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ABSTRACT

The iron in the form of hydroxides and oxide-hydroxides are relatively abundant in
nature. They are ubiquitous in soils and rocks, lakes and rivers, on the sea floor, in air
and in organisms. One of the several applications of the iron oxides is the
implementation of the iron oxides as adsorbents of organic and inorganic compounds
in the soils and sediments. Iron oxide has been, for instance, proposed for remediation
of arsenic contaminated soils due to their adsorption capacity.

In the present work, three different iron oxides, goethite, 6-line ferrihydrite and
hematite, were synthesized and their adsorption properties were characterized
performing BET N, adsorption measurements. The adsorption capacities of these iron
oxides followed the trend: ferrihydrite >goethite > hematite, agreeing with the
information found in the literature.

As goethite is the most abundant iron oxide in soils, synthetic goethite was chosen as a
model system in order to study As(V) adsorption on iron oxides in the soil. The aim of
the experiments was to determine adsorption isotherms of As(V) on goethite at
different pHs and at room temperature. Unfortunately, the quality of the adsorption
isotherms was poor and it was found that the ionic strength is an important factor in
order to obtain reliable adsorption data for the system.



ACKNOWLEDGMENTS

| would like to give my most sincere appreciation to Ivan Carabante for giving me
excellent ideas and great support throughout my master’s thesis, as well as Jonas
Hedlund, for his support and supervision. | would also like to express gratitude to
Jurate Kumpiene for helping me in ICP-OES and Alessandra Mosca for N, adsorption
measurements. | would also like to thank all the people at the division of chemical
technology for their help.

Finalment voldria donar les gracies als meus pares i el meu estimat germanet per fer-
me suport durant tot aquest temps que he estat treballant en aquest projecte.



TABLE OF CONTENTS

ABSTRACT ..ottt et et e s te s te s ee st e ee s e a b eses et eesesereeneesesbe st seeseeneenessensenseseesensasereans 2
ACKNOWLEDGIMENTS ... eieetetieeetintirt e e sesresrestesteseeseesessassesassessessssessessesssnsassssesseseessnsnns 3
1 INTRODUCTION. ..o st cteceeeee ettt ettt srestesteste st see e ses s esesees et s et arsassassasessessessesessesnnsens 5
1.1 AASOIPEION. ..ttt ettt e te et et er et et saesteeaeensesaesaen s aenneanean 5

1.1.1 Adsorption iSOtherms..........oceoiiieieciece e 5

1.1.2 Langmuir adsorption iSOtherm.........cccocooeeeeceiviciececcece e 6

02 o T T o )'q o =T3RS 7

1.2.1 Iron OXideS StrUCTUME....cccveeeeeece ettt ere e s st sae s 8

1.2.2 Goethite, A-FEOOH ...ttt 8

1.2.3 Hemtaite, 0-FE203 .coiiiiiiie ettt et et ee e e e e eaee 9

1.2.4 Ferrihydrite (6-line), FesHOg 4H0.....ccooeeerirerereereeeeeeeece e 9

1.2.5 Adsorption on iron as adsorbents.........ccccceveeeeeeeiiciecieece e 9

1.3 AFSBNIC. ittt ettt ettt ettt st ettt e e b et st r e sae st ee e she et e et saeeennan 10

1.3.1 As adsorption onto iron OXides........coeceeeeeveeriecieeciese e 11

1.4 Experimental teChNIQUES.......cccooieee ettt et e 12

R 01 €2 0 U TO 12

1.4.2 Ny QdSOrPLION.....ccuee ettt ettt eer et et saesbeetesasesaeraens 13

L1.4.3 ICP-OES..... ettt ste e st s e st e es st s st eesn e ste st sae s 14

2 EXPERIMENTAL. ...ttt etce e ste e sttt e e s ev et et e e e ssesaestesteseesaeses e esessenses et e s enseneaneasens 15
2.1 SYNTNESIS ettt et et et sttt e b e e nee 15

2 001 R G0 Y=Y o o 1 OO 15

2.0.2 HemMEAITO ittt e et e e e e 15

2.1.3 Ferrihydrite (6-liN€)....cuueereeeeeeieeecece ettt r e 15

2.2 CharacterizatioN.....cccc e ettt st sttt s e e er e reerens 16

2.2.1 Ny QdSOIPLION ..oocvietieiieee e ettt ettt e s e e e st eaes 16

D2 2 A 4 O 16

2.3 AdsOrption eXPerimeENtS......ccccceeeceeieeeierieieee e ste e ete et e eraetteaee e e saesbesaesaseesans 17

3 RESULTS. ettt ettt sttt eestesteste st st se e e e s e s et et et easeaeaneasessesee st st e sesessensansesansensarnes 18
3.1 CharacterizatioN....c oottt se st st st st e e enans 18

