UPTEC Q 16028

Examensarbete 30 hp
Augusti 2017

Heavy metal removal and water
treatment using Upsalite
Philip Erenbo

Abstract
Heavy metal removal and water treatment using
Upsalite
Philip Erenbo

Teknisk- naturvetenskaplig fakultet
UTH-enheten
Besöksadress:
Ångströmlaboratoriet
Lägerhyddsvägen 1
Hus 4, Plan 0
Postadress:
Box 536
751 21 Uppsala
Telefon:
018 – 471 30 03
Telefax:
018 – 471 30 00
Hemsida:
http://www.teknat.uu.se/student
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species have been formed during the ion exchange.
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Borttagning av tungmetaller och vattenrening med
användning av Upsalite
Philip Erenbo
Föroreningar från tungmetaller är idag ett stort miljöproblem på grund av dess toxicitet.
Tungmetaller kan ge både lång- och kortsiktiga skador för många organismer inklusive
människan. En försvårande omständighet är att flera tungmetaller är vattenlösliga vilket ökar
riskerna eftersom det underlättar upptaget till organismer. Utsläppen av tungmetaller, inklusive
bly, nickel och kadmium som har undersökts i denna studie, sker från många olika källor som
exempelvis förbränningsprocesser och avfallsvatten från industrier. Läckage till miljön från
produkter som exempelvis batterier är också en föroreningskälla om produkten inte tas tillvara
på ett korrekt sätt. Samtliga utsläpp oavsett dess form riskerar att efter tid hamna i vatten och
därigenom tas upp av organismer.
Lagkraven för användning och utsläpp av tungmetaller har skärpts under de senaste
årtiondena men ett totalförbud är i dagsläget inte aktuellt eftersom många tungmetaller har en
väsentlig roll i många tekniska applikationer och ersättningsmaterial är svåra att hitta. Behovet
av att hitta effektiva metoder för att rena vatten från tungmetaller är därför stort. En metod för
vattenrening av tungmetaller som har undersökts i denna studie är jonutbyte. Jonutbyte
innebär att ett ämne reagerar med det förorenade vattnet och byter ut tungmetalljonerna i
vattnet mot ofarliga joner. Det tillsatta materialet innehållande tungmetallerna kan sedan
filtreras bort från vattnet.
Materialet som har använts för jonutbyte i denna studie är Upsalite, en form av
magnesiumkarbonat som upptäcktes på avdelningen för Nanoteknologi och funktionella
material vid Uppsala Universitet 2013. Det som gör Upsalite speciellt i jämförelse med andra
former av magnesiumkarbonat är att det är amorft, det vill säga att dess uppbyggnad på atomär
nivå saknar en ordnad struktur. Upsalite är ett poröst material med porer på ungefär 5 nm vilket
ger det en hög specifik ytarea på ca 800 m2/g. Den specifika ytarean är en viktig egenskap när
man vill få ämnen att reagera med varandra eftersom reaktionen oftast sker på gränsytan
mellan två material. Ett material med mycket gränsytor har därmed goda förutsättningar för att
reagera med andra ämnen. Den förväntade reaktiviteten samt att Upsalite och dess joner inte
är toxiska för människan gör Upsalite intressant att testa som jonbytare för tungmetaller.
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Undersökningarna har gjorts med en ”batch” metod där serier av vattenprover med olika
koncentrationer av antingen bly, kadmium eller nickel har reagerat med Upsalite. Efter
reaktionen

har

det

fasta

materialet

separerats

ut

genom

centrifugering

och

metallkoncentrationen i vattenproverna har uppmätts med atomabsorptionsspektroskopi.
Genom att jämföra koncentrationskillnaderna mellan proverna innan och efter tillsatsen av
Upsalite har upptagningsförmågan av tungmetallerna utvärderats. Det fasta materialet som
separerades bort efter reaktionen har analyserats för att avgöra vilka ämnen som bildades i
reaktionen. Analyserna har gjorts med hjälp av svepelektronmikroskop, röntgendiffraktion och
termogravimetrisk analys.
Resultatet från studien har visat att ett jonutbyte sker mellan Upsalite och alla tre undersökta
tungmetaller i vattenlösningarna. Fullständig borttagning av tungmetallerna sker upp till en
koncentration av 990 mg/g för kadmium, 470 mg/g för nickel och åtminstone 4400 mg/g för
bly. De ämnen som bildades i reaktionerna var otavit (CdCO3) för kadmiumlösningen, amorft
nickelkarbonat (NiCO3) för nickellösningen och blyhydroxikarbonat (Pb3(CO3)2(OH)2) för
blylösningen. Otaviten och blyhydroxikarbonaten var båda kristallina medan nickelkarbonaten
var amorf. Otaviten och nickelkarbonaten innehöll även kristallint magnesiumkarbonat och
magnesiumoxid vilket var restprodukter från Upsalite.
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1 Introduction
Water contamination from heavy metal ions constitutes a severe environmental problem in
many countries today. There are currently many sources of heavy metal contaminations
coming from a variety of industrial processes in for example the textile, agricultural, battery
and smelting industries [1]. Examples of such pollution sources are combustion processes in
coal power plants or burning of waste materials [1]. The three major release paths of heavy
metal ions are: industrial effluents that are not filtered properly, air pollutions as in the case of
combustions, or leakage from used products containing heavy metals, for example batteries,
paints or metal finishing [2]. Many of the aforementioned paths end up as water contaminations
either as direct release into open bodies of water, e.g. lakes, streams or ocean, in the case of
industrial effluents or by atmospheric deposition directly on open water surfaces. Atmospheric
depositions on vegetation, buildings or other surfaces can be washed away by rain and will
either reach the ground water or be accumulated in the soil. Atmospheric depositions in cities
can also be washed out to lakes or streams as urban run-off if not properly handled [3].
Some of the most commonly used heavy metals that gives rise to environmental problems are
lead, cadmium and nickel. Some examples of applications that specifically uses lead, cadmium
and nickel are: batteries, paint, solders, metal finishing and gasoline [4]. Divalent heavy metal
ions such as Pb(II), Cd(II) and Ni(II) have been shown to have high toxicity effects, both long
term and short term, on both human and aquatic life [5]. The short term effects are often acute
poising while the long term effects have a wide range including cancerogenic effects and fetus
damages. The long term toxicity effects start at low concentration as the metal ions
accumulates in organisms and are persistent in biological systems [5]. The toxicity
concentrations of many heavy metal ions are well below the current permissible limits of many
countries today [4]. It is therefore in the public interest to reduce the contamination of heavy
metal ions both from industrial effluents and emission sources.
Although usage of heavy metals has been reduced in recent years a complete removal of their
uses is hard to achieve as it’s difficult to find material replacements for all applications [4]. This
leads to increasing demands on the industries to find more efficient water treatment methods.
Several techniques have been used in the treatment of polluted water with varying results.
Some of the current methods include precipitation, coagulation – flocculation, membrane
separation/filtration, solvent extraction, adsorption, biosorption and ion exchange [4], [6], [7].
Many methods are not optimal in regards of efficiency and cost, or gives unwanted side effects
1

such as residual sludge [4]. These factors are often mutually exclusive of each other. One
example is biosorption methods which are often used as they are cost efficient in terms of
materials (often uses ash or biomaterial waste products). However the materials have a low
removal efficiency, which results in more material needed. This will in turn increase the cost
and the amount of waste material that needs after-treatment, making the method less suitable
from an environmental and economic viewpoint.
Out of the water treatment techniques mentioned ion exchange has shown good results for
many cases where removal of heavy metal ions from water has been examined. Some of the
most promising results in recent years have come from studies on nanoparticles or
nanostructured materials, such as amorphous CaCO3 nanoparticles or nanostructured MgO.
The common denominator of these nanomaterials to work as a good ion exchange material
for heavy metals are their high porosity and high specific surface area. These properties are
important in facilitating the ion exchange by providing a fast mass transport between reactants
and providing surface sites for the reaction to occur on. [8] – [12]
Upsalite, an amorphous phase of magnesium carbonate, which was first synthesized in 2013
at Uppsala University, could be a potential applicant as a water treatment agent. It has been
reported to have the highest specific surface area measured for an alkali metal, ~800 m2/g,
and is micro-mesoporous indicating that it could be useful in ion exchange reactions [13]. Other
properties making Upsalite a good candidate for water treatment are that the production cost
is relatively low and that it’s non-hazardous. [14] – [16]

