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1 Introduction

The presence of heavy metal ions in water poses a major environmental health risk to local
residents.[1] Industrial waste water often contains heavy metal ions, e.g., chromium, lead
and nickel. If the waste water is not properly treated prior to discharge, these highly toxic
metal ions may leak into the ground water.[2]

A warning example is the highly contaminated river called Matanza-Riachuelo in Argentina.
Environmental factors such as diarrheal diseases, respiratory diseases, and cancer are signif-
icant public health problems associated with the multiple industries in the basin which are
responsible for the high level of heavy metal contamination.[3] This issue is aggravated by
inadequate infrastructure in the nearby informal settlements, where residents are left with
few options for drinking water.[4]

To address this problem, a user-friendly, low energy demanding and low cost treatment tech-
nology shall be developed for households, schools or other small-scale application at Instituto
Technologico de Buenos Aires (ITBA), Argentina.

Nowadays, various methods have been proposed and investigated for efficient heavy metal
removal from waters, including amongst others chemical precipitation, ion exchange, adsorp-
tion, membrane filtration and electrochemical technologies.[5-9] Adsorption offers flexibility
in design and operation and, in many cases it will generate high-quality treated effluent with
low-costs. Further there is no need for electric power or technically skilled operators which
makes it attractive for the intended application.

One promising approach is an iron oxide named hematite whose affinity of heavy metals
makes it possible to reduce their concentration by an adsorption process.[10] Originally de-
veloped to filter arsenic, hematite derived by Ferroxane is investigated of its ability to adsorb
heavy metals, respectively chromium (trivalent and hexavalent), lead and nickel.

In the fabrication process, lepidocrocite’s (iron oxyhydroxide v-FeOOH) particle size is sig-

nificantly reduced by reaction with acetic acid and then sintered to form hematite.[11] The
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main advantage of hematite lies in its economics: its synthesizing costs are low compared
to other treatment methods. In addition, former works have shown that there are ways to
implement the hematite into an economic and user-friendly system.[12, 13]

The objectives of this research are to (i) synthesize and characterize the iron oxide parti-
cles which are used for the experiments, (ii) obtain the adsorption kinetics and isotherms
(for Cr(III), Cr(VI), Ni(II) and Pb(II)) and investigate the effects of pH and ionic strength

variation and finally (iii) present different possibilities to integrate the material in a process.
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3 Theory

3.1 Contamination of water by heavy metals

3.1.1 Health problems and limit values
Chromium

While chromium metal or trivalent chromium is not very toxic, hexavalent chromium Cr(VI)
is carcinogenic and moderately toxic. Cr(VI) is corrosive to skin and causes denaturation
and precipitation of tissue proteins.[14]

That fact makes it a special element in order of treatment and regulation because the other
two considered elements are based on total concentration meanwhile chromium has to be
differentiated by the oxidation state. However many concentration limits only consider the

total concentration. This makes it very difficult to determine the exact toxicity of chromium.

Chromium enters natural waters by weathering of chromium-containing rocks, direct dis-
charge from industrial operations, wet and dry deposition, and leaching from soils.

Most of the sources of Cr(VI) are from industrial activities like metal plating, dyes, paint
pigments or leather tanning.[15]

In general, surface water contain between 1 and 10 pg/L but can exceed this value depending
on industrial activity.[16]

The provisional guideline value of the World Health Organization recommends not to exceed
a total chromium concentration of 50 pg/L for drinking water and 100 ug/L for freshwater
aquatic life.[17, 18]

Argentinian law has a concentration limit of 50 ug/L as well for drinking water and for the

effluents there is a concentration limit of 2 mg/L for Cr(III) and 0.2 mg/L for Cr(VI).[19]
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Lead

Lead has numerous applications as metal, alloys and compounds. The major applications
are as materials for construction of pipe lines, plumbing fixtures, wires, ammunition and in

storage batteries.[14]

At high levels of human exposure there is damage to almost all organs and organ systems,
most importantly the central nervous system, kidneys and blood, resulting in death at ex-

cessive levels. At low levels, haeme synthesis and other biochemical processes are affected.[20]

Concentrations in drinking-water are generally below 5 pug/L, although much higher concen-
trations (above 100 ug/L) have been measured where lead fittings are present. The primary

source of lead is from service connections and plumbing in buildings.

The provisional guideline value of the World Health Organization recommends not to exceed
a lead concentration of 10 ug/L for drinking water.[17]
Argentinian law has a concentration limit of 10 ug/L as well for drinking water and for the

effluents there is a concentration limit of 0.5 mg/L.[19]

Nickel

The most important applications of nickel involve its use in numerous alloys such as con-
struction equipment, reaction vessels, plumbing parts, missile and aerospace components. In
catalysis nickel plays an important role as well, for example in catalytic hydrogenation or

dehydrogenation.[14]

Skin contact can cause dermatitis and a type of chronic eczema, known as "nickel itch”,
caused by hypersensitivity reactions of nickel on the skin.

Although oral toxicity of the metal is very low, ingestion may cause hyperglycemia and
depression of the central nervous system. Nickel and certain of its compounds are listed
by TARC under Group 2B carcinogens as "possibly carcinogenic to human” (International

Agency for Research on Cancer, 1990, IARC Monograph, Vol. 49: Geneva). [21]

Concentration in drinking-water is normally less than 20 ug/L, although nickel released from
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taps and fittings may contribute up to 1 mg/L. In special cases of release from natural or
industrial nickel deposits in the ground, concentrations in drinking-water may be higher.
The World Health Organization guideline value for drinking water is 70 ug/L. [17] No con-

centration limit is given by Argentinian law for Nickel.

3.2 Chemical background

3.2.1 Iron oxides

Iron oxides are compounds which are present in almost all of the different compartments
of the global system: atmosphere, pedosphere, biosphere, hydrosphere and lithosphere and
interact among those.

Many different scientific disciplines (see figure 3.1) have interest in these iron oxides which

led to a interdisciplinary research.

Medicine
Mineralogy 1 Biology
Iron overload
Polynuclear-organic /
Crystal structure complexes Biominerals
Properties Ferritin
Formation A Navigation
w Pl
Rocks IRON s (Environmental)
\ bents .
Geoloqy <— Palaeomagnetism — — — Chemist
gy Ores OX' D E S Oxidants ry
Sorbents “
Redox buffering - 4
Aggregation |
Plant nutrient \ Crystal chemistry
Pedogenesis Sorbents
Soil classifications Pigments
Tapes
/ Catalysts \
Soil Science l Geochemistry

Industrial Chemistry
Technology

Figure 3.1: The multidisciplinary nature of iron oxide research [10]

There are 16 iron oxides which are divided into either oxides, hydroxides or oxide-hydroxides.

In this work two compounds are of further interest: lepidocrocite (hydroxide) and hematite
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(oxide).
In general iron oxides contain Fe together with O and/or OH and in most compounds iron

is in the trivalent state.

Lepidocrocite

Lepidocrocite is one of the five oxide hydroxides called v-FeOOH and the building unit
common to all of them is the FeO3(OH); octahedron.

v — FeOOH is a layered compound with an orthorhombic cell. The structure consists of
arrays of ccp (cubic close packing) anions (O?*~/OH™) stacked along the direction with
Fe(III) ions occupying the octahedral interstices (see figure 3.2 a-c).

Lepidocrocite is made up of double chains of Fe(O, OH )¢ octahedra running parallel to the
c-axis. The double chains share edges with adjacent double chains forming corrugated sheets

of octahedra which are held together only by hydrogen bonds (see figure 3.2 d).
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Figure 3.2: Structure of Lepidocrocite;a) Cubic close packed anion arrangement and
distribution of cations over the octahedral interstices. Projection on (001).
Octahedral arrangement and unit cell outlined. b) Projection on anion close
packing (010). Octahedral arrangement and unit cell outlined. ¢) Projection
on anion close packing (001). Dashed circles represent Fe in the next lower
layer. d) Arrangement of octahedral double chains in corrugated layers.

H-bonds between layers also shown.[10]

Hematite

Hematite is an iron oxide with an hexagonal crystallographic system. The structure of
hematite consists of hep (hexagonal close packing) arrays of oxygen ions stacked along the
[001] direction, i.e. planes of anions are parallel to the (001) plane (see figure 3.3 a).

By filling two sites with Fe(III) ions and one vacant site in between in the (001) plane, two
thirds of the sites are filled and thereby forming sixfold rings (see figure 3.3 b).

The arrangement of cations forms pairs of Fe(O)g octahedra which share edges with three
neighboring octahedra in the same plane and one face with an octahedron in an adjacent
plane (see figure 3.3 c).

Structurally hematite shares similiarities with other iron oxides, namely magnetite and

goethite so growth of goethite or magnetite on hematite may occur.
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Figure 3.3: Structure of hematite; a) Hexagonal close packing of oxygens with cations
distibuted in the octahedral interstices. Unit cell outlined. b) View down the
c-axis shwoing the distribution of Fe ions over a given oxygen layer and the
hexagonal arrangement of octahedra. Unit cell outlined. ¢) Arrangement of

octahedra.[10]

3.2.2 Heavy metals
Chromium

Chromium is categorized as an transition metal and is widely distributed in the earth’s
crust. Soils and rocks may contain small amounts of chromium, almost always in the triva-
lent state.[22]

In natural waters chromium exists in its two stable oxidation states, Cr(III) and Cr(VI).
The presence and ratio between these two forms depend on various processes, which include
chemical and photochemical redox transformation, precipitation/dissolution and adsorp-
tion/desorption reactions. Under anoxic or suboxic conditions, trivalent chromium should
be the only form. In oxygenated aqueous solutions, Cr™3 is predicted by thermodynamic
calculations as the stable species at pH 4—6, whereas at pH 5—7 the Cr0,?~ ions should
predominate. At intermediate pH values, the Cr(III)/Cr(VI) ratio is dependent on O, con-

centration. In oxygenated surface waters, not only pH and O concentration but also the
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nature and concentration of reducers, oxidation mediators and complexing agents play an

important role.[23]

O O

0 —Cr—0-C—0

|<+ 0 ol K+

Figure 3.4: Structural formula of potassium dichromate

Two chromium compounds were used in this work, chromium(III)chloride (see figure 3.5)
and potassium dichromate (see figure 3.4). In chromium(III)chloride the chromium has an

oxidation state of +3 and in potassium dichromate of +6.[24]

The chromium(I1T)chloride used was a hexahydrate (Cl3Cr(6-Hy0) because chromium (I1I)chloride
is hardly soluble in water in contrary to the hexahyrate (585 g/L at 20°). The color of the

solid hexahydrate is dark green and the dilute aqueous solution is violet in color. [14].

cl

P
Cl Cl

Figure 3.5: Structural formula of chromium(III)chloride

The main ions of Cr(III) in water under conditions like room temperature and trace concen-

trations are as follows:
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Cr(OH)3 + 3H" = Cr** + 3H,O (3.1)
Cr(OH); + 2H" = CrOH*"™ + 2H,0 (3.2)
Cr(OH); + H™ = Cr(OH)," + H,O (3.3)
Cr(OH)s + H,O = Cr(OH),” + H' (3.4)

Using these reactions and thermodynamic information, the Cr(III) ion distribution depend-

ing on the pH can be calculated (see figure 3.6).

10 = I-‘z’ f
Cr3* Cr(OH

c«rOH:;

/\ *& \l

pH

Species Distribution (%)
g

L]

Figure 3.6: Calculated distribution of inorganic chromium(III) species as a function of pH

(solution in equilibrium with Cr(OH )3 precipitate) [25]

The potassium dichromate is soluble in water (49 g/L at 0°) and deionizes as follows

KQCTQO7 — 2 K* + C’f’2072_ (35)
Cry07% + Hy,O = 2CrO82 + 2 HT (3.6)

At low pH between 2 and 6 there are also HCrO,~ ions present and at pH>7 the CrO*~
is dominant. The HCrO,~ ions form an equilibrium reaction with the Cr,O2” ions shown
in equation 3.7. [23]

Further the HCrO,~ is able to convert into CrO4>~ shown in equation 3.8.
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2 HCTO4_ = HQO + C?“2072_ (37)
HCrOy = HT + 07“042_ (38)

Using these reactions and thermodynamic information, the Cr(VI) ion distribution depend-

ing on the pH can be calculated (see figure 3.7).