0 I G 1= T OO 18

3.0.2 HemMEAIte ettt e s 20

3.1.3 Ferrinydrit@ (B-1IN@).....ceceuerereireereeeieeiee ettt et eaans 22

3.1.4 AdsSOrption PropPerties.....cc i cceeeieieiecceecee sttt 24

3.2 As(V) adsorption isotherms on goethite.........cccccceveeeeeeeeeeeecece e 25

3.2.1 Results from the experiments........cccccceeceeieeeeececceeceeeieecee e 25

3.2.2 Suggestion to improve the present results........cccoceeveeeeceeeveenrnenne. 29

4 CONCLUSIONS ... oot et ettt ettt srestestesteste s e e e e s es es et st erseseaseneasestesteseesennennnnns 29

5 REFERENCE LIST ..ottt sttt s s s 30



1 INTRODUCTION
1.1 Adsorption

Adsorption is a process in which a specie from a liquid or a gas phase is extracted from
this phase and concentrated on the surface of a solid phase. The adsorbing material is
called adsorbent and the substance adsorbed is named adsorbate. Adsorption
processes occur in natural physical, biological and chemical systems, and it is
extensively used in industrial application, especially for water (or gas) purification [1].

There are two types of adsorption: physical adsorption and chemical adsorption or
chemisorption [1].

In the chemical adsorption, the adsorbate has a chemical interaction with the
adsorbent, forming a chemical bond (covalent) with the active site of the absorbent.
The heat of adsorption is high (> 30kcal/mol) [1].

Moreover, when the adsorbate covers the adsorbent’s surface (monolayer coverage)
no further chemical adsorption occurs [1].

In physical adsorption, the molecules and atoms are bonded at the surface of the solid
by weak forces, like for example Van der Waals or hydrogen bonding. It is used in
adsorptive separation processes. Normally, the heat of adsorption in physical
adsorption is lower (< 30kcal/mol) than in chemical adsorption [1].

Physical adsorption is a fully reversible process. Additionally, the intermolecular
interactions can lead to the formation of the second layer of adsorbed specie when the
monolayer is complete as the BET model is taken into in consideration. This kind of
adsorption, mainly using N, as adsorbate, is used to estimate the surface area and
porosity of an adsorbent (see chapter 3.1) [1].

Physical adsorption is a necessary step before chemisorptions. The llatter has stronger
interaction with the surface and, hence, less distance of adsorption [1].

1.1.1 Adsorption isotherms

The relation between the amount absorbed by the adsorbent and the activity
(pressure or concentration) of the adsorbate in the fluid phase, in equilibrium at a
constant temperature is defined as the adsorption isotherms. Langmuir, Freundlich,
Brunauer Emmett and Teller (BET) are some of the models describing different
adsorption isotherms [2].

Figure 1 | shown an adsorption isotherm characteristic for physical adsorption on solids
with a fine pore structure. The Langmuir model describes this type of isotherm. The
adsorption isotherm shown in figure 1 Il represents multilayer physical adsorption on



non-porous solids. The type of isotherm shown in figure 1 IV can be found when
capillary condensation is taking place in the mesoporous of the adsorbent while
adsorption is going on. The type IIl and type V, isotherms (in figure 1) are found when
the forces of adsorption are relatively small [1-2].

Volumen ads.
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P/Py P/P, P/Py

Figure 1 Brunauer’s classification of adsorption isotherms [2].

1.1.2 Langmuir adsorption isotherm

The Langmuir adsorption isotherm is a model describing adsorption of the type I.
Three basic assumptions are considered to develop the Langmuir adsorption isotherm
model. The first assumption considers that each site can accommodate only one
adsorbed molecule or atom (monolayer). It is also assumed that the adsorption takes
place at specific sites. Finally, the heat of adsorption is assumed to be independent to
the core of surface [2].

The adsorption equilibrium can be represented by formula 1.

o (i~ )en |- 2] - #(3) oo [- 2]

Where de V is the equilibrium volume of gas adsorbed per unit mass of adsorbent a p,
V,, is the volume of gas necessary to cover unit mass of adsorbent with an absolute
monolayer, E is the activation energy for adsorption and k is the constant of
proportionality [2].

The rate of adsorption depends on: the collision rate of the adsorbate with the surface

is proportional to the activity (pressure or concentration) of the absorbate, the
vV

probability of striking a vacant site ( _E) and the activation energy for

7]
exp |- =—
adsorption P I RT| [2].
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The rate of desorption depends on: the fraction of surface covered (Vr:) and the

)
erp |— ==
activation energy for desorption [ RT| [2].