1.1 Literature review
A short literature review has been conducted on studies on water treatment for heavy metal
removal (Ni, Cd, Pb) using different types of adsorbent material. The best results found in the
literature are presented in Table 1. The results from these studies are presented in the form of
uptake capacities (the capacity of the material to take up the metal ion) for the three
investigated metal ions. The materials used for adsorption or ion exchange in these studies
have been classified in different groups as follows: nanomaterials, natural minerals,
biomaterials and zeolites.
There is a clear trend between these materials in their capacity to take up heavy metal ions
with the nanomaterials all showing good uptake capacities in the ranges of around 500 to 3200
mg/g and the other material groups being typically in the ranges of 10 – 150 mg/g.
2

Table 1: A comparison for previous studies on metal ion adsorption or ion exchange. The uptake
capacities of Cd, Ni and Pb are given in units of mg/g.
Cd

Ni

Pb

References

Amorphous calcium carbonate nanoparticles

514,62

537,2

1028,21

[9]

Nanostructured MgO

1500

1980

[10]

CaCO3 - maltose hybrid material

487,8

3242,48

[8]

Nanoparticle MgO

2294

2614

[12]

Nano-sized aragonite mollusk shell

1008

Azide Cancrinite

45,46

38,45

52,63

[17]

Clinoptilolite

4,22

13,03

27,7

[18]

133

[19]

769,23

[11]

Fe(III) modified clinoptilolite
Activated carbon prepared from coirpith

62,5

Peanut husk carbon

12,37

Biochar from municipal sewage sludge

40

7,34

[20]
31,08

[22]

Carbonated hydroxyapatite

101,2/94,3

Activated silica gel functionalized with 1,2-ethylene-diamine

27

Nitrilotriacetic acid anhydride modified ligno-cellulosic material

143,3

Iminodiacetate chelating resins

[21]

19,6

[24]
303,5

161,4

[23]
[25]
[26]

1.2 The aim of this study
The aim of this thesis is to examine the properties of Upsalite as a water treatment agent for
removal of lead, cadmium and nickel ions. The maximum uptake capacity for Upsalite for each
ion of lead, cadmium and nickel will be determined and the reaction kinetics and reaction
mechanism for the ion exchange between Upsalite and metals will be evaluated. The post
reaction materials will be examined to determine which materials have formed during the ion
exchange.
In order to examine these properties a batch experiment will be set up to evaluate the uptake
capacity and reaction kinetics. Concentration measurements will be done with atomic
adsorption spectroscopy (AAS) and inductively coupled plasma optical emission spectroscopy
(ICP – OES). Material characterizations of the Upsalite and the reaction products after the ion
exchange will be performed with X-ray diffraction (XRD), scanning electron microscopy (SEM)
and thermogravimetric analysis (TGA).

3

2 Background
2.1 Upsalite
Upsalite is an amorphous form of magnesium carbonate that was first synthesized at the
department of Nanotechnology and Functional Materials at Uppsala University in 2013. The
physical properties of Upsalite differs from non-amorphous magnesium carbonate in that it has
a higher specific surface area and is highly anhydrous. The specific Brunauer–Emmett–Teller
(BET) surface area of Upsalite has been measured to ~800 m2/g, which is the highest specific
BET surface area of any alkali earth metal carbonates ever recorded [16]. Upsalite is a micromesoporous material with a narrow pore size distribution of ~5 nm [13]. The structure of
Upsalite is composed of aggregated nanoparticles of crystalline MgO and amorphous MgCO3,
Figure 1 shows a SEM image of Upsalites morphology [27]. Previous studies performed on
Upsalite have shown that the material has no toxicity effects on human and is environmental
friendly [13].

Figure 1 SEM image showing the texture of Upsalite, the scale bar is 200 nm. [13]
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2.2 Ion exchange theory
Ion exchange is an equilibrium process where a cation or an anion in a solid is interchanged
with a cation or anion from another source. The source of the other ion could be from ions that
are dissolved in a solution, but could also be from another molecule. The driving force for the
interchange is often interpreted from a thermo dynamical viewpoint as a reduction in the energy
for the system of ion acceptor and ion donor. Besides the energetic state for the system there
are several other properties that affects the likelihood and rate of an ion exchange such as
ionic charge, ionic radii and concentrations of active sites and ions. The selectivity for an ion
exchange to occur is higher when the ions that are interchanged have the same charge and
atomic radii. The speed of the reaction is affected by the number of active sites of the material.
A material with a large specific surface area will have many available active sites and therefore
have a fast reaction speed. In the cases of ion exchanges in a solid material the diffusion rate
of ions in or out of the material will also affect the reaction rate and are often the rate limiting
step. [28] – [30]

2.2.1 Equilibrium uptake capacity
The capacity for a material to remove elements or molecules from a surrounding media through
ion exchange or adsorption is referred to as uptake capacity (q). It is often expressed in units
of milligram removed substance per gram of the functional material. The uptake capacity is
calculated from Equation 1 as the difference between concentrations of the ions in the solution
before and after the reaction multiplied with the solute volume and divided by the mass of the
ion exchange material.
=

∗

(1)

The uptake capacity for a material will increase with increasing concentration of the solute at
low concentrations since the material has not reached saturation in its uptake of ions. The
maximum uptake capacity, qm, for a material is the limit for removal, when it is reached the
uptake of particles will not increase with the availability of particles, and is constant for that
material. To evaluate a materials uptake capacity it is necessary for the reaction to reach an
equilibrium state as the potential maximum uptake otherwise would not be reached. [30]
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2.2.2 Langmuir and Freundlich Isotherms
Sorption isotherms are mathematical models for describing the process of adsorption,
absorption and ion exchange. Two frequently used isotherms for ion exchange and adsorption
are the Langmuir- and Freundlich isotherms [28].
The original Langmuir isotherm deals with adsorption of gases to solid surfaces, see Equation
2, and describes the coverage of adsorption sites (θ) on the surfaces of the material as
proportional to the pressure (p) and the Langmuir constant (b). The Langmuir constant will vary
for different systems and depends on the activation energies of adsorption and desorption.
[28], [31]
=

(2)

The assumptions that are made in the Langmuir isotherm model are:


All adsorption sites on the surface of the adsorbent are homogeneous in regards of
interactions with the adsorbates.



The adsorbates on the surface of the adsorbent do not interact with each other.



Monolayer coverage of the surface of the adsorbent.