100
< (HCrO)~
S 8o “
c
2 [CrO,)%
5 50 ™
L
<
a 40
?‘I HzCTOL
a
g @
=%
(Va
T 3 3 1 s 6 7 %

pH

Figure 3.7: Calculated distribution of inorganic chromium(IV) species as a function of pH

(1076 mol/L total chromium concentration) [25]

Lead

Lead is one of the oldest metals known to civilization.
It forms compounds in +2 and +4 valence states. The divalent is more common. Inorganic
lead(TV) compounds are typically strong oxidants or exist only in highly acidic solutions.
0O
+2
Pb ‘ ‘

+ N+
_0/ \\“O' -0/ \\O'

Z2_—0

Figure 3.8: Structural formula of lead(II)nitrate
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The lead compound used in this work is lead(II)nitrate (see figure 3.8) which is soluble in
water (520 g/L at 20°) and has a state of oxidation of +2.[14]

Dissolved in water, it gives a clear, colorless solution and deionizes as follows [26]

Pb(NO3); — PVt + 2NO3~ (3.9)

In figure 3.9 the distribution of lead in an aqueous solution is shown as a function of pH. Pb
undergoes hydrolysis at low pH values. Above pH 9, the formation of Pb(OH ), is important,
while Pb(OH)* is predominant between pH 6 and 10. [27]

°\i 100 T T I T T T

= -+

5 i PbOH Pb(OH), Pb(OH);

=

=

I | N
E 50

a

8 - —
‘o

2 0

v 5 8 11 14

pH

Figure 3.9: Calculated aqueous chemical speciation of lead as a function of pH [27]

Nickel

Nickel is a metallic element that is naturally present in the earth’s crust.

The most common oxidation state is +2, but oxidation states of +1, +3, or +4 may also
exist.[14]

The divalent state is also the predominate form of nickel in aquatic sources. [28§]

The existence of other nickel compounds depends on the pH and the organic or inorganic
binding-partners.

The compound used in this work is nickel(II)nitrate (see figure 3.10) which occurs as hex-
ahydrate at ordinary temperatures. It is very soluble in water (942 g/L at 20°) and gives a
green solution containing Ni(Hy0g)*".[29]
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Ni*?

+ +

_0/ \\‘O' 'O/ \\O'

Z2_—_—0
=_—0

Figure 3.10: Structural formula of nickel(II)nitrate

3.2.3 Adsorption

Adsorption is a process in which atoms, molecules or ions from a gas, liquid or a dissolved
solid adhere to a surface which occurs whenever they are exposed to each other. So adsorption
is universally understood to mean the enrichment of one or more of the components in the
region between two bulk phases (i.e. the interfacial layer).[30]

In this work the focus lies on dissolved metal ions in water which enrich on an iron oxide,
respectively hematite. To get an overview and to understand adsorption better, table 3.1

explains the most important terms briefly.

Table 3.1: Definition of adsorption terms [30]

Term Definition

Adsorption Enrichment of one or more components in an interfacial layer
Adsorbate Substance in the adsorbed state

Adsorptive Adsorbable substance in the fluid phase

Adsorbent Solid material on which adsorption occurs

Chemisorption Adsorption involving chemical bonding

Physisorption Adsorption without chemical bonding

Monolayer capacity either Chemisorbed amount required to occupy all surface
sites or Physisorbed amount required to cover surface

Surface coverage | Ratio of amount of adsorbed substance to monolayer capacity

Further the International Union of Pure and Applied Chemistry (IUPAC) published a clas-
sification [31] of pore sizes in 1985 shown in table 3.2. The pore width is defined as the
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diameter in case of a cylindrical pore and the distance between opposite walls in case of a

slit pore.

Table 3.2: Classification of pores according to the IUPAC

Width [nm)]
Micropores <2
Mesopores 2-50
Macropores >50

In general, there are two main objectives of studies with iron oxides regarding adsorption[10]:

e Measurement of the amount of adsorptive after adsorption to calculate the amount

absorbed and further the kinetics or isotherms

e Spectroscopic investigation of the adsorption surface to understand better the chemical

and physical processes at the surface

This work focuses on the first objective and therefore kinetic and equilibrium models are
explained more detailed in the following section. Mathematical models can describe the
different types of adsorption under certain conditions and so help to perform optimization

or scale up processes.[32]

3.2.4 Adsorption Kinetics

The dynamics of adsorption give information about the time to reach equilibrium and the
absorptive uptake rate. Various models have been suggested and three well-known models
(Pseudo-first, pseudo-second order and Elovich) were selected to fit the kinetic experiment

results.

Pseudo-first order or Lagergren kinetic model

The model, first developed by Lagergren in 1898, is based on the concentration of solution

and adsorption capacity of solid.[33]
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The differential equation for the model is shown in equation 3.10 with (). as adsorption
capacity at state of equilibrium, @); at time ¢ and k; as a constant rate:

dQy
W - kl(Qe_Qt) (310)

After solving equation 3.10 and given a boundary condition that at ¢t = 0, the concentration

of the adsorbate at the surface equals 0, the model can be expressed as:

In(Qc — Q) = In(Qe) — kut (3.11)

With this linearization, k; can be determined from the slope by plotting In (Q. — Q) vs. t.
The difference to a true first-order model is that ). normally should be calculated from the
intersection with the vertical axis at ¢ = 0 but in this case, it can be used an adjustable

parameter.[32, 34]

Pseudo-second-order kinetic model

The differential equation for this model is shown in equation 3.12 with k5 as the rate constant

of pseudo-second-order adsorption[32, 35]:

dQ,

i k2 (Qe — Q)? (3.12)

Solving the equation with the same boundary condition as equation 3.10 gives equation 3.13:

1 1
7Qe 0 - @ + kot (3.13)

and linearized to obtain ks from the plot of é vs tis Eq. 3.14

t 1 t

o BQ: Q. (3:14)
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The Elovich kinetic model

The Elovich kinetic model was originally formulated to describe oxidation processes[36] and
later Elovich, Roginski and Zeldovich used it to develop the kinetic model for adsorption.

The model is shown in equation 3.15

d
Q _ s

o= (3.15)

where « is the initial adsorption rate, § as the desorption constant and (); as the amount
adsorbed at time ¢.

Solving this differential equation with the boundary conditions )y = 0 at t = 0 and Q; = @,
at t =t gives equation 3.16.[37]

1 1 1
Qi = Bln(ozﬁ) + Bln(t+a—6) (3.16)

With the assumption of af > %, the equation can be linearized, shown in equation 3.17.
(38, 39] .
1 1

With a plot of @ vs In (¢) the constants can be obtained from the slope and the interception.

3.2.5 Adsorption Isotherms

Adsorption isotherms relate the data of material adsorbed to the adsorbent to the equilibrium
concentration of the solution at a constant temperature.|[40]

Although they might help making limited predictions about the behaviour of the adsorption,
they give no information about the mechanism of adsorption nor the existing complexes at

the surface.[10]
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Classification of isotherms

A lot of isotherms are recorded experimentally on gas-solid systems and most of them can

be grouped into six classes in the IUPAC classification which are shown in figure 3.11.

I I
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Figure 3.11: IUPAC classification of six main sorption isotherms [41]

e Type I is a reversible concave isotherm which approaches a limit when the relative
pressure converges 1. Mostly microporous solids with a relatively small external surface
like activated carbons or molecular sieve zeolites are type I where the maximum uptake
is controlled by the accessible micropore volume and adsorption is limited to, at most,

only a few molecular layers.

e Type Il reversible sorption isotherms are typically obtained by non-porous and macrop-
orous solids where unrestricted monolayer-multilayer adsorption can occur. The inflec-
tion point (Point B) indicates where the monolayer coverage is complete and multilayer

adsorption begins.

e Type III reversible sorption isotherms are very uncommon and are convex to the rela-
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tive pressure axis over the entire range.

e Type IV isotherms have a characteristic hysteresis loop which is because of capillary
condensation taking place in mesopores. The path of the type IV isotherm is similar to

the type II isotherm which reasons in the same monolayer-multilayer characteristics.
e Type V is not common and is related to the type III isotherm.

e Type VI isotherms are a stepwise multilayer adsorption in which every step represents

a monolayer capacity. [30, 41, 42]

For the interpretation of the hysteresis loops, there is a classification of four different types
of hysteresis loops depending on the type of pores of the adsorbent which are shown in figure

3.12.[31]

Amount odsorbed ——»

Relative pressurg ——

Figure 3.12: Types of hysteresis loops [31]

H1 well defined cylindrical pore channels

H2 disordered pores (pore blocking, percolation phenomena)

H3 non-rigid aggregates of plate-like particles (slit-shaped pores)

H4 narrow slit pores including pores in the micropore region
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This work focuses on a fluid-solid system but nevertheless these classifications are important
for the determination of the surface and porosity of the hematite used by the BET-method
described in section 4.3.1.

The following equations are different types of isotherm models to describe the behavior of the
adsorption process. The easiest one would be a linearization which only appears to be valid
at a low surface coverage and low relative pressure and often is referred to as the Henry’s

Law region.[41]

Langmuir isotherm equation

Langmuir originally derived this equation in 1918 from studies[43] on gas adsorption to ac-
tivated carbon.[32]

The model assumes a homogeneous surface and only a monolayer uptake so adsorption can
only occur at a finite number of locations. Furthermore there is no transmigration of the
adsorbate, constant enthalpy and sorption activation energy.[44]

The Langmuir equation is shown in equation 3.18 with (). as the adsorbed metal concentra-
tion, Qe as the maximum specific uptake, C, as the metal residual concentration in the

solution and b as the ratio of adsorption and desorption rates.

_ QualCy,
Qe = 1+bC,,

This equation can be linearize which enables to calculate the b and the @4, with experi-

(3.18)

mental data from isotherm experiments (shown in equation 3.19). For a further discussion

and more possibilities to linearize, also see section 5.3.

111
Qe Qmar Qmaxb O@q

(3.19)

Freundlich isotherm equation

The Freundlich isotherm, first introduced in 1906, can be applied to multilayer adsorption
onto heterogeneous surfaces with non-uniform distribution of adsorption heat.[45]

It has been derived by assuming an exponentially decaying site energy distribution and is
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often criticized for the lack of a fundamental thermodynamic basis since it does not repro-
duce Henry’s Law at low concentration.[46]

The isotherm is expressed by equation 3.20 with (). as the amount adsorbed, n as the ad-
sorption intensity, K; as the Freundlich constant and C,, is the residual concentration of

the metal in the solution.[44]

Q. = K;Cuf (3.20)

Linearly, the equation is expressed as equation 3.21:

log (Qe) = o (K) +  log (Cl) (3.21)

Temkin isotherm equation

The Temkin isotherm [47] is derived by the assumption of a uniform distribution of binding
energy and takes into account the adsorbent-adsorbate interactions. Further it assumes that
the heat of adsorption rather decreases linearly than logarithmic with coverage.|44]

Equation 3.22 shows the nonlinear form and equation 3.23 expresses the linear form.

T
Q. = ]: In (ArCly) (3.22)
T

T T
0. - Ty + ey (3.23)
br br

R is the universal gas constant, T' the absolute temperature, the constant by is related to the
heat of adsorption, Ar is the equilibrium binding constant corresponding to the maximum

binding energy.[32]
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3.2.6 Zeta potential

A particle in a liquid develops a nett charge at the particle surface which affects the distribu-
tion of ions in the surrounding interfacial region. This results in an increased concentration
of counter ions (opposite charge of the particle surface) close to the surface, thus an electric

double layer exists around each particle (see figure 3.13).
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Distance from particle surface
Figure 3.13: Particle surrounded by ions and the different potentials [48]

The liquid layer around the particle can be divided into two parts; an inner region called the
Stern layer, where the ions are strongly bound and an outer, diffuse region, where they are
less firmly attached.