1.2 Iron oxides

Iron in the form of oxides, hydroxides and oxide-hydroxides are relatively abundant in
nature. They are ubiquitous in soils and rocks, lakes and rivers, on the sea floor, in air
and in organisms [3].

The iron compounds can be found in stable form in two states of oxidation: oxides of
Fe’* and Fe** [3].

There are sixteen iron oxides known today. All of these iron oxides are composed of
Fe, O and/or OH and they differ to each other in composition, in the valence of Fe and
in crystal structure. The more important iron oxides are shown in Table 1 [4].

Oxide-hydroxides and hydroxides Oxides
Formula Mineral Formula Mineral

a-FeOOH Goethite o — Fe,0, Hematite
B-FeOOH Akaganeite ¥ - Fa,0, Maghemite
y-FeOOH Lepidocrocite Fe,0, Magnetite
6-FeOOH Feroxyhyte FeO Woustite
FesHOg - 4H,0 Ferrihydrite
Fe(OH);

Table1 Most important iron oxides

These oxides can both be found in nature and produced synthetically.

Some iron oxides are used as pigment for colouring materials, plastics and rubber.
These iron oxides pigments can create a wide range of colours like red, black, yellow
and brown. Iron oxides are also used as adsorbents of organic substances and they are
applied as sensors due to their adsorption capacity [3].



Another application of the iron oxide is as a catalyst in many reactions, for example in
the styrene synthesis and the synthesis of ammoniac. As well the iron oxide,
(magnetite) can be used as a raw material for ceramic magnets [3].

The iron oxides can be used as indicators under reducing conditions during their
formation [3].

Iron oxides are used for the adsorption of organic and inorganic compounds in soils
and sediments as well as used in filters for water treatment [5].

1.2.1 Iron oxide structure

All the iron oxides are crystalline except for ferrihydrite which is poorly crystalline and
whose structure is not yet clear. Iron oxides are formed by Fe ions and 0% or OH ions
[4].

There are two basic ways of representing the crystal structures of iron oxides: anion
arrangement (packing) or linkages of octahedral and/or tetrahedra formed from a
central cation and its nearest anion neighbours (ligands) [4].

The structure of goethite and hematite are based on hcp with different ordered
arrangements of the cations [4].

1.2.2 Goethite, a-FeOOH

Goethite is isostructural with diaspore (a-AIOOH). The unit cell is orthorhombic with a
= 0.9956nm, b=0.30215nm, c=0.4608nm. The goethite structure consists of an hcp
array of anions (O* and OH’) stacked along the [010] direction with Fe" ions occupying
half the octahedral interstices within a layer. The Fe ions are arranged in double rows
separated by double rows of empty sites [4-5].

It is paramagnetic and an insulator. Its composition is 89.9% Fe20; and 10.1% Hz0
or 62.9% Fe, 27% 0O, 10.1% H20 _ This iron oxide is composed of acicular particles from
a brown yellow colour to dark brown [5].

Goethite was used as the mineral surface as it is one of the most abundant mineral
(hydr) oxides in soils and is thermodynamically the most stable Fe oxide under aerobic
surface conditions. Therefore, this oxide has been used as a model system in
numerous studies of the interaction of cations, anions or organic substances with
mineral surfaces [3-5].



1.2.3 Hematite, a- Fe20;

Hematite, known also as iron (lIl) oxide, is isostructural with corundum. The unit cell is
hexagonal with a=0.5034nm and c=1.375nm [2]. There are six formula units per unit
cell. The structure of hematite consists of hcp arrays of oxygen ions stacked along the
[001] direction. Fe" ions are arranged with two filled sites being followed by one
vacant site in the (001) plane [4].

It is paramagnetic and an insulator and it has a composition of 70% Fe and 30% O. This
iron oxide is composed of hexagonal particles from a brown reddish colour to black [4-
51.

Hematite is has high thermodynamic stability, and it is very abundant in soils of warm
and dry areas [3].

1.2.4 Ferrihydrite (6-line), FesHOg - 4H:0

There are different structures proposed for ferrihydrite, one hypothesis is that its
structure is similar to hematite, and is considered as a compact hexagonal plane
arrangement of 0%, OH™ and H,O with Fe(ll) [3] .

The iron/oxygen ratio is much less than in hematite, and some of the positions of iron
in the ferrihydrite are found vacant [3].

The unit cell parameters are a=0.508nm and ¢=0.94nm and there are four formula
units per unit cell [3].

1.2.5 Adsorption on iron oxides as adsorbents

The adsorption of ions on iron oxides regulates the mobility of species in biota, soils,
rivers, lakes, oceans. This process involves interaction of the absorbate, with the
surface hydroxyl groups on the iron oxide. The oxygen donor atom of the hydroxyl
group can interact with protons and the metal ion acts as a Lewis acid and exchanges
the OH group for other ligands to form surface complexes [3].