The Langmuir isotherm has traditionally been used for surface adsorption of gases to solids
but it has since been shown that it can be used for both liquid-solid interfaces and ion exchange
reactions [32] [28]. However, the assumptions inherent to the traditional form will not always
be inherited to the applications of ion exchange and liquid-solid interfaces.
The Langmuir equation can be rewritten for liquid-solid systems by assuming that the driving
force of the reaction is concentration rather than pressure and that the coverage of adsorption
sites are equal to the ratio between uptake capacity (q) and maximum uptake capacity (qm),
thus giving Equation 3 [28].
=

(3)

The Freundlich isotherm was also traditionally used for explaining gas adsorption but has found
uses outside of its original applications. The Freundlich isotherm, rewritten in Equation 4 for
liquid-solid systems, states that the adsorption, expressed as the uptake capacity (q), has a
dependency on the concentration (C) to the power of one divided by n and multiplied with K,
both n and K are constants. [28]
=

∗

/

(4)
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2.3 Kinetic models
The kinetic models that have been used for evaluating the reaction rates of the systems are
the Lagergren’s pseudo first order rate equation and the integrated pseudo second order rate
law. The integrated Lagergren’s first order rate equation, Equation 5, expresses the rate at
which the uptake capacity is reached for a reaction with a dependency on time. θe is the
maximum uptake capacity, θt is the uptake capacity at time t and k is the rate constant.
ln(

−

)=−

+ ln

(5)

Ion exchange systems that fits the Lagergren’s first order rate equation will have an uptake
rate that is directly dependent on the uptake capacity of the solid. [28] [33] [34]
The integrated pseudo second order rate law for uptake capacity versus time is shown in
Equation 6. θe is the maximum uptake capacity, θt is the uptake capacity at time t and k is the
rate constant. The pseudo second order rate law usually describes systems were the rate
limiting step is surface adsorption but it has also been shown to have correlations with systems
were diffusion is the limiting step. [28] [33] [35] [36]
=−

+

(6)

2.4 Atomic adsorption spectroscopy
Atomic adsorption spectroscopy (AAS) is an analytical method for quantitatively measuring
concentrations of metal ions in a liquid sample and is widely used within chemical and
environmental science. The concentrations measured with AAS are in the ppm or high ppb
ranges. The principle used in AAS measurements is that an atom will absorb different
wavelengths of light depending on the available quantum states of the atom. The light will be
absorbed
ℎ =

=

by

the

atom

as

energy

according

to

Equation

7

(7)

h - Plancks constant, ν - frequency of the light, c - velocity of light, λ - wavelength of light and
E - energy. When the energy is adsorbed by the atom an electron will be excited to an available
higher state. The states that an electron can occupy within the atomic orbitals will have discrete
energy levels and will in most cases be unique for different elements. The discrete energy
levels can therefore be used to identify or measure the concentration of a specific element.
[37] [38]
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The working principle of an AAS is shown in Figure 2 and will be briefly explained below. When
the measurement start the sample is heated by a flame that reduces the metal ions in the
solution to metal atoms in a gaseous phase. The reduction of metal ions will occur at different
temperatures depending on the ions. The temperature is regulated by using different mixes of
air, oxygen or nitrogen together with either acetylene or propane. The gaseous atoms from the
flame are then illuminated with monochromatic light from a hollow cathode lamp. The light is
generated from the same element as the examined element and will therefore have the exact
energies needed for exciting the atoms. When the light passes through the gas the intensity of
the light will decrease as the atoms absorbs the photons. After passing through the gas the
light is filtered in a monochromator leaving only one wavelength that will be detected with a
photomultiplier. A specific wavelength that has a strong absorbance in the investigated
element is often used to gain a lower detection limit. [37], [38]

Figure 2 A schematic illustration of the working principle of an AAS.

The difference in intensity of the detected light at a particular wavelength with and without
atomic absorption gives the absorbance value as in Equation 8
log

=

(8)

I is the intensity with the sample, Iref is the intensity without the sample and A is the absorbance.
The absorbance follows Lamberts-Beers law, shown in Equation 9
=

.∗

(9)

A is absorbance and C is the concentration. Lambert-Beers law implies that there is a linear
relation between the absorbance and the concentration. This is true for AAS measurements
within a specified concentration range (at low concentrations), the linear range, that differ from
each element. When preparing the sample solutions for AAS measurements it is therefore
necessary to dilute the samples to be within the linear range, commonly between 2 to 20 mg/L.
[38]
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To evaluate the absorbance results from AAS a set of known concentrations, a standard curve,
is prepared for each element that is measured and is used as a calibration curve to back
calculate the concentration of the sample. [38]

2.4.1 Inductively coupled plasma optical emission spectroscopy
Inductively coupled plasma optical emission spectroscopy (ICP-OES) is a qualitative and
quantitative measuring technique for metal ions. The technique is similar to AAS in that it
atomizes the samples and uses the intensity of light to measure the concentration. Instead of
measuring the intensity losses when the sample absorbs the light it measures the emission of
light from the sample after it has absorbed light. ICP-OES can measure concentrations down
to parts-per-quadrillion (ppq) (10-15). [38]

2.5 X-ray diffraction
Powder X-ray diffraction (XRD) is a technique that records the intensity of an X-ray diffracted
from a powder sample at certain angles from the source of the X-ray. The X-rays will be
diffracted in a specific orientation giving intensity peaks if the sample material has an internal
long range order. The data collected is called a diffraction pattern. The angle of the detected
X-ray diffraction can give information about the lattice of the crystal by the use of Bragg’s law,
Equation 10:
= 2 sin
n is a positive integer,

(10)
is the wavelength of the x-ray, d is the distance between the lattice

planes (called d-spacing) and θ is the scattering angle. If the sample is amorphous, i.e. does
not have a long range order, there will be no characteristic peaks in the X-ray diffraction pattern
due to the lack of lattice planes. In a crystalline sample, the peaks intensities and positions
(2θ) can be indexed and the d-spacing can be calculated. Alternatively, the collected data can
be compared with literature published diffraction pattern in order to identify the tested sample.
[39]
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2.6 Scanning electron microscopy
Scanning electron microscopy (SEM) is used to examine the morphology of a sample. It uses
an electron beam as the light source and an image is recorded from the secondary electrons
emitted by the sample. The SEM is capable of creating high resolution images up to a
magnification of approximately 30000X. In order to use a sample in SEM it needs to be
electrically conductive, samples that are not conductive in themselves are prepared by
sputtering them with a thin layer of conductive material such as gold. [39]

2.7 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a technique that measures the weight loss of a material
as a function of the temperature. The decomposition of a material during heating will occur in
different steps depending on the composition of the material. TGA can therefore be used to
give information about the composition of a material and the quantities of the constituents. [39]
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3 Experimental
This section includes information about the synthesizing and mixing of the materials used in
this study. It also presents the methods used to characterize and measure the materials along
with information about the configuration of the used equipment.

3.1 Materials
All chemicals used in this study were of analytical grade and have been purchased from SigmaAldrich Co. with the exception of Upsalite which was obtained from Disruptive Materials AB.
All glassware used during the experiments were washed and rinsed in deionized water and
dried with an air dryer. The deionized water used was taken from the NFM laboratory. The
same scale was used for all weight measurements (Mettler Toledo AL204). Sample volumes
were measured with a 0.5 – 5 ml pipette.

3.1.1 Upsalite
The Upsalite used in this study was obtained from Disruptive Materials AB. The method of
synthesizing has been described in depth in previous publications [13], [16]. Characterizations
of the used batch of Upsalite have been done with a surface area and porosimetry system
(Micromeritics, ASAP 2020).