If a particle moves in the fluid, ions within the boundary move with it, but ions outside the
boundary do not. This boundary is called the surface of hydrodynamic shear or slipping
plane. The potential that exists at that boundary is called zeta potential.

The magnitude of the zeta potential is an indicator of the potential stability of the colloidal
system. In a suspension with a large positive or negative zeta potential, the particles will

tend to repel each other and have no tendency to aggregate. However, if the zeta potential
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is low there is no force preventing the particles from aggregating. General dividing line
between stable and unstable suspensions are either +30mV or —30mV. In many cases
the most important influence on the zeta potential is the pH besides other factors such as
temperature or size of the particles.

The point where the plot of zeta potential vs pH passes through zero is called the Isoelectrical
point. It is normally the point where the suspension is the least stable. [48]

In this work metal ions are observed being adsorbed on a bulk solid. This process is strongly
influenced by the surface charge of the colloidal substrate (in this case hematite) for which
the zeta potential is used as a surrogate. Vice versa the metals influence the surface charge

of the colloidal substrate.[49]

3.3 Analytical background

3.3.1 Atomic absorption spectroscopy

Atomic spectroscopy is the oldest instrumental elemental analysis principle, which originated
by the work of Bunsen and Kirchhoff in the mid-19th century.[50]

In the 1950’s, the use of flames as atom reservoirs for atomic absorption spectrometry was
transformed into an analytical methodology, as a result of the efforts of Walsh[51] which

then became a standard tool of the routine analytical laboratory.[52]

The principle of atomic absorption is based on the fact that atoms of elements absorb light
at a certain wavelength. Generally, the selectivity of this process is very high because each
wavelength only corresponds to one element and these absorption lines are very thin. This
absorption can be measured and described quantitatively with a comparative method.
Therefore the sample has to be atomized. This can be done with different types of atomizers
but this work only used the flame atomizer because of its mg/L measure range. It uses
an air-acetylene flame with a temperature of about 2300°C or a nitrous oxide-acetylene-
flame with a temperature of about 2700°C to vaporize the sample depending on the element
measured.[53]

The optical path passes through the flame with the atomized sample and is partly absorbed.
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Behind the flame the beam enters a monochromator and is finally detected. This detection

is processed and shown on the connected device (see figure 3.14).

Flame Photodetector

Be=r——

Hollow cathode lamp

Monochromator Indicator device

Capillary
tube

T

— Oxidant Fuel gas

Sample

Figure 3.14: Basic components of an atomic absorption spectroscope

The difference between the intensities of the detected light can be used to correlate with
the concentration in the sample by calibrating with standardized solutions. The relationship
between the absorbance and the concentration of the absorbing atoms in an atom reservoir

is given by the Lambert-Beer law (see equation 3.24).

A =log(—) = k-c-l (3.24)

where

A is the absorbance

Iy is the intensity of the incident radiation

I is the intensity of the exiting radiation

[ is the length of the atom reservoir

¢ is the concentration of the sample

However, the Lambert-Beer law is only valid in a restricted concentration range (for most
solutions less than 0.01 mol/L). The reason for this is the fact that not all radiation reaching

the detector has been absorbed to the same extend by the sample atoms.[54]
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3.3.2 Nitrogen adsorption measurements

Being able to calculate the surface area depends on the ability to predict the number of
molecules required to cover the surface of the measured sample. With this information, the
surface area can be calculated by multiplying the number of molecules for a single layer with
effective crossectional area of the adsorbed molecule.[42]

These calculations depend on different assumptions which depend on the model used. The
BET theory was developed by Brunauer, Emmett and Teller in 1938 and is the most com-
monly used model to predict the specific surface area by measuring the adsorption isotherms
(see section 3.2.3).

The pore size calculations are based on the BJH (Barrett, Joyner and Halenda) method
which uses the Kelvin equation to correlate relative pressure of nitrogen in equlibrium to the

size of the pore (where capillary condensation takes place).

BET theory (Brunauer, Emmmett and Teller) [55]

The BET model is an extension of Langmuir’s kinetic theory and enables a determination
of the number of molecules required to form a monolayer on the surface of an adsorbent
without actually having an existing monolayer.

The model assumes that the uppermost molecules of the stacks formed by the adsorbate
are in dynamic equlibrium with the vapor. So if there is only one layer, that molecule is
in dynamic equilibrium with vapor and where there is more than one layer, the upper layer
is in state of equilibrium. This dynamic equilibrium means that the location may vary of
the covered surface sites (by one or more layers) but the number of molecules in each layer
remain constant.

The BET model can be described by the following equation

1 1 C-1 P
= + | — 3.25
Wa (p/pO - 1) WmC WmC <p0> ( )
where

e W, is the total absorbed weight
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e W,, is the weight adsorbed in a completed monolayer
e C is a constant
e p is the actual pressure

® Do is the saturation pressure of the gas at a certain temperature

By plotting equation 3.25 against relative pressure p% in a relative pressure range, a straight

line is obtained with a slope of % and an interception at ﬁ to determine the needed

constant and the weight of the monolayer.

The total surface area can be calculated from equation:

(3.26)

where

e S, is the total surface area

N,,, is the number of adsorbate molecules in a completed monolayer

A, is the cross-sectional adsorbate area

M is the adsorbate molecular weight

N is the Avogadro number

The total pore volume is determined usually at p/py = 0.95, in this case the adsorbed amount

reflects the adsorption capacity and the total specific pore volume can be calculated:

V, = (3.27)

e V, pore volume
o W, total absorbed amount

e p; liquid density

The specific surface area and specific pore volume can be determined by dividing S; and V,,

by the sample weight, respectively.



3 Theory 27

The standard adsorptive for surface area measurements is Nitrogen, its unique properties
have led to its acceptance in this role with an assigned cross-sectional area of 16.2 A? at its

boiling point of 77.35 K.

BJH theory (Barrett, Joyner and Halenda) [56]

For the pore size distribution the desorption isotherm is used which is constructed by plot-
ting the volume desorbed per gram of sample against the relative pressure, p%. The desorbed
volume is used to convert to equivalent liquid volumes because it is assumed that capillary
condensation occured and the pores are filled with liquid. To obtain the liquid volume, the
gas volume is multiplied by 0.00156 which is the conversion from gas to liquid at STP. Fur-

ther it is assumed that the pores are cylindrical.

The Kelvin equation is applied to calculate the core radius of the liquid in the capillary

shown in equation 3.29.

= —2y— (3.28)
where

o R, is the Kelvin radius

7 is the adsorbate surface tension at T[]

R is the gas constant

T is the boiling point of nitrogen

V. is the molar volume of nitrogen

Substituting for the values of the constants and solving for Ry gives

Ry = —4.14log () (3.29)
Po

in Angstrom.
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The actual pore radius is assumed to be addition of the core radius of the liquid and the film
thickness of the liquid nitrogen. Therefore the modified Halsey equation [57] (see equation
3.30) is used to calculate the nitrogen film adsorbed on the walls of the pore at a given

relative pressure.

wl=

t = 3.54

5)
. 3.30
2.303 log ZJ ( )

e t is thickness of the nitrogen film in Angstrom

The values used for the different constants are given below.

e Surface tension of nitrogen, v = 8.855 "ZH—N
e Molar volume, V,, = 34.6 Tf{;‘;

e Normal boiling point of No, T = 77.3 K

e Ideal gas constant, R = 8.314 mo{ I

3.3.3 Dynamic light scattering

Dynamic light scattering measures the Brownian motion and relates this to the size of the
particles. This is done by analyzing the intensity fluctuations of the scattered light by the
particles.

A laser is used to illuminate the particles in a solution and the scattering is detected in a

certain angle (see figure 3.15).

The particles are constantly moving due to the Brownian motion. Small particles move
quickly and large particles move more slowly. This relationship between the size of the
particle and its speed caused by the Brownian motion is defined in the Stokes-Einstein
equation.

The rate of the intensity fluctuation on the detector is measured and then used to calculate
the size of the particles.[48]

Dynamic light scattering is now widely used as a very convenient and nondestructive method
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Figure 3.15: Dynamic light scattering: scattered light falling on the detector [48]

for particle sizing. The technique is suitable for the characterization of colloidal particles

over a wide range of sizes from a few nanometers to several micrometers. 58]

3.3.4 Zeta potential

To measure the zeta potential, the fact is used that when a electrical field is applied across

an eletrolyte, charged particles are attracted towards the electrode of opposite charge. When

equilibrium is reached between the electric force and the opposing viscous force, the particles

move with a constant velocity. This velocity reffered as eletrophoretic mobility depends on

the following factors:

e Strength of the dieletric field or voltage gradient
e The dieletric constant of the medium
e The viscosity of the medium

e The zeta potential
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Knowing these influences, the zeta potential can be obtained by the application of the Henry

equation (see equation 3.31).

U, — 2ezf(Ka)

(3.31)

where

e 7 is the zeta potential

Ug is the eletrophoretic mobility

€ is the dieletric constant

7 is the viscosity

e f(Ka) is the Henry’s function

When eletrophoretic determinations of zeta potential are made in aqueous media with mod-
erate electrolyte concentration, f(Ka) is set to 1.5 and is referred as the Smoluchowski
approximation. That assumption is valid for systems with particles larger than 0.2 pm dis-
persed in eletrolytes containing more than 1073M of salt.[48].

To measure the electrophoretic velocity laser doppler velocimetry is used where the rate of
fluctuation of scattered light combined with a reference beam is proportional to the speed

of the particles.
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4.1 Chemical synthesis

To obtain the adsorbent powder, a reaction took place in three steps:
lepidocrocite (section 4.1.1), ferroxane (section 4.1.2) and hematite (section 4.1.3). All chem-
icals used were of reagent grade. The water used for all reactions was purified by reverse

0SIMosis.

4.1.1 Lepidocrocite

The synthesis of lepidocrocite was carried out in the laboratory by a pH controlled oxidation
of ferrous chloride FeCly (28-32% w/w) obtained from PPE Argentina S.A according to a
previously published method in [10].

FeCly-4H50 solution (100 mL) was mixed with a NaOH solution in a ratio R = %51320 =
0.6 which favors the formation of pure lepidocrocite.[10]

The mixture was kept at room temperature and stirred with about 200 rpm. To control
the pH at 7, a control module was installed which used 1 M NaOH from a tank beside to
regulate the pH in the reactor shown in figure 4.1. Aeration was accomplished by a com-

mercial air pump. The reactor was stirred for about three hours and then kept overnight in

the laboratory.

31
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Figure 4.1: Reactor setup for lepidocrocite reaction

After the reaction took place, the product was washed and centrifuged three times before
drying it in a crystallizer. It was reported and tested in the laboratory before that this
reaction under these conditions leads to a compound which is composed 100% of v— FeOOH ,

respectively lepidocrocite, so no further analysis was performed in this case.[11]

4.1.2 Ferroxane

10 g of dried and crushed lepidocrocite and 11.38mL = 0.1894 mol of a 100% acetic acid
solution (Anedra Argentina) were refluxed in water (250 mL) at 80°C for three hours. The
reaction setup is shown in figure 4.2 and the temperature of the water was automatically

controlled.
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Figure 4.2: Reaction setup for Ferroxane

After the reaction, the compound is centrifuged and only the fluid part is kept and dried in
a crystallizer. The solid part includes the non-reacted compounds of lepidocrocite.

The product of this reaction is carboxylate-FeOOH nanoparticles named Ferroxane-AA.[12]

4.1.3 Hematite

To obtain the final product hematite, the Ferroxane needed to be sintered. Therefore the
Ferroxane flakes were crushed and put into an oven. The exact firing program is shown in
figure 4.3 and was found to be the most effective in order to keep a maximum surface area of
the particles by avoiding aggregation by former works at the institute. After the procedure

the hematite was left until cooled down to ambient temperature.
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Figure 4.3: Temperature sequence for the sintering process

Following on the procedure, the hematite was analyzed.