The hydroxyl groups in the iron oxide surface play an important role in the adsorption
processes and consequently, the surface density of hydroxyl groups in each iron oxide
is a good indicator of its adsorption capacity [3].

Because of that, the adsorption capacity follows this trend [6].

Ferrihydrite > Goethite > Hematite
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1.3 Arsenic
Arsenic has been known as a toxic element for plants, animals and humans [7].

Inorganic arsenic is considered the most potential human carcinogen, and humans can
be exposed to it from soil, water, air and food. Arsenic occurs in two major inorganic
forms in the natural environment as As(lll), arsenite, and As(V), arsenate, whereas
As(l11) is more toxic and soluble than As(V). As(V) is the dominant species in oxidizing
conditions, and generally exhibits a low mobility in soils and waters due to its retention
on mineral surfaces [8].

A Pe-pH diagram as shown in Figure 2 can be used for predicting the dominant species
in different environments [9].

1200

800

400

Eh {mV)

-400

-800

Figure 2 Simplified pe-Ph diagram for As-H,0 diagram system at 25°C [9].

The environmental arsenic comes from anthropogenic sources concerning arsenic-
based insecticides and pesticides, fertilizers and wastes from mine, smelter and
tannery industries, and also coal combustion. Moreover, it can also be present due to
high natural abundance in rocks and soils [7].

For the removal of arsenic from water, several methods have been developed such as
adsorption, oxidation-reduction, precipitation, co precipitation, electrolysis and
cementation, solvent extraction, ion exchange, ion flotation or biological processing
[10-11].
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Adsorption is one of the most effective treatments process for the removal of arsenic
from aqueous environment at a low cost. The iron oxides are used as adsorbents in the
filter used in these kind of processes [7].

Iron oxides have also been proposed as a remediation technique for the stabilization of
arsenic contaminated soils, with promising [12]. Nevertheless, the application of iron
oxides for this purpose is in the developmental stage.

1.3.1 As adsorption onto iron oxides.

The mobility of arsenic in natural systems is controlled by adsorption onto metal oxide
surfaces, involving surface complexation reactions. Arsenate is specifically adsorbed
onto iron oxides hydroxides such as goethite through formation of an inner-sphere
surface complex via a ligand exchange mechanism in which arsenate replaced two
singly coordinated surface hydroxyl groups to form a binuclear bridging complex [11].

Grossl et al. (1997) and Fendorf et al. (1997) concluded that arsenate can form three
types of surface complexes on goethite depending on the surface coverage level, see
Figure 3 [13]. However, there are other studies which give contradictory information
about the formation of the monodentate and bidentate binuclear complexes,
suggesting some calculation errors in the assignment of these complexes [14].

Fe “"‘"“{] o Fe H‘-“"“D o
7 - 7N T FE—0._ O
Fe _U'""As’q Fe _As RTENY
|f E'J - r"
\r_} l O \\CI \‘U Fe—Or ‘D
Fe - 0 Fe -~
monodentate complex bidentate complex bidentate complex
mononuclear hinuclear

Figure 3 Proposed adsorption mechanisms of arsenate onto goethite [13].

More studies about the As(V) complexes formed on the iron oxide surface are needed
in order to have a better understanding of the process and clarify the contradictory
information that is sometimes found.
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Adsorption of arsenate on iron oxides has been shown to be rapid initially and to
decrease with increasing equilibration time, occurring on a time scale of microseconds
with 80 to 90% of the reaction complete within the first 2 hours [15].

With increasing pH, the stability of the As(V) sorption complex is lowered by the
increasing competition from OH™ groups in solution. The change in the surface charge
of the iron oxide when changing pH is also an explanation. The optimum pH is about 3-
4 [16].

Grossl and Sparks observed that the adsorption of arsenate on goethite decreases with
increasing pH, and Matis et al. showed that As(V) adsorption on goethite decreased at
neutral to alkaline pH and the variation of the adsorption with the initial concentration
of As(V) followed the Langmuir isotherm model [17-19].

1.4 Experimental techniques
1.4.1 XRD

X-ray diffraction (XRD) is a very powerful technique for studying crystalline materials. A
x-ray beam is generated in the source. When the x-rays interact with the atoms
forming the crystalline materials, the atoms generate x-rays with the same
wavelength. This phenomenon is called x-ray scattering. The combination of the
scattered x-rays from all the atoms forming a crystalline plane spread more intensively
in a certain direction due to constructive interaction of the scattered x-ray (they are in
phase in this certain direction). A monochromator after the sample allows only one x-
ray wavelength to reach the detector. The direction in which the x-ray beam appears
more intense for a certain plane of the crystallographic structure is defined by Bragg’s
law expressed in equation 2. According to Bragg’s law, the different planes in the
crystalline structure of the sample will thus diffract the x-ray beam in different
directions. A diffractrogram is a plot in which the energy of the diffracted x-ray beam is
plotted vs. the diffraction angle (8), and each peak in the diffractrogram corresponds
to a different plane of diffraction in the crystalline structure.

nd = 2dsin®
(2)

Where; n is an integer, | is the wavelength of the incident x-rays,  is the diffraction
angle, and d is distance between two crystal planes.
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Each crystalline material has its own XRD difracttogram. Therefore XRD can be used for
identifying the crystallographic phase of the iron oxide in the sample.