3.2 Batch equilibrium experiment
A batch equilibrium experiment was used in order to evaluate the maximum uptake of metal
ions by Upsalite. Metal salt solutions with different metal concentrations were prepared, the
different metal salts used in the experiments were cadmium chloride (CdCl2, Fluka Analytical,
Sigma Aldrich), nickel chloride (NiCl2, Aldrich Chemistry, Sigma Aldrich) and lead chloride
(PbCl2, Aldrich Chemistry, Sigma Aldrich). For every metal ion concentration 30 ml of salt
solution was mixed with 30 mg Upsalite in a centrifuge tube, giving a ratio between solid –
liquid of 0.001 g/mL. This number is somewhat lower than what other studies have used, the
reason for this is to prevent the concentration range from being very large for materials with a
high uptake capacity.
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After adding the Upsalite to the solutions the centrifuge tubes were shaken with a test tube
shaker (Multi Reax, Heidolph) for 60 minutes at approximately 2000 rpm. When the tubes had
been shaken they were centrifuged for 10 minutes at 5000 rpm to separate the precipitation
from the solution. After centrifugation the solutions were first filtered with a grade 3 filter paper
(Munktell) and then filtered with a µm filter using a syringe.

3.2.1 Reaction kinetic experiment
To evaluate the reaction kinetics between Upsalite and the investigated metal ions a contact
time experiment was performed. The different contact times used in the experiment were 1, 3,
5, 10, 20, 30, 40 and 50 minutes. All contact time samples of the same metal ion had the same
concentration and were above the maximum uptake capacity to ensure that the reaction could
reach equilibrium. The concentrations used were 600, 1200 and 4000 mg/L for Ni, Cd and Pb
respectively. When presenting the data the metal ion uptake has been normalized in
accordance with the highest uptake value. An individual sample was prepared for each contact
time and shaken at approximately 2000 rpm after which it was directly filtered. After the filtration
the samples were centrifuged and then filtered again. The reason for filtering the samples
before the centrifugation was to remove as much of the Upsalite as quickly as possible so the
contact time would be close to the assigned value. The data obtained were tested with several
kinetic rate equations.

3.2.2 Atomic adsorption spectroscopy
The concentration measurements were made with a Perkin Elmer AAS 3110. For measuring
nickel ion concentration a nickel hollow cathode lamp from GBC was used with a current of 15
mA. The wavelength measured was 232.0 nm corresponding to a linear range of 0 – 2 mg/L.
The cadmium and lead hollow cathode lamps used were Photron Perkin Elmer lamps driven
with a current of 10 mA. The measured wavelengths for cadmium and lead were 228.8 nm and
217.0 nm with linear ranges of 0 – 2 mg/L and 0 – 20 mg/L respectively. The resolution for the
measured wavelengths were 0.028, 0.14 and 0.19 ppm for the cadmium-, nickel-, and lead
ions respectively.
In order to do the measurements it was necessary to carefully dilute the samples to be within
the linear range of the AAS instrument. The final solutions that were measured in the AAS also
had ten percent of 1 M HNO3 added to them to prevent solid particles in the solution to congest
the instrument.
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For each different metal ion measured a standard curve was made with four to five
concentrations in the linear range of the specific metal. The concentrations were made from
diluting standard solutions of the metal salts (1000 mg/L ± 4 mg/L, Fluka Analytical, Sigma
Aldrich) to the desired concentration. After measuring the absorbance of the batch samples
the standard curve was used to determine the concentration and the result was back calculated
using the dilution series to get the final concentration value.
Separate batches of each metal ion were made and measured with inductively coupled plasma
optical emission spectroscopy (ICP-OES) as a quality control. The ICP-OES measurements
were done by MEDAC. LTD (UK).

3.3 Characterization of the solid precipitation
Several analyzes of the solid precipitation from the batch equilibrium experiment were made
to investigate what had formed during the reactions between Upsalite and the three metal ions.
The solids were taken from the precipitation obtained after centrifugation in the batch
equilibrium experiment. All solids were washed with deionized water to remove substances
that were adsorbed from the liquid phase. The washing was made with five times the volume
of the original sample that gave the precipitation.

3.3.1 X-ray diffraction
X-ray diffraction (XRD) was performed on the solids from both the batch equilibrium experiment
and the reaction kinetic experiment. The samples were grinded and put on a silicon
background sample holder before the measurements. The XRD measurements were
performed with a Bruker D8 Advance XRD Twin-Twin instrument from Bruker using CuKα
radiation (λ=0.154 nm) with a power of 45 kV and a current of 40 mA. Each sample was
analyzed in the range of θ/2θ from 10° to 80° with a step size of 0.02° and a measuring time of
2 s per step.

3.3.2 Scanning electron microscopy
SEM images of the solid precipitation from all three metal ions were taken with a LEO1150

from Zeiss at the Ånsgström laboratory. The instrument was operating at 3 kV and the
detection was done with both secondary- and backscattering electrons. Prior to SEM
measurements the samples were coated with a thin layer of gold by sputtering.
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3.3.3 Thermogravimetric analysis
The TGA measurements were done with a Mettler Toledo TGA/DSC 3+. The temperature
range was between 25 and 610 °Celsius with a heat ramping time of 10 °Celsius per minute
under an air flow of 20 ml/min.
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4 Results and Discussion
In this section the results from the measurements are presented and discussed for the three
different metal ions investigated. The AAS measurements from the batch experiments to
determine the uptake capacity and the results from the kinetic experiment will be presented
first. In the later part of this section further results from XRD, SEM and ICP-OES will be
presented.

4.1 Equilibrium uptake capacity and reaction kinetics
4.1.1 Uptake of Nickel ions
The results from the batch equilibrium experiment of the uptake capacity of nickel ions for
Upsalite together with the removal percentage of nickel ions from the solution are presented
in Figure 3. Figure 3 shows that the uptake capacity increases with increasing initial
concentrations of nickel until the maximum uptake capacity of approximately 470 mg/g is
reached. The removal percentage for nickel ions is effectively 100 percent when the initial
nickel ion concentrations is less than 400 mg/L. The removal percentage for nickel ions drops
when the initial concentration increases further. This is because the material appears to have
reached its saturation capacity for nickel ion removal. The quality control batch that was sent
for ICP-OES is also shown in Figure 3, it shows a similar behavior as the batches measured
with AAS but has a slightly higher maximum uptake capacity. Overall, the difference between
the ICP-OES measurements and the AAS measurements is less than 10%.
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Figure 3 The uptake capacity of nickel ions for Upsalite increases with higher initial concentrations until
the maximum value is reached at approximately 470 mg/L. The removal percentage of nickel ions from the
solutions are effectively 100 percent for initial concentrations below 400 mg/L and drops when the initial
concentrations becomes higher. A quality control batch measured with ICP-OES shows a slightly higher
maximum uptake capacity than what was given from the AAS batch measurements.
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4.1.2 Nickel ion isotherms
The results from the batch experiments of Upsalites nickel ion uptake capacity were fitted to
the Langmuir and Freundlich isotherms using a nonlinear model in Matlab. The results from
the model fit are presented in Figure 4 and 5. The corresponding model parameters, statistical
data of the models and matlab code are given in the appendix. The data from the isotherm
modeling shows that Upsalites uptake of nickel ions has a good fit with the Langmuir isotherm
with an R-squared value of 0.954 and a predicted maximum uptake capacity of 469 mg/g. The
result for the Freundlich isotherm shows a lesser correlation between the model and the data
with an R-squared value for the model of 0.692.

Figure 5 The nonlinear model fit for the Freundlich
isotherm
shows
less
correlation
with
experimental data than the Langmuir isotherm
(Figure 4). The adjusted R-squared value of the
Freundlich model was 0.692.