The specific surface area was conducted by Brunauer-Emmet-Teller (BET) Ny method
and the pore size was calculated by the Barrett, Joyner and Halenda (BJH) N, adsorp-
tion/desorption method at 77K using the Coulter™ SA 3100™ analyzer (see section 4.3.1).
The particle size was obtained by dynamic light scattering using a Malvern™ Zetasizer Nano
ZS (see section 5.1.2).

Further the crystallographic structure of the hematite was determined by an external insti-
tute with the help of Dr. Maria Marta Fidalgo at the Civil and Environmental Engineering
Department, University of Missouri, USA by using X-ray diffraction chromatography (see
section 5.1.3).

4.2 Experiments

4.2.1 Heavy metals

The basic setup for all experiments was a fixed concentration of each metal of 10 mg/L.
The different metals were in different ionic forms: Pb and Ni were divalent, Cr was tested

trivalent and hexavalent.



4 Materials and Methods 35

To have a consistent concentration in all experiments, a stock solution of 1 L. was prepared
with a concentration of 100 mg/L for each metal. These solutions were obtained by calcu-
lating the molar masses of each compounds used shown in table 4.1 and taking into account
the molar fraction of the metal in the molecule. The following section shows exemplary this
calculation for Cr(III).

The molar weight of Chromium(III)chloride is 266.5-%; and the wanted concentration is
100 mg/L in 1 L in solution which means in mass fraction 100%’. The density of water
at laboratory conditions is assumed to be 1000% for small concentrations which leads to a
wanted mass of 100 mg of Cr in 1 L water solution. 100 mg of Cr are 1.9232- 1072 mol. The
molar fraction of Cr in Chromium(III)chloride is 720 which is about 0.1951. So the final
amount needed is calculated by dividing 100 mg times the fraction of Cr in the compound
and multiplying it with the purity of the product given by the manufacturer (for the result,

see table 4.1). In case the metal appears more than one time in the compound (for example

Cr(VI)), this has to be taken into account.

Table 4.1: Compounds used to prepare the metal ion solutions of 100 mg/L

concentration
Metal ion | Compound used | MW [-£] | Amount used for 1L [g] | Purity
Cr(I11) ClsCr - 6H,0 266.5 0.5229 98%
Cr(VI) K>Cry0y 204.2 0.2858 99%
Ni(II) NyNiOg - 6H50 290.8 0.4954 99.9%
Ph(II) Pb(NOs), 331.2 0.1605 99.5%

For the experiments which needed a metal ion concentration of 10 mg/L, a 100 mL volumetric
flask was filled with stock solution, put into a 1 L volumetric flask and filled with water.
So the process of weighing the metal only had to be done one time for each metal to avoid

measuring small amounts of solid.
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4.2.2 Kinetics of adsorption

To investigate the adsorption capacity over time, basic kinetic adsorption experiments were
conducted. The experiments for all metals were observed for 72 hours and the concentration
of the adsorbent in the suspension was chosen to be 1£. Further the ionic strength was set
to be 10 mM and was adjusted by using sodium nitrate (NaNOs, J.T.Baker 99.3%) as a
salt. This salt was also used in other kinetic studies to observe adsorption characteristics of
different iron oxides.[13, 59|

The pH was fixed for each metal (see table 4.2) by using 1 M NaOH or 1 M HCL to set
the pH before adding the adsorbent. To keep the pH constant over time, MES (2-(N-
morpholino)ethanesulfonic acid) obtained from Sigmal Aldrich was added as a buffer with a
concentration of 5%‘”. The choice of the pH was done in compliance with the experiences
of former works conducted by Instituto Technologico de Buenos Aires (ITBA), Argentina as
well as the figure 4.6 in which the adsorption capacities of Pb and Ni are shown. Further as
an orientation, a regular pH of surface and drinking water was taken into account which is
about between pH 5-7.

To prepare the solutions, stock solution, salt and buffer was added. Then it was diluted to
the desired concentration and the pH was fixed. The final step was adding the hematite

right before the experiment.

Table 4.2: Conditions of the kinetic adsorption experiments

Metal ion | pH | Ionic strength [mM] | Adsorbent concentration [g/L]
cr(lll) | 5 10 1
Cr(VD) | 5 10 |
Ni(II) 7 10 1
Ph(I) | 5 10 1

In figure 4.4 the basic setup for the experiment is shown. Agitation was achieved by magnetic
stirring and the erlenmeyer flasks were sealed with parafilm. The experiments were conducted

at ambient temperature (20 — 25°C).
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Figure 4.4: Setup for the adsorption kinetics experiments

To analyze the concentration change over time, samples of 5 mL were taken at different
times. For the first two hours, samples were taken every 30 minutes, afterwards hourly or
every two hours. After 8 hours the next sample was taken at 24, 48 and finally 72 hours. It
was assumed that the container is ideally mixed so taking a sample of 5 mL. would change
the total mass but not the concentration of adsorbent or other compounds. Further the
percentage of the total amount of sample taken was minimized by using 1L of suspension (in
total 5.5% with a total amount of 11 samples). The samples were filtred with a Millipore
filter with a diameter of 25 mm and a pore size of 0.22 ym. The supernatants were acidified
with Nitric Acid (65%, Merck KgAa) to preserve the sample before analyzing them with

atomic adsorption spectroscopy (see section 4.3.2).[60, 61]

4.2.3 Adsorption isotherms

After the experiments of the adsorption kinetics, the adsorption isotherms experiments were
conducted. To get a better insight of the duration until state of equilibrium is reached,
the results of the kinetics were evaluated. After 48 hours equilibrium was reached to a
satisfactory point (see section 5.2) and so all isotherm experiments were carried out for 48
hours. Others authors report similar experiments times. [13, 62].

The setup for the batch experiments is shown in figure 4.5. Each flask contained 100 mL of

solution and a certain amount of adsorbent which was varied to see the difference in adsorbed
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metal. First the different amounts of adsorbent was measured weighted the balance and filled
in the flasks using 0.01, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3 g and a blank which contained no
hematite. The solution with a certain pH and ionic strength was added and the flasks were
sealed with parafilm. Agitation was achieved by magnetic stirring. Each experiment was
performed in duplicate at the same time (see figure 4.5) in order to have the same conditions
on temperature and later be able to measure the concentration with the same calibration

curve.

Figure 4.5: Setup of the adsorption isotherm experiments

The conducted experiments are shown in table 4.3, for example the experiments with Nickel
included three batches with pH 7 (varying ionic strength by adding NaNOs) and one with
pH 5. The pH for nickel and lead was chosen by figure 4.6 as a maximum and minimum
adsorption capacity. Further for chromium no such table was found and pH was chosen with

the knowledge and insight of former works at the institute.
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Figure 4.6: Adsorption capacities of different heavy metals (20 pmol/g) on hematite [63]

Table 4.3: Conditions of the adsorption isotherm experiments

Metal ion | pH Ionic strength [mM]

5 10 100
Cr(I1I)

5 10 100
Cr(VI)

8 10

7 10 100
Ni(II)

5 10

6 10 100
Ph(II)

5 10

After 48 hours samples were taken and filtred with a Millipore filter with a diameter of 25 mm

and a pore size of 0.22 um. The supernatants were acidified with Nitric Acid(65%, Merck

KgAa) before analyzing them with atomic adsorption spectroscopy (see section 4.3.2).[60, 61]

Further the pH of the final suspension was taken to see if the buffer worked and what influence

the adsorption had.
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4.3 Analytical methods

4.3.1 Surface area and pore measurement

To analyze the adsorbent in terms of surface area, Brunauer-Emmet-Teller (BET) Ny method
was used. Pore size distribution was calculated by the Barrett, Joyner and Halenda (BJH)
N, adsorption/desorption method at 77K (see section 3.3.2) using the Coulter™ SA 3100™
analyzer.

Prior to the gas adsorption measurement an outgassing procedure has to be done in order
to remove all gas molecules which are already attached to the surface and the actual dry
sample mass has to be determined. This was done by using a clean and dry sample holder
which was weighted as tare. The pre-dried sample was filled into the sample holder and
attached to the analyzer.

Then the outgassing procedure began and the sample was evacuated for 180 min with a
residual pressure p < 0.133 Pa (1 mmHg) at 120°C. After cooling down the sample holder
with sample to room temperature, it was weighted and the dry sample weight could be
calculated.

The measurement itself was carried out with nitrogen as adsorptive gas and the adsorption
temperature of 77K was achieved by plunging the sample into liquid nitrogen throughout
the measurement. By measuring the pressure in the sample holder and knowing how much
volume of nitrogen was introduced, the adsorbed volume can be calculated by using ideal
gas law (see section 3.3.2).[64]

After collecting the data, the BET surface area and the Pore size were calculated by the
Barrett, Joyner and Halenda (BJH) method (see section 3.3.2).

4.3.2 Atomic absorption spectroscopy

For the analysis of the taken samples from the adsorption experiments, atomic absorption
spectroscopy was used as analyzing method. The samples were stored in glass ware and
acidified.

To get the solutions for the calibration curves of each metal, standard solutions (Merck

KgAa) were used. Those were for chromium Cr(NQOs)s, for lead Pb(NO3); and for Nickel
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Ni(NOj3)s. All of them were in a solution of 0.5 mol/L of HNO3. A 100 mg/L stock solution
was prepared with whom the standard solutions of 2, 5, 7, 10 and 12 mg/L of each metal
were prepared. RO-water was used as blank.

Before each measurement the lamp was warmed up and an optical configuration was carried
out as well as an Autozero.

The wavelength, flow of the used gas composite and the background correction are shown in

table 4.4.

Table 4.4: Configuration of the atomic absorption spectroscopy for the different

metals
Metal | Wavelength [nm] | Gas mixture & flow [L/min] | Background corr.
Chromium 357.9 Nitrous oxide-acetylen; 4.2 Dy quadline
Nickel 232 Air-acetylen; 0.9 D5 quadline
Lead 217 Air-acetylen; 0.9 Dy quadline

Each sample was measured three times and the average was taken automatically by the

analyzer with giving the relative standard deviation (RSD).

4.3.3 Zeta potential and particle size

The device used was a Malvern Zetasizer ZS. With this analyzer the particle size of the
hematite was investigated and the measurements of the zeta potential were obtained.

For the particle size, 100 mL of ultrapure water was mixed with 0.1 g of hematite to obtain
a solution with a concentration of 1 g/L. This solution was mixed and put into the measure
cell with a syringe of 10 mL. Then it was measured, cleaned and the same procedure was
done again. Each sample was measured five times and three samples were tested.

For the eletrophoretic mobility measurements, the suspensions were prepared in a glassware
container by mixing water and the tested salt and/or metal concentration according to the
experimental conditions. The experiments were carried out like described in [65]. For each
measurement 100 mL of solution was prepared and then mixed with 0.1 g of hematite to
have a representative concentration of 1 g/L. After agitation for 30 minutes, the suspension

was allowed to stand for 15 minutes to let the larger particles settle. Then the pH was fixed
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depending on the suspension with 1M NaOH and 1M of HCI.

An aliquot from the suspension was slowly poured into the electrophoresis cell. The test cell
was always conditioned with the test suspension before each measurement. Each sample was
measured 10 times. The applied voltage was set automatically between 40-100 V and before
each measurement the cell had an equilibrium time of 60 s. The temperature in the cell was
adjusted to 20°C. The Smoluchowski model was used where f(Ka) is 1.5.

The pH range tested for each metal and without metal was set from 4 — 10 which covers the

appearance of natural waters.

4.3.4 Miscellaneous equipment

The balance used in this work was a Denver Instruments APX-200 with a total range of 200
g and steps of 0.1 mg +0.2 mg.