Moreover, XRD can be used for determining different parameters in the crystalline
structure and estimating crystallite size due to peak broadening.

1.4.2 N, adsorption

The Brunauer Emmett and Teller (BET) model is the most common method of
calculating the surface are of iron oxides. The adsorbate most often used for BET

surface area determination is nitrogen at 77K (liquid nitrogen temperature). The
B

amount absorbed, V, is measures as a function of the relative pressure, i Pa and the
BET model is used to analyze the data [2].

The BET imodel is based on two principle hypothesis. The absorbent surface is
assumed to be uniform and non porous. The second assumption is that the gas
molecules are absorbed at the surface in consecutive layers.

The BET model is an extension of the Langmuir theory. The BET model correlates the
different adsorption parameters in the linear equation 3.

P 1 -1p

7 Sm—+—=
Vipo—2) Vme Vime po (3

— [&HL — &Hll
. R , where AH} is the heat
of adsorption applies to the first monolayer and &5y is the heat of liquefaction of the

Where V,, is the monolayer capacity and

vapour applies to adsorption from the second molecular layer. The monolayer capacity
is used for determination of the surface area of an adsorbent.

The BJH desorption cumulative volume is used to determine the pore size distribution
of the adsorbent. The pores vary in size and shape and they are usually classified
according to their widths as follows.

Micropores <2nm
Mesopores 2 nmto 50 nm

Macropores >50 mm
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1.4.3 ICP-OES

ICP-OES is a type of atomic spectroscopy used to mesure the concentration of an
element in a solution. The sample is firstly vaporized and introduced in a plasma (at
very high temperature) which dissociates, ionizes and excites the different elements in
the sample.

The relaxation of the excited atoms emits radiation in the UV-vis region with
characteristic wavelength of each element. The intensity of the emission is
proportional to the concentration of the element.
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2 EXPERIMENTAL

2.1 Synthesis
2.1.1 Goethite

Goethite crystals was prepared using the method as described by Schwertmann [2].
180ml of a 5M potassium hydroxide solution was added to 100ml of 1M Fe(NOs);
solution under vigorous stirring. Red-brown 2-line ferrihydrite precipitates at once.
Immediately, the solution was diluted with to 2| of distilled water and kept in a closed
polyethylene flask at 70°C for 60 hours. During the aging stage the red-brown
suspension of ferrihydrite was converted into a compact, yellow brown precipitate of
goethite.

The goethite precipitate was washed 5 times with 0.06M acetic acid by centrifugation

and redispersion in order to eliminate the NO3 dissolved in the synthesis solution.

The purified goethite was dried in an oven at 95°C for 24 hours in order to obtain a dry
powder. Goethite powder was also prepared by freeze drying.

2.1.2 Hematite

Hematite crystals were also synthesized. A 16.52g of a 3M FeCl; solution was added to
2| of 0.002M HCI solution preheated at 98°C under vigorous stirring. The FeCls/HCI
solution was transferred to a Pyrex bottle preheated at 100°C and the solution was
aged in the oven at 95°C for 24 hours.

The hematite precipitate was washed 5 times with a 0.06M acetic acid solution by
centrifugation and redispersion. Finally the dry content was determined, and a 3wt-%
hematite solution in 0.06M acetic acid.

2.1.3 Ferrihydrite (6-line)

Ferrihydrite was synthesized following the method described by McQuillan [20]. 1ml of
0.7M FeCl; solution was added drop wise to 50ml of boiling water with vigorous
stirring. The solution was kept under those conditions for 5 minutes. The solution was
dialysed against distilled water. The water was replaced three or four times during 24
hours.
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The iron oxide solution had a pH of 1.5-2 and this valour increased to approximate 5
due to the removal of Fe*" ions from the synthesis solution.

2.2 Characterization
2.2.1 N,adsorption

N, adsorption analysis of the three iron oxides powder was performed (Mircrometrics
ASAP 2010) at liquid nitrogen boiling temperature. The degassing temperature and the
time of degassing for the goethite, hematite and ferrihydrite (6-line) are presented in
table 2.