Figure 4 The nonlinear model fit for the
Langmuir isotherm predicts a maximum uptake
capacity of nickel ions for Upsalite of 469 mg/g.
The adjusted R-square value for the correlation
between experimental data and the model fit was
0.954.

4.1.3 Nickel ion kinetics
The results from the kinetic experiment to investigate the reaction kinetics of nickel ions with
Upsalite are presented in Figure 6. The result shows that the uptake of nickel ions was
completed after 30 minutes. The data were fitted to two kinetic model: Lagergren’s pseudo first
order equation and the pseudo second order equation. The results for the models are
presented in Figure 7 and 8 respectively. The best fit was obtained with the Lagergren’s
pseudo first order equation which had an r-squared value of 0.963 compared to 0.909 for the
pseudo-second order equation. The results suggests that the reaction kinetic is directly
dependent on the uptake capacity of the solid.
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Figure 6 The kinetic experiment for the uptake of nickel ions in Upsalite shows a complete uptake within
30 minutes .

Figure 7 Data from the kinetic measurements of
nickel ion uptake in Upsalite were plotted with
Lagergren’s pseudo first order equation. The
linear regression is shown in the figure and has an
R-squared value of 0.963.

Figure 8 Data from the kinetic measurements of
nickel ion uptake in Upsalite were plotted with the
pseudo second order equation. The linear
regression is shown in the figure and has an Rsquared value of 0.909.
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4.1.4 Uptake of cadmium ions
The uptake capacity and removal percentage of cadmium ions for Upsalite are presented in
Figure 9. The uptake capacity shows an initial increase for initial concentrations up to 1000
mg/L. At initial concentrations between 1000 and 1200 mg/L a peak is reached with a maximum
uptake capacity value of approximately 990 mg/g. For initial concentrations above 1200 mg/L
the uptake capacity starts to decline with increasing initial concentrations. The removal
percentage is effectively 100 percent up to an initial concentrations of 1000 mg/L after which
it starts to drop indicating that the uptake capacity has reached its maximum value. The ICPOES batch follows the same trend as the AAS batches with an initial increase of uptake
capacity up to a peak and is followed by a decline for higher initial concentrations.

Figure 9 Upsalites uptake capacity for cadmium ions increases with higher initial concentrations until the
maximum value of approximately 990 mg/g is reached. For initial concentrations higher than 1200 mg/L the
uptake capacity starts to decrease. The removal percentage of cadmium ions from the solutions treated
with Upsalite is effectively 100 percent until the maximum uptake capacity is reached. When the maximum
uptake capacity has been reached the removal percentage drops for higher initial concentrations. A quality
control batch measured with ICP shows the same trend as the AAS batch but has a slightly lower uptake
capacity.

19

The reason for the decline in uptake capacity at higher initial concentrations of cadmium ions
could be that the rate of the reaction is depending on the initial concentration. A fast formation
of an outer shell of new material around the Upsalite particles in the solutions with high initial
concentrations could prevent the diffusion or increase the diffusion rate of cadmium ions into
the material. Note that this only occurs at initial concentrations that are higher than which the
material shows maximum removal capacity.

4.1.5 Cadmium isotherms
The data from the cadmium batch experiment fitted to the Langmuir – and Freundlich isotherms
shows a poor fitting for both models as seen in Figure 10 and 11. The adjusted R-square value
is negative for both cases, -0.62 and -0.78 respectively, indicating that the models are not
appropriate for the data. The reason for the poor fit is the decline in uptake capacity at higher
initial concentrations, this is something that neither Langmuir- nor Freundlich isotherms can
account for. The complete results with model parameters and statistical data are given in
appendix Table 7.
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Figure 10 The data from uptake capacity of
cadmium ions in Upsalite were fitted to a
nonlinear model of the Langmuir isotherm. The
data fitted the model poorly due to the decline in
uptake capacity that happens at initial
concentrations above 1200 mg/L.

Figure 11 The nonlinear model of the Freundlich
equation showed a poor fit to the uptake capacity
data of cadmium ions in Upsalite. The reason for
the poor fit was the decline of uptake capacity at
initial concentrations above 1200 mg/L.
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4.1.6 Cadmium ion kinetics
The kinetic experiment for cadmium ion uptake in Upsalite is presented in Figure 12. The result
shows that the reaction was complete after 50 minutes. The kinetic data from the cadmium ion
uptake shows a better fit for the Lagergren’s pseudo first order model, R-squared value of
0.931, than it does for the pseudo second order model, R-square value of 0.685, as shown in
Figure 13 and 14. The results suggest that the reaction has a direct dependence on the uptake
capacity of the solid.
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Figure 12 The kinetic data from the uptake of cadmium ions in Upsalite shows a complete uptake
after 50 minutes.

Figure 13 Data from the kinetic measurements of
cadmium ion uptake in Upsalite were plotted with
Lagergren’s pseudo first order equation. The
linear regression is shown in the figure and has an
R-squared value of 0.931.

Figure 14 Data from the kinetic measurements of
cadmium ion uptake in Upsalite were plotted with
the pseudo second order equation. The linear
regression is shown in the figure and has an Rsquared value of 0.685.
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4.1.7 Uptake of lead ions
The lead ion uptake capacity of Upsalite is shown in Figure 15 and was evaluated up to an
initial lead concentration of 4400 mg/L. It was found to increase in the entire range, this
indicates that the maximum uptake capacity has not been reached. Considering the amount
of available magnesium it is not possible for the uptake to be explained by ion exchange alone.
An explanation to the high uptake could be that a new equilibrium state occurs when lead ions
are being adsorbed to the lead species formed during the ion exchange reaction. Indications
of a new equilibrium state comes from the removal percentage that has a drop from 100 to 95
percent at a concentration of approximately 2800 mg/L and then stays at approximately 95
percent for the higher initial concentrations measured. The drop in ion removal is also detected
as change in the slope of the uptake capacity which decreases at a concentration of
approximately 2500 mg/L. The quality control batch that was sent for ICP-OES was in the
concentration range of 200 – 2000 mg/L and shows the same results as the measurements of
the AAS batch in that range.

Figure 15 The uptake capacity of lead ions for Upsalite was investigated up to an initial concentration of
4400 mg/L and was found to increase in the entire range. A decrease in the slope of the uptake capacity is
noticeable at an initial concentration of approximately 2500 mg/L. The removal percentage of lead ions from
the solutions treated with Upsalite is effectively 100 percent until an initial concentration of 2800 mg/L
where it drops to approximately 95 percent and stays at that value for initial concentrations up to 4400
mg/L. The quality control batch measured with ICP is in the range of 200 to 2000 mg/L and shows the same
results as the AAS batch for that range.
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4.1.8 Lead isotherms
The results from the nonlinear fit of the uptake data by Langmuir- and Freundlich isotherms
are shown in figure 16 and 17. Both models fits the data poorly, R-squared values are 0.718
and 0.602 respectively. The low R-squared values are explained by the models not accounting
for the situation that two equilibrium reactions are happening in the system and that the
maximum uptake has not been reached.
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Figure 16 The data from the uptake experiment for
lead have a poor fit with the Langmuir isotherm
due to the fact that there are two equilibrium
reactions happening in the system and that the
maximum uptake capacity has not been reached.

Figure 17 The data from the uptake experiment for
lead have a poor fit with the Freundlich isotherm
due to the fact that there are two equilibrium
reactions happening in the system and that the
maximum uptake capacity has not been reached.
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4.1.9 Lead kinetics
The results for the kinetic experiment of lead uptake rates for an initial concentration of 4000
mg/L are presented in Figure 18, it shows that the uptake is completed after 50 minutes. The
kinetic data for lead ion uptake were not evaluated with any of the kinetic models since the

Removal percentage [%]

maximum uptake capacity had not been reached.