Further the pH meter used was a Denver Instruments UB-10 Ultra-Basic with a pH range
from 0-14 and a resolution of 0.01 pH 4 0.1.

The samples were taken and stored in glassware of 10 mL, all solutions and suspensions were

prepared in glassware, as well as the experiments were performed in Erlenmeyer flasks.
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In this part results are presented following the project structure. Pursuing the goal of
obtaining the adsorption kinetics and isotherms of Cr(III), Cr(VI), Ni(II) and Pb(II) followed
by identifying them with suitable models.

The project steps were carried out as follows:

1. Hematite was synthesized in the laboratory and characterized.

2. Adsorption kinetic experiments were carried out to obtain the kinetics and the time of

equilibrium.

3. Adsorption isotherm experiments were determined and compared to mathematical

models.

4. Zeta potential measurements were performed to get a better insight of adsorption

phenomena, e.g. surface charge.

43
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5.1 Characterization of the adsorbent

5.1.1 Specific surface and pore analysis

In figure 5.1 the adsorption/desorption isotherm of N, for hematite is shown. The isotherm
exhibit a sharp but very short increase in nitrogen adsorbate at low relative pressure between
about 0 and 0.01 p/py. The inflection point, the knee of the isotherm, occurs around 0.01 -
0.02 p/po and indicates the stage at which monolayer coverage is complete.

For 0.05 < p/py < 0.8 only a very low uptake of adsorbate can be observed which results in
an almost plateau of the isotherm. That indicates micropore filling is completed and just a
low multilayer adsorption occurs in this range. In the last range between 0.8 < p/py < 0.95
the adsorption is increasing but still far lower than in the initial part of the isotherm. Also
a hysteresis loop can be observed at the isotherm in this pressure range which is associated
with the occurrence of pore condensation and indicates mesoporous materials.

The type of isotherm obtained can be seen as one of type IV described in section 3.2.5.
Looking more detailed at the hysteresis loop, it can be identified most likely as a H1 type of
loop (see section 3.2.5) where the horizontal distance stays more or less the same over the

relative pressure. This indicates well defined cylindrical pore channels.
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Figure 5.1: BET isotherm of hematite (N, method)
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The pore size distribution was calculated by the BJH method (see section 3.3.2) and in table
5.1 the two results for adsorption and desorption are shown. Differences between adsorption
and desorption result from discrepancies between adsorbate structure and the model of open-
ended cylindrical capillaries. Less than 10% of the pores are smaller than 20 nm. The main

part of the particles are in a size range between 20 — 80 nm or bigger.

Table 5.1: BJH pore size distribution (adsorption and desorption)

Pore diameter range [nm] | Pore volume [mL/g] | %
Adsorption
Under 6 0.00573 1.82
6 - 20 0.01933 6.31
20 - 80 0.19704 62.44
Over 80 0.09289 29.43
Desorption
Under 6 0.00136 0.41
6 - 20 0.02019 6.12
20 - 80 0.29619 89.95
Over 80 0.01300 3.93

The specific surface area was calculated by the BET method and resulted in a value of
37.54m?/g. Further the pore volume was calculated to be 0.3160 mL/g.

The obtained C value in this measurement was 105.942 which is > 100 and therefore a sign
of a well-defined localized monolayer for low-temperature adsorption (e.g. at 77 K).[30]
Compared to values in the literature the BET value of the specific surface is rather above
average. There are specific surfaces reported for hematite rich soils between 10-36 m? /g [66],
hematites produced from a solution at temperatures at or around 100°C ranging from 10—90
m?/g [67] and hematite prepared by the sol-gel method with a specific surface of 12.4 m?/g
[68].
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5.1.2 Particle size

The particle size measurement was done with dynamic light scattering. Three different
suspensions of 1 g/L hematite and water were measured five times each. The measurements
turned out to be quite unstable and it seemed that the samples were sedimenting rapidly.
Due to that fact, the analyzer identified only two measurements of the same sample as
qualitatively acceptable which are shown in figure 5.2.

Three peaks are recognized: the first at 185.2 nm with a volume percentage of 6.9%, the
second at 960.2 nm with 27% and the biggest at 4855 nm with 66.1%. The average particle

size diameter calculated is 337 nm with a count rate of 358 kcps.
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Figure 5.2: Particle size diameter distribution for hematite by dynamic light

scattering(two measurements of the same sample); experimental conditions:

hematite concentration, 1 g/L; temperature, 20°C

5.1.3 X-ray diffraction

The X-ray diffraction was done in the Civil and Environmental Engineering Department,
University of Missouri, USA. The sample was sent and analyzed. The results were compared

to a standard hematite X-ray diffraction pattern [69] and are shown in figure 5.3. The
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pattern and the sample show the same characteristic peaks except the one at around 24°.
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Figure 5.3: X-ray diffraction of hematite sample and a standard pattern
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5.2 Adsorption kinetics

The adsorption kinetics experiment were conducted one time and then evaluated for each
metal.

Three models (pseudo-first, pseudo-second order and Elovich models) are fitted to the values.
Each model was linearized like described in section 3.2.4 so the parameters could obtained
and are shown in the tables for each metal including the R? value for each model. For the
pseudo-first order model, an iteration was used to maximize R? by changing Q.. No partial
fitting was tried since the pseudo-second order model shows a good compliance over the
observed range regarding the R? value. However, it seems like the Elovich model fits better
when plotted in all of the investigated metals. That might be because the transformation
to a linearized model can result in a structural error, respectively the R? value is not the
best function to represent the error (also see section 5.3). All of the kinetics show a fast
adsorption in the beginning followed by a slow phase until reaching equilibrium. This kind
of rapid adsorption and reaching high percentages of the final adsorption value of different
metals after a few days adsorbed by hematite is also reported by [70].

Further in [71], the adsorption kinetics for metals onto hematite are modeled and it is
assumed that the reason for the fast adsorption in the beginning is a fast outer-sphere

complexation followed by a slow inner-sphere complexation.

5.2.1 Chromium(lIl)

The Cr(III) kinetic results are shown in figure 5.4.

In the beginning of the adsorption the kinetics are very fast and after only 2 hours, more
than 65% of the final value (modeled @).) are already adsorbed. The maximum loading of
adsorbate was measured after 56 hours with a value of 7.59 mg Cr(III)/g hematite. The
highest R? was achieved by the pseudo second-order model with a value of 0.998.
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Figure 5.4: Comparison of pseudo-first-, pseudo-second-order and Elovich kinetic models
of Cr(IIT) adsorption onto hematite. Experimental conditions: initial Cr(III)
concentration, 10.83 mg/L; concentration of adsorbent, 1 g/L; pH 5.25 - 0.7;
10 mM NaNOs; temperature, 25 4+ 3°C'

After 48 hours more than 97% of the final value (). are reached regarding the pseudo-second
order model. So this time was taken as a reference for a reached state of equilibrium to

conduct the isotherm results.

Table 5.2: Parameters for the different fitted models of Cr(III) kinetics

Model Parameter 1 | Parameter 2 | R?
Pseudo-first order ki = 0.039 Q. = 7.748 0.827
Pseudo-second order ko = 0.128 Q. = 7.496 0.998
Elovich a = 1559.8 £ =1.619 0.980
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5.2.2 Chromium(VI)

Cr(VI) adsorbs fast on hematite. As seen in figure 5.5, there is a drop at the beginning and
then the concentration in the solution slowly decreases. After half an hour already more
than 80% of the final adsorption value are reached.

The maximum loading of adsorbate was measured after 56 hours with a value of 3.38 mg

Cr(VI)/g hematite. This is significantly lower than the value for Cr(III).
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Figure 5.5: Comparison of pseudo-first-, pseudo-second-order and Elovich kinetic models
of Cr(VI) adsorption onto hematite. Experimental conditions: initial Cr(VI)
concentration, 9.979 mg/L; concentration of adsorbent, 1 g/L; pH 4.93 £ 0.1;
10 mM NaNOs; temperature, 25 4+ 3°C'
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Table 5.3: Parameters for the different fitted models of Cr(VI) kinetics

Model Parameter 1 | Parameter 2 | R?2
Pseudo-first order k1 = 0.0845 Q. = 3.380 0.588
Pseudo-second order ko = 1,662 Q. = 3.284 0.998
Elovich a=>577-10"? | B=10.787 | 0.784

The best compliance with a model by numbers has the Pseudo-second order model which
achieves a value of R? of 0.998 and a calculated Q. of 3.284. The state of equilibrium seems
to be reached after about 10 hours when the concentration stabilize and the difference are

in the range of measure accuracy.

5.2.3 Lead

The adsorption of Pb follows the same scheme as the metals before (especially Cr(VI)) with
a huge drop in the first half hour and then a continuous slow decrease till reaching state of
equilibrium. That said, the maximum amount adsorbed was measured after 50 hours with a
value of 4,61 mg Pb/g hematite. After half an hour over 80% of the final amount are already
adsorbed and an acceptable state of equilibrium is reached after about 10 hours when the

concentration in the solution continues only to decreases very slowly.
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Figure 5.6: Comparison of pseudo-first-, pseudo-second-order and Elovich kinetic models

of Pb adsorption onto hematite. Experimental conditions: initial Pb

concentration, 9.476 mg/L; concentration of adsorbent, 1 g/L; pH 4.97 + 0.1;

10 mM NaNOs; temperature, 22 4+ 2°C'

The best fitting model for the adsorption kinetics of Pb is found to be the pseudo-second
order model which has a R? of 0.999 and a calculated Q. of 4.45. However, the Elovich

model seems to be adequate too regarding the plot in figure 5.6 although the R? value only

achieves 0.853.

Table 5.4: Parameters for the different fitted models of Pb kinetics

Model Parameter 1 | Parameter 2 | R?2
Pseudo-first order ki =0,0311 Q. =4,649 | 0.465
Pseudo-second order ke = 0,744 Q. = 4,448 | 0.999
Elovich a=2,37-101 B =17,299 0.853
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5.2.4 Nickel

The Ni kinetic results are shown in figure 5.7.

In the beginning of the adsorption the kinetics are very fast and after only 2 hours, more
than 50% of the final value (modeled @.) are already adsorbed. The maximum loading of
the adsorbate was measured after 72 hours with a value of 4.49 mg Ni/g hematite. The last
value measured after 72 hours shows a slight drop compared to the value after 48 hours.
This could indicate that the adsorption continues to decrease although the 24 hours before
no difference in the concentration could be observed or there was a slight deviation due to

the measuring.
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Figure 5.7: Comparison of pseudo-first-, pseudo-second-order and Elovich kinetic models
of Ni adsorption onto hematite. Experimental conditions: initial Ni
concentration, 10.622 mg/L; concentration of adsorbent, 1 g/L; pH 6.96 +
0.2; 10 mM NaNOs; temperature, 22 + 2°C
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Table 5.5: Parameters for the different fitted models of Ni kinetics

Model Parameter 1 | Parameter 2 | R?2
Pseudo-first order ky = 0,0348 Q. =4,642 | 0.8721
Pseudo-second order ko = 0,111 Q. = 4,307 0.987
Elovich a = 32,690 g =2,0412 0.965

The best compliance with a model by numbers has the Pseudo-second order model which
achieves a value of R? of 0.987 and a calculated Q. of 4.307. Also the Elovich has a high R?
value of 0.965 and seems to fit better than the pseudo-second order plot (see figure 5.7). The
state of equilibrium seems to be reached after about 48 hours although the last measured
value is almost 20% lower. However this could be due to a measuring deviation which is
supported by the fact that the decrease between 24 and 48 hours is almost zero, respectively
positive. Other studies also show an increase in adsorption of Ni on goethite after extending
the observed time from 2 h to 42 days.[72] The cation adsorption starts rapidly and is followed
by a slow adsorption. This phenomena was explained by a rapid adsorption on the external

surfaces and the a slow diffusion process into the particles.