Goethite and the ferrihydrite are not thermodynamically stable at a higher
temperature than the degassing temperature used and they would convert to
hematite at higher temperatures. An XRD pattern of goethite and ferrihydrite was
recorded after the N, adsorption experiment and no phase transformation was
absorbed.

Iron oxide powder Degassing temperature, °C  Time of degassing, h
Goethite 150 24
Hematite 200 24
Ferrihydrite (6-line) 100 24

Table 2 Degassing temperature and time of degassing for the goethite, hematite and
ferrihydrite (6-line).

2.2.2 XRD

The goethite, hematite and ferrihydrite were characterized using powder X-Ray
Diffraction (XRD, Siemens D5000) in Bragg-Brentano geometry with a step size of 0.02
degrees 20. The step time used for hematite and goethite was of 10 seconds/step
whereas the step time for ferrihydrite was 40 seconds/step.
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2.3 Adsorption experiments

In the present study the adsorption of As(V) on goethite was performed in order to
obtain the adsorption isotherms at different pHs and at room temperature. Batch
adsorption experiments were performed at different adsorbate concentrations at
different pH.

The solutions used in the experiments were prepared by dissolving NaH,AsO4:7H,0 in
distilled water. The concentrations of As(V) varied between 15 and 120mg-I". 100 mg
of goethite powder was added to 100ml of the As(V) oxyanion solution. The pH of the
final solution was adjusted by addition of small volumes of dilute HCI or NaOH. Once
the pH was adjusted to the final desired value, the suspension of iron oxide in the
As(V) solution was kept under agitation for 24 hours.

The pH of the suspension was checked at adsorption equilibrium. The suspensions
were subsequently centrifuged in order to separate the iron oxide from the As(V)
solution. The supernatant were filtered with a 0.45um cellulose membrane. The
arsenic concentration in the solution before and after adsorption was analyzed with
inductively coupled plasma optical emission spectroscopy (ICP-OES)

The amount of arsenic absorbed on the goethite was calculated indirectly by
subtracting the final metal concentration after centrifugation, from the concentration
of the metal in the initial solution.

Formula 4 was applied thus to calculate the amount of As(V) adsorbed per surface area
of adsorbent.

r

v
[15)s = ([As5]g — [A1s1)- <4 (4)

Where;
[As]o is the As concentration in the initial As(V) solution,

[As] is the As concentration in the supernatant of the centrifuged suspension after 24
hours of contact with goethite,

V is the volume of the solution in contact with iron oxide, and
SA is the surface area of the iron oxide.

Five different experiments were carried out in order to obtain the adsorption
isotherms at room temperature of As(V) on goethite at different pHs. All five
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experiments followed the procedure described earlier, but small changes were
introduced each time. These changes are explained in the results section.

3. RESULTS
3.1 Characterization
3.1.1 Goethite

The synthetic goethite powder was identified using XRD. The XRD pattern, shown in
figure 4, is typical for goethite. The peaks are exactly in the same position as the peaks
found in the reference diffractogram for goethite (database). Nevertheless, the
relative intensities are slightly different. These changes from the reference
diffractogram may be due to some preferred orientation induced when the sample
was prepared. The acicular shape of the goethite particles may lead to introduction of
preferred orientation during sample preparation.

Intensity

L W WMWM:

10 20 30 40
20 (degrees)

Figure 4 X-ray diffractograma recorded to the synthetic goethite powder.

According to the Brunauer’s classification the isotherm obtained when N, adsorption
was performed in synthetic goethite powder (not shown) belong to the isotherms of
type Il describing the process of physical adsorption of nitrogen. The specific surface
area was estimated fitting the adsorption data into the BET model, resulting in
44.6m*/g.
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Figure 5, shows the BJH desorption cumulative pore volume. The data show that the
total pore volume is about 0.24cm>/g and that most of this volume is comprised of
mesopores, i.e. pores between 2 and 50nm.

Moreover, the derivative plot of the BJH desorption cumulative volume (dV/dD) (not
shown) also suggests that the pore size distributes mostly between 2 to 50nm, i.e.
mesopores.

More parameters extracted from the N, adsorption experiment are shown in table 3.

3,25
c,2
3,15

c,1

porevolume, cm3/g

3,05

1 10} 103 1000

Pore dianeter, nm

Figure 5 BJH desorption cumulative volume of pores of goethite.

Parameters Goethite
Single Point Surface Area at p/po 0.2 41.4m°/g
BET surface area 44.7m%/g
Langmuir surface area 63.3m?/g
BJH desorption cumulative surface area of pores 49.3m%/g
between 1.7 and 300 nhm diameter )

Single point total pore volume of pores less than 0.191cm3/g
99.03nm and diameter at p/po 0.98

BJH desorption cumulative pore volume of pores 0.244cm’/g
between 1.7 and 300 nhm diameter

Average pore diameter (4V/A by BET) 17nm

BJH desorption average pore diameter (4V/A) 20nm

Table 3 Parameters calculated from nitrogen adsorption-desorption isotherms for
goethite.