Figure 18 The kinetic data for lead uptake shows that a complete uptake is reached after
50 minutes.
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4.2 Material analysis
The solid precipitation from the batch equilibrium experiment with Upsalite and the metal ion
solutions were analyzed with powder XRD and SEM to investigate what had formed during the
interaction. Further analysis of the composition were made with ICP-OES. The results for the
three metal ions are presented below along with an analysis of the composition of Upsalite
performed with TGA.

4.2.1 MgO and MgCO3 composition of Upsalite
Upsalite is known to contain MgCO3 as well as some unreacted MgO. The exact MgCO3:MgO
content can be important for a good understanding of Upsalite’s ion removal performance. The
MgCO3:MgO ratio was calculated using data from TGA measurement on Upsalite, presented
in Figure 19. At temperatures above 350 °C MgCO3 will decompose to MgO with one molar
equivalent of CO2 being given off. The MgO content will remain until well above 600 °C.
Therefore, knowing the mass drop at around 350 °C will enable us to calculate the MgCO3:
MgO ratio following the procedures shown in Equations 11-13. The complete calculations are
presented in appendix Table 9 – 11.
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Assuming both MgCO3 and MgO participate in the ion removal process, the theoretical
maximum uptakes of the three investigated ions are presented in Table 2 together with
separate theoretical maximum uptakes of only the MgCO3 or MgO content. The theoretical
uptake capacities presented in Table 2 are based on the assumption of a one-to-one cation
exchange between the magnesium in MgCO3 and MgO and the investigated metals ions.
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Figure 19 TGA measurements of Upsalite shows a drop in mass between approximately 350 and 450
degrees Celsius when carbon dioxide is leaving the material. The initial drop in mass is due to water
leaving the material.
Table 2 The total amount of magnesium in Upsalite together with the contents from MgCO3 and MgO are
presented in the left column. The right column shows the calculated theoretical uptake capacities for the
three investigated metal ions.

Mg content
from MgCO3
Mg content
from MgO
Total Mg
content

0,00804
0,00799
0,0160

Uptake capacity
from MgCO3 [mg/g]
Uptake capacity
[mole/ gUps] from MgO [mg/g]
Total uptake
[mole/ gUps] capacity [mg/g]
[mole/gUps]

Lead

Cadmium

Nickel

1666

898

469

1655

904

472

3321

1802

941

The results in Table 2 shows that the MgCO3 and MgO content in Upsalite are close to 50
percent for both molecules when measured in moles. This in turn leads to the theoretical ion
exchange uptake being equal for both of them. The theoretical uptake capacities of MgCO3 or
MgO for nickel and cadmium are very close to the measured uptakes, 470 mg/L for nickel and
990 mg/L for cadmium, which is a good indication that the ion exchange reaction is primarily
based on one of the molecules.
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4.2.2 Nickel ion precipitates
The diffraction pattern of a powder XRD measurement of precipitates from a solution with a
nickel ion concentration of 600 mg/L is presented in Figure 20 (left figure) along with a
diffraction pattern of Upsalite. The powder XRD patterns of both samples show a broad hump,
characteristic for an amorphous material, indicating that the material formed during the ion
exchange process is amorphous. The powder XRD results from the nickel precipitations looked
the same for all the initial metal concentration ranges indicating that an amorphous material is
formed independent of the concentration. The small peaks that are present in the nickel
precipitate diffraction pattern matches the characteristic peaks of MgO, showing that there is
crystalline MgO present in the post reaction material. The source of the crystalline MgO is from
the pre reacted Upsalite shown in the diffraction pattern of Upsalite in figure 22 (right figure),
which clearly indicates the present of crystalline MgO. The presence of crystalline MgO in the
post reaction material indicates that the reaction between nickel ions and Upsalite is at least
partly an ion exchange between nickel ions and MgCO3, thus leaving some of the MgO
unreacted.
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Figure 20 Left figure shows a powder XRD of the solid precipitation from a reaction between nickel ion
solution and Upsalite. Right figure shows the diffraction pattern of pure Upsalite. The results indicates that
both materials is primarily amorphous. Peaks that corresponds to MgO are visible in both spectrums,
indicating the presence of crystalline phase of MgO.

In Figure 21 two SEM image are shown of the nickel ion precipitations. The left image is from
a nickel solution with a concentration of 400 mg/L and the right is from a solution with a
concentration of 600 mg/L. There are no distinct shapes noted on the material that indicates
the presence of crystalline materials.
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Figure 21: SEM images of solid precipitation from reaction between nickel solution and Upsalite. The left
image is from a solute concentration of 400 mg/L and the right from 600 mg/L. Both scale bars are 300 nm
(100k magnification). The material shows no clear sign of crystallization.

4.2.3 Composition of the nickel precipitate
The composition of the post reaction material from the nickel ion exchange process was
determined with ICP-OES. Two samples were tested, the results for the materials after ion
exchange with nickel solutions of 1000 and 2000 mg/L initial concentrations (Nickel 1000 and
Nickel 2000) are presented in Table 3.
Table 3 The ICP-OES results for two nickel post reaction materials are presented as atomic composition
in atomic percent, left columns, and as mole content per gram material in the right columns. The
materials are from reactions between Upsalite and nickel solutions of 1000 and 2000 mg/L initial
concentrations.

ICP-OES [at. %]
ICP-OES [mole/gmaterial]
Element
Nickel 1000
Nickel 2000
Nickel 1000
Nickel 2000
Oxygen
49,0
45,5
Nickel
0,00528
0,00527
7,1
6,8
Carbon
4,5
5,1
0,00153
Magnesium
0,00192
2,1
2,5
Hydrogen
37,3
40,1
The samples Nickel 1000 and Nickel 2000 have reached the maximum uptake according to
the experimental results for the uptake capacity (Figure 3). The nickel content should therefore
be the same for both samples, the results in Table 3 shows that this is the case. If all the
magnesium ions would have been exchanged for nickel ions then the magnesium content
should be close to zero, this was not the case. The nickel content was also lower for both
samples than it would have been if all magnesium ions had been exchanged for nickel ions.
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The theoretical calculations of uptake capacities of nickel by Upsalite shows a maximum
uptake capacity of around 940 mg/g when assuming a one-to-one reaction and that both
MgCO3 and MgO are used for the ion exchange (Table 2). The experimental results showed
that the maximum uptake was in fact around half of this. This should have resulted in a nickel
and magnesium mole content of around 0.008 mole per gram (Table 2). The resulting materials
showed a nickel mole content lower than this for both samples. The samples also showed a
magnesium content much lower than what was expected and the magnesium content was
higher for Nickel 2000 than for Nickel 1000 even though the nickel mole content was very
close.
In a recent study Upsalite is revealed to be made from nanoparticle aggregation [27]. These
nanoparticles are extremely small (less than 10 nm in size), as seen from the TEM image in
Figure 22. Considering these findings it is possible that several different events may happen
simultaneously during the ion exchange process which explains the ICP-OES results for the
post reaction materials.

200 nm
Figure 22 The TEM image of Upsalite shows that it is made from nanometer sized particles of MgO and
MgCO3 that are aggregated [27].

The reason for the lower mole contents is probably from a loss of material either during the ion
exchange reaction or the washing and separation of the post reaction material or both. Under
exposure to water, as during the ion exchange process, Upsalite is known to crystallize into
crystalline MgCO3 which has a larger particle size than the original nanoparticles. It is unclear
at which stage the ion exchange process takes place (before or after crystallization of MgCO3),
but the resulting NiCO3 particles are also bigger than the MgCO3 particles in the starting
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material. It is also possible that in contact with water MgO can form MgOH and grow in size.
All of these mechanisms could break up the nanoparticle aggregation and result in a loss of
material since nanoparticles dispersed in the solution would not have been completely
collected by the centrifugation. Similar observations were noted in a recent study [27].
The high hydrogen content of the solid sample may come from adsorbed water or the presence
of OH groups on the surface of the resulting material. Another possibility is that Mg(OH)2 is
formed, although not observed in XRD.
The findings of this study suggests that MgO remains present in the post-ion exchange
material, as seen from the XRD pattern of the resulting material (Figure 22). The conclusion
from this is that some MgO particles remain unreacted during the ion exchange process. This
could suggest that only MgCO3 participate in the ion exchange process, which would explain
why the nickel capacity is around half of the theoretical maximum uptake. However the ICPOES results shows that the carbon content is lower than the nickel content, which it should not
be if all the nickel was in the NiCO3 form. The explanation is most likely that some of the nickel
is in fact present in the form of NiO or that nickel ions have adsorbed to the surface of the post
reaction material.

4.2.4 Cadmium ion precipitates
Powder XRD performed on the cadmium post reaction materials shows that crystals of Otavite
(CdCO3) have formed during the ion exchange process. The results from the powder XRD are
shown in figure 23 for an initial concentration of 800 mg/L together with the characteristic peaks
of Otavite. The diffraction patterns for all examined initial concentrations of cadmium except
for an initial concentration of 400 mg/L shows the same characteristic peaks as Figure 24. The
diffraction pattern for 400 mg/L shows an amorphous characteristic, similar to the diffraction
pattern of Upsalite in Figure 20, due to the low amount of crystalline material that has formed.
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Figure 23 Powder XRD of the cadmium post reaction material shows characteristic peaks that correlates
with those of Otavite (marked red) indicating that the material formed during ion exchange was crystalline
CdCO3.

A SEM image of the post reaction material for the cadmium initial concentration of 600 mg/L is
shown in Figure 24. It confirms the formation of a crystalline material and shows a network of
tubular crystals that at places protrude in clusters from the bulk. Some large size pores are
observable between the long and thin crystals.

Figure 24 The SEM image shows the post reaction material after ion exchange between a cadmium
solution of 600 mg/L initial concentration and Upsalite. The material is made from a network of nanometer
sized tubular crystals of CdCO3. The scale bar is 200 nm.
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4.2.5 Composition of the post reaction material for cadmium
The results from the ICP-OES analysis of two post reaction materials from Upsalite and
cadmium solutions of 800 and 1600 mg/L initial concentrations are summarized in Table 4.
Table 4 The ICP-OES results for two cadmium post reaction materials are presented as atomic
composition in atomic percent, left columns, and as mole content per gram material in the right columns.
The materials are from reactions between Upsalite and cadmium solutions of 800 and 1600 mg/L initial
concentrations.

ICP-OES [at. %]
ICP-OES [mole/gmaterial]
Element
Cadmium 800 Cadmium 1600
Cadmium 800 Cadmium 1600
Cadmium
0,00457
0,00354
9,6
6,5
Magnesium
0,00214
0,00326
4,5
6,0
Oxygen
48,5
52,3
Carbon
9,1
8,2
Hydrogen
28,3
27,0
The theoretical value for a cadmium uptake of 900 mg/g is approximately 0.008 mole per gram
material (Table 2). The uptake capacities of Cadmium 800 and Cadmium 1600 are around 720
and 890 mg/g according to the experimental results (Figure 9). The mole content of cadmium
should therefore be around 0.008 mole per gram for the Cadmium 1600 sample and slightly
lower for the Cadmium 800 sample. The ICP-OES mole contents in Table 4 were lower than
expected for both samples and the Cadmium 800 was in fact higher than Cadmium 1600. The
magnesium content of the ICP samples is also lower than the expected values from both the
theoretical calculations and experimental results for the uptake. The low content values of
metal and magnesium have already been discussed above.
The high hydrogen content may be related to adsorbed water or the formation of OH containing
species such as Cd(OH)2 or Mg(OH)2, possibly on the surface of the material. However, these
species were not observable using XRD. The percentages of the other elements in the ICP
samples indicates that the Cadmium 800 sample has some content of CdO or possibly
Cd(OH)2 as the carbon percentage is lower than the cadmium percentage, which excludes the
possibility of all cadmium to exist as CdCO3. The Cadmium 1600 sample has a higher carbon
percentage than cadmium percentage and should contain some parts of MgCO3 as well as
MgO.

32

The formation of CdO at lower initial concentrations could be the reason for the decline in
uptake capacity for higher initial concentrations of cadmium (Figure 9). If the reaction rate of
formation of CdCO3 is dependent on the ion concentration a lower concentration could give
more time for cadmium ions to diffuse into the material and allows for ion exchange with MgO.
The prolonged reaction rate would also increase the reaction time between Upsalite and water,
thus allowing the aggregates of the nanoparticle MgCO3 and MgO to break up and further
facilitate the diffusion and the ion exchange.

4.2.6 Lead ion precipitates
The powder XRD results from the post reaction material for lead showed that crystals of
hydrocerussite, Pb3(CO3)2(OH)2, had formed during the ion exchange process. A diffraction
pattern of the material is shown in Figure 25 together with the characteristic peaks of
hydrocerussite. The diffraction pattern in Figure 25 was from a reaction between Upsalite and
a lead solution of 4000 mg/L initial concentration. All investigated lead solids had the same
characteristics independent of concentration.

Figure 25 Powder XRD results from the lead post reaction material shows characteristic peaks that matches those of
hydrocerussite, shown in red in the figure.

The SEM image of the post reaction material from an initial lead ion concentration of 4400
mg/L is presented in Figure 26. The SEM image clearly shows that crystals have formed, the
crystals are in the form of disks with different sizes, between approximately 1 to 0.1 µm, which
have a seemingly random orientation.
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Figure 26 SEM images of the post reaction material for lead shows disk formed crystals of sizes between 0.1 to 1 µm.

4.2.7 Composition of the post reaction material for lead
The results from the ICP-OES analysis of two post reaction materials from Upsalite and lead
solutions of 2500 and 5000 mg/L initial concentrations are summarized in Table 4.
Table 5 The ICP-OES results for two lead post reaction materials are presented as atomic composition in
atomic percent, left columns, and as mole content per gram material in the right columns. The materials
are from reactions between Upsalite and lead solutions of 2500 and 5000 mg/L initial concentrations.