Summary and Conclusion

e In all four different investigated models the pseudo-second order model achieves the
highest R? values regarding the adsorption kinetics. However, the Elovich plot seems

to fit at least equal or even better regarding the figures shown.

e After 48 hours, it seems that an acceptable state of equilibrium is reached for all
metals. Therefore 48 hours is set to be the investigated time for all following adsorption

isotherm experiments in which it is assumed that state of equilibrium is reached.

e Eventually further investigation should be done with the adsorption kinetics of Nickel

since the last value dropped by almost 20% compared to the value 24 hours before.
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5.3 Adsorption isotherms

The experiments of the adsorption isotherms were carried out for 48 hours and conducted
twice for each setup (see section 4.2.3). For each metal there is a figure that compares the
two base case experiments (10 mM Na/NOj as ionic strength) in terms of pH variation and
differences in adsorbed metal per mass of hematite over the concentration in the solution.
Further one figure shows the best model for the adsorption isotherms and the influence of
the ionic strength. Although in [10], no influence on the adsorption of heavy metal cations
is reported by NaN O3, chromium(III) and lead show a significant decrease with higher con-
centration of NaNOs.

Finally for chromium(VI), nickel and lead another pH was tested and compared with the
base case.

The amount of metal adsorbed to the hematite (). was calculated with equation 5.1 where
Cy is the measured concentration of the metal in the blank [mg/L], C, the measured concen-
tration of the metal in one of the adsorption experiments [mg/L], V the volume of solution

used [L] and mpy the mass of the hematite [g].

Qe — M (51)

mpg

The plots of chromium(III) (see figure 5.8), Nickel (see figure 5.19) and parts of Lead (see
figure 5.15) show a big increase of metal adsorbed in the experiment with the lowest concen-
tration of hematite (0.1 g/L). These big leaps do not seem to be the result of bigger adsorption
properties because there is no satisfying explanation by adsorption phenomena. Further the
percental error rises with smaller differences between the measured concentrations and with
lower masses of adsorbent. However the calculated . of a hematite concentration of 0.1 g/L
almost always exceeded the expected values which can not be explained only by an error of
measurement. This lead to an exclusion of the last point for the modeling of the isotherms

although they are shown in the comparison of the two conducted batches.

For the modeling the presented linearizations from section 3.2.5 were used and the R? values

were compared. It seemed that the Temkin model always showed slightly lower compliance
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than the other two models and so only plots of Freundlich or Langmuir are shown although
all parameters were calculated and also shown in the tables in each section. Further the
Temkin model is often negative in the beginning until the factor A - C, reaches 1 so the
logarithm of this factor reaches 0.

In addition a simple linear model was tried to fit the experimental data and also showed
very good compliance in the range of the data. The models did not go through the origin
so physically it makes no sense but could be used in a certain range as a first and simple
approximation.

During the calculations the linearization of the Langmuir isotherm was changed to equation
5.2 in order to obtain better constants. This was done because in some experiments the C,
reached 0 and dividing by 0 lead to problems. It is notable that between the linearizations
can be significant differences regarding the constants and the R? values.|[73]

This is because each of these transformations changes the original error distribution (for
better or worse). The best transformation is not necessarily that which gives the highest
correlation coefficient but rather that in which the resulting error distribution most closely
matches the "true" error distribution. [74]

Another possibility to determine the parameter is to use non-linear regression and choose
an error function in order to maximize the match of results and model.[46] However in this

work only linear regression was used.

5.3.1 Chromium(lIl)

Figure 5.8 compares the two same base case experiments with each other. The buffer could
not maintain the pH and so it dropped down to up to 4.2 in the flask with the highest
concentration of hematite. Even in the blank which contained no hematite, the pH dropped
as it was set to 5.0 before the experiment and 48 hours later it went down to 4.85, e.g 4.6.

The isotherms seem to be almost linear except the last point which jumps to a very high
level and was discussed earlier. The maximum (), measured is 10.36 mg/g at a C, of 6.36

mg/L (the point of 0.1 g/L hematite is excluded).
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Figure 5.8: Isotherms Cr(III) and pH measured after experiments; experimental
conditions: initial Cr(III) concentration, Batch 1: 10.66 mg/L, Batch 2: 10.89
mg/L; pH blank 1: 4.92, pH blank 2: 4.68; 10 mM NaNOs; temperature,

21 £3°C

The best fit for the experimental data of Cr(III) was the Freundlich model as you can see in
table 5.6 regarding R? values with values between 0.939 and 0.960. Also the other models
show values around 0.9 which indicates that there should be more experiments with a wider
range of points tested. The Freundlich model was used to fit the experimental data of
Cr(III) at different ionic strength and pH 5 (shown in figure 5.9). It seems to fit well for
all three tested conditions. However there is a tendency that the point with the highest
concentrations tends to be higher than the others. The lower the ionic strength, the higher
the maximum @), calculated from the Langmuir model shown in table 5.7. However the plot
of the model for the 10 mM and the 100 mM cross each other at a fluid concentration of
chromium at around 3 mg/L. So below that point 100 mM model has higher ), values than
the 10mM model. The salt concentration has an important influence on the adsorption of

Cr(III), especially at high metal concentrations in the solution.



5 Results and discussion

o8

12 r T

10 |

Q,_[mg/g]

H 1mM
® 10mM
A 100mM -

Figure 5.9: Freundlich model fitted to isotherm experiments (Batch 1) of Cr(III) with
different ionic strengths (1, 10, 100 mM NaNOj3) and pH 5; Experimental
conditions: initial Cr(III) concentration, 1 mM: 11.53 mg/L; 10 mM: 10.66
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mg/L; 100 mM: 10.67 mg/L

Table 5.6: R? values for the different fitted isotherm models of Cr(III) with

different ionic strengths (NaNOs)

10

Cr(III) Case | Freundlich | Langmuir | Temkin
pH 5, 1 mM 0.939 0.895 0.852
pH 5, 10 mM 0.960 0.908 0.907
pH 5, 100mM 0.952 0.957 0.898
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Table 5.7: Parameters for the different fitted isotherm models of Cr(III) with
different ionic strengths (NaNOj3)

Freundlich Langmuir Temkin
Cr(III) Case

Ky n Qmaz [mg/gl | b Ar | by [kJ/mol]
pHb5, 1 mM | 435 | 2.57 12.08 0.48 | 6.63 1.04
pH 5, 10 mM | 2.81 | 2.12 10.52 0.29 | 2.81 1.06
pH 5, 100mM | 3.43 | 3.32 7.58 0.65 | 11.29 1.62

5.3.2 Chromium(VI)

The comparison of the base cases of Cr(VI) in figure 5.10 shows two very similar plots for
@. and only small differences for the pH. The last point jumps slightly for the first batch
but not as extreme as with Cr(III). However, the maximum adsorption is lower for Cr(VI)
than Cr(IIT) and seems to have reached the maximum adsorption (). because the plots are
almost constant. The maximum (), measured is 2.88 mg/g at a C, of 9.26 mg/L (the point
of 0.1 g/L hematite is excluded).
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Figure 5.10: Isotherms Cr(VI) and pH measured after experiments; experimental
conditions: initial Cr(VI) concentration, Batch 1: 10.69 mg/L, Batch 2:
10.89 mg/L; pH blank 1: 5.03, pH blank 2: 4.91; 10 mM NaNOs;
temperature, 21 + 3°C
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Figure 5.11: Comparison of Isotherms of Cr(VI) at pH 5 and 8; experimental conditions:
initial Cr(VI) concentration, pH 5: 10.69 mg/L, pH 8: 10.89 mg/L; pH of
blank, pH 5: 4.94, pH 8: 7.75; 10 mM NaNOs; temperature, 21 + 3°C'

The best model fit to the results is the Langmuir model with the highest R? values shown in
table 5.8. Two models were fitted to the experimental results of the Cr(VI) experiments with
different ionic strength at pH 5: the Freundlich (shown in figure 5.13) and the Langmuir
(shown in figure 5.14). The Freundlich model shows a very steep, almost vertical slope at
the beginning and then turns more horizontal. The Langmuir model has a slightly smaller
gradient in the beginning. Both fit the data well but more points in a lower C, region would
help to determine the exact behavior there.

The ionic strength has only a small influence on the adsorption and the differences in the

maximum adsorption concentration are low (see table 5.9).
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Figure 5.12: Comparison of Isotherms of Cr(VI) at pH 5 and 8; experimental conditions:
initial Cr(VI) concentration, pH 5: 10.69 mg/L, pH 8: 10.89 mg/L; pH of
blank, pH 5: 4.94, pH 8: 7.75; 10 mM NaNOs; temperature, 21 + 3°C'

In figure 5.12 the adsorption capacity is compared at pH 5 and pH 8 with an ionic strength
of 10 mM NaNOQOs each. The lower pH is pretty constant and the pH at 8 dropped down
to around 7.5. This is due to the buffer range which is not ideal at pH 8. At pH 8 the
adsorption capacity is very low compared to pH 5. This is in compliance with other works
like [75] which investigated hydrous iron oxides and found to be the best range of the pH
for the adsorption of hexavalent chromium the range between 3-6. Higher than that if falls
off rapidly. Both fits seem to have reached a maximum load of adsorbate and thus the plots
are almost constant. So for more detailed isotherms, a higher concentration range should be

measured.
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Figure 5.13: Freundlich model fitted to isotherm experiments (Batch 1) of Cr(VI) with
different ionic strengths (1, 10, 100 mM NaNOj;); Experimental conditions:
initial Cr(VI) concentration, 1 mM: 10.52 mg/L; 10 mM: 10.69 mg/L; 100
mM: 11.45 mg/L
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Figure 5.14: Langmuir model fitted to isotherm experiments (Batch 1) of Cr(VI) with

C, [mg/L]

10

different ionic strengths (1, 10, 100 mM NaNOj;); Experimental conditions:

initial Cr(VI) concentration, 1 mM: 10.52 mg/L; 10 mM: 10.69 mg/L; 100

mM: 11.45 mg/L

Table 5.8: R? values for the different fitted isotherm models of Cr(VI) with

different ionic strengths (NaNOs)

Cr(VI) Case | Freundlich | Langmuir | Temkin
pH 5 1 mM 0.949 0.999 0.946
pH 5, 10 mM 0.832 0.996 0.825
pH 5, 100mM 0.862 0.913 0.841
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Table 5.9: Parameters for the different fitted isotherm models of Cr(VI) with
different ionic strengths (NaNOs)

Freundlich Langmuir Temkin
Cr(VI) Case

Ky n Qmaz (mg/g] | b Ar | by [kJ/mol]
pH5, 1 mM | 2.16 | 12.29 2.73 1.95 | 38331 12.11
pH 5, 10 mM | 2.15 | 10.06 2.88 1.45 | 3918 9.56
pH 5, 100mM | 2.05 | 10.03 2.73 1.52 | 2.02 2.29

5.3.3 Lead

Comparing the two base cases of lead with pH 6 in figure 5.15 shows a very good adsorption
and a similar plot for both experiments. The in the calculation excluded points (highest
C. concentration) differ and it seems that the point of batch 2 with the higher @), is more
realistic than the point of batch 1.

The pH of both experiments are pretty constant, only batch 1 drops slightly at high hematite
concentrations. The maximum @), measured is 12.59 mg/g at a C, of 3.01 mg/L (the point
of 0.1 g/L hematite is excluded). Lead seems to be adsorbed really well and so the three
points with the highest hematite concentrations (0.2 g, 0.25 g, 0.3 g) contain no more lead

in the solution.
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Figure 5.15: Isotherms Pb and pH measured after experiments; experimental conditions:
initial Ni concentration, Batch 1: 9.25 mg/L, Batch 2: 10.25 mg/L; pH
blank 1: 6.02, pH blank 2: 6.10; 10 mM NaNOs; temperature, 19 + 2°C

Further the adsorption of lead at pH 5 and pH 6 was compared. For both the pH was
constant over the whole range of hematite concentrations. However the adsorption at pH
6 is much higher than at pH 5. At pH 6 three samples contained no more lead and the
maximum adsorption was more than 12 mg/g at a C, of 3.01 mg/L compared to a maximum
adsorption at pH 5 of 4.54 mg/g at a C, of 7.54 mg/L. This is in compliance with [63] which
reports a strong adsorption edge meaning that in a small range of pH the adsorption changes

significantly. Figure 4.6 shows this edge for lead amongst other metals.
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Comparison of Isotherms of Pb at pH 5 and 6; experimental conditions:
initial Pb concentration, pH 5: 9.82 mg/L, pH 6: 10.25 mg/L; pH of blank,
pH 5: 5.01, pH 6: 6.10; 10 mM NaNOjs; temperature, 19 £+ 3°C
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Freundlich model fitted to isotherm experiments (Batch 1) of Pb with
different ionic strengths (1, 10, 100 mM NaNOj;); Experimental conditions:
initial Pb concentration, 1 mM: 9.38 mg/L; 10 mM: 9.25 mg/L; 100 mM:
10.06 mg/L
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Figure 5.18: Langmuir model fitted to isotherm experiments (Batch 1) of Pb with
different ionic strengths (1, 10, 100 mM NaNOj;); Experimental conditions:
initial Pb concentration, 1 mM: 9.38 mg/L; 10 mM: 9.25 mg/L; 100 mM:
10.06 mg/L

Regarding the experimental data, the adsorption at 1 mM and 10 mM ionic strength are
pretty identical so the difference in salt concentration in that range does not make a big
difference. The data of the 100 mM experiment differs from the others two and is significantly
lower which means that in this range the ionic strength has an impact on the adsorption
capacity of lead to hematite.

Of the three models fitted to the experimental data, the Langmuir model has the highest
R? value shown in table 5.10. To compare the models, the Langmuir model (see figure 5.18)
and the Freundlich model (see figure 5.17) were plotted.

The Freundlich model shows a good fit for the 100 mM data which also has the highest R?
value of 0.975 for this model. Although the other two plots seem to differ slightly from the
experimental data, especially in the higher concentration range, they have high R? values.
This is due to the three points at very low concentration of the lead in the solution when
almost all lead is adsorbed. The model fits to that situation pretty well but cannot depict

the behavior in higher concentration regions.
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The Langmuir model seems to fit better at higher C, concentration than the Freundlich model
whereas the Freundlich model depicts the experimental data better at low concentrations of
C.. For the calculated @4, of the Langmuir model the same tendency can be seen as for
the experimental data regarding the influence of the ionic strength. The value for 100 mM is
about 16% lower than the value of 1 mM whereas the value of 10 mM only differs less than
2% (see table 5.11).

The parameters for the Temkin model of 1 mM and 10 mM become very high due to the
high adsorption.

Table 5.10: R? values for the different fitted isotherm models of Pb with
different ionic strengths (NaNOj3)

Pb Case Freundlich | Langmuir | Temkin
pH 6,1 mM 0.926 0.979 0.855
pH 6, 10 mM 0.914 0.981 0.853
pH 6, 100mM 0.975 0.976 0.913

Table 5.11: Parameters for the different fitted isotherm models of Pb with
different ionic strengths (NaNOs)

Freundlich Langmuir Temkin
Pb Case
Ky n Qmar [mg/g] b Ar br [kJ/mol]
pH6,1 mM | 987 | 8.72 12.42 12.58 | 556199 3.14
pH 6, 10 mM | 9.74 | 8.76 12.24 12.01 | 1107391 3.64
pH 6, 100mM | 6.55 | 3.92 10.42 2.06 93.59 1.57
5.3.4 Nickel

The two base cases of nickel at pH 7 are shown in figure 5.19. The pH is almost constant
and in both experiments between 6.8 and 7.0. The adsorption of nickel to hematite is slowly
increasing over the range of C, except the last points which jump again and were excluded
for the calculation as in all other models. For further investigation there should be done

more experiments with a higher hematite concentration or a lower metal concentration to
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get a better insight of the whole adsorption range.
The maximum ), measured is 2.91 mg/g at a C, of 9.90 mg/L (the point of 0.1 g/L hematite

is excluded).
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Figure 5.19: Isotherms Ni and pH measured after experiments; experimental conditions:
initial Ni concentration, Batch 1: 11.36 mg/L, Batch 2: 10.62 mg/L; pH
blank 1: 6.92, pH blank 2: 6.98; 10 mM NaNOs; temperature, 19 + 2°C
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Figure 5.20: Comparison of Isotherms of Ni at pH 5 and 7; experimental conditions:
initial Ni concentration, pH 5: 10.16 mg/L, pH 7: 10.62 mg/L; pH of blank,
pH 5: 5.02, pH 7: 6.98; 10 mM NaNOgs; temperature, 21 £+ 3°C

In figure 5.20 adsorption at pH 7 and pH 5 is compared. The adsorption at pH 5 is negligible
and so there is no isotherm plot to identify. There is only a cloud of points all in the area of
the initial concentration of the metal solution. So pH 7 is a better range to adsorb than pH
5 for nickel. This is in compliance with [63] which reports a strong adsorption edge meaning
that in a small range of pH the adsorption changes significantly. Figure 4.6 shows this edge

for nickel amongst other metals.
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Figure 5.21: Freundlich model fitted to isotherm experiments (Batch 1) of Ni with
different ionic strengths (1, 10, 100 mM NaNOj;); Experimental conditions:
initial Ni concentration, 1 mM: 9.91 mg/L; 10 mM: 11.36 mg/L; 100 mM:
10.21 mg/L

For the nickel adsorption at pH 7 the three models were fitted and compared. The Freundlich
models seems to fit the best regarding R? values (see table 5.12), although they do not differ
much between the models.

In figure 5.21 the Freundlich model is shown. It seems that the influence of ionic strength
is weak. Only small difference could be identified. Nickel is slightly less adsorbed with an
ionic strength of 1 mM than with 10 mM or 100 mM. However that tendency could change
at higher C, concentrations. Therefore more experimental data should be obtained for the
lower and higher C, range to identify the whole isotherm plot.

In table 5.12 the R? values for the Langmuir model are shown. There are listed two values.
The difference between those values is the linearization method and the values disagree
significantly. This shows that the R? values should always be interpreted cautiously knowing
that there are more than one possibility to linearize the Langmuir model and it depends which
one is chosen (see beginning of this section).

The Langmuir parameters were calculated with the linearization method with higher Rs
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values. All calculated parameters are shown in table 5.13 and the @Q),,.. parameter differ
significantly from the maximum adsorption value measured during the experiments. The
slope of the adsorption model indicates that the maximum capacity of nickel adsorbed to
hematite is higher than the maximum (). measured. However the values of )., differ so
much from what is expected and between each other that it seems that these values are not

representing a realistic adsorption model.

Table 5.12: R? values for the different fitted isotherm models of Ni with
different ionic strengths (NaNOj3), *linearization method presented

in section 3.2.5

Ni Case Freundlich | Langmuir | Temkin
pH7, 1 mM 0.914 0.104/0.905* 0.889
pH 7, 10 mM 0.939 0.013/0.932* 0.938
pH 7, 100mM 0.950 0.714/0.948* 0.924

Table 5.13: Parameters for the different fitted isotherm models of Ni with
different ionic strengths (NaNOs)

Freundlich Langmuir Temkin
Ni Case
Ky n Qmaz [mg/g] b Ar | by [kJ/mol]
pH7,1 mM | 034 | 1.13 12.33 0.03 0.44 1,42
pH 7, 10 mM | 0.32 | 1.03 52.08 6.04-1073 | 0.37 1,08
pH 7, 100mM | 0.58 | 1.43 6.74 0.07 0.62 1.56

Comparison with other adsorbents

Other works already tested the adsorption potential for heavy metals to other adsorbents,
some even for hematite. However, it is difficult to compare these results easily because a
lot of parameter play an important role such as pH, initial concentrations, temperature,
adsorption time etc.. To get a better understanding and a possibility to compare, different
related articles are mentioned and briefly described. Table 5.14 provides an overview of the

capacities of other adsorbents. The values in table 5.14 for the hematite of this work are
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chosen to be the calculated @),,q, from the Langmuir isotherm model except the value for
nickel which is the highest measured one not excluded because the Langmuir model was not
fitting well enough.

The adsorption potential of biomaterials for chromium(VI) is reviewed in [32], and sorption
capacities are compared. It seems like biosorbents can be an efficient way to remove hexava-
lent chromium but the progress in commercializing these processes is slow.

In [76] magnetite-hematite nanoparticles are investigated to remove metal ions from water,
respectively to this study chromium(III) and lead(II). An adsorption capacity of 617.3 mg/g
for the Pb(II) and 277 mg/g at pH 7 is reported for the nanomaterial.

Calcite, zeolite, sand and iron filings are examined in order to remove metal ions (Cd, Cu,
Pb, Ni, Zn and Cr) from stormwater in [62]. Lead was removed between 95-100% by calcite,
zeolite and iron filings, nickel 90% by yeolite and chromium 100% by iron filings. The sand
achieved lower percentages. The adsorption processes could be described by the Langmuir
or Freundlich isotherm model.

Heavy metal removal from water, including all investigated metals in this work, by nanosized
metal oxides is reviewed in[77] and gives a comprehensive overview of different materials and
process approaches.

[78] reports efficient chromium(VI) removal by nanoscale maghemite particles which is highly
pH dependent and adsorption isotherms can be modeled with the Freundlich equation.

In [79] the sorption of heavy metals to blast furnace sludge is examined and in [80] the
same author investigates the adsorbent properties of red mud which contains about 30%
hematite. The red mud adsorption was modeled with the Freundlich isotherm model and
the blast furnace sludge seems to be following an Langmuir isotherm model for Pb(II) and
Cr(IIT). For adsorption properties, see table 5.14.

Sorption kinetics of different metals including Ni(II) are investigated in [70] onto hematite
and report an uptake of nickel after 30 days of 26.5% at pH 6.8 for a system with a concen-
tration of 0.125 mM of Ni(II) which is the equivalent of around 7.3 mg/L. The uptake of the
kinetic study in this work at pH 7 of Ni(IT) was about 42% which could be higher because

of the higher initial concentration or the higher specific surface area.
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Table 5.14: Comparison of hematite with other adsorbents

Material Capacity [mg/g] | pH | Reference
Cr(I11)

Polyvinylalc/sod. alginate 59.9 6 [81]
EDHPA onto Amberlite XAD7 3.0 3 [82]
Hydrous TiO, 5.0 2 [83]
Activated carbon 19.2 2 [84]
Lignocellulosic waste 285.7 2 [85]
Nano-Fe30, 277.0 7 [76]
Hematite from Ferroxane 12.1 5 This study
Cr(VI)

Maize bran 312.5 2 [86]
Spent activated clay 0.74-1.42 2 [87]
Nanoscale maghemite 19.2 2-3 (78]
Diatomite 11.6 3 [88]
Anatase 14.6 2.5-5 [89]
Activated carbon (oxidized with nitric acid) 15.5 4-6 [90]
Hematite from Ferroxane 2.9 5 This study
Ph(I)

Activated Firmiana simplex leaf 379.3 6 [91]
Si0s /graphene 113.6 6 [92]
Polyampholyte 202.0 6 [93]
PS-EDTA resin 32.1 6 [94]

K. birnessite 164.3 7 [95]
Nano-Fe30, 617.3 7 [76]
Hematite from Ferroxane 12.4 6 This study
Ni(I1)

Red mud 10.9 7.8 [80]
Multi-walled carbon nanotubes 18.1 6 [96]
Carbon nanotubes/iron oxide 9.2 6-7 [97]
Oxidized carbon nanotubes 49.3 6 [96]
Hematite from Ferroxane 2.9 7 This study
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5.4 Zeta potential and adsorption mechanism

As a final experiment, the zeta potential of the hematite with and without metals in the
water was measured by varying the pH. As described in section 3.2.6, the zeta potential
can describe the surface charge, respectively charge at the boundary layer (liquid-slipping
plane) of a particle in a liquid which can provide a better understanding of the adsorption
mechanism.

In an aqueous medium the Fe-oxide/H50 interface can acquire a charge by protonation or

deprotonation of the neutral sites (-OH groups) as follows:

=FeOH + OH™ = =Fe(OH)y™ (5.3)

The H* and OH~ are the potential determining ions and the surface charge at the Fe-
oxide/H50 interface depends on the pH of the solution. Generally, the zero point of charge
(ZPC) of an oxide is the pH at which the net surface charge on the oxide surface in an
aqueous solution is zero.[98]

The isoelectric point (IEP) of an oxide is the pH at which the oxide particles are electroki-
netically uncharged. ZPC and IEP are identical when there is no specific adsorption.[99]
Specific adsorption involves interaction with deprotonated surface hydroxyl groups to form

a mono- and bi-nuclear, inner sphere complexes, i.e. for cations (Cr™3, Pb™2 Nit?)

=FeOH + M?*t = =FeOM® V" 4+ H* (5.4)

=(FeOH), + M?t = =(Fe—0),M*?" 4+ H* (5.5)

whereas for inorganic anions which are ligands such as chromate ([HCrO,]™), replace the

-OH groups, thus forming the inner-sphere surface complexes:

=FeOH + L~ = =Fel + OH" (5.6)
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=(FeOH)y, + L~ = =Fe,L* + 20H" (5.7)

Since in this work only the zeta potential was measured and no further spectroscopic tech-
niques were used like FTIR and EXAF'S, the surface species can not be fully characterized.[10]

However it provides a basic idea of adsorption mechanisms and allows to make some conclu-

sions.
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Figure 5.22: Zeta potentials of solutions of different metals depending on pH;
experimental conditions: hematite concentration, 1 g/L; initial metal
concentrations, 10 mg/L; ionic strength, 10 mM NaNOjs; temperature,

20°C"; 30 min of mixing before measurement

In figure 5.22 the comparison of hematite in water with only NaNOj3 to hematite in water,
NaN O3 and one of the investigated metals is shown. The points were obtained by measuring
the sample 10 times and taking the median of the results.

The point of zero charge for the base case which is the one without a metal concentration
is found to be around a pH of 7.8 which is a little lower to a value found in the literature of
8.5. This difference could be the attributed to the presence of the NaNOs5.[100]

Further plots for the solution containing a metal show a rise in the zeta potential except
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the hexavalent chromium which shows a decrease. In the observed range of the pH from 4
to 10 the point of zero charge for the solution of trivalent chromium is shifted to about 8.5
whereas the divalent lead and nickel do not even pass the zero. The point of zero charge for

the hexavalent chromium is lowered to about pH 5.5.

Thus the isotherm experiment with Cr(VI) at pH 5 was done in an environment with a
positive zeta potential and at pH 8 in a negative area of the zeta potential. At pH 8 the
adsorbent hardly adsorbed anything whereas at pH 5 it adsorbed about 5 times more. When
electrostatics govern adsorption (i.e. nonspecific adsorption), the surface must have an over-
all positive charge in order for adsorption to take place. In contrast, where specific adsorption
is involved an overall positive charge is not required.[10] Therefore it seems that the hexava-
lent chromium adsorption combines the both mechanisms. but the nonspecific adsorption is
dominating or the number of FeOH," decreases with a rising pH. Other studies support the

theory of the decrease of the FeOH, " groups and with it the inner sphere complexation.[101]

The adsorption isotherm of the trivalent chromium showed a significant decrease in pH with
higher concentration of hematite, thus total amount of chromium adsorbed. This decrease
could be due to the release of H* during the specific adsorption shown in equation 5.4 and
5.5. At the investigated pH of 5 the calculated ion in the solution, shown in 3.6, is mainly
[CrOH)*" which is a cation and would conclude a specific adsorption. Further the zeta

potential increased significantly with trivalent chromium in the solution at pH 5.

Likewise, the zeta potential increased with the lead ions in the water at pH 5 and pH 6 as
well as with nickel at pH 5 and 7. However the pH stays more or less constant and shows
only a slight decrease at high hematite concentrations in the two batches for nickel and one
for lead (see figure 5.20 and 5.16). In [63], hematite is reported to be a good adsorbent for
lead and as well has a maximum at around pH 6. Nickel, however, is less adsorbed and has

a maximum at around pH 7. This is in compliance with this work.
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5.5 Process design possibilities

To include the investigated material in a working process, some approaches have been un-
dertaken and will be presented in the following section. Before developing a solution, the
first thing is to define the purpose of the product and the demands to it. The purpose for
this product in Argentina is a filter system for households or smaller schools, so rather small
to medium scales.

So in this case, the system should be

easy to use.

e casy to install.

affordable to buy

e cconomic to maintain.

In general, the process possibilities can be divided into two big groups. One approach is
to aggregate the particles in a way and use it in a bulk filter or a process which filters the
particles at the end. The other approach is to fix the particles in a certain way on another
material or structure which then is used in the aimed process.[102-105]

Several supports have been investigated by other authors include natural hosts such as
bentonite [106, 107], sand [108, 109], and montmorillonite [110], metallic oxide materials
such as Al,O3 membrane [111] and porous manganese oxide complex [112], and synthetic

polymer hosts such as cross-linked ion-exchange resins.[113-115]

Membranes

Former works at Instituto Technologico de Buenos Aires (ITBA), Argentina tried to use
a porous alumina tube and embedded and attached the Ferroxane to it. Subsequently
the ceramic membrane was sintered which converted the Ferroxane particles on and in the
membrane to hematite. In figure 5.23, these coated membranes are shown. These tubes
could be used in a dead end setup to filter the contaminated water. In the experiments, the
treated membranes were used to filter arsenic which proved to work. The membrane works
with a low transmembrane pressure drop and so no pumping is necessary. One challenge

of the process is, how to attach a satisfying amount of hematite to the porous alumina
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tube. Considering the costs for the membrane, the alumina tube is the most expensive
part. However, those tubes are expected to withstand various regeneration cycles which cut
costs of the total process. In addition to this, ferroxane-derived ceramic membranes have
removal capabilities in the ultrafiltration range, being effective for the separation of organic

macromolecules, inorganic colloidal particles and bacteria. [12, 13, 116]

Figure 5.23: Different design possibilities: a) Pellet made out of hematite (after burning
on the left) and ferroxane (before burning on the right) b) Porous alumina

tube embedded and coated with hematite

Pellets

Another approach done at Instituto Technologico de Buenos Aires (ITBA), Argentina is
synthesizing pellets made out of aluminum oxide. The aluminum oxide was mixed with the
ferroxane and the burned in an oven. Figure 5.23 shows these pellets in a) before and after
the burning procedure. So far, there need to be done more research on how getting a stable
pellet that has optimal adsorption properties.

The idea is to design a device that uses the pellets to filter the water and which can be

changed quickly and easily.
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Bulk filter

Bulk filter like adsorption columns always have a trade off between particle size, surface
area respectively and pressure drop over the column. Therefore a tunable material of which
the particle size can be adjusted to the conditions is important. Several works and also
commercial products have been developed in this area.

GEH® Wasserchemie developed a granular ferric hydroxide for heavy metal removal. It is
a mix of f§ — FeOOH and Fe(OH)s. Tt adsorbs heavy metals such as chromium, uranium,
copper and lead as well as toxic elements icluding arsenic, antimony, vanadium and selenium.
The particle size is between 0.2-2 mm and has a surface area of around 300m?/g.[117]

To granulate the particles a process is used which is similar to freeze-thaw conditioning pre-
sented in [118]. It uses high pressures and low temperatures. That process is patented [119]
by that company.[120)]

There is another work [121] which experimented with sand coated with iron oxides to get a
filtration material for developing countries like Nepal which presents several different meth-
ods to synthesize these coated sands. This could be a cheap way to get a acceptable bulk
size for filter.

In [122], magnetite is embedded in Zeolithes to produce a magnetic adsorbent. Zeolithes
show good adsorption properties and a huge surface area (around 500m?/g) and the mag-
netite leads to a magnetic composite which can be used in an adsorption process and be
separated by a magnetic process. Hematite has no magnetic properties but the combination

of two materials to a composite often enhances certain properties.

Kolshi filter

For developing countries like Nepal, Bangladesh and other south-asian countries, some ferric
oxide filter system have been developed, mainly for arsenic removal. The filters normally
use the effect of rust on iron filing by putting it into contact with water. Then the water
passes these iron filings and continue to a sand layer before leaving the system. Most of
these filters are very basic and try to provide clean drinking water for family homes with no

direct connection to drinking water.
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One of the simplest solution called Kolshi filter is shown in figure 5.24. The water passes
each one of the containers. The first tank is the raw water from which the water goes into
the container with the iron filings to adsorb the heavy metal, respectively arsenic. The next
tank contains sand to trap the particles and with it the adsorbed metal and the last one

collects the clean water.[123]

Support structure

—— Raw water

— Filter-iron filings

‘r Filter-sand

— Filtered water

Figure 5.24: Kolshi filter



6 Conclusion and future work

The objective of this work was to investigate the ability of hematite to adsorb heavy metals,
more precisely trivalent and hexavalent chromium, nickel and lead. As a final step, possible
ways to integrate the material in process were presented.

The procedure was divided into three phases:

e Synthesis and characterization of the used material
e Investigation of adsorption by obtaining kinetics and isotherms

e Identifying process possibilities

In the first step hematite was prepared by a reaction in three steps. First lepidocrocite was
synthesized which then was coated with acetic acid to get ferroxane. Finally the ferroxane
was burned to obtain the used hematite. Analysis was done regarding surface area, compo-
sition and particle size. The hematite had a specific surface area (BET) of 37.54 m?/g and
an average particle size of 337 nm.

All obtained adsorption kinetics showed a satisfying state of equilibrium after 48 hours and so
the adsorption isotherm experiments were conducted in that time frame. All metals showed
a very good compliance with the pseudo-second-order kinetic model.

The adsorption isotherms were investigated at two different pH per metal except Cr(I1I) and
three different ionic strengths (1 mM, 10 mM, 100 mM). The maximum amount of Cr(III)
adsorbed to hematite was 10.52 mg/g at pH 5 and the amount of salt had a significant
lowering influence on the adsorption with higher concentrations. However Cr(VI) showed no
effect by changing the ionic strength but the maximum value adsorbed was lower with 2.88
mg/g at pH 5. Pb was adsorbed best with a maximum value of 12.24 mg/g at pH 6 and
ionic strength seems to have a lowering influence on adsorption only at high concentrations

(100mM). The adsorption of Ni showed a maximum value of 2.9 mg/g at pH 7 but the

83
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isotherm indicated to have more potential regarding the maximum load.

The Freundlich isotherm model showed best compliance for Cr(III) and Ni(II) whereas
Cr(VI) and Pb(II) exhibited Langmuir model behavior. However the work also showed
how linearizations can change compliances regarding R? values.

As a last step, possible process steps are presented regarding the idea of designing a filtration

technology to use in household or small-scale application.

Outlook and Future work

Hematite could be identified as a good adsorbent for Cr(III) and Pb in this work and showed
promising adsorption properties for arsenic in former works. The cost of the adsorbent is
the big advantage for a usage in small-scale applications in rural areas.[12, 13] A further
investigation of Ni adsorption isotherms should be conducted and a broader range of pH
should be tested for all metals.

The key issue that should be addressed now is the design and prototype of a process. Various
ideas were shown and the most promising seem to be a combination of two materials. That
compound could exhibit greater adsorption properties than the single materials and can be
integrated as a bulk filter with a zeolithe, sand or other high-specific surface material or as
a coated membrane with additional ultrafiltration properties. With an existing prototype a
continuous filtration could be tested and breakthrough curves could be obtained in case of

a bulk filter.
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