20

3.1.2 Hematite

Figure 6, shows the XRD pattern recorded of the synthethic hematite powder. The
recorded diffractogram agreed perfectly in both peak position and relative intensities
with the hematite reference found in the database.

Intensity
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Figure 6 X-ray diffractogram recorded of the synthetic hematite powder.

According to Brunauer’s classification, the isotherm obtained for N, adsorption for the
synthetic hematite powder is of type Il. The specific surface area was estimated using
BET model, resulting in 14.92m?/g.

Figure 7, shows the BJH desorption cumulative pore volume. The total pore volume is
about 0.097cm?>/g, mostly comprised of mesopores.

Moreover, the derivative plot of the BJH desorption cumulative volume (dV/dD) (not
shown) also suggests that the pore size distributes mostly between 2 to 50 nm, i.e.

mesopores.

More parameters extracted from the N, adsorption experiment are shown in table 4.
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Figure 7 BJH desorption cumulative volume of pores of hematite.

Parameters Hematite
Single Point Surface Area at p/po 0.2 13.5m?/g
BET surface area 14.9m%/g
BJH desorption cumulative surface area of pores 14.5 m’/g
between 1.7 and 300 nm diameter )

Single point total pore volume of pores less than 0.090cm3/g
99.03nm and diameter at p/po 0.98

BJH desorption cumulative pore volume of pores 0.097cm’/g
between 1.7 and 300 nm diameter

Average pore diameter (4V/A by BET) 24nm

BJH desorption average pore diameter (4V/A) 26nm

Table 4 Parameters calculated from nitrogen adsorption-desorption isotherms for

hematite.
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3.1.3 Ferrihydrite (6-line)

Figure 8, shows the XRD pattern recorded for the ferrihydrite powder. The XRD pattern
shows that the sample consists of a poorly XRD crystalline material, and the peaks
positions of this diffractogram fits with the pattern recorded by Chukhrov et al 1973
for 6-line ferrihydrite [2].

Intensity

208 (degrees)

Figure 8 X-ray diffractograma recorded to the synthetic ferrihydrite (6-line) powder.

According to the Brunauer’s classification the N, adsorption isotherm for synthetic
ferrihydrite powder is of type Il. The specific surface area was estimated using the BET

model, resulting in 187m?%/g.

Figure 9, shows the BJH desorption cumulative pore volume. The total pore volume is
about 0.08cm?/g, mostly comprised of mesopores.

Moreover, the derivative plot of the BJH desorption cumulative volume (dV/dD) (not
shown) also suggests that the pore size distributes mostly between 2 to 10 nm, i.e.
mesopores.

More parameters extracted from the N, adsorption experiment are shown in table 5.
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Figure 9 BJH desorption cumulative volume of pores of ferrihydrite (6-line)

Parameters Ferrihydrite
Single Point Surface Area at p/po 0.2 181.2m%/g
BET surface area 186.8m?/g
BJH desorption cumulatlve.surface area of pores 106.8m’/g
between 1.7 and 300 nm diameter

Single point total pore volume of pores less than 0.103cm3/g
99.03nm and diameter at p/po 0.98

BJH desorption cumulative pore volume of pores 0.080cm’/g
between 1.7 and 300 nm diameter

Average pore diameter (4V/A by BET) 2nm

BJH desorption average pore diameter (4V/A) 3nm

Table 5 Parameters calculated from nitrogen adsorption-desorption isotherms for
ferrihydrite (6-line).
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3.1.4 Adsorption properties

Table 6 shows the adsorption properties for the three iron oxide powders (hematite,
goethite, ferrihydrite) in this study.

The ferrihydrite has the largest specific surface area, 187m?/g, and the lowest pore
volume. Due to the large surface area is the iron oxide which has the best adsorption
properties.

The goethite specific surface area, 45m?/g, is larger than the hematite specific surface
area, 15m?/g. Therefore goethite has better adsorption properties than hematite.

2 3
Sample Surface area (m /g) rotal (cm /g)
Goethite 45 0.24
Hematite 15 0.97
Ferrihydrite 187 0.08

Table 6 Adsorption properties

The hematite crystals are nearly spherical and with monomodal particle size
distribution and thus pack ineffectively, resulting in the largest pore volume. The
goethite crystals have acicular habit and pack better, resulting in intermediate pore
volume. The ferrihydrite crystals are very small and probably with uneven size,
resulting in effective packing and the smallest pore volume.
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3.2 As (V) adsorption isotherms on goethite.
3.2.1. Results from the experiments

The adsorption isotherms of As(V) on goethite can be described by the Langmuir
equation [17].

The As(V) adsorption isotherms on goethite that were obtained in the first set of
experiments are shown in figure 10. As can be seen, the isotherms do not at all
reversible Langmuir isotherms. The reason for this is do probably experimental
inaccuracy.

The goethite powder used in this set of experiments was obtained by freeze drying.
The resulting powder was extremely fine. This property caused a lot of problems when
the goethite powder was weighted in the first set of experiments. Therefore one
possible explanation for the experimental inaccuracy might be changes in the goethite
concentration for each point of the isotherm. Another method was used in order
prepare goethite powder as described in point 2.1.1. for the following work.

0,45

&

C,4
0,35 <& &
3 <& +

0,25 + +
Tt

& N <pll 3
mpii 4

4+ .

N2

8]

» = | pl
0,15 opli 6

mg As/mlgoehtie

C,1 [ ]

0,05

V] 20 03 60 80 100 120 140
Cf mg As/l

Figure 10 As(V) adsorption on goethite.



26

Figure 11 shows the As(V) adsorption isotherms on goethite determined in the second
set of experiments. The change in the procedure of preparing the goethite powder did
not have any influence in the shape of adsorption isotherm. Nevertheless, this
procedure was kept during the following set of experiments.

In the experiment done in set 1 and 2, the adsorption time in each point was about 24
hours but it could be a delay of about 2 hours in the sample preparation. These
differences in contact time between As(V) and goethite for different points of the
adsorption isotherm was decreased by changing some experiment procedures. The
weight of the goethite powder used was also changed in order to work with similar
concentration as in some previous experiments at the division.
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Figure 11 As(V) adsorption on goethite.
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The As(V) adsorption isotherms on goethite determined in the third set of experiments
are shown in figure 12. As it can be seen, the data obtained from this experiment did
not fit into the Langmuir model. Nevertheless it can be distinguished as a slight
improvement from previous experiments. During the course of the three sets of
experiments some sedimentation of the goethite particles was observed after the 24

hours.
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Figure 12 As(V) adsorption on goethite.

The adsorption experiments performed at higher pH clearly had a higher
sedimentation. In order to avoid this phenomenon the agitation procedure was
changed. In the first three experiments a shaker table was used but a magnetic stirrer
was used for the fourth set of experiments. The As(V) adsorption isotherms on
goethite determined in the fourth set of experiments shown in figure 13. As it can be
observed, the experimental points did not fit the Langmuir model either.
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Figure 13 As(V) adsorption on goethite.

The small changes in ionic strength induced by working at different As(V)
concentrations and by adding different amounts of acid or base when the pH was
adjusted may be a source of instability in the experimental data. Therefore, the ionic
strength was kept constant by working with 0.1M NaCl solutions instead of distilled
water in a fifth set of experiments.

The As(V) adsorption isotherms on goethite obtained from the fifth set of experiments
can be seen in figure 14. Working at a constant ionic strength gave much better
experimental data. However, the data does not fit the Langmuir adsorption model. It
seems as a monolayer forms already at very low As concentration, < 5mg/l, and
multilayer adsorption occurs at higher concentrations.
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Figure 14 As(V) adsorption on goethite 0.01M NaCl.
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3.2.2 Suggestion to improve the present results

1.

When the ionic strength was kept constant, much better adsorption data was
obtained. Therefore an increase in the ionic strength could result in a better
guality of the adsorption data.

The pH was changing during the performance of the adsorption. Even though
the changes were small (less than 0.5), the quality of the adsorption data could
be improve by adjusting this pH during the experiment.

The adsorption experiments were carried with the solution in contact with air.
The desorption of CO2 and subsequent adsorption of carbonates on the iron
oxide could affect the As(V) adsorption performance. For that reason, a
constant bubbling of Ar or N, during the adsorption experiment could cause an
improvement of the adsorption data.

As pointed out in the discussion, goethite was observed to sediment during the
course of some experiments. By finding a better agitation technique, this
sedimentation could be avoided, perhaps resulting in a better quality of the
adsorption data.

The experiments were carried out at room temperature. Small changes in
temperature between different batches could affect the results. Therefore the
quality of the adsorption data could be improved by controlling the
temperature in a bath.

Weighting the goethite powder was difficult. A more precise method for
measuring the goethite concentration could be using an stock suspension of
known goethite concentration, and add this suspension to the As(V) solutions.

4 CONCLUSIONS

N, adsorption experiments confirmed the expected adsorption capacity for the 3 iron

oxides. The adsorption capacity follows this trend:

ferrihydrite > goethite > hematite

Working at constant ionic strength was crucial in order to obtain good data for As(V)

adsorption on goethite.
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