ICP-OES [at.%]
ICP-OES [mole/g]
Element
Lead 2500
Lead 5000
Lead 2500
Lead 5000
Lead
0,003629
0,003179
18,54
12,92
Magnesium
0,000378
0,001156
1,93
4,70
Oxygen
66,34
71,12
Carbon
13,19
11,27
Hydrogen
0,00
0,00
The results from the ICP-OES experiments were somewhat confusing for the lead samples
since most of the content results does not match the previous results. For example the XRD
results identified a lead carbonate compound containing OH groups, but hydrogen atoms were
not detected from the ICP experiment. The reliability of this set of ICP data is questionable and
care is needed if any conclusion should be drawn from this.
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On the other hand, a conclusion can be drawn based on the ion exchange, XRD and SEM
data. It is clear that Upsalite ion exchanges with lead ions to form Pb3(CO3)2(OH)2 or other
similar compounds that have distinct crystal morphologies (SEM pictures). The very high
removal rate of lead (higher than the maximum theoretical ion exchange value) may be related
to surface adsorption of lead ions or the formation of other lead compounds on the surface of
the resulting material. In order to investigate this fully further experiments are required.
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5 Conclusions
The specific findings from this study are presented below for the three investigated metal ions
(Ni, Cd, Pb). The findings suggest that Upsalite has a potential as a water treatment agent for
all three metal ions. Comparing the results for the maximum uptake capacities of Ni-, Cd- and
Pb-ions in this study with those uptake capacities reported in the literature (Table 1) Upsalite
shows values that are typical for a nanomaterial. The uptake capacities for the three metal ions
in Upsalite are all higher than for the reviewed values for natural materials, biomaterials and
zeolites (Table 1).
The findings regarding the metal ion uptake in Upsalite are as follows:


The maximum uptake capacity of nickel ions in Upsalite is around 470 mg/g.



The uptake rate of nickel ions is directly dependent on the uptake capacity of the solid
and reaches equilibrium after 30 minutes.



The post reaction material for nickel is amorphous but contains some parts of crystalline
MgO from the original material as well as MgCO3.



The maximum uptake capacity of cadmium ions in Upsalite is around 990 mg/g.



The uptake capacity of cadmium ions in Upsalite has a peak around an initial
concentration of 1000 – 1200 mg/L. For higher initial concentrations the uptake
capacity decreases.



The uptake rate of cadmium ions is directly dependent on the uptake capacity of the
solid and reaches equilibrium after 50 minutes.



The cadmium post reaction material is crystalline CdCO3 (Otavite). It also contains
parts of crystalline MgO and MgCO3 from the original material.



The post reaction material given from initial concentrations below the peak (~1200
mg/L) contains CdO.



The maximum uptake capacity of lead ions in Upsalite is at least 4000 mg/g.



There are at least two mechanisms contributing to the uptake capacity of lead in
Upsalite. The first is ion exchange and the second is probably adsorption.



The lead post reaction material is crystalline hydrocerussite (Pb3(CO3)2(OH)2).

36

6 Outlook
Upsalite shows promising results as a water treatment agent for cadmium, lead and nickel ions
in this study. To further investigate the capabilities of Upsalite in this area and determine the
reaction mechanism for the ion exchange between Upsalite and cadmium, lead and nickel ions
the following could be investigated.


The effects of pH on the uptake capacity should be studied in a new batch experiment.



The evaluation of the maximum uptake capacity of Upsalite for lead should be
continued.



The adsorption mechanism for lead ions should be examined and distinguished from
the ion exchange.



The reason for the drop in uptake capacity for cadmium ions at higher initial
concentrations should be investigated further.



The reaction kinetics could be evaluated with other variables.



The preference for uptake when several ions are present should be investigated.
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9 Appendix
Table 6 shows the coefficients given from nonlinear model fit for Langmuir and Freundlich isotherm
equations for nickel ions, qm – maximum uptake capacity (Langmuir), b – Langmuir constant, Kf and n –
Freundlich constants. The statistical data for the model constants are SE – tStat – pValue. Further statistical
evaluation data are given as R-squared and F-statistics values.
Estimated Langmuir constants
qm
b

Estimate
468.56
4.30

Estimated Freundlich constants

SE
7.63
0.67

R-Squared
Adjusted R-Squared

tStat
61.39
6.41

pValue
1.97e-19
1.18e-5

Kf
n

0.957
0.954

F-statistics:
F-value
p-value

Estimate
289.72
12.87

SE
27.8
2.66

R-Squared
Adjusted R-Squared

pValue
2.89e-8
0.00022

0.712
0.692

F-statistics:
F-value
p-value

2100
4.34e-19

tStat
10.42
4.83

306
6.91e-13

Table 7 shows the coefficients given from nonlinear model fit for Langmuir and Freundlich isotherm
equations for cadmium ions, qm – maximum uptake capacity (Langmuir), b – Langmuir constant, Kf and n
– Freundlich constants. The statistical data for the model constants are SE – tStat – pValue. Further
statistical evaluation data are given as R-squared and F-statistics values.
Estimated Langmuir constants
qm
b

Estimate
843.85
6.82

Estimated Freundlich constants

SE
87.94
5.36

R-Squared
Adjusted R-Squared

tStat
9.60
1.27

pValue
1.02e-8
0.22

Kf
n

-0.54
-0.62

F-statistics:
F-value
p-value

Estimate
692.09
40.25

SE
105.36
46.54

R-Squared
Adjusted R-Squared

pValue
2.74e-6
0.40

-0.69
-0.78

F-statistics:
F-value
p-value

59.4
6.69e-9

tStat
6.57
0.86

53.2
1.64e-8

Table 8 shows the coefficients given from nonlinear model fit for Langmuir and Freundlich isotherm
equations for lead ions, qm – maximum uptake capacity (Langmuir), b – Langmuir constant, Kf and n –
Freundlich constants. The statistical data for the model constants are SE – tStat – pValue. Further statistical
evaluation data are given as R-squared and F-statistics values.
Estimated Langmuir constants
qm
b

Estimate
3272.10
1.58

R-Squared
Adjusted R-Squared
F-statistics:
F-value
p-value

Estimated Freundlich constants

SE
141.1
0.35

tStat
23.19
4.54

pValue
1.23e-28
5.86e-05

Kf
n

0.726
0.718

Estimate
1674.5
9.05

R-Squared
Adjusted R-Squared
F-statistics:
F-value
p-value

318
5e-24
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SE
154.54
1.39
0.61
0.60
219
3e-21

tStat
10.835
6.50

pValue
4.92e-13
1.34e-07

Calculations for MgO-, MgCO3 content and theoretical maximum uptake capacities for Upsalite
are presented in Table 9 - 11. Two data points, before and after the CO2 release from Upsalite,
were chosen from the TGA data to calculate the MgCO3 content.
Table 9 Calculations of the mass drop from CO2 leaving Upsalite during heating.

T = 350 [°C]
T = 500 [°C]
Difference in mass [g] =
mass of CO2

Sample mass [g]
10,65974
6,887441

Molar mass [g/mol]
Mg
24,31
MgCO3
84,31

3,772301

MgO
CO2

40,3
44,01

Table 10 Calculations of the amount of Mg in Upsalite.

X
MgCO3 mass [g] =
[CO2mass/M(CO2)]
*M(MgCO3)
Weight fraction
MgCO3
Weight fraction
MgO

Molar ratio
[mol/gUpsalite] =
Wt.frac./Molar mass X

Moles Mg
Amount Mg
[mol/g(Ups)] [g/g(Ups)]

7,2266 MgCO3

0,00804

0,008041

0,195476

0,68 MgO

0,00799

0,007992

0,194279

0,32

MgO/MgCO3 = 0,99 Total
Total
0,016033
0,389754

Table 11 Calculations for the theoretical maximum uptake capacities for Cd, Ni and Pb ions in Upsalite.

Me
Pb
Ni
Cd

Molar mass Max capacity total [mg/g] Max capacity
Max capacity only
[g/mol]
= Moles Mg * M(Me)
without MgO [mg/g] MgO [mg/g]
207,2
3321,971506
1666,08835
1655,883156
58,69
940,9580487
471,9243499
469,0336988
112,41
1802,233673
903,885094
898,3485788
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Matlab code
% nonlinear model fit for Langmuir and Freundlich isotherm using
% the matlab function NonLinearