed
arsenic removal process had not only very WgllV) removal efficiency but also high
As(Ill) removal efficiency. They concluded that the reason for this is in the
electrochemical mechanism; in the EC process occurs the simultaneous oxidation of
As(Ill) to As(V) and removal of oxidized species by agision/complexation with metal
hydroxides generated in the same process. Thessigadicant findings as separate
As(Ill) oxidizing step could be avoided when utilizing electrocoagulation for arsenic
removal.

Arsenic removal by electrocoagulation has rbesudied e.g. from groundwaters,
drinking waters, copper refining industry effluents, and abandoned mining area waters.
Arsenic has been present in both As(lll) and As(V) forms in these soluéindst can

be reduced at least by 99% from its initiahcentration®f 5 to 100 ppm depending on

the treatment time and current dengltgkshmipathiraj, et al., 2010Yhese results are
supported by Hansen & Ottos€p010) and Ali et al.(2012) who observed arsenic
removal ratesibove 99% in their studies from the initial arsenic concentrations of 5 ppm.
The removal rate depends not only on operational parameters but also on arsenic
concentration in the feed solution.

Martikainen et al. (2016) studied continuous arsenic removeldzyrocoagulation using
industrial gypsum saturated wastewafeacium 749 mg/L and sulphate 1832 mg/L)
using sacrificial iron electrodeérsenic removal was tested withreedifferent current
densities andhree different retention times. The wasteem had an initial total As
concentration of 8.53 mg/L and pH7.8. Arsenic was in the form of As(lll). Results of the
continuous EC testes are showrkigure5.8. As the retention time of the wastewater in
the eleatocoagulation cellncreasesthe residual arsenic concentration decreases in all
current densitiesThe dfect of the retention time is diminished as the current density
increases.
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Figure 5.8. Arsenic remwal from the gypsum saturated wastewater with continuous
electrocoagulation. The initial arsenic concentration was 8.53 mg/L in all of the test cases.
(Martikainen, et al., 2016)

Martikainen et alalso studie@rsenic removdtom mineral processing wastewater to be
recycled back to proces$he arsenic content of the process water increases due to
constant reuse of the water. Arsenic removal by electrocoagulation from recycled process
water containing 1.61 mg/L total arsemias tested with the continuous process having a
retention time of 43sand the current density was varied between 372/fm 54 A/m

(Figure 5.9). With the highest current densityhe residual arsenic concentratiovas

below the drinking water limitof 10 pug/L. Even with the lower current density of 45
A/m? the water quality was good enough to be recycled back to the probess.t is

evident that with electrocoagulatiamme can treat even low concentratiogeaic waters

and reach very low residual arsenic levels if needed.
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Figure 5.9. Arsenic removal from recycled water from mineral processing with continuous

electrocoagulation. Residual arsenic as a funafaurrent density. Initial arsenic concentration
was 1.61 mg/L in all test cas@dartikainen, et al., 2016)

Lakshmipathiraj et al. (201Q@¢stedthe solid waste fronthe electrocoagulation process
according taheUSEPA TCLPest Tests confirmed that the solid waste generated during
the arsenic removal with the electrocoagulation process is not hazardous to the
environmentand can de be disposed to landfilhkshmipathiraj et al. also noted that the

EC processorms less sld wastethan conventional chemical precipitation processes
(i.e., aluminium or ferric salts). A similar conclusion wasace by BarrereDiaz et
al.(2018) One of the main drawbacks of using chemical coagulatitreitarge amount

of solid waste coming ém the precipitation procesBlectrocoagulation produces about
half thesolid waste compared tthemical coagulation.

5.6 Arsenic removal by adsorption

The different binding mechanisms of arsenic with metal oxides, hydroxidas

oxyhydroxidesarereferredtoa s 6 a d sHoweper ligamdeXchange, chemisorption
and surface precipitation couldchnicallybe more precise termglohnston & Heijnen,
2001)

Ligand exchange

In arsenic adsorptiornthe sirface complexatioris the primary mechanism.In this
mechanism, the surfabgdroxyl groupsareexchangd with arsenic ionsThis exchange
is stronglydependent on pHlhe surface compleformed between the metal and the
arsenate anion strong and not easily reversed. However, reafereaction happens at
high pH due to the increased numbehwfiroxide ionsin the solutionStumm, 1992)
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Figure5.10 shows the formation @t binuclearbidentatesurface complex on metal
oxyhydroxide surfacewvhen the arsenate (#AsO.') ligand replacse two surface
hydroxide ligandsWhen the adsorption of arsenic ani@kes place on the surface,
simultaneously happens thelease of OHons Thereforeadsorption isnore favourable
a lower pH valuesvhere excess hydrogdaons consume theeleasechydroxideions
(Lakshmanan, et al., 2008)
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Metal Competing ligands Arsenic Hydroxide
for arsenic: adsorbed on:
FeOOH Silica FeOOH
AIOOH Phosphate AIOOH
TiOOH Vanadate TiOOH
ZrOOH ZrOOH

AlOOH—aluminum oxyhydroxide, FeOOH—iron oxyhydroxide, M—metal, TIOOH—titanium
oxyhydroxide, ZrOOH—zirconium oxyhydroxide

Figure5.10. Mechanism of arsenate ligand exchange on the surfabe afietal oxyhydroxides
(Lakshmanan, et al., 2008)

Besides the binuclear bidentate surface comple& arsenate ion can also fomn
mononuclear bidentate surface complex and the unstable monodenias presented
in thefigure bdow (Song & Li, 2020)

0 0 0 —0 0
I / N\ /7 N /
S— O—As—OH S As As
&) N AN 7\
H O OH §—O OH
(a) Monodentate (b) Mononuclear bidentate (¢) Binuclear bidentate

Figure5.11. Arsenate surface complexg&dong & Li, 2020)

Goldberg & Johnston (2001) studied arsenic adsorptiamtwrphous iron and aluminium
oxides. They concluded that the arsenate (As(V)) forms innersphere surface complexes
on amorphous Al and Fe oxides. Arsenite (As(lll)) forms both Hamelr outersphere
surface complexes on amorphous Fe oxide and -sptesre srface complexes on
amorphous Al oxid¢seeFigure5.13). The innersphere complexes form through ligand
exchange, while the outsphere complexe®rm through electrostatic interactiomhe
Figure5.12 presents the outaphere complex and innsphere complex.
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Figure 5.13. Arsenite surface complexes a)intsprthere complex and b)outgphere omplex
(Song & Li, 2020)

Surface precipitation

Adsorption of arsenic through surface precipitatioechanism follows three steps. First
happens the previously mentioned formation ofarseniciron surface complexAfter
this, F€* dissolves from the surface, followed by tieeadsorption oflissolvedFe** on
the surface complex. After that;sanicwill adsorbon the cations agaiihis repeating
process will result imslowbuild-up of a surface precipitat&he nechanisms presented
in theFigure5.14.
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The adsorption for arsenic removal is an attractive option due to the simple and easy to
operate process and minimal sludge production. Several adsorptive media have been
reported to remove arsenic from drinking water:

Activated alumina

Clay minerals

Zeolites

Activated bauxite

Activated carbon

Iron and manganese coated sand

Iron oxides oxyhydroxides, and hydroxides
Titanium hydroxides and oxides

Many naturabxide and hydroxideninerals

=2 =2=4_-0_49_49_9_°5_-°
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Iron, aluminium and titaniumbasedadsorptionrmaterials are amondpe¢ most effective
adsorbents for their strong affinity to arseniontbased adsorbents have been intensively
studied over the years for arsenic removal from aqueous solutions. There are more than
sixteen common iron oxidesand hydroxides and almost alif them have been
investigated in arsenic removdlhe nost common iron oxides and hydroxides in these
studies include Ferrihydrite (F@A 0 ..®),HG0 et hiiFteeDOHY , AkBganeit e
FeOOH), LepiFe®OH)c iand -AL®MGdng & L&, 20R0YDue to
intensive scientific studies;an compounds (both oxides and hydroxides) are nowadays
widely used adsorbents for arsenic rempaat theyhave higher removal efficiency at a
lower cost than many other adsorbentsaddition, iron-based adsorbents have a strong
affinity for areenic under natural pH conditioflslohan & Pittman Jr., 2007)

Aluminium, similarto iron, has a strong affinity to arsenikherefore, advated alumina
(Al203) is dassified among the best available technologies (BAT) for arsenic removal
from water by the United Nations Environmental Program agency (U#&han &
Pittman Jr., 2007)

Titanium dioxide isan interesting alternative for a¥mic adsorption as it has a strong
photocatalytic behaviour anithereforeis capable of oxidising\s(lll) to As(V). The
potential for oxidising As(llljs essentiabs removal of As(lllspeciess typically more
complexthan As(V). Besides the oxidatiorogential, TiQ has shown a high arsenic
adsorption capacitgSong & Li, 2020)

Table 5.3 below shows the adsorption capacities of different oxide and hydroxide
adsorbents ere composed of the data presed by Banerjee et al. (2008), Hao et al.
(2018), Moahn & Pittman (2007), David & Mmereki (2018).
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Table 5.3: Adsorption capacity of differennetal oxide and hydroxidadsorbers studied for
arsenic removal.

Adsorbent pH Adsorption Adsorption
capacity [mg/g] | capacity [mg/g]
As(lll) As(V)
Ferrihydrite FeOsA 0 .. H 3 - 146.9
Ferrihydrite FeOsA 0 .. H 6.5 125.5 67.7
Ferrihydrite FeOsA 0 .. H 7 - 68.8
Go et hRe®CH U 5.5 12.5 -
Go et hFe®aH U 6.5 7.4 2.9
Goet hAe®CQH U 9 26.8 -
Go et hFRe®QH ndhoparticles 3 - 76
Ak ageireOOd b 7 32.6 29.1
He mat-FeDe U 6.5 5.3 2.9
Jarosite (HO)Fe(SQy)2(OH)s - 21
Magnetite FeOs - - 3.65.0
Magnetite FeOs 7 92.9
Magnetite FeO4 nanoparticles 5 16.6 46.1
Fe:0,-RGO-MnO, composite 7 14.0 12.2
Granular Ferric hydroxide Fe(OH) | 6.57.5 - 1.1
Iron-modified activated carbon 6 38.8 51.3
Nano scale zergalent iron 7 2.5 -
Ul'tr afeOne U 7 - 95
Maghemite (FgDs, -Fa0s) 3 50.0
Muscovite)( KR ( 4255 2.9 -
Activated Alumina A}Os 6.9 3.48 -
Activated Alumina A}Os 5.2 - 15.9
Activated Alumina A}Os 6-8 - 25
unmodified Alumina AlOs - 0.9 0.6
Granular activated Alumina ADs - 3.5 15.9
Granular TiQ 7 32.4 41.4
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6 Materials and methods

6.1 Chemicals

In experiments simulating drinking water treatment, the phosphate and arsenic test
solutions were prepared by adding a commercial standard solution-&xabanged
water or the City of Oulu drinking wateFhe diemicals used are presentedable6.1.

When neededhe pH was controlled with 1 M NaOH or H@iluted from p.a. grades.

Table6.1: Chemicals used.

Element Chemical

PO& KH2PQOy (s)

As(V) ArsenicAAS standad solution 1000 mg/l As(V) in 1 M HNO
As(IIT) Arsenic AAS standard solution 1000 mg/l As(lll) in 1 M HCI

6.2 Analysis methods

Phosphorous wanalysedy the Dr Lange method with Photometer (Dr Lange CADAS
30). Arsenic wasnalysedusing a spectrophotometgPerkin ElImer 5100) and Flow
Injection Analysis System (Perkin Elmer FIAS 400) by the mercury hydride mdthod.
few cases here metal analyses were needed, it was done by Graphite Furnace Atomic
Absorption Spectrometer (Perkin Elmer AAnalyst 600)H®y$tandard addition method.
Higher concentrations of elements weanalysedwith Flame Atomic Absorption
Spectrometer (Perkin Elmer 4100) or Inductively Coupled Plasma Optical Emission
Spectrometer (Perkin EImer OPTIMA 3200 DVhe simmary of the chemitanalyses

is presented ifable6.2 below.

Table6.2: Detection limits for analyses methods used in this work.

Element ICP-OES GF-AAS FIAS Dr. Lange
Detection limit Detectionlimit Detection limit Detection limit
[mgiL] [mg/L] [mgiL] [mgiL]
Arsenic 0.1 0.0125 0.001

Phosphorus 0.001 0.05
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The chemical composition o$olid samples as analysd using XRay Fluorescence
(Philips MagiX). X-ray diffraction (XRD) was used to identifiie phase composition
and crystallinity of the adsorbents (Panana

According to the classical BET method, the specific surface area was determined with
Gemini VIl 2390 Surface Area Analyzérhe particle size distribution of the adsorthen
granules was analysed with sieve series.

6.3 Characterization of adsorbentsused in the experiments

The main focus of this work was to studgvelopedovelgranulanron-based adsorbents
named IRONL and IRON2 and compare these products dcommercially aleady
available granulariron-basel adsorbents. The production of granularaldsents vas
scaled from laboratorgcaleto semiproduction scale so that the tested new-based
adsorbents would biilly comparable to existingommercial productsA simplified
flowsheet is presented Figure6.1. The process steps are as follows; neutralization of
ferric sulphate to precipitate ferric oxide/hydroxide, filtering, washargl drying the
precipitate. The final step wélse granulation of the dried precipitate.

Ferric sulphate :I/

Reactor 1 Reactor 2 %[ Filter & wash ]ﬁ'ﬁ Granulation

Figure6.1. lllustrative flowsheet of the manufacturing of granular ibased adsorbent.

pH control pH control

Totally seven irorbased materials (IROM to IRON7) were analysed anckdted.
Samples IRONL and IRON2 werethe developmental productsdsorbentdRON-3 to
IRON-7 are commercial readily available irbased granular adsorbents. Samples
IRON-4, IRON-5, and IRONG6 aremarketedor phosphate adsorptiofypicalphosphate
remowal applications for these products are aquariums, lakeragisns and the
phosphateolishing of wasteaters.In addition, asorbents IROMN8 and IRON7 are
specifically developed and marketed for arsenic remodatypical arsenic removal
applicationfor these adsorbenis the drinking water treatment.

To better understanthow thesetwo developmental products IRGN and IRON2,
perform additionalcomparisortesting was done witgypsum, A}Os, and TiQ T based
adsorbents as described below.
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GYPSUM1 adorbentwasproduced explicitlyn this workby granulaing gypsum and
iron-containingsolid wastefrom the titanium dioxidéndustry with the same granulation
process as was used for producing IROANd IRON2 adsorbentdt has quite high iron
contenf so it might have been more suitable to include it in dbased adsorbents,
however, its composition varies considerably from-based adsorbentso in this wok,
it was cat egoebaseda d d o a Bhe GYPBYMR2 anththe GYPSUM
adsorbentsra commercial adsorbentzrgeted fophosphate removal. The GYPSUM
product is based on a natural mineaald GYPSUMS3 is manufactured through chemical
precipitation.

Two aluminium oxidebased products and two titanium dioxiolesed products were also
testediAI203-10is a commercial granula 2Oz adsorption produatxplicitly aimedat
phosphate removaRAdsorbentfiAl203-20 is based orsolid wastematerial fromthe
aluminium industry This adsorbentvasproducedoy the same granulation processed

to produceRON-1 and IRON2 granular adsorbentso binder was used theii Al 2 O3

2 0 ad s granidatiam fprecesd he dea with theseery low-costii wa s éanel &g 0
was thatit would be interesting to see how they compare to adsorbents produced from
virgin materials

The third comparison group was titanium dioxidea s ed a d 3I0Z1b st s .
commercial titanium dioxiddased granular adsorbent aimed for arsenic renfoval
drinking water fiTI0O2-20 adsorbent was producdaly granulating widely available
commercial TiQfood-gradeanatase pigment with CaG@@s a bindeagainwith the same
granulation processsed for producing IRON IRON-2 granular adsorbents.

All the adsorbents mentioned above were not used in every expefuite focus was
on IRON1 and IRON2 adsorbents, and suitable comgams samples were selected
depending on the test under evaluation.

Physical analyses of adsorbents are shovabile6.3, andFigure6.2 showsphotograpk
of some of the granular adsorbents.
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Table6.3: Physical analyses of adsorbents

Specific Sieve Size Apparent
Sample name Surface Area D50 Density
[m?g] [mm] [kg/L]
IRON-1 81 1.50 1.26
IRON-2 110 0.90 1.20
IRON-3 190 not analysed| not analysed
IRON-4 290 151 0.81
IRON-5 310 1.26 0.71
IRON-6 130 not analysed| not analysed
IRON-7 120 0.76 0.51
GYPSUM1 23 not analysed 0.89
GYPSUM2 not analysed| not analysed| not analysed
GYPSUM3 200 0.98 0.60
AL203-1 320 1.9 0.83
AL203-2 220 not analysed 0.52
TIO2-1 240 not analysed 0.84
TIO2-2 160 not analysed 0.70

T ke

Comparison sample 2-4mm

‘\wm»h-

IRON-5 o
Sk ‘1%%.‘«. ... \ .
g0 i N
" '&{w“ -

IRON-7

Figure6.2. Photograph of some of theadsorbents AII tested products veeralaged products.



111

Examples of particle size distributions of the adsorbents are presented below. Particle size
was analysed by sieve series.

IRON-1 IRON-4
60 60
= =X
c =
o =]
340 AN 340
/\ g
o =]
w w
= \ =
0 4 / i :
0.00 0.50 1.00 1.50 2.00 0.00 0.50 1.00 1.50 2.00
Sieve, mm Sieve, mm
IRON-7 GYPSUM-3
60 60
* £
C [
©o =l
__a 40 g 40
B /T\ B _
o o
s |/ |\ s
=1/ T\ =17
/ \i/-\ P/{ N T~
0 - 0!
0.00 0.50 1.00 1.50 2.00 0.00 0.50 1.00 1.50 2.00
Sieve, mm Sieve, mm

Figure6.3. Examples of particle size distributions from #ieve analyses of adsorbents. All
tested products were granulated products.

Chemical analyses of adsorbents are shownabie 6.4. Three products, namely
GYPSUM1, GYPSUM2, and GYPSUMS3, differentiate fronthe rest of the materials.
These three products contain high concentrations of different elements. In the case of the
granulated waste product, GYPSLBM iron is asignificant part of the product's
composition
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Table6.4: Chemi cal anal yses of adsorbent s, nd=conce
ftfi= not measured.

Sample | Moisture | Fe | Ca | Mg | Mn S Cl Al Si Ni Cr

name [%] [%] | [%] |[%] | [%] | [%] | [%] |[%] | [%] | [%] | [%]
IRON-1 175 44.7/0.28/2.33| 0.05| 205 | nd [0.08| 0.19 | 0.003| nd
IRON-2 15.7 42.110.26(2.20| 0.08 | 1.59 | nd [0.06| 0.19 | 0.020| nd
IRON-3 13.7 57.4/0.05| nd | 0.24 | 0.04 | nd |0.02| 0.03 | 0.023| 0.016
IRON-4 41.6 36.7/0.07| nd | 0.09 | 0.06 | 1.08 | 0.04| 0.02 | 0.008| 0.003
IRON-5 45.3 34.6/0.02| nd | 0.02 | 0.07 | 1.08 |0.03| 0.02 | 0.0®| nd
IRON-6 6.1 59.4|/0.19|0.24| 0.19 | 0.04 | 0.31 | 0.03| 0.02 | 0.026| 0.013
IRON-7 4.4 58.3/0.29|/0.13| 0.31| 0.05| nd |0.28| 0.07 | nd |0.023
GYPSUM1 13.9 11.2|18.4{1.06| 0.56 | 9.57 | nd |0.26| 0.21 | 0.012| 0.074
GYPSUM2 - 45 |24.4/0.55| 0.03 | 6.75| 0.02 |1.83| 3.83 | nd |0.010
GYPSUM3 4.6 43.7/5.66{0.47| 1.46 | 0.04 | nd [0.13]| 5.31|0.009| nd
AL203-1 4.1 nd | 0.04| nd nd nd nd |52.9] nd |0.005| nd
AL203-2 1.9 0.02| nd | nd nd nd nd |52.9| 0.02 | 0.005| nd
TIO2-1 - 0.02| 2.8 | nd nd | 242 | 0.01 |0.05| 1.13 | nd nd
TIO2-2 - 0.08]| 3.7 | nd nd | 239 | 001 | nd | 0.23 | nd nd

Titanium was analysed from the TI€d2and TIO2; TIO2-1 had 51.8%and T1022 had
52.1% of titanium. Titanium was not detected on other samples.

XRD analyses (see appendix 1) showstmmificart difference between products. Some
of the materials hava very crystalline structuyend some are very amorpho&sr
example, iornrbased adsorbents IRGBto IRON7 have crystalline structuresut the
IRON-1 and IRON2 samples have an amorphous structline table also presents the
estimation of the adsoeit composition (significant componentsgsed on chemical
analyses and the XRD findings.
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Table6.5: XRD analyses of adsorbents

Sample name Crystallinity XRD i main components
IRON'l amorphous "'70% Goethlt&J-FeOOH, "'30%
Hydronium jarosite (ED)Fe&(SOs)2(OH)s
IRON-2 amorphous ~80% Go &¢O0H,t-20% U
Hydronium jarosite (EO)Fe(SOQy)2(OH)s
IRON-3 crystalline ~50%]Iron Oxide FgOs, ~50% GoethiteU-
FeOOH
IRON-4 crystalline ~100%Goethite-FeOOH
IRON-5 crystalline ~100%Goethite-FeOOH
IRON-6 highly crystalline ~100%G o e t hFe®@CH U
IRON-7 highly crystalline ~100%G o e t hFe®@CH U
GYPSUM-1 crystalline ~75% Gypsum C8Qy*2H:0, ~25%
GoethiteUFeOOH
~30%Calcite CaC@ ~20%Gypsum
GYPSUM2 crystalline CaSQ*2H,0, ~10%Quartz SiQ, ~40%
Ettringite CaAlz(SQy)3(OH)12*26H,0
~10%Calcium Oxide CaO:2%
GYPSUM3 amorphous Manganese Oxide MnG-10% SiQ, ~70%
GoethiteUFeOOH
AL203-1 crystalline ~100%Aluminium Oxide AbOs
AL203-2 crystalline ~100%Aluminium Oxide AbOs
TIO2-1 crystalline ~85%Anatase TiQ, ~10%Gypsum
CaSQ*2H.0
~85%Anatase TiQ, ~2% Calcium
TIO2-2 crystalline Carbonate CaC£~12% Gypsum
CasSQ*2H,0

Examples of the Scanning Electron Microscope (SEM) pictures are shown in the

appendix Products diffecclearlyfrom each other; IRON and IRONZ2 products have a
large pore structure and agaite amorphous. Otthe other hand, IROM and IRON7
products are more crystallingaving a needlshaped crystal structure typical tb

FeOOH.
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7 Phosphate removal Equilibrium studies

7.1Introduction

Adsorption isotherms are assentiatool to describe how adsorbates will interact with
adsorbents and are critical in optimizing the use of adsorbents. The adsorption mechanism
in aqueous sations is complicated, and therefore the correlation of equilibrium data with
theoretical isotherm equations can explain possible mechanisms in the adsorption
process.

7.2Experimental setup

Isotherm tests were conducted in 20Qightly closedbottles placedn the shaker. The
phosphate concentratiamas varied from test to tesind the amount of adsorbent was
kept constant in each experiment. Each test was rusef@ndays to reach equilibrium
concentration. For the first couple of days, pH was measuesl a dayand adjustedf
necessaryto pH6.5with NaOH or HCl The ptal phosphorous concentratiaf the
solution at the beginning and afteone week reaction time was anadgd. All the
adsorption calculations are based on total phosphorous analykessofutions and the
weight of the adsorbent used in the experiment. All experiments were done at room
temperature of 20°@Gnd the temperature was not controlled.

7.3Results

Adsorbed phosphorous per weight of adsorbent was calculated from isothermaadults
Figure7.1 to Figure7.4 were drawn based on these results. One can see that the lowest
capacities, and a quite similar adsorption behavareseen between IRON and IRON

7. The secortbwest grop based orcapacities are IROI, IRON-4, and IRONS5.
IRON-2 and IRONL1 showed the highest capacities from Haased adsorbents.

In products having gypsum as a compon&YPSUM-1 had the highest adsorption
capacity followed by GYPSUM2 and GYPSUM3. The highestphosphorous

adsorptioncapacity of alltested adsorbentwas obtainedwith the granulated waste
gypsumby r oduct AGYPSUM

Aluminium and titaniurrbased materials had good phosphate adsorption capacities, but
they did not match the best irehased products IROM and IRON2. The highest
capacity in reference materials had the granulated waste mafd#i@l3-20, the second
wasfiT102-20.
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Figure7.1. Iron based adsorbents. Phosphorous adsongipacity (mg P / g adsorbent) as a
function of equilibrium concentratione Reaction time 7 days at pHGbroom temperature
20°C
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Figure7.2. Gypsum based adsorbents. Phosphorous adsorption capacRy/(gnadsorbent) as
a function of equilibrium concentration{CReaction time 7 days at pH@broom temperature
20°C.
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Figure7.3. Al;O; based adsorbents. Phosphorous adsorption capacity (mg P /lgeatlsas a
function of equilibrium concentrations6 Reaction time 7 days at pH6.5 at room temperature
20°C.
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Figure7.4. TiO; based adsorbents. Phosphorous adsorption capacity (mg P / g adsorbent) as a
function of equilibrium concentrations& Reaction timesevendays at pH6.%at room
temperature 20°C



11¢€ 7 Phosphate removat Equilibrium studies

7 .4Langmuir isotherm

Measured data evefitted to linearized form of Langmuir isotherm:

11, 1 st 7
qe qO bQ]o Ceq

where

Qe = the adsorption density at equilibrium [pug/mg]

Jo = maximum capacity at monolayer coverage [pg/mg]

Ceq = the liquid phase equilibrium concentration [mg/L]

b = Langmuir adsorption coefficient

When 1/gis plotted as a function of 14 one can calculate constantsglffgm intercept
and b from the slopefrigure 7.5 and figure 7.6 are examples of fitting the data to
Langmuir isotherm. In general, one can conclinde the adsorbent materials studied are
not behaving according to the monolayer coverage mauhel instead, there is an
indication that the surfaces are heterogeneous.

In many scientific studieadsorption on different iron compounds could fit the Langm

model quite well. This could be explained that the adsorbent samples are produced in a
laboratory and are quite homogenous and pure in chemical compoaittbthey are in

the form of fine powders. In these ideal conditions, the monolayer adsorption o
energetically equivalent sites could be expected. However, alternative findings are
available. For example, Banerjee et al. (2008) studied As(V) adsorption on real
commercial granular ferric hydroxide adsorbent (particle size-232 mm) They
showed hat their data fitted the Freundlich model very well with a high correlation
coefficient (R> 0.99) compared to poor results ¢ime Langmuir isotherm model
(Banerjee, et al., 2008)

0,25 0,45

0,40
y = 0,0364x +0,0523
0,20 O 035 R? = 0,7305

0,30

0,15
o 0,25

1de
1/q

0,20 Pt o
0,10 O

- 0,15 e
0. 0,10 Q-

0,05 g
y = 0,0364x +0,0464 005 gb
R2=0,981

0,00 0,00
0,00 1,00 2,00 3,00 4,00 5,00 0,00 2,00 4,00 6,00 8,00

1Ceq 1/Ceq
Figure7.5. Linear plot for Langmuir isotheriin1/g as a function of 1/6for TIO2-1 adsorbent
(left) and IRON5S adsorbent (right). The dotted line is the linear fir to the Langmuir model.
These figures represent the best fit (left) and worstidih{) to the Langmuir isotherm model
from the tested adsorbents.
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Figure7.6. The adsorption capacity for TiI@Radsorbent (leftand IRON5 adsorbent (right)
function of the phosphorous's equilibrium centration The dotted line is the Langmuir model
fitted to measured data. These figures represent the best fit (left) and worst fit (right) to the
Langmuir isotherm model from the tested adsorbents.

In table7.1is shown Langmuis constant g b, and correlation coefficient®RThe results
show that theLangmuir monolayer coverage model cannot sufficiently describe the
adsorption behaviour of studied adsorbeftsis finding is also per previous studies
presated in the literature with real granular metal oxide adsorbents.

Table7.1: Langmuir constantss@nd b for different adsorbents.

0 b R?

Adsorbent [m?; /q] [L/mg] ]
IRON-1 18.975 1.301 0.95
IRON-2 18.832 265.50 0.85
IRON-3 15.432 2045.2 0.89
IRON-4 13.513 221.63 0.82
IRON-5 19.121 1.437 0.73
IRON-6 10.989 5.549 0.91
IRON-7 10.330 3226.6 0.93
GYPSUM1 96.154 0.127 0.87
GYPSUM2 28.736 3.378 0.95
GYPSUM3 113.60 0.164 0.85
Al203-1 18.181 0.705 0.78
Al203-2 22.675 2.110 0.98
TIO2-1 21.551 1.275 0.98
TIO2-2 20.661 1.161 0.97
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7 .5Freundlich isotherm

Values from isotherm tests were fitted to ¢t
coefficients n and K were solved from the lineamatepn.

log q = log K + n*log Ceq (7.2)
where:
Kt = Freundlich adsorption coefficient represents the adsorption capacity
n = Freundlich exponent represents the adsorption intensity and surface
heter@eneity
q = weight adsorbed per unit weight of adsorbent [ug/mg]
C = concentration in solution [mg/L]
Ceq = equilibrium concentration [mg/L]

By plotting log g as a function of logegresults straight lineand from the intercept one
can calculate Kand from slope the value for Rigure7.7 andFigure7.8 show examples

of measured data and fittitige Freundlich model to data. Freundigddsorption model
fits quite well to measured data, indicatirgarption mechanism through heterogeneous
surface sites.
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y = 0,2225x +1,1789 1,80 o 1,80 ©
R2=0,9962
1,60 o9 1,60 Q.
@.,.O cy
1,40 L G
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s e s -
= 0,80 0,80
Q- e}
e 0,60 0,60
o 0,40 040
! ’ y =0,2809x + 1,0776
0,20 0,20 R?=0,9309
0,00 0,00
400 300 200  -1,00 0,00 1,00 2,00 3,00 -2,00 -1,00 0,00 1,00 2,00 3,00
log Ceq log Ceq

Figure7.7. Linear plot for Freundlich isothermog q as a function of logdgfor IRON-2
adsorbent (left) and GYPSWgl adsorbent (right). The det line is the linear fit to the
Freundlich model. These figures represent the best fit (left) and the worst fit (right) to the
Freundlich isotherm model from the tested adsorbents.
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Figure7.8. The adsonion capacity for IRON2 adsorbent (left) and GYPSURIadsorbent

(right) as a function of the equilibrium concentration of phosphorous. The dotted line is the
Freundlich model fitted to measured data. These figures represent the best fit (left) andtthe wor
fit (right) to the Freundlich isotherm model from the tested adsorbents.

In table7.2 is shown Freundlichk coefficients (n and K. Freundlich isotherm constant
Kt is an approximate indicator of adsorpticapacityand the coefficient n indicates the
favourability of adsorption. If the n values are from 0.1 tq &dsorption is favourable.

This is the case in all tested adsorbents.

One can see from2Rvalues thatin general, the measured data fits versil to the
Freundlich model. This gives an indication that studied adsorbent materialsahave
heterogeneous surface structure indeed

Based on Fr e u,adborptianitapacities fprdoav equibbrium concentration
(0.3 mgP/L) were calculated. Cayiizes for adsorbents having iron as main component
were in order IRON2 > IRON-3 > IRON-4 > IRON5 > IRON-7 > IRON-5 > IRON-6
>|RON-1. For gypsurbased products the capacities were in order: GYPSUM
GYPSUM3 > GYPSUM2. Waste AIOs product AL2032 has better adsorption
capacity than the commercial product AL203The commercial titaniuAbased
adsorbents performed better in low phosphorous concentrations than the granulated pilot
titanium dioxidebased adsorbents
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Table7.2: Freundlich coefficients Kand n. Capacity for 0.3 mgP/L equilibrium concentration is
calculated based on the Freundlich equation.

n Kt Jo.3 R?
Adsorbent

[-] [ma/g] [ma/g] [-]
IRON-1 0.347 6.033 3.97 0.99
IRON-2 0.223 15.097 11.78 0.9
IRON-3 0.151 11841 10.51 0.99
IRON-4 0.194 8.966 7.13 0.99
IRON-5 0.213 8.704 6.74 0.94
IRON-6 0.188 5342 441 0.93
IRON-7 0.107 7.434 7.10 0.99
GYPSUM1 0.393 15.007 9.36 0.97
GYPSUM2 0.281 11.956 4.53 0.93
GYPSUM3 0.342 7.900 5.23 0.99
Al203-1 0.258 6.575 4.63 0.98
Al203-2 0.247 10.165 7.41 0.99
TIO2-1 0.168 10.708 8.87 0.98
TIO2-2 0.319 6.126 4.16 0.98

7 .6DubininT Radushkevich isotherm

By lineariation, the DubinirRadushkevich isotherm one gets:

Ing=1InQni k* (R (7.3)
. .a 106 (7:4)
e=RA CD1§+—Q
cC.9
g eq =+
where
g = Amount of adsorbate in the adsorbent at equilibrium [ug/mg]
Qm = Maximum adsorption capacity [ug/mg]
K = Dubiniri Raduskevich constant [mélkJ]

= Dubinini Radushkevich isotherm constant (Polanyi potential)
= Gas constant (8.314 J/mol K)

= Temperature [K]

= 0

Ceq = Adsorbate equilibrium concentration [mg/L]
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Free energy of adsorption can be calculated from the k value by the equation:

(7.5)

8

By plotting, In g as a function off should resulin astraight line and from the intercept
one can calculate maximum adsorption capacia from slope the value forkigure
7.9 andFigure7.10 showexamples of measured data and the fitting of tHe iBotherm
model to measurements. It can be seen that t{Reigdtherm model hashaxcellentfit
to measured data to most of the tested adsorbents. However, there axedptonsn
the group; GYPSUM and TiO21 samples.

3,50 4,00

o
3,00 %'O..o 3,50 ¥e)
2,50 o 800 °
: g o
2,50
2,00 0]
o o
c . c 200
=] 0 £
1,50
1,50 o
1,00
1,00
y = -2E-09x + 3,4859 y = -2E-09x + 3,985
0,50 R2 = 0,9974 0,50 R? =0,9003
0,00 0,00
0,00E+00 5,00E+08 1,00E+09 0,00E+00 5,00E+08 1,00E+09 1,50E+09
V3 vz

Figure7.9. Linear plot for DR isotherml n g as a?fof IRONet adsarbent @eft) ard
GYPSUM2 adsorbent (right). The dotted line is the linear fit to thR Bhodel. These figures
represent the best fit (left) and the worst fit (right) to th& Botrerm model from the tested
adsorbents.
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Figure 7.10. The adsorption capacity for IRGMN adsorbent (left) and GYPSURI adsorbent
(right) as a function of the equilibrium concentration of phosphorous. Treddote is the ER

model fitted to measured data. These figures represent the best fit (left) and the worst fit (right)
to the DR isotherm model from the tested adsorbents.

D-R isotherm model constants are showiainie 7.3. Based ortheresults shown ithe
table the maximum adsorption capacitiess)Qn products for the irotbased adsorbents
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are in order: IRON2 ~ IRON-1 >> IRON5 ~ IRON4 > IRON-3 > IRON-6 ~ IRON-7.

In gypsumbased adsorbents the maxmm@adsorption capacity order was GYPSUM
>>GYPSUM3 > GYPSUM2. In both AbOs and gypsunbased products, the granulated
waste products had a higher maximum adsorption cagheiyommercial products.

Table7.3: DubininRadushkevich coefficientsfand k. In the table is also shown adsorption
free energy E.

R2

Adsorbent [m%?g] [moIE/kJZ] [kJ/IrEnoI] 4

IRON-1 56.069 |0.003 12.2® 0.99
IRON-2 51.844 |0.002 17.474 0.99
IRON-3 27.874 |0.001 21.649 0.99
IRON-4 32.653 |0.0» 15.815 0.99
IRON-5 35.212 |0.002 15.672 0.99
IRON-6 17.359 |0.002 16.947 0.96
IRON-7 13.285 |0.001 26.294 0.99
GYPSUM1 294.73 |0.006 9.548 0.99
GYPSUM2 53.783 |0.002 15.017 0.90
GYPSUM3 95.901 |0.004 10.710 0.99
Al203-1 63.641 |[0.007 8.556 0.99
Al203-2 145.59 |0.009 7.562 0.99
TIO2-1 66.655 |[0.006 8.979 0.93
TIO2-2 99.887 |0.008 7.950 0.98

If the free energy is less than 8kJ/mol, the adsorption process is dominated by
physisorption. If the free energy of adsorption (E) is betweend81&énkJ/mo] the
adsorption is considered i@xchange by nature. If the free energy is higher than
16kJ/mol, the adsorption mechanism is considered to be driven by chemical particle
diffusion (Gunay, 2007) Most of the testeddsorbents have free energy in the-ion
exchange/chemisorption randgdéowever, there are two adsorbents, IRQMnd IRON

7, that deviate from others having significantly higher free energyekpected if the
adsorption would be solely dominated by-exthange.

Based on the results showntable 7.3, adsorbents that are more pure (i.e. less other
elementghanthe main component) and are more crystalline have higher free energy of
adsorptionindicating a songer bond between phosphate and adsorbent. At the same
time, these products have lower maximum adsorption capacitiigud@7.11is shown

the maximum capacity and the free energy as a functiaimeo$um of impurities (i.e.
elements other than the main component). There can be seen some trend between the
capacity and the total amount of impurities; higher is the concentration of impugties
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more heterogeneous structure, higher isthgimum adsorjion capacity and in case of
adsorption free energthe behaviour is opposite. However, any specific impurity could
not be found to correlate with free energy. It should be noted that the maximum adsorption
capacity and free energy didt correlate withiron concentration or specific surface area,

so these are not explaining this behaviour.
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Figure7.11. The maximum adsorption capacities)j@nd the free energy of adsorption (E) as a
function of the sunof impurities (i.e. elements except for Fe).
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/.7 Desorption of phosphates from spent adsorbents

7.7.1 Experimental setup

Desorption experiments were done with IRQNind IRON7 adsorbents, saturated in
concentrateghhosphate solution for 24t room temperaturéfter saturationgranules
were thoroughly washeavith water before the desorption experiments. Adsorbed
phosphatan the adsorbent granulegas analysedy XRF. In IRON-1, the adsorbed
phosphorous was 54 mgand in the case of IRON, 4.6 mg/g.

Desorption experimentglone at room temperature of 20%&re conducted in pHG,

pH9.0, and pH12) by adjusting the pH with HCI or NaOH solutidrhe pH wasdjusted
andkept constant during desorption experiments. Leaching of phosphate as a function of
time was fdlowed atdifferent pH.

7.7.2 Results

In figure 7.12is shown the desorption of adsorbed phosphate from IR@8la function
of time, andfigure 7.13 same figires for IRON7. One can see that for adsorbent IRON
1 at pH6 and pH3he desorption of phosphate is very limiteldwever, ahigher pH 12
44% of adsorbed phosphate is released #fteehoursfrom IRON-1.

In adsorbent IRON, almost 90% of adsorbguhosphate is released aftbreehoursat
pH 12.Thus, t is evident thahighly alkaline conditions are required to leach phosphate
from the adsorbent with both materials completely
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8 Phosphde removal- Adsorption kinetics

8.1 Experimental setup

For kinetic studiesfour different adsorbents were selected; IRODNRON-2, IRON-7,

and GYPSUML. Kinetic studies were conducted with a solution containing 10 mg/L of
phosphorous. The volume used wds 4nd the amount of adsorbent was varied between
0.571 3.0 g/L. The pH was controlled during kinetic studies and kept on average at pH6.5.
Initial concentration was determinednd after thatthe adsorbent was added to the
solution. The timing was stad at this point. Samples were taken at fixed intervals to
follow the adsorption of phosphate to the adsorbent as a function of time. Each sample
was analysed for residual phosph&igure 8.1 to Figure 8.4 showrse relation of initial
concentration (€) and concentration at time tdG@s a function of adsorption time t.
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Figure8.1. Phosphorous removal rat¢@, for adsorbent sample IRGNas a function of
adsorption time t.
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Figure8.2. Phosphorous removal rat¢@, for adsorbent sample IRGRlas a function of
adsorption time t.
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Figure8.4. Phosphorous removal rat¢@ for adsorbent sample GYPSUMas a function of
adsorption time t.

8.2 Kinetic studies

8.2.1 Pseudofirst-order kinetic model

Lagergren develoed the pseudbirst-order kinetic modein 1898 and it is widely
applied to describe the rates of adsorption procébke& McKay, 1999)

d : (8.1)
“L-kda.-q)
dt
where
Qe = amount adsorbed at equilibrium [pug/mg]
Ot = amount adsorbed at time t [pug/mg]
t = time [min]
k = the pseuddirst order rate constant [1/min]
By linearization
K, (8.2)

lo -g,)=lo - ——t
0(0.-0) =log(a)- =
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If equéion 8.1 applies, a plot of log{gq;) versus t should give a straight line. From the
linearized form the rate constantikcan be calculated from the plot of log(gg as a
function of t. It is commonly observed that kinetics follows this Lagergren pdesto
order rate equation when adsorption occurs through diffusion through the interface.

Table8.1: Pseudsfirst-ord e r kinetic model 6s constants

Adsorbent | Adsorbent dosage Qe K1 R?
[o/L] [mg/g] [1/min] [-]

IRON-1 0.5 4.443 0.006 0.93
1 4.227 0.007 0.98

2 3.456 0.006 0.98

3 3.092 0.006 0.98

IRON-2 0.5 5.277 0.008 0,98
1 5.059 0.008 0,98

3.829 0.007 0,96

3 3.058 0.007 0,95

IRON-7 0.5 5.382 0.0® 0.98
1 5111 0.008 0.98

2 4.031 0.008 0.95

3 3.126 0.007 0.90

GYPSUM-1 0.5 4.849 0.006 0.97
1 4.643 0.008 0.99

4.130 0.007 0.98

3 3.646 0.007 0.98

Figure 8.5 is shown a linear fit for measurements made with adsorbent {R@Nd
adsorbent IRON. One can see that the psedidst-order kinetic does not provide a
good fit throughout the experiment range. It looks like there could exist two linear
regions;0-30min and 3210 min.
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Figure8.5.Linear fit log (g 7 q) as a function of adsorption time (t). Adsorbent sample IRON
(top) and adsorbent IRON (bottom).

8.2.2 Pseudoesecondorder kinetic model

The measued kinetic data were fitted to a psetgkrondorder kinetic model:

dog, . ) (8.3)
ot k{dq, - q,)

where

Ot = capacity at adsorption time t [ug/mg]

Oe = equilibrium capacity [ug/mg]

t = adsorption time [min]

k = rate congtnt (mg/pug*min)
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After integration and linearization equation can be represented in the form

t_ 1 t (8.4)
g k@ q

If pseudesecondorder kinetics is valid, the plot of t/oys t should give a linear
relationship, fom which @ can be determined from the slope and k from the intercept.

Table8.2: Pseudo second order model 6s constants

Adsorbent | Adsorbent dosage Qe k R?
[o/L] [ma/g] | [9/mg*min] [-]
IRON-1 0.5 4.68 0.004 0.9%5
1 4.63 0.04 0.96
2 3.20 0.007 0.95
3 3.26 0.06 0.97
IRON-2 0.5 6.26 0.003 0.99
1 571 0.004 0.97
4.40 0.007 0.99
3 3.45 0.010 0.99
IRON-7 0.5 6.28 0.04 0.98
1 5.64 0.005 0.97
4.89 0.0® 0.99
3 3.62 0.013 0.99
GYPSUM-1 0.5 7.67 0.001 0.97
1 6.30 0.001 0.99
4.84 0.002 0.99
3 3.95 0.003 0.99

The pseudaecondorder kinetic modehssumedghat the ratdimiting step is chemical
sorption or chemisorption and predicts the behawwer the whole range of adsorption.
In this condition, the adsorption rate is dependent on adsorption capaaitgn the
concentration of adsorbate.

In figure 8.6 is shown a linear fit for measurements made wdborbentRON-7. One
can see thate fit to the second pseudo order kinetic model is quite good. One can see
that there isomedeviation in the earlier stage of adsorption between measured data and
the model.In later stages of the adsorptjdihe pseudeecondorder kineticmodel
estmates well the adsorption behaviour. The same phenomena can be seen in all tested



13t

materials. Themost significat deviation at initial adsorption time was time IRON-1
adsorbent, which also yielded the worst fit. GYPSUWMdsorbent deviated from iron
basel adsorbentsand it had a very good fit the pseudesecondorder kinetic model on
all tested ranges. The lack of fit in the initial stage of adsorption does not fully confirm
that pseudeecondorder kinetics explains adsorption kinetics for Hmasedadsorbents.
However, it gives some evidentieat the chemisorptiocould explain someart of the
phosphate adsorption kinetics to tested adsorb&stagenerabbservationthe pseudo
secondorder kinetics fits th@resentediata better than the firstder kinetic model.

Besides the chemisorption as an explanation to results seen when therdditted to
thepseudesecondorder kinetic model, the physical nature of the tested adsorbents could
also give some explanation. All tested materials areivelg large granular particles.
Regardless of theoretical considerations, the structure ofpskeedesecondorder

relationship, as express@dequation 8.3leads to the prediction of a declining rate of
uptake. That is because each increment of adenrpauses a corresponding decrease in
the difference (g7 qi). Because the term @ q) is squared, the deceleration of the

adsorption rate is amplifietHubbe et al. (2019) concluded thlaé pseudesecondorder

relationship, irrespective affs initial meaning, might be used to fit data in which some
adsorption sitesake a lot longer to be filled. This is typically the case for diffusion
limited processes whereby adsorption sites far fromdsorbent granufes

outer

are more difficult to rezh (Hubbe, et al., 2019 herefore,tiwould be logical to assume
that the results seen here could also be explainechwitfusion-limited process.
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Figure8.6.Linear fitt/qt as a function of adsorption time (t). Adsorbent sample IRON
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In figure 8.7 are determined rate constants as a function of adsorbent dosages. Results are
logical since the rate constant increasethaslosage increases.
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Figure8.7. The rate constant as a function of adsorbent dosage.

In Figure8.8is shown equilibrium capacity as a function of adsorbent do&geSUM
1 has the highest capacity followed by IR@QNIRON-7 and IRON1. Presented
equilibrium capacities are valid in experimental conditions vthemitial phosphorous
concentration is 10 mg/L and pH 6Fhese results are in line with the réswden in the
isotherm studies.

9,0
8,0
=
g 7,0 = |j
B-.. e
6,0 == SSoa .
§ ~6:::3::: ~~~~~~~~~~~~
5,0 B
o Ol \“‘%3::" ~~~~~~~~~~~~
> STl —
a 4.0 '@
> O e
e 30 ©OIRON-1
2 2,0 OIRON-7
L0 AIRON-2
OGYPSUM-1
0,0 - ' '
1 2 3 4
c [g FEOOH / L]

Figure8.8. Equilibrium capacity as a function of adsorbent dosage



8.2.3 Elovich equation

The Elovich equation, represented by equation 8.2, is suitable for systems whose surfaces

pronote heterogeneous adsorpti&hovich equation has been utilized quite successfully
to adsorption processes used in water treatment.

Z_qtt I (8.5)
After integration and linearization, tleguation can be presented as
q = % In ab+ % In(t +t,) (86)
where
Ot = adsorption capacity [ug/mg]
t = time [min]
= initial adsorption rate [ug/mg min]
= Elovich constant, parameter related toeextof surface coverage and
activation energy for chemisorption [mg/ug]
to = 1/(ab) (8.7)

To simplify the Elovich equation, one can apply boundary conditigiisad t=0 and &
at t=t Then the equain 1.25 becomes

q = :_t: In(ath) + :—; In(t) (88)

By plotting g as a function of In(t) measured data should fall in a straight line having 1/b

as slope and In(ab)/b as intercept. An example is shoviguire 8.9.
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Figure8.9. Phosphorous adsorption capacitymg P/g Adsorbent] for IRON adsorbent as a
function of In(t).

The result for fitting measured ddtaElovich kinetic data is shown table8.3. For most

of the cases, one can see tmatasured data fit well to the Elovich equation over a wide
adsorption time frame. One can conclude from this that ail ddgorbents tested are
heterogeneous in their surface nature what comes to adsorption of phosphate.
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Table8.3: Constants for Elovich equation

Adsorbent Adsorbent dosage b a R?
[o/L] [mg/ug PT | [Hg P/ mg*min] | []
IRON-1 0.5 0.899 0.179 0.98
1 0.955 0.150 0.97
1.532 0.165 0.95
3 1.519 0.154 0.98
IRON-2 0.5 0.804 0.309 0.98
1 0.757 0.252 0.98
2 1.074 0.272 0.99
3 1.389 0.255 0.99
IRON-7 0.5 0.743 0.327 0.98
1 0.761 0.260 0.98
1.040 0.501 0.99
3 1.517 0.514 0.99
GYPSUM1 0.5 0.824 0.107 0.98
1 0.783 0.115 0.99
2 0.883 0.104 0.99
3 1.079 0.105 0.99

In figure 8.10 is shown Elovich parameter b as a function of dosagexfiected, the
value of b increases as the dosage of adsorbent increases as the constant btimelicates
number of active sites.
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Figure8.10. Elovich constant b related to surface coverage as a function of adsorbent dosage.
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In figure8.11is shown Elovich parametaras a function of adsorbent dosage. Parameter
a is related to the initial adsorption rate. It seems that IRC&d IRON2 have the
highest initial adsorption ratand IRON1 and GYPSUML have lower initial adsorption
rates.

35
—6—IRON-1

30 {{ “=—IRON-7 o S —
f —A—IRON-2 /
= B J > GYPSUM-1
(]
2 20
? g\m/ A
T 15 = = A
<
(@]

S
< 10
o 2
o 5 X—
£
® 9 : : :
0 1 2 3 4
¢ [g Adsorbent / L]

Figure8.11. Elovich constant émg P/ g Adsorbent * hs a function of adsorbent dosage.

8.3 Study of the diffusion mechanism

Intraparticle diffuson ratei WeberMorris model

The adsorption kinetics may alternatively be described from a mechanistic point of view.
The overall adsorption process may be contrdigdne or more steps; film or external
diffusion, pore diffusion, surface diffusiormd®orption on the pore surface, or a
combination of more than one stéfp analyse if the adsorption process is diffusion
controlled, the measured data were fitted to W-beiris kinetic model. WebeMorris

plot, g versus ¥? should be a straight line with slope k and intercept C when the
adsorption mechanism follows the intraparticle diffusion processes.

O = kia * tY2+ Cy

where

Ot = adsorption capacity [mg/g]

Kid = initial rate constant of intraparticle diffusion [mg/g*rfth
t = time [min]

Cw = boundary layer thickness

The value of the interce@ extrapolated fronthe initial linear portion of the plot back
to the yaxis is linkedo the apparent thickness of the film boundary lafdarger value
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of Cw represents a thicker boundary layéan adsorption process is solely governed by
intraparticle diffusion, the initial part dhe WeberMorris plot is a straight line passing
through the originWhen the plot does not pass through the origo, it is indicative of some
degree of boundary lageontrol.This means intraparticle diffusion would not be the only
ratelimiting step.A negative value of interceptuGndicates the effect of external film
diffusion resistance.

Higher values ofkig illustrate an enhancement in tla@sorption rateand a better
adsorption mechanism, which is related to an improved bonding between adsorbed ions
and the adsorbent.

Results from fitting the measurements to the W-berris plot are summarized ifable
8.4. One can see that the propdsmodel gives perfectfit to the kinetics of the tested
adsorbentsValues of the intercept {in different experiments are somewhat close to
origo, indicating that intraparticle diffusion could explain part of the kineficsnost
cases, there is artie lag indicated by theegativeCy valuesin the initial stage of the
adsorptiom. This indicates that phosphoroadsorption ontested granulaadsorbents
experiences external film diffusiagesistance.

Table8.4: Coefficients for WebeMorris plot

Adsorbent | Adsorbent Kig 1 Cw R2 Kig 2 R2
dosage
[mg/g*min®T | [ug/mg] | [ |[mg/g*min°9 []
[g/L]

IRON-1 0.5 2.748 1.089 0.99 4.040 0.99
1 3.551 0.195 0.98 3.933 0.99
2 4.755 -0.216 | 0.98 5.237 0.98
3 4.751 -0.173 0.99 6.564 0.99
IRON-2 0.5 2.433 -1.679 | 0.99 3.153 0.98
1 2.536 -1.052 0.99 3.355 0.98
2.963 -0.796 0.99 5.356 0.99
3 4,111 -1.678 0.99 10.973 0.97
IRON-7 0.5 2.120 -0.253 0.98 3.198 0.97
1 2.330 -0.084 | 0.99 3.271 0.99
2.345 0.589 0.99 5.437 0.99
3 2.669 0.884 0.97 8.182 0.97

GYPSUM1 0.5 3.402 -0.909 0.98 - -

1 3.222 0.548 0.99 - -

2 3.717 1.205 0.99 - -

3 4.273 0.947 0.99 - -
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Figure 8.12 andfigure 8.13 are shown examples of measured data presented as-Weber
Morris plot for IRON2 and IRON7 adsorbents. In both casesotlinear regions can be
seenattributing tothe intraparticle adsorption ghosphorousnto the adsorbent pores
Typically, these typgof two regions indicatélm diffusion and intraparticle diffusion or
macropore and micropore diffusiothe first linear region of the Web&torris plot
relates to thdilm diffusion or macropore diffusion, whereas the second accéam
intraparticle diffusion asa whole or micropore diffusion This indicates that both
adsorbentdRON-2 and IRON7 have faster initial adsorptionand later as surface
coverage increasgthe slower diffusion to micropore structures starhus, t is evident
that more than one adsorption mechanism is controlling the adsorption phess.
findings arealso supportedby the results seen from the psewdcondorder kinetics
Pseudesecondorder kineticsresults indicated the possibility of a diffusbn-limited
process

IRON-1 adsorbent behaved the same manner as {R@hd IRON7. Only one linear
region could be identified when the GYPSuUlMsample was fitted to the Wekbdorris
model(seeFigure8.14).
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6,00 1 g1.0 g Adsorbent/L /

5,00 1 A 2.0 g Adsorbent/L B/EI
©03.0 g Adsorbent/L //

4,00 B

3,00

200 / ,

q: [mg/g]

0,00 T T T T T T T
0 2 4 6 8 10 12 14

t95[min%9]

Figure 8.12. Adsorption capacity:@s a function of‘2. Sample IRON2
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Figure8.13. Adsorption capacity:@s a function of‘2. Sample IRON?
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Figure8.14. Adsorption capacity:@s a function of'®. Sample GYPSUM.

Figure8.15 showsdiffusion coefficients as a function of adsorbent dosage for the initial
fasterkinetics(ky) and inFigure8.16, slower diffusionlimited (k2). The results showhat

the IRON7 has the faster initial kineticend the IRONL has the slowed(first linear
region) However, o the second linear region (gure 8.16) the behaviour of the rate
coefficientsis quite similarwith all tested adsorbents
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Figure8.15. Diffusion coefficient as a function of dosage of adsorbénitial faster adsorption
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Figure 8.16. Diffusion coefficient as a function of dosage of adsorhberglower second
mechanism
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9 Phosphate removal Continuous fixed-bed adsorption

9.1 Experiments with very low influent phosphate concemnttions i
Phosphate polishing application

The US Environmental Protection Agency has established a recommended discharge
limit of 0.05 mg/L for total phosphates in streams that enter lakes and 0.1 mg/L for total
phosphates in flowing waters to control eptnication

A pilot-scalephosphate polishing test was conducted with IRDa&tisorbent in the city
of Las Vegas.The frget was to study if the IRON adsorbent could be used in
phosphorous polishing applicat®to meet these two total phosphate limit®df mg/L
and 0.05 mg/LKemira Water USA conducted war&ontinuous filtration trial was den
with 5.0 min Empty Bed Contact Time (12 Bed Volumes/BEO L/min/m? surface
loading rate, al113 L/h flow mate of influent water and 11.3 L of adsorbent bed
volumetolumn. The pilot test was conducted outsidenditions so the temperature
varied accordingly.
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Results are showmifigure 9.2 below. IRON1 adsorbent can be used as a phosphate

polishing process to reach very low residual phosphate leDaléng the pilot-scale

testing, the residual phosphate concentrations stagidelow the targeted level of 0.1

mgPQ/ L, and only a fraction of the adsorbent
polishing pilot endedlt was proven that even tharicter limit of 0.05 mg/L total

phosphate level was met.

024
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720 4239 T2E3 10520 13769 23988

Gallons Treated
Figure9.2. Effluent phosphor concentration as a function of treated gallons.

9.2 Experiments with medium influent phosphate concentration

Total phosphorous concentrations in municipal waste waters are typically in the range of
5t020 mgP/L.In Finland, it will be required in future that all wastewatersadse treated

in rural areas. It will be required that 85% of total phosphate is removepacedto
untreated wastewaterfhis means there will be a need for phosphate remosgtreg

for private households in rural areas that are not served by the communal wastewater
system.

IRON-1, IRON2, IRON7, and GYPSUML granular adsorbents were tested in
laboratoryscale continuous filtratiorfer the lower concentratiofM he filtrationunit was

a glass col umn hewlsonbgnt keed vblome éhithe fitter wasr6Qml
and the filter was operated at atmospheric pressin@m temperature of 20 °The
temperature was not controllethe feed solution was a phosphate soluth@ueto Oulu
drinking watemwith thetarget to have an averagbosphorus concentration of 5 mg P/L.
Phosphorous was added asARiAu. Typical analyses of the city of Oulu drinking water
are presented inTable 9.1. Contact time in the filter was kept as 5 mih2 Bed
Volumes/h)in every experiment. The phosphorous concentration of both influent and
effluent water was analysed every time the sample was taken fraaffltient
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Table9.1: Example of the analyses of the City of Oulu drinking water used in experitoents
preparenfluent water. This water was dosed with #, so that the solution had 5 mgP/L.

Mg SOy NO3 F Si POq Ca Cl
[mo/L]  [mg/L]  [mg/L]  [mg/L]  [mg/L]  [mg/L] = [mg/L] = [mg/L]
1.3 41 4.0 <1 1.8 <1 29 9
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Figure9.3. Effluent phosphorous concentration as a function of filtered bed volumes. The average
influent P concentration was 5 mg/L, indicated with a solidllee. The dotted line represents
the 85% removal.

The number of maximum bed volumes before the capacity of the adsorbentwsasull
estimatedrom breakthrough curves shownfigure 9.3. Results arshown intable9.2.

It seems that the GYPSU¥ productwas not performing as well as was expeciduds
couldindicate that the used residence tjire2 empty bed contact time of 5 mimas not
long enogh for thisadsorbentand thus the full capacigxpected based on tismtherm
studies was not achieveOn the other handRON-2 adsorbent wasignificantly better
thanlRON-1 or IRON-7 asit could filter double the volume gbhosphorougontaining
water before the85% removal rate limit was metThe reason why IRON did nat
perform as well as IROIR is most likely due to the filter shectrcuit (i.e., preferential
pathways of floy. One can see that there is back and forth fluctuation on the {RON
results. This could indicate that the results were influenced byahautting. Due to the
long time to carry the continuous filtration tests, the exhaustion of the adsorbertlRON
and IRON2 was not achieved.he breakthrough curgeestimated that atdst 12000
bed volumes could be filtered with both adsorbér@fore the adsorbent capacity was
thoroughy exhausted.



14¢ 9 Phosphate removal Continuous fixed-bed adsorption

Table 9.2: Estimated maximum filtered Bed Volumes at the moment wheneftfiaent
phosphoous concentration exceeds 8%moval rate

IRON-1 IRON-2 IRON-7 GYPSUM1

Bed Volumes until 85%

removal rate was exceede 000 ~1900 ~800 ~300

All tested materials withstand lofigrm continuous filtrationand no blockage was
observed. Howevesome nmor blockage wasoticed with IRONZ2 as the water level in
the nonpressurized filter column started to rise towards the end of the experiment.

9.3 Experiments with high influent phosphate concentration

In these filtration studiesthe aim was to compare IRGN and GYPSUML to

commercial phosphate adsorbent GYPS® the purification of water witphosphate
concentration similar tanore concentratetiousehold wastewater$he farget was to
remove 85% phosphoroasd measure the filtered bed volumes at thatpshen the
85% removal rate was exceeded

Filtration tests were done on a laboratory scale as continuous filtrations. The filtration

unit was a glass column having a,adddhedi amet ¢
filter was operated at atmosphepcessureat room temperature of 20°The feed

solution was a phosphate solution madeQalu drinking water having an average

phosphorus concentration of 15 mg PAhosphorous was added as JR@y. Contact

time was selected so that it would resemble aintime in this type of application.

Contact time in the filter was kept as 20 r{8Bed Volumes/hin every experiment. The

phosphorous concentration of influent and effluent water was anadysey time the

sample was taken from effluent

Results areshown in figure 9.4. The solid horizontal line presents the influent
concentrationand the dotted horizontal line indicates the 85% phosphate removal limit.
It seems that both IRONl and GYPSUML adsorlents have higher treatment capacity
than GYPSUM2. In the case of GYPSUI, filtration capacity is more than doubknd

in the case of IRON, over seven times higher than with GYPSt2\
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Figure 9.4. Effluent phosphorous concentration as a function of bed volumes. The average
influent P concentration was 15 mdAolid line) The dotted line represents the 85% phosphorous
removal limit. Empty Bed Contact Time was 20min.

It was shown that IRON and GYPSUML adsorbents are effective even in the
purification of high concentrated phosphate waters. Especially GYRSddtorbent is
interesting, as it is made from granulated waste material, which could beedfeosve
solution for treatingphosphorous frormurd area high concentration wastewaters.
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10 Phosphate recovery from the adsorbent

10.1 Introduction

Few paperspresentthe recovery of phosphorous after adsorption. For example,
Midorikawa et al. (2008) have presented a process utilizing novel adsodiaht
phosghorous recoverpy alkali regeneratiorii et al. (2016) summarized the phosphate
regeneration studiggesented in scientific literature. Their result is showhahle10.1.

As shown inTable10.1, desorption efficiencin alkaline environments is better than that
in acids.

Table10.1: The metal oxides and hydroxides regeneration and the adsorption mechanisins
al., 2016)

Desorption or Adsorption

Adsorbent ) : Result
regeneration reagent mechanism
: Electrostatic, IOF.] | 70-85% desorption
Acids exchange, chemica .
o efficiency
precipitation
. 5 .
Metal oxides Alkalis Electrostatic, lon 6093/9 glesorptlon
exchange efficiency
Electrostatic, lon | 5-97% desorption
Salts exchange, chemicg -
o efficiency
precipitation
Acids Electrostatic, lon | 6-49% desorption
Metal exchange efficiency
hydroxides Alkalis Electrostatic, lon | 60-90% desorption
exchange efficiency

10.2 Regeneration of spenadsorbent with NaOH

IRON-1 adsorbent granules were loaded with phosphate by mixing 5009 of granules with

high concentration potassium phosphate solutions for 24h. It was expected that granules
wouldbe fully loaded after this treatmeifitherefore, thenitial phosphorous solution and

the solution after adsorption was analysed so that the adsorbed phosphorous to adsorbent
granules could be determined (i.e. the phosphorous content of thladid adsorbent).

Phosphate loadealdsorbengranules were packdanto four glass coumneavi ng a 10
diametey andthe adsorbent bed volume was 55mlll. experiments described in this

section10 were done athe ambient temperature of 20 ’@&nd the temperature was not
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controlled.For removing noradsorbed phosphatemm the surface of thedsorbention-
exchanged water wassed to rinsehe adsorbenbed. After that 0.3, 0.6, 1.0 or 2.0M
NaOH was filtered througthe adsorption bed to see what amount of phosphate could be
released from phosphate saturated IRDYranles. For each concentratidotal of 40

bed volumes of NaOH were filtered through. Released phosphate concentration was
analysedrom effluenteveryfive bed volumesilt was found that 0.6M NaOH would be
theoptimal concentratioto getatargeted minimun80%phosphorousecovery from the

spent adsorbent.
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Figure10.1. Phosphate recovefp from spent adsorbent as a function of filtered bed volumes of
NaOH through the spent adsorbaththeambient temperaturef 20 °C

The phosphorous content of the adsorbent granusamalysed with XRF before and
after NaOH regeneratiofior each experimentResults are shown ithe Figure 10.2.
Residual P is the phosphorous conteri the adsorbent granules after regeneration with
NaOH. Regeneratiefo indicates how much of the original phosphorous content of the
granules have been able toeagrate (i.e. remove from the original phosphorous content
of the adsorbent granulePne @n see thaa similar conclusion can be made; at least

0.6M NaOH should be used for regeneration to have effective regeneddtite
adsorbent
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10.3 Effect of NaOH regenerationon the adsorption capacity of the
regenerated adsorbent

Effect of adsorptiofregeneration cycle to adsorption perfonoa of IRON1 adsorbent

after several adsorptieregeneration cycles was evaluated in laboratory scale continuous
filtrations. The fltration unit wasa glass column havingl 6 d i ahedilterebed
volume was 60mlandthefilter was operated at atmuiseric pressurélhe feed solution

wasa phosphate solution made in Oulu drinking wateavingan average phosphorus
concentratiorof 400 mg P/L. High concentration was selected becaikerwise the
adsorption phase would have taken too long to beipahcContact time inhefilter was

kept as 5 min in every experiment. Phosphor concentration of influent and effluent water
wasanalysed

After the adsorption capacity was full, the adsorbent was regenerated with 0.6M NaOH
solution followed bythe nextadsorption cycle. This process was repeaantimes.
Results are shown in tHegure 10.3. One can see that the IR@Nadsorbent can be
regenerated at leaseventimes without degradation of its adsorption &eipy. This
indicatesthat phosphate could be recoveradd the adsorbent could be used agaid
againin acontinuous process.
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Figure 10.3. Phosphorous remov& as a function of filtered bed volumes eaftseveral
adsorptioaregeneration cyclegxperiments were conductedéambient temperature of 20°C.

10.4 Phosphorous recovery from the NaOH solution used for adsorbent
regeneration

Phosphorous recovery from the 0.6M NaOH solution coming from the regeneoét

the adsorbent was tested with different additions of Caf(H® target was to precipitate

the dissolved phosphate from the NaOH solution as solid calcium phosphate and separate
it from the NaOH solution by filtration. The purified NaOH solutionulebthen be used

the next time the adsorbent would be regenerated.

Experiments are listed iable 10.2 below. In all experimentshe formedcalcium
phosphat@recipitate was very easy to separate by filtration. It is cleardiganheration
of spent NaOHsolutionis possible with Ca(OH) The lest result is achieved when 1.99
g of Ca(OHj) is dosed to 1L of spent sodium hydroxsi@ution containing 277 mg/L
phosphorousAll experiments were done at room temperature of 20°C.
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Tablel10.2: Analyses of the phosphate recovery from the NaOH solution used to regenerate spent
adsorbent

Pin Cain
Spent NaOH | Added Ca(OH): NaOH NaOH
Exp. NaOH-% | solution | solution | Filtration
[L] [mg/L]
[mg/L] | [mg/L]
Initial - - 2.25 277 <0.5
1 1.0 662 2.26 169.7 <2 Quick
2 1.0 1324 2.28 58.7 <2 Quite quick
3 1.0 1986 2.37 0.29 4.6 Quite quick

10.5 Completeadsorption i phosphate recovery process

Theseresults showthat IRON1 adsorbent can be regenerated andd usgain in
phosphate adsorption when the regeneration is done with 0.6M NaOH solution. The
phosphate desorbed to NaOH solution can be recovesaldidsalcium phosphate with
simple Ca(OH precipitation. At the same timte spent NaOH solution is regeated

and it carbeused again next time the adsorbent is regenerated.

The completeadsorptioni regeneration process is presentedrigure 10.4 below. The

first step is the adsorption of phosphate to IRDiHdsobent. The second step is the
regeneration of the fuldoaded IRON1 adsorbent with 0.6M NaOH. The third step is
the regeneration of waste NaOH containing sodium phosphate with calcium hydroxide to
recover phosphorous as calcium phosphateatiide sameirme regenerate the NaOH
solution. Regenerated NaOH can be utilized again in the next cycle when-1RON
adsorbent is regenerated.
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Figure10.4. Simple flow sheet of adsorptibregeneration process with phospbus recovery.

The proposed concept was teste@ gortinuouspilot processat room temperaturdhe
influent solution contained-8 mg/L P Concentration was selectamresemble thactual
application concentration range. The adsorbent was regenénatiidering 100 bed
volumes of 0.6M NaOH through the adsorbent bed after each adsorption.eyaleén

the adsorbent became fully loaded). After regeneration adsorbent bed was rinsed with 20
bed volumes of water. Thebntinuousadsorptionregeneratiorcycle was repeated four
times.As a result,tiwas proven thathe proposed process could be used in phosphate
recovery and the IRONL adsorbent can be used again after regeneration with NaOH.
Furthermore, e NaOH solution containing the phosphate canrdgenerated with
Ca(OH), andthis NaOH solutioncan beused again next time the adsorbent s¢ede
regenerated.

Figure 105 is shown the phosphorous content of the samples taken at different Bed
Volumes One ca see that after the first adsorption cythere is no sigficant change

in adsorbent performanc€herefore, hie IRON1 adsorbent can be regenerated and used
again in continuous phosphorous removal application
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Figurel10.5. Simple flow sheet of adsorptibregeneration process with phosphorous recovery.

10.6 Cost of theadsorption i phosphate recovery process

Phosphate removal by standard chemical precipitation process with coagulants is cost
effective from bw to high influent P concentrations. For example, in Finldrehverage
coagulant cosfor ferric salt chemicals for phosphorous removal is 2 shert Other
chemical and treatment costs increase the fiakphorous treatmewgbst to 2570
ceng/m?®. However, when low concentration®.2 mgP/L are aimedike in phosphorous
polishing applicationsthe chemical coshcreaseslmost exponentially.

The ost of phosphate removal by IR@Nadsorbent was evaluated using three different
costpointsforIRONL adsor bent 3aon0d0 7@Eakudations Webeaséd/ t
on data obtained from isotherm studies, continuous fixed bed filtration stachds
continuous adsorptieregeneration studies presentedhaprevious chaptef-ollowing
chemica prices were used ithe cost calculations.

IRON-1 adsorbent A=3500B=01/5t0 OC =07/5t0 0 / t
Ca(OH) 120 4/t

NaOH (100%) 420 ual/t

Filter constants used thecalculations:

Filter volume 15 m?

Mass oflRON-1 adsorbent 18t

Empty Bed Contact Time 5 min

Wastewater 180 n/h

Waste water 4320 ni/day
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Some NaOH is lost during regeneration, estimated by laboratory experiments to be 3.75%
peradsorptiorregeneratiomycle, which neeslto be replaced by fresh NaOH as makeup.

SCENARIO:

Following values have bearsed:

Influentphosphorous : 2.0mg/L
Effluentphosphorous : 0.3 mg/L
IRON-1 adsorbent : 3500 u/t
AdsorptionRegeneration cycles 6

Consumption / t Cost [/ U
IRON-1 adsorbent 18 63000
Ca(OH) 7.7 924
NaOH 36 15120
NaOH makeup 8.1 3402
TOTAL 824460

Treated water totalolume 623589 m
Treatment cost 0.13 4/ m

Phosphorous recoked as solid Gphosphate

Wet precipitate 1481t
Dry solids 1 26.3t

These calculations should be taken as indicative and should be later on verified with
full-scale procesfResults show that if IRON adsorbent can be regenerated six times,
the phosphorous removal cost would be equmabr lessthan chemical phosphorous
removal. As an advantag¢he phosphorous would be recovered as solid calcium
phosphate. This calculation daes include the value of recovered phosphorous.

In Figure 10.6 below is presentethe treatment costs a function othe number of
adsorptiorregeneration cycldsased on the calculations presented abloviggure is also
calculated treatment cost for three effluent phosphor ctratiems; 0.02, 0.1 and 0.3
mg/L. Itis clear that tbeaneconomical alternative thechemical phosphorous removal
process with the adsorbepitice point of 3500 U/t, one mustbe able taregenerate the
adsorbent afterlpsphate adsorptioA minimum of 4 adsorptiorregeneratiorcyclesis
needed to meet the cost point of chemical phosphorous removal.
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Figure10.6. Cog of phosphate removal as a functiontloed number ofadsorptioaregeneration
cycles The nitial phosphorous concentration is 2.0 mgltkdthec o st of adsor bent i

For preparingrigure 10.7 below, the sane values as ithe initial scenariovere usegdbut

in this casethecostfor IRON-1 adsorbent i 5 0 OWiith this adsorbent cost point, one
needs to regenerate the adsorbent minimbtwo times to be comparable to chemical
phosphorous removal.
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Figure 10.7. Cost of phosphate removal as a functiorthe&fnumber ofadsorptiorregeneration
cycles The nitial phosphorous concentration is 2.0 mglldthec o st of adsor bent i
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In Figure10.8, the same initial values have been uged the cost for IROMN. adsorbent

has been set as 750 ,tistlearthaftithe bosttofiragenerdtianw pr i ¢
is morethan the cost related to the IRENadsorbey so regeneration is no longe
economicalfrom an adsorbenteusepoint of view However, one could still have the

benefit ofthe phosphorous recovery.
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Figure10.8. Cost of phosphate removal as a functidrthe number ofadsorptiorregeneration
cycles The nitial phosphorous concentration is 2.0 mgdid the cost ofthe adsorbent is 750
al t .

The Economics of adsorption in phosphate removal depends on two quite clear
parameters; volumes to be treated phdsphate concentratiamthe water to be treated.
When small volumes are to be treated, likasiimgle households irural areas, IROM

or GYPSUMU1 type of adsorbents could be utilizecetmnomically remove the required
85% of the total phosphate

In largescale phosphate removal, i.e. high volumes and high concentraiitnsated
wastewaters)it is impractical to utize adsorption ashe only treatment stemot even
with adsorbent regeneratioHowever, combiningfor example chemical phosphorous
removal @s thefirst treatmentstep) with the following adsorptieregeneration process
could be interesting as it winligive several optimizatiopossibilities to both process
steps The cost estimation presedtabove is based on ttssenario.

When the target is very low residuglhosphate concentratignthe utilization of
adsorption aan additionapolishing filteris very attractivehe costwise. In the future,

there could also be pressure to be able to recover phosphorous from wastewater. Then the
value of recovered phosphorous could change the value proposition of adsorption
processes considerably.
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11 Arsenic removal - Equilibrium studies

11.1 Isotherms

11.1.1 Experimental setup

For arsenic isotherm studjeson, aluminium and titaniumbased adsorbents were
selected. Gypsurhased samples were not included arsenic adsorption studies.
Isotherm tests were conducted in 200 amttight bottles placed in the shaker. The
concentration of As(V) was varied from test to tasd the amount of adsorbent was kept
constant. Each test was run g&®vendays to reach equilibrium concentration. For the
first couple of days, pH was measd and adjusted if necessary to pH 6.5. Arsenic
concentration at the beginning and afmme week reaction time was analysed.
Experiments were done thie ambient temperature of 207@nd the temperature was not
controlled.

11.1.2 Results

Adsorbed As(V) per welg of adsorbent was calculated from isotherm resultsigaiges
Figurell.1 to Figure11.3 were drawn based on these results.

In generalmost ofthe ironbased adsorbentsd higher adsorption capacity than®@d
and TiQ based adsorbent§he adsorption capacities for iriyased adsorbents were in
the order of IRON3>IRON-2>IRON-1>IRON-5>IRON-6>IROIN-7>IRON-4. The
highest capacity inorriron-based materials habdle AL2032 adsorbent produced from
the aluminium industry waste.
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Figure11l.1. Adsorbed As(V) mg/g Adsorbent as a function of equilibrium concentratigiolC
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aluminiumbased adsorbents. Reaction time 7 days.
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Figure11.3. Adsorbed A(V) mg/g Adsorbent as a function of equilibrium concentratigyfd®
titaniumbased adsorbents. Reaction tisegendays.

11.1.3 Langmuir isotherm

As(V) isotherm results were fitted the Langmuir isotherm modeimilarly as was done
in phosphorous adsorptidests.

Figure114 andFigure11.5 show examples of two fittings of Langmuir isotherm. It is
evident thathe Langmuirmodelcamot fit measured dataery well In generalone can
conclude that the materials studied are not behaving accordirangmuirmonolayer
coverage modelnd insteagthere is an indication that tiseirfaces are heterogeneous.
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Figure115. The adsorption capacity f&lL203-2 adsorbent (leftand IRON2 adsorbent

(right) and as a function of the equilibrium concentratioAs(\V). The doted line is the
Langmuir model fitted to measured data. These figures represent the best fit (left) and worst fit
(right) to the Langmuir isotherm model from the tested adsorbents.

Tablell.1 presents Langmuir constant gQahd orrelation coefficientThe results show
thatthe Langmuir monolayer coverage model cannot describe the adsorption behaviour
of studied adsorbentsthe adsorption capacities predicted by the model deviate
significantly from the measurements.
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Tablel11.1: Langmuir constantso@nd b for different adsorbents.

Adsorbent go [mg/g] b [L/mg] R?
IRON-1 9.380 2.722 0.93
IRON-2 7.343 4,961 0.87
IRON-3 10.153 0.979 0.96
IRON-4 8.591 1.184 0.96
IRON-5 11.895 1.656 0.98
IRON-6 6.163 8.408 0.97
IRON-7 8.529 11.100 0.89
Al203-1 11.095 0.0914 0.96
Al203-2 12.805 0.112 0.99
TIO2-1 10.485 0.014 0.89
TiO2-2 10.310 0.004 0.90

11.1.4 Freundlich isotherm

Freundlich isotherm was fitted to the arsenic (V) adsongtatasimilarly to phosphorous

adsorption dataBy plotting log q as a function of loge§results straight line and from

the intercept on can calculate &d from slope the value for Rigure11.6 andFigure
117 show examples of measured data and fittinghaf Freundlich model to data.
Freundlich adsorption model fits quite well to measured dath¢cating adsorption
mechanism through heterogeneous surface sites.

e

log g

e

log .

-2.00

/(
/.40
8-20 y = 0.2784x + 0.5263 —
/ R? = 0.9958
-1.00 0.00 1.00 2.00

log Ceq

3.00

w
D
D

o
do
>

/

\

o)

E
D

D

P
P

y =0.1289x + 0.6291 —

R2=0.9427

-2.00

a
06

0.00

P

-1.00

1.00
log Ceq

2.00 3.00

4.00

Figure11.6. Linear plot for Freundlich isotherriog g as a function of logdgfor IRON-2

adsorbent (left) antRON-7 adsorbent (right). The dotted line is the linear fit to the Freundlich

model. These figures represent the best fit (ki) the worst fit (right) to the Freundlich
isotherm model from the tested adsorbents.
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Figurell7. The adsorption capacity for IRGAadsorbent (left) andRON-7 adsorbent (right)

as a function of thegiilibrium concentration of phosphorous. The dotted line is the Freundlich
model fitted to measured data. These figures represent the best fit (left) and the worst fit (right)

to the Freundlich isotherm model from the tested adsorbents.

In Table11.2 is shown Freundlich coefficients (n ang) .KFreundlich isotherm constant
is an approximate indicator of adsorption capaatyd the coefficient n indicates the
favourability of adsorption. If the n values are from 0.1 tq &dsorpton is favourable.
This is the case in all tested adsorbente very low values of n for IRON, IRON-6,
and IRON?7 indicateirreversible adsorption.

Table11.2 shows Freundlich coefficients (n ang) KThe measured data felatively well
to theFreundlich modeand better thatheLangmuir modelThis givesanindication that
studied materialgould have heterogeneous surface strugure Ba s e d
equationadsorption capacities for EU drinking water limit equililbbnigoncentration (10
g As(V)/l) were calculated. Capacitiesidqfor adsorbents were in order IREN>
IRON-2 > IRON1 > IRON-3 > IRON-7 > IRON-6 > IRON4 > IRON-5 > AL203-2 >

on

Freund

AL203-1 > TIO21 > TIO21. Titanium and aluminium based adsorbents had lower
cgpacitieswhen evaluating drinking water level equilibrium capacity
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Table 11.2; Freundlich coefficients Kand n. Capacity for 10 pg As(V)/l equilibrium
concentration is calculated basedtb@Freundlich equion.

n Kt Q10
Adsorbent R?

[-] [mg/g] [ma/g]
IRON-1 0.234 3.697 6.3 0.98
IRON-2 0.278 3.360 6.4 0.99
IRON-3 0.266 3.318 6.1 0.96
IRON-4 0.140 4.008 55 0.96
IRON-5 0.116 4.873 7.1 0.97
IRON-6 0.068 4.825 5.6 0.98
IRON-7 0.129 4.257 5.7 0.94
AL2031 0.258 1.917 3.5 0.99
AL2032 0.249 2.965 5.3 0.99
TIO2-1 0.345 0.928 2.1 0.99
TIO2-2 0.390 0.519 1.3 0.97

11.1.5 Dubinini Radushkevich isotherm

Dubinin-Radushkevich model was fittdo arsenic adsorption isotherm datenilar to

that ofphosphorouad®rption experimentgzigure11.8 andFigurel11.9 show examples

of measured data and fitting thfe D-R isotherm model to measurements. It can be seen
that the DR isotherm mdel hasamoderatéy good fit to measured data.
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Figure11.8. Linear plot for DR isotherm-1 n  q as a?fdr IRBNs2tadsorbbent defft)y U
andIRON-5 adsorbent (right). The dotted line is the linear fit to th& hodel. These figures
represent the best fit (left) and the worst fit (right) to th& Bothem model from the tested
adsorbents.
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Figure11.9. The adsorption capacity for IRGRNadsorbent (left) antRON-5 adsorbent (right)
as a function of the equilibrium concentrationAsf{(\VV). The dotted line ithe D-R model fitted
to measured data. These figures represent the best fit (left) and the worst fit (right) t& the D

isotherm model from the tested adsorbents.

D-R isotherm model constants are showT @&ble11.3. Based on redts shown in the
table the maximum adsorption capacitiesm)@re in orderlRON-3 > IRON-2 > IRON-
1>1RON-5>IRON-4 > IRON-7 >IRON-6. In aluminiumbased adsorbentde granular
waste material has almost double the capacity compared to commerciahaalumi
adsorberg On titaniumbased adsorbentshe granulated anatase pigment had
significantly higher capacity than the commercial Fi@lsorbentSupposethe free

energy of adsorption (E) is between 8 and 16 kJ/theladsorption is consideradion-
exchange typeThis is the case in ADs and TiQ adsorbentslf the free energy
>16kJ/mol, the adsorption mechanism is considered tthbeisorption. Altestediron-
basedadsorbents have free energytire ion-exchange/chemisorption rangehe hgh

free anergy of adsorption indicadg@ strong bond between As(V) species and iron oxide
adsorbent. This ianinteresting observation in the point of disposal of spent adsorbents
as thisindicatesstabile waste.
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Table11.3: DubininrRadushkevich coefficientsfand k. In the table is also shown adsorption
free energy E.

Adsorbent Qm k [mol?/kJ? E R?
[mg/g] [kd/mol]
IRON-1 48.486 | 0.00133 19.35 0.98
IRON-2 53.256 | 0.00138 19.03 0.99
IRON-3 58.643 | 0.00147 18.45 0.98
IRON-4 24.762 | 0.00107 21.54 0.96
IRON-5 36.781 | 0.00113 21.00 0.95
IRON-6 9.866 | 0.00036 36.80 0.98
IRON-7 18.000 | 0.00070 26.56 0.97
Al203-1 39.443 | 0.00162 17.56 0.99
Al203-2 61.819 | 0.00174 16.97 0.99
TIO2-1 56.616 | 0.00229 14.77 0.98
TIO2-2 74.459 | 0.00302 12.87 0.97

11.2 Arsenic removali Effect of pH on arsenic adsorption

11.2.1 Experimental setup

IRON-1, IRON-2, IRON5, and IRON7 adsorbents were tested at pH6.5 and pH8.5.
Isotherm tests were conducted in 200 mitigiht bottles placed in the shakat room
temperature of 20°CThe concentration of As(V) was varied from test to, tast the
amount of adsorbent was kept constant. Each test was ruse¥endays to reach
equilibrium concentration. For the first couple of days, pH was measured and adjusted i
necessary to pH6.5 or pH8.5. Arsenic concentration at the beginning anohafierek
reaction time was analysed.

11.2.2 Results

Typically, authorities do not regulate the pH level in drinking water. It is classified as a
secondary drinking water contaminavtiose impact is considered aesthetic. However, it
is recommended that public water systems maintain pH levels between 6.5 and 8.5.

Applicability of filter media for drinking water use is governddr example with
NSF/ANSI 53 (Drinking water treatmentits) and EN 14898:2006 (Water conditioning
equipment inside buildings Active media filters) standard&oth standards require
testing for metal removal at pH6.5 and pH8.5

Arsenic is unique among the metalloids and oxyaifi@oming elements in its senisity
to mobilisation at the pH6.5 up to pH8.5 ranggically found in surfacevater and
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groundwvater. Also, for this reason, it isrucialto understand the adsorption behaviour in
both ends of the pH spectrum.

Figure11.10 andFigure 11.11 presents the arsenic removal efficiency as a function of
equilibrium concentratiorBased on the results from the equilibrium teslisfour tested
iron-based adsorbentsinalso removeéAs(lll) at both tested pH6.5 and pH8.5.
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Figure 11.10. The adsorption efficiency (i.e. arsenic reme¥@l as a function of equilibrium
concentration for IROM (left) and IRON2 (right) for equilibrium at pi6.5 and pH8.5.
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Figure11.11 The adsorption capacity as a function of equilibrium concentration for {8ON
(left) and IRONY7 (right) for equilibrium at pH6.5 and pH8.5.



171

11.3 Arsenic removal- Effect of arsenic speciationon adsorption

11.3.1 Experimental setup

To understand the difference between As(lll) and As@dsorption IRONL and IRON

7 adsorbents were tested at pH6.5 and pHBgbilibrium tests were conducted in 200

ml air-tight bottles placed in the shak&he As(lll) and As(V)chemicalswvere reagent
gradeused in analytical application§he dilution water washe City of Oulu drinking
water.The diluted solutions for the experiments were used immediately after preparation
and not storedlhe concentratin of As(V) or As(lll) wasvaried from test to tesand the
amount of adsorbent was kept constant. Each test was ruse¥endays to reach
equilibrium concentration. For the first couple of days, pH was measured and adjusted if
necessary to pH6.5 or pHB Arsenic concentration at the beginning and afteweek
reaction time was analysefixperiments were done at room temperature (20°C).

11.3.2 Results

In natural waters, arsenic occurs primarily as pentavalent arsenate or trivalent arsenite.
Arsenate ighe nost common arsenic specigs surface waters with high dissolved
oxygen concentrationddowever, asenite exists in significant concentrations under
anaerobiconditions found in groundwaterherefore, it is important to understand also

the adsorption cability of As(lll) species, eventhough typically the As(V)
concentrations are dominant.

Adsorbed arsenic wasalculated from isotherm resultand Figure 11.12 and Figure

11.13 were drawn based on these resuRssults show that both IRGNand IRON7
adsorbentsan removédoth arsenic species As(V) and As(lll). Al#owvas observed that

the arsenic removal was quite good for both arsenic species at pH6.5 and pH8.5
represating extremes of typical groundwatand surface watefTherefore, ae can
conclude that both products could be utilized in drinking water applicorarsenic
removal.
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Figure 11.12. The adsorption &tiency (i.e. arsenic removéb) as a function of equilibrium
concentration fofRON-1 at pH6.5left) andpH8.5(right) for As(l1l) and As(V)
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Figure 11.13. The adsorption efficiency (i.e. arsenic reme¥%@ as a function of equilibrium
concentration for IRON at pH6.5 (left) and pH8.5 (right) for As(lll) and As(V).

11.4 Arsenic removal - effect of silica and vanadium

11.4.1 Experimental setup

To understand the effect of silica and vanadamA\s(V) adsorptionIRON-1, IRON-2,

and IRON7 adsorbents were tested with different dosages of silica and vanadium at

pH6.5. Equilibrium tests were conducted in 200 mitigint bottles placed in the shaker
at room temperature of 20°TheAs(V) concentrationvas kept constayaind either silica

or vanadium concentration was varied. Adsorbent dosage was constant in all experiments.
Each test was run faevendays to reach equilibrium concentration. For the first couple

of days, pH was measured and adjusted if necessary to.pkt§enic concentration at
the beginning and aftemeweekreaction time was analysed.
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11.4.2 Results

Silicate, vanadatephosphateandsulphatearecompeting ions with arsenic in adsorption
systemsprimarily when ironbased adsorbents are usBtiosphate isypically not an
issue in groundwater applicationlsut vanadateand silicde can be quite common
competing elemest

Colby et al. (2010¢ompared influent water quality of drinking water treatment facilities
in California that utilizes adsorption processks arsenic removal tohe US
Environment al P(USEPA) arsenicoramovalignmomsicaliod sitas the
USA. USEPA sites haé median arseniconcentrationof 33 ug Asu ,Lmedian silica
concentratiorof 2 5 mg , al&di vanadlum concentration$ 36 ugV  u hliforni&
water treatment plants had a median arsenic concentrafi®? pg Asu,Lsilica
concentratior88 mgSi/L, and median vanadium concentratair20 pgV u .[Due tothe
negative effect of silica and vanadiuithe USEPA demonstration sitesachecbnly 20
to 80% of the expectethed volume (filter capacity of the adsorbebBfore the
breakthroughwhichwassimilar tothe results fronthe Californiawater treanent plants
(36 to 75%) Hilkert Colby, et al., 2010)

In Figure11.14 is presented the results from the equilibrium tests done with different
vanadium and silica concentratiofi®cus lere is on selected irdpased adsorbents as
these are known to be more affected by compatng of vanadate and silicatét. is
evident that vanadiurhasa more substantiagéffect on As(V) adsorptionthan silica in
equilibrium testsThe negative effeadf silicatescan be seen in continuous filtration as
silicatescan accumulate to tre@lsorbensurfaces and block the adsorption filter bed, and
thereforecan cause earlier brelthrough than expected. Vanadatestead actively
adsorbs to the active sitasiron oxide (hydroxide) surfaces and competes with arsenic
reducingthe adsorption capacity of arsenic.
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Figure11.14. As(V) removal% as a function of vanadium concentration in the test water (top)
andsilica (bottom).The nitial arsenic concentration was 1000ug/L.
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12 Arsenic removal- Adsorption kinetics

12.1 Experimental setup

For kinetic studiesfour different adsorbents were selectdiDN-1, IRON-2, IRON-5,

and IRON?7. Kinetic studies were conductedhwasolution containing 10 mg/l of As(V).

The wlume used was 4, andthe adsorbehwas varied between G.1.0 g/L. The pH

was controlled during kinetic studies and kept on average at pH 6.5. Initial concentration
was determinedand after thatthe adsorbent was added the solution. The iming was
started at this point. Samples were taken at fixed intervals to falewadsorption of
As(V) to adsorbent as a function of time.

12.2 Kinetic studies

Figure 12.1 and Figure 12.2 is shownthe relation of initial concentration € and
concentration at time t (C One can see that withe two lowestadsorbentiosages of

0.1 and 0.25 g adsorbentthe adsorption rate is minimal tiiall tested adsorbentis

the kinetic model calculations, the experiments with dosage 0.1 g Adsorbent/L were not
considerediueto minimal arsenic adsorption. This would not give any meaningful results
in any tested kinetic models. Results with the de<a25 g Adsorbent/L were calculated,

but one should be cautioabout makingonclusions on this concentratioResults with

0.5 g/L and 1.0 g/L were successful and shdaotiicate the mechanism behind the
adsorption.
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Figure 12.1. As(V) removal rate {{co) for IRON-1 (left) and IRON2 (right) adsorbents as a
function of adsorption time. Four adsorbent dosaggre used between 0.11.0 gL. The nitial
arsenic concentration was 10 mg As(V)/L.
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Figure 12.2. As(V) removal rate o) for IRON-5 (left) and IRON7 (right) adsorbents as a
function of adsorption time. Four adsorbent dosaggre used between 0.11.0 gL. The nitial
arsenic concentrationag 10 mg As(V)/L.

For easier comparison iRigure 12.3 is shownthe rate of adsorption fothe highest
adsorbent dosagé.O g/L)for all four adsorbents. Frothefigure, one can see théte
fastest adsorption rate $iR ON-2 followed closely byRON-7. Adsorption removal rate
results followthe average particle size of adsorbents (IRB4.5mm, IRON2=0.9mm,
IRON-5=1.3 mm and IRON=0.8mm) closelysmaller the particle size faster is the
kinetics.
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Figure123. As(V) removal rate ¢tco) for four different adsorbents as a function of adsorption
time. The alsorbent dosage the experiment was 1.0 g/ The initial arsenic concentration was
10 mg As(V)L.

In Figure124 andFigure12.5, adsorption capacity: gmg/g) is presenteds a function
of adsorption time. One can see that thesmise experimental noise ;25 g/L dosage
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tests dongespeciallyin IRON-1 and IRON7 adsorbents. It is clear thfar mechanistic
analysesoneshouldfocus on experiments done with dosages 0.5 g/L and 1.0 g/L.
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Figure12.4. As(V) adsorption capacity: épr IRON-1 (left) and IRON2 (right) adsorbents as a
function of adsorption timélhe nitial arsenic concentration was 10 mg As(V)/L.
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Figure12.5. As(V) adsorption capacity: fpr IRON-5 (left) and IRON7 (right) adsorbets as a
function of adsorption timél'he nitial arsenic concentration was 10 mg As(V)/L.
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12.2.1 Pseudesecondorder kinetic model

If pseudesecondorder kinetics is valid, the plot of t/oys t should give a linear
relationship, from which gcan be determimefrom the slope and k from the intercept.
Figure 12.6 is presented an example; adsorbent IRDkesults fitted to the pseudo
secondorder model.
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Figurel2.6.Linearfit t/qt as a function of adsorption time (Tihe figure presents thedaorbent
sample IRON7 that had the best fit tihe pseudesecondorder model

Based ortheresults shown iTable12.1, even though there is quite a good @it to

the pseudeecondorder model, there is some variation of the quality of the fit from
adsorbent tehe adsorbentt-urthermore,hie lower correlation of some adsorbsmeans
that the pseudesecondorder kinetics does nasinglehandedy explain adsorption
kinetics for tested materialslowever, from the result®ne can conclude that the rate
limiting step is partly controlled by chemisorption.

Tablel12.1: Pseudo second order model 6s constants.
Adsorbent dosage Qe K R2
Adsorbent [o/L] mg/g] | [g/mg*min] | [
IRON-1 0.5 9.107 0.002 0.96
1.0 8.961 0.001 0.97
IRON-2 0.5 13.495 0.001 0.96
1.0 8.937 0.002 0.99
IRON-5 0.5 9.091 0.001 0.94
1.0 7.112 0.003 0.98
IRON-7 0.5 7.278 0.06 0.98
1.0 9.794 0.003 0.99
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12.2.2 Elovich kinetic model

By plottingadsorption capacitg: as a function of In(t)the measured data should fall in
astraight line having 1/b as slope and b as intercepf the measured data follows
Elovich kinetic modelAn exampleof the fittingis shown inFigure12.7.
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Figurel2.7. As(V) adsorption capacity gs afunction of In(t). The alsorbent tested wdRON-
1

The esult for fitting measukdata to Eleich kinetic data is shown ihable12.2. One
can see thatlso Elovichkinetic model gaveguite good butariable results. However,
based orthe overall trend of the resultenecan conclude that all four adsorbeatg
heterogeneous in their surface nature what comes to adsorption ofaAgM$.5

Tablel12.2: Constants for Elovich equation.

Adsorbent | Adsorbent dosage b a R2
[g/L] [a/mg As] | [mg As / g*min] [-]

IRON-1 0.5 0.466 0.227 0.96
1 0.425 0.144 0.99

IRON-2 0.5 0.412 0.227 0.97
1 0.537 0.357 0.99

IRON-5 0.5 0.521 0.202 0.97
1 0.705 0.332 0.98

IRON-7 0.5 0.702 0.733 0.98
1 0.628 0.513 0.99
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12.3 Study of the diffusion mechanism

Intraparticle diffusion ratei WeberMorris

The WebeMorris intraparticle diffusion model was studied to understand the rate
limiting step of the arsenic adsorption process, boundary layer diffusion, or intraparticle
diffusion of solute towards the solid surfa®éeberMorris plot, q versus Y¥? should be

a straight line with a slopegkand intercept ¢ when the adsorption mechanism follows
the intraparticle diffusion processdsgure 12.8 showsan example of measured data
presented athe WeberMorris plot for different adsorbents when the adsorbent dosage
was 1.0 g/LOne can see that the measured data fit very well to the Whdyeis modej

alsq there is only one linear region.
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Figure12.8. Arsenic adsorption capacityas a function of'f for the adsorbent IRON, IRON-
2, IRON-5, and IRON7 when the adsorbent dosage used was 1.0 g/L

If the straight line passes through origo obtained from the pleaghinsthesquare root
of time, it shows thathe intraparticle diffusion is considered as the-teermining step
When the plot doesoh pass through the origo, it indicates the contributisome degree
of a film diffusion processFrom the resultsone can see that as the adiemt dosage
increases, the intercept in all experiments get clasdrcloserto origo. The intercept
values Cw) indicate that the intraparticle diffusion is more limiting than film diffusion
for tested porous granular adsorberResults from fitting themeasurements tthe
WeberMorris plot are summarized ihable 12.3. One can see th#te WeberMorris
model givesa perfectfit to all tested adsorbents.
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Table12.3: Coefficients folWeberMorris plot.

Adsorbent dosage ki Cu R?

Adsorbent /L] 9 (mg /g*fnin°-5] [mg/g] [
IRON-1 0.5 0.457 0.097 0.98
1.0 0.422 0.079 0.99
IRON-2 0.5 0.629 1.291 0.99
1 0.449 0.629 0.99
IRON-5 0.5 0.460 0.463 0.98
1 0.376 0.318 0.99
IRON-7 0.5 0.429 1.100 0.97
1 0.422 0.885 0.99
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13.1 Experimental setup

Plastic filter columns, havingninside diametepof 16 mm, were filled withadsorbent
granules so that the volume of the filter bed was 53 ml. Bef@dirlg to columns
adsorbent granules were gently washed ftoose duston the granule surfaceith

running water. At the bottom and the toptlod granule bed was laiglayer of fibreglass

fibres sothatthe filter bed would not move and thater distrbutionwould be optimal.

Feed wate(influent) was produced fronthe city of Oulu drinking water according to

NSF 53 standard. Water was spiked according to standard with As(V) so that the arsenic
concentration would be ~50 |lg/ Samples were taken onceneek. Each time the
effluent sample waalso takenjnfluent water was analysedll continuous filtration
experimentpresented in this chapterere conducted at room temperature of 20°C.

One should note that the continuous filtration tests tooke tharone year to complete.
Some of the tested adsorbedid not get exhausted during this eyear continuous
filtration, butthe tests had to be stopped due to the time restrictions

Examples of additional analyses thie city of Oulu drinking water taken ding the
continuous filtratiortess.

Tablel13.1: Additionalanalyses made from tlfluent during the continuous filtration pilot.

Mg SOQ NOs F Si PO, Ca Cl
[mg/L] | [mg/L] | [mgA] | [mg/L] | [mg/L] | [mg/L] | [mg/L] | [mg/L]

January 1.4 34 3.5 <1 1.4 <1 28 13
January 1.3 32 3.4 <1 1.2 <1 27 5.9
March 1.3 17 3.9 <1 15 <1 26 7.6
March 1.3 33 5.3 <1 1.6 <1 27 4
May 1.5 72 4.1 <1 2.8 <1 37 14
May 1.5 62 4.1 <1 2.9 <1 38 3.2
July 1.3 36 3.5 <1 1.4 <1 28 14
July 1.3 35 4 <1 15 <1 27 3
September 1.2 38 4 <1 1.2 1.0 25 16
September 1.1 38 4 <1 1.4 1.0 25 3
November| 1.7 42 4 <1 1.8 <1 30 17
November| 1.4 38 4 <1 1.4 <1 26 5
January 1.3 36 4 <1 1.6 <1 27 16
January 1.3 39 4 <1 1.6 <1 28 2
March 1.3 41 5 <1 2.0 <1 27 15
March 1.3 39 5 <1 2.0 <1 28 3
May 1.2 56 3 <1 2.1 <1 33 13
May 1.3 57 3 <1 2.1 <1 34 14
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13.2 Effect of influent pH

In Figure13.1 andFigure 13.2 shows thearsenic conadrations in effluent water as a
function of filtered bed volume3heresults fromfour different adsorbents are presented
(IRON-1, IRON-2, IRON3, and IRON?7). In Figure 13.1 is shown theresults with
influent waer having pH 6.5and inFigure13.2 are shown the results withfluent water
having pH 8.5. ThegeH values wereselectedcaccording tdNSF53 standard
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a0 | = IRON-2
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= 30 ' e~
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Figure13.1. Continuous filtration studies according to NS¥Fstandard. Tested adsorbents were
IRON-1, IRON-2, IRON-3, and IRON-7. Test conditionsinfluent As(V) 50 ug/l and pH 6.5.
Empty Bed Contact Time (EBCT) 5min.
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Figure13.2. Continuous filtration studies according to N&¥standard. Tested adsorbents were
IRON-1, IRON-2, IRON-3, and IRON?7. Test conditionsinfluent As(V) 50 g/l and pH 8.5.
Empty Bed Contact Time (EBCT) 5min.
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Compared to irofbased adsorbestcontinuous filtration tests at pH6.5 and pH8.5 were
also donevith TIO2-2 adsorbents. The results are showRigurel13.3. One can see that
TiO2 ibased adsorbent granules are effective at lower pH®b the caacity is
significantly diminished at higher pH, more so than with ibased adsorbents.

50 I I
--A-- TiO2-2: pH 6.5
40 --¢- TIO2-2: pH 8.5 H
e
30 X 3
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¢
20 4# .
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Figure13.3. Continuous filtration studies according to NSF 53 standdrel E6ted adsorbent was
TIO2-2. Test condions: influent As(V) 50 pg/l, pH6.5 and pH 8.5. Empty Bed Contact Time
(EBCT) 5min.

Table13.2 presents the summary of the filtration tests. At lowey thid best adsorbent

was the IRON2, which had almost double the capacity caned tothe seconebest
adsorbent IROMNL. One can see that at higher pH&8&e adsorption capacity was
significantly lower on adsorbents IRGN IRON-2, and IRON3, when compared to the
maximum bed volumes adsorbentsre able to filter at lower pH6.5. M@ver, one
should note that even the filtration capacity was only half at pH8.5 for these samples, it
was still substantial for practical drinking water applicatigxsinteresting finding was

that the IRON7 ( {FeOOH) adsorbererformed equally well at both pH levels.

TIO2-2 adsorbent hadn excellentfiltration capacity at pH6.5 but was significantly
decreased at higher pH8As a resultT102-2 adsorbents capacity at pH8.5 was dnly
of the best irorbasedadsorbent and %2 of the worstirbna s ed adsor bent 6s

c

a
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Table13.2: Comparison of different adsorbents. Maximum bed volumes one carufiliethe
maximum allowed drinking water limit of 10 pg As/L ieached apH6.5andpH8.5when the

influent water has 50 pygs/L and EBCT is 5min

Adsorbent pH 6.5 pH 8.5
Maximum bed volumes before Maximum bed volumes before 10ug
10ug As/L limit was exceeded As/L limit was exceeded
[-] [-]
IRON-1 56686 23678
IRON-2 >100000 43313
IRON-3 43688 25356
IRON-7 53163 55396
TIO2-2 61002 13693

13.3 Effect of Empty Bed Contact Time (EBCT)

Effect ofthe adsorption reaction timee. Empty Bed Contact Time (EBCWas tested

with IRON-1 adsorbentvith four different contactitnes between 2,%, 7.5, and.5min.

In Figure 134, increasing contact time increases the number of maximum bed volumes
one can filter through adsorbent bleedfore influent water concentration excedks

drinkingwater limitof 10 pgAs/L.
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Figure 134. Arsenic concentration ireffluent water in continuous filtration studies done
according to NSB3standard. e ested adsorbent wHBON-1. Test conditionsnfluent As(V)

50 pg/l and pH 6.5. Empty Bed Contact Time (EBCT) was2.9.5, and.5min.




13.3Effect of Empty Bed Contact Time (EBCT) 187

In Table13.3is summarizedheresultsfrom the experiments done with different Empty
Bed Contact Times (EBCTFiltration studydone with 15 min contact time was not
finalized as the adsorbent was not exhaustegnacticalexperimentatime frame (over
oneyearcontinuoudiltration time).

Table13.3: EBCT and maximum bed volumese can filter with each contact tirbefore the
influent water reaches the maximum allowed drinking water limit of 10 pg.Asie alsorbent
tested wadRON-1. Test with 15 min contact tim&as not able to run to exhaustion due to
extremely long testingrhe (over one year).

Empty Bed Contact time Maximum bed volumes before 10ués/L
limit was exceeded
EBCT
_ []
[min]
2.5 29000
5.0 56686
7.5 67127
15.0 >100 000 stimatedigure as the effluent limi
of 10 pgAs/Lwas notreachedevenover one
year filtration test)

Typically, the adsorbent used in drinking water application for arsenic removal is not
regeneratedlhereforejt would be economical to operate the fixed bed filtration process
to maximize the utilization of the adsorbent capaditpwever, me needs to take into
accounthe operating cost (OPEX) coming from the replacement of the adsorbeheand
initial capital expenditure (CAPEX) to the whole adsorption process. [habiel13.4 is
shown an example of how CAPEXGOPEX are affected by the selected Empty Bed
Confact Time. As the EBCT increases, a lamgesenic treatment plant is needed meaning
anincrease in CAPEX, buttthe same timghe operating cost decreases as the adsorbent
can be utilized better with high EBCT.
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Table13.4: Rough example of the effect of selected EB®ilcapital expenditure and operating
cost (only adsorbent cost taken into account).

EBCT 10000 citizens Adsorbent Bed Initial Adsorbent Adsorbent
Volume needed equipment Replacement replacements
Each use 150 to produce investment cycle
L/day 10 m¥min of cost
water
Water ACapit 0Oper &wis
production expendi 0 OPEXO
need ACAPEX
[min] [m¥min] [m3] Days
25 10 26 1x 50 3.4x
5.0 10 52 2x 197 1.8
7.5 10 78 3X 350 1.5x
15.0 10 156 6x 1042 1.0x

The effect of EBCT was further analysed by compatinge different adsorbents ti
two different contact timess shown irFigure13.5. One can see thHRON-1 and IRON
2 adsorbentsre more affected by the contact time tharaiteorbentRON-7.
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—A—I|RON-1 : EBCT 5min 50 pg As(V)/L
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--©-- IRON-2 : EBCT 5min
--@- IRON-7 : EBCT 2.5min

= 30 1]--¢-- IRON-7 : EBCT 5min

E al’

n 20 e

< \ mﬂ_l

10 Neiaa
a Bl cecazeegey
W, A i) COR¥I0CO
0 :A | 1 1
0 20000 40000 60000 80000 100000
Bed volume

Figure 135. Effluent arsenic concentration as a function of filtered bed volumested
adsobents werd RON-1, IRON-2, and IRON7. Empty bed contact time Zxn and 5min.
Influent water 50 pd/ As(V) and pH6.5.

The simmary of the filtration experimenfgesentedn Figure 13,5 is shown inTable
13.5 below. From the resultsone can sethat thecapacity of theadsorbent IRON is
not affected when the EBCT decreases from 5min to 2.5asifor IRON1 and IRON
2 adsorbentghe capacity decreases significantly as the EBCT decrdémasver, even
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though the adsorption capacity of the adsorbent IRDINas affected whernthe EBCT
decreasefrom 5min to 2.5min, the results were ssillperior to otheadsorbents

Table13.5: Maximum bed volmesbefore the drinking water limisf 10 pg As/L is exceeded.
Contact times tested were 2.5min and 5min

Adsorbent Maximum bed volumes before| Maximum bed volumes before
10pg As/L limit was exceeded| 10ug As/L limit was exceedd
Empty Bed Contact time Empty Bed Contact time 5min
2.5min
IRON-1 29000 56686
IRON-2 71472 >100000
IRON-7 53473 53163

13.4 Effect of adsorbent particle size

To understandvhy the smaller particle size adsorbent IR@Nperformsso well in
continuous filtration tesfghe effect of partle size was also studied. For tipisrpose,
adsorbent IRON was sieved to 3 sievieactions 0.8-1.4mm, 0.81.8mm and 1.0
2.0mm. Each sieved fraction was testedthe same manneas described earlign
continuous column filtrationEmpty Bed Contacirhe was 5mininfluent concentration
was 50 pug As(V)/L,the influent pHwas 6.5 and experiments were done at room
temperature of 20°C
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Figurel3.6. Effluent arsenic concentration as a function of filtdved volumes for three different
particle sizes. Empty bed contact time was 5min, and the influent water 50 pg/L As(V) and pH6.5.
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Results from the continuous filtration test with different particle size fractions are
presented inTable 13.6. It is clear from the results that when the other adsorbent
propertiesstay the same, the smaller particle sizik give better adsorption capacity in
continuous filtration irafixed bed filter.

Table13.6: Maximum bed volumes one can filteefore the drinking water limiof 10ug/L is
exceeded.

Adsorbent Maximum bed volumes before
10ug As/L limit was exceeded

Empty Bed Contact time 5min

IRON-1 as itis 56686
IRON-1:0.81.4 mm 63728
IRON-1:0.81.8 mm 59444
IRON-1:1.62.0 mm 42243

A critical factor in continuous filtration is the particle size of the adsortsnsmaller
particle size resultg a large total surface aador adsorption to happen ihe fixed-
volumefilter bed.Also, this gives an indication that the internal diffusion ofatisorbent
granuleplays asignificantrole in the kinetics as in smaller adsorbent granutes
distance to the pores is shordad therefore cauatilize the contact time bettar thefixed
bed

Badruzzaman et al. (2004) findings from studies of intraparticle diffusion and adsorption
of arsenate onto granular ferric hydroxide support these results and their interpretation.
They proposed that the mass transport processes are sgonglarous granular metal
oxides as arefound in activated arbons.Based on this assumptiothe arsenate
adsorption on granular, porous metal oxides involves four steps: diffusion through the
bulk liquid, film diffusion, intraparticle diffusion, and adsdgst on the solid surfagsee
Figure13.7 below) Generally, the bulk liquid diffusion and adsorption steps are rapid and
thus not ratdimiting. Regarding intraparticle diffusion, studies evaluating the adsorption
of organic componds by activated carbon showed that surface diffusion typically
dominates over pore diffusion. Badruzzman et al. concluded that for arsenate adsorption
by granular ferric hydroxiddghe intraparticle transport of arsenate is also controlled by
surface difusion(Badruzzaman, et al., 2004)
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Figure 13.7. Schematic of inorganic ion (arsenate) transport from the bulk solution onto
porous metal oxides adsorbe(Badruzzaman, et al., 2004)

One should remember that thembination ofthe adsorbent's chemical properties and
physical propertieslictates the overall adsorption capabilitiesAn additional thing to
remember for real filtration applications iket mechanical strength of the granular
adsorbent. Typically, smaller granukaisorbents are mechanically weaker to withstand
the continuous water flofior months and month3he blockage of the adsorbent filter
bed due to fracturing of the granular adsorts can happen much before the capadity
the adsorberis exhaustedThereforethe design of the weperforming adsorbent filter
media requires careful consideration of not only chemical coi@os physical
properties but also mechanical stability.

13.5 Thomas plot

A model has to be used to describe the fiked column behaviour and scale it up for
industrial applicationsOne ofthe most general and widely used modethe so-called
Thomas model, which is often adopted to predict the adsorpte@khrough curve
(BTC) in fixed-bed column systemsThe data obtained from continuous column
filtrations wereused to calculatdhemaximum solidphase concentration of As(V) time
adsorbent and the adsorption rate constant using the Thomas kinetic(Herdeét al.,
2007)& (Oztiirk & Kavak, 2005)



192 13 Arsenic removal - Continuous filtration studies

1 (131)

Ct
CO 1 + ekth CSO*Q‘ Kin ®o®
where

t = time [min]

¢t = effluent concentration at time t [mg/I]

Co = influent concentration [mg/I]

kin = Thomas rate constant [ml/min*mg]

go = adsorption capacity of the filter bgaig As(V)/g adsorbent]
X = mass of adsorbent in column [g]

v = flow rate [ml/min]

By linearization Thomas model can be presented as

(132)

ac. 0 & . .XO .
|n§g°8:&km @, G-0- ki @, @
cG - C V=

By plotting In (@/cy) as a function of,tone can solvedfrom the slope andodrom the
intercept. InFigure 13.8 andare showrexamples oimeasured data and fitted Thomas
model for EmptyBed Contact Time2.5 min and 5 minOne should note that tiEBCT

is also equal to the flow rate as the filter bed volume is fiXed.lbwer the EBCT higher
is the flow rate to the filter.
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Figure 138. Adsorbent IRON16 s b r e a kt hr awoglifieret Empty eBed Cbract
Times (EBCT); ¢co as a function of filtration time. Top EBCT 2.5min andbottom= EBCT
5min. Influent As(V) ~ 50ug/l and pH6.5.
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Figure1l39. Adsorbent IRON7 6s br eakt hrough curves for two
Times (EBCT); €co as a function of filtration time. Top = EBCT 2.5min and bottom = EBCT
5min. Influent As(V) ~ 50u8 and pH6.5.

At a higher flow ratgi.e. lower EBCT) the adsorption capacity was lower dugdo
shortresidence timdor properdiffusion into the pores of thadsorbentConversely,
lower flowrates resulin amore effective diffusion proceskie tohigher residence time
in theadsorbent bedeadingto higheradsorption capacitydowever, ahigher flow rates
the adsorbent got saturated more quickly, resultirigwer bed volumes to beeated
i.e. the full potentialof the adsorption capacityasnot utilized

One should note thabne of the column experimentasrun to exhaustiorilhe eason
for this premature stop was the very long time needed for filtration experiments; filtration
tests took more than one year. Therefore, fitthereakthough curve withthe Thomas
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model yieldeda somewhatow R?. Therefore, hese results should be taken as indicative
and not definite values. IROR seems to yield better capacities when column capacity is
calculated per weightf adsorbentThis results fran the low apparent density of the
IRON-7 adsorbent granuleswvhich is less than half of IROMG6s apparent
However, wen capacity is calculated per volume, IRQN axisorption capacitys
better.This is a more important value in an actual filmatapplicatiorsinceadsorption
filters have fixed volume.

Table13.7: Thomas model parameters &nd g. The values for ghave been calculated fahe
weight oftheadsorbentad the volume ofthe adsorbent

Adsorbent | Empty Bed Ktn o do R?
Contact
Time [ml/min*mg] | [mg As(V)/g | [mg As(V)/ml [-]
adsorbent] adsorbent]
[min]

IRON-1 25 0.1998 3.81 4.58 0.86
5.0 0.1292 4.49 5.39 0.88
7.5 0.0722 4.99 5.99 0.83
IRON-7 25 0.2554 4.34 2.66 0.89

5.0 0.1704 7.66 4.69 0.89

der
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14 Statistical model for arsenic removal by fixed bed
adsorption

14.1 Introduction

A statistical modelfor arsenic concentration of the effluecoming from fixedbed
adsorption column for IRONM adsorbentwas developed using UmetricMODDE
softwa e 6s mul t i pl eMLR)IMLR iaacommerdyused statistical méthod
used forinterpretng the effect of variablesnresponses. In MLRhe coefficients of the
model are computed to minimise the sum of squares of residuals, ivaritecenot
explained by thenodel.

An equationdescribing the relationship between the response variable and predictor
variables is obtaineffom the statistical analyse3he general form of the regression
equation including constant,single terms, square termand interaction termsare
presented irquation 18.1Sartorius Stedim Data Analytics, 2017)

Y:bo"'é.ik:lq 0 ¢ +éik:1b.i 0<i2+é1:<'éjhj X, O<j (141)
Where
Y =response&ariable
bo = coefficient
Xi = single termgfactor variable)
Xi? = square term@actor variable)
Xi*Xj = interaction termgfactor variable)

The quality ofthe regression equation can be evaluated uamgnalysis of variance
(ANOVA). R?is the amount of variance explained bg thodel. The Rvalue is always
between 0 and 1, and a value close to 1 indicates that the metied filata very closely.
Thus, he R could be considered an upper bound on the estimate for how well the model
predicts outcomes of new experiments. Qfeestimates thenodel's predictive ability,

also known as model predictive power, meaning its ability to generalize to new, unseen
data. The ®is less than or equal to 1, and a value greater than zero indicates that the
model is significant. A high €(Q? > 0.5) indicates that the model fegood predictive

ability and will have only a small prediction error on new samples. Flis €@nsidered

large if & > 0.7(Sartorius Stedim Data Analytics, 2017)

The model parametersveer Empty Bed Contact Time AEBCTO
arseniecontaining drinking waterand the number of Bed Volumes filted. The
experimenal matrix is shown inrable14.1 below.
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Table14.1: Experimental setip for IRON-1 adsorbent

Empty Bed Contact Time pH 6.5 pH 7.5 pH 8.5
2.5 min X X
5.0 min X X X
7.5 min X
15 min X X
Number of filtered Bed an average 50 sample
Volumes were taken between (
0 and 70 00 B\Mfor each 70000
[-] experiment
14.2 Results

An excellenmodelfor the effluentarsenicconcentrationvasdeveloped withigh Rz and
Q? (R?=0.937 and &=0.933. The nodel foreffluentarsenic concentration as a function
of pH, EBCT, and Bed Volumes is beloiodel is \alid for IRON-1 adsorbent when
influent water has ~50 pg/l As(V).

Effuent c [ug As/L] =x1 + x2*BV + x3*EBCT + x4*pH + xX5*EBCT*EBCT + x6*BV*EBCT
+ X7*BV*pH + x 8* EBCT*pH

Where
BV = Number of fitered Bed Volume (07 70009
EBCT = Empty Bed Contact Time (2.57 15min)
pH = Influent wateipH (pH6.51 pH8.5)

x1 =-15.5268

X2 =-0.0003721

x3 =1.31711

x4 =2.9021

x5 =0.0608497

X6 =-2.05E05

X7 =0.00010217

x8 =-0.350142

Figure 17.1 and Figure 17&a2e slown contour plots for effluent arsersoncentrations.
Numbes in contourplots are effluentarsenic concentrationgy As/L. It is evident that
as pH increaseghe filtration capacity decreaseAccording tothe model, me can
compensatéor this capacity decrease by increasing contact imtlee filter bed
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Figurel4.1. Effluent As(V)concentratioras a function ofiltered Bed Volumes and Empty Bed
Contact Time (EBCT) for three different pH. Influent As(V) ~ 50jagitl tempertaire 20°C.
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Figure 14.3 is an example of values calculated with te&tisticalmodel and actual
measurements. One can see thatdneeloped statisticahodel givesexcellentresults
I.e.the prelictedeffluent arsenic concentratioaseclose tahemeasured one$herefore
the modelis useful for predicting different scenarios in fikieed filtrationand scaling
the adsorption process to specific conditioadewever, one must remember that this
model is only valid for IRONL adsorbent whetlhe pH of the influent varies from pH6.5
to pH8.5 the number of filtered Bed Volumes varies from 0 to 70@@d Empty Bed
Contact Time varies from 2.5min to 15min.

50
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2 25
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3 15 R Ajffft\‘\} /
: Ik
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Figure14.3. Example of effluent As concentratiofug/L) calculated with the statistical model
(dotted line) andwith measured data (pointsjop: EBCT 2.5min, pH6.8Bottom: EBCT 5min
and pH6.5.
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15 Summary and concluding remarks

Water is one of thenostcritical components of our environment. Availability of safe

drinking water is becoming more scarce, and at the sameasiibe population grows

our water demand is increasing. Many contaminants limit the usage of available
freshwater. For exampleysenic in drinking water is a global problem affecting people

living in some of the poorest as well as in some of the wealthiest couAtEsding to

theWHO, at least 140 million people in 50 countrteday usalrinking water containing
arsenicatd vel s above the guideline value of 10 ¢

For decadesthe excess use of phosphorous has caused pollution to surface waters,
damaged aquatic life, améduced the recreational use of the shorelines in lakes and
oceanglue to toxic algae blooms. At thasatime, we lose nerenewable phosphorous

to ocean sedimentghere it cannot be recovered. The current estimation of the available
phosphorous reserves varies from 30 to 390 years. Global food proddetiends on

these remaining phosphorous reserves] maverthelessthe future of phosphorus
receives little attention.

Under this framework, this study focusexh evaluatingdifferentadsorbents to achieve
more efficient water treatmerior toxic oxyanionslike arsenateand highlighted the
possibilities © recover valuable nutrient, phosphorous, from wastewaters

The literature part of this thegisesentedhe mechanism of adsorptiémcusedon anion
adsorption on metal oxide and hydroxide surfacasaddition, an ntroduction to
phosphorous and arserthemistry in aqueous solutions wgiven highlighting the
environmental issues related to these contamin@imially, an overview of the treatment
options for both elements was presented, focusimgadsorption methods for these
elements.

Themainobjecive ofthe experimental part of the thesis was to compare developed novel
GoethiteHydroniumjarosite granular adsorbents to existing commercial granular iron
based adsorbents in the market. The second objective was to compare these novel
adsorbents to otlheadsorbent chemistries like gypsum, aluminium oxate titanium
oxide-based adsorbents. These adsorbents were mainly commercial products. Two
comparison adsorbents were produced from titanium dioxide industry waste and
aluminium industry waste.

Adsorbants were analysed wiisotherm and kinetistudies Also, continuous fixedbed
filtration studies were dorte understand the adsorption performanaergal application

for arsenic and phosphorous removalvas shown that the developed adsorbentahas
high capacityor phosphorousemoval. Results for different applications were presented.
For example, results from the phosphorous polishing application were presdmed.
phosphorous polishing application aimedrieet trace concentration levels regdirfor
discharge waterns the USA The novel adsorbent was able to meet the discharge water
requirements with high capacity. Also, the phosphorous recovery process was developed
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making it possible to recover adsorbed phosphorouseus® the adsorbengain after
phosphorous recovery.

The novel adsorbent wadso testedn arsenic removakndit was shown that itauld
treatarseniecontaining drinking water to mettte maximum allowed level of 10 pg/L of
residual arseniwith high capacityFixed-bed fltration studies for arsenic removal were
extensive and took more than one year. The results were used to sizelifesfidation
plant to understand the economics of the developed novebased adsorbentn
addition, adtatistical model was deloped for the fixecbed adsorption for the novel
adsorbent. This model proved to be useful when differentigurationsare simulated
for different operating conditions.
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Appendix A: XRD analyses
XRD : IRON-1 adsorbent

Counts

06MM6

150 —

Mgt

Position[*2Theta]

Peak List

00-031-0650; ( H3 13 YFe3 (S04 )2 (OH )6“—1ydroniumjarosite, syn
11 n n

07-089-0598; FeZ O3; Hematite, syn | |
]

Pattern List:

Ref. Code Score | Compound Name Chemical Formula

00-031-0650 49 Hydroniumjarosite (H30) F&(SQ)2(OH)s

00-029-0713 25 Goethite FeOOH
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XRD : IRON-2 adsorbent

Counts ‘ ‘ ‘ ‘ ‘
07hA9

100 WW’

25

0 - - - — T - T — - e T -
20 30 40 50 60 70
Position [2Theta]

Peak List ‘ ‘ ‘
00-037-0630 :
11 | I T 1 2l | l 11 PR T |
01-023-0593 | l l : | [ ] A
Pattern List:
Ref. Code Score | Compound Name Chemical Formula
00-031-0650 55 Hydroniumjarosite (H30)F&(SOy)2(OH)e

00-0290713 25 Goethite FeOOH
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XRD : IRON-3 adsorbent

Counts

[oENIA5_1

200 —

100

0 T T T " -
20 30 40 50 60 70
Position [2Theta]
Pead List | ‘
00-002- 1166; Fe2 CB; Iron Chade | I I |
01-076-0123; Fe O O H; lron Odde Hydraxdde l I |
00-023-0713; Fe +3 0 IZiH ), Goethite J |
Pattern List:
Ref. Code Score | Compound Name Chemical Formula
000021165 44 Iron Oxide FeOs

01-076-0123 54 Goethite FeOOH
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XRD : IRON-4 adsorbent

Counts l l I I 1 |

06MK\3

30 ‘

20

10

I e . T T T &

20 30 40 50 60 70
Position [2Theta]
i I |
000010652, Febon-umoaden-w:fe ' l
| 1 1 | 1 1 l 1
00230713 Fe +30(OHJxy Goethte
| I . .

Pattern List:

Ref. Code Score | Compound Name Chemical Formula

00-001-0662 31 Goethite FeOOH
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XRD : IRON-5 adsorbent

Y
Counts
DEMK VS _1

0N
20 — ’

! T

1
0 T ~ e B B e o I
10 20 30 40 50 60

Position [2Theta)

Peak List
| |
T075-1504; FeI T(OHY, T)n Thide Hydronde

-029-0713 Fe 43 OO H). Goelhhr

Pattern List:

Ref. Code

Score

Compound Name

Chemical Formula

01-0751594

12

Goethite

FeOOH
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XRD : IRON-6 adsorbent

Courts | | NI | 1l | L

60 —{0BMKNS
40—.
|
20
| 1
0 e T — ey BRI =
20 30 40 50 60 70
Position [2Theta)
Pea¢ List

| ‘ ‘ || il ‘ ]
01-031-0954; Fe O( OH); Goethite, syn

L i Il.[ il . 1, L

Pattern List:

Ref. Code Score | Compound Name | Chemical Formula

01-081-0464 57 Goethite FeOOH
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XRD : IRON-7 adsorbent

Courts | HEI |

064
60 —
40 |
20 \TP/
oL L Il .,l....'ﬂ . : V , il LT r ,, M'
20 30 40 50 60 70
Position [2Theta)
Peak List

[00-078-0713. Fe +3 070 HJ), Goethite

Pattern List:

Ref. Code Score | Compound Name Chemical Formula

00-029-0713 68 | Goethite FeOOH
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XRD : GYPSUM1 adsorbent

|

Counts l I ‘ ‘ l

IR -l

06MKN10
1000
5004
K
| | | ‘ ‘ .
|‘ ! | | { PR
) | | U UL AR, \ i\ W WA AL A
e SN PN WS L LW, BV W e R WP W Y. LA N B e i)
. -+-----------r---r-----r-rrr-r-rr-r-rrrrr-rrrrr-rrrrrrrrrrrrrrrrrrrrr T
2][] 3|0 AIO SIO E.IO 7[0
Position [*2Theta]
Peak List ‘
01-074-1433
1 | l 1 I 1 l
Pattern List:
Ref. Code Score | Compound Name Chemical Formula
01-074-1433 84 Gypsum CaSQ*2H:0
01-081-0463 22 Goethite FeOOH
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XRD : GYPSUM?2 adsorbent

Pattern List:

Ref. Code Score | Compound Name | Chemical Formula
01-083-0578 62 Calcite CaCQ

00-006-0046 59 Gypsum CaSQ*2H-0

01-085-0794 28 Quartz Sio

00-041-1451 | 33 Ettringite CasAl2(SQy)3(OH)12 * 26 HO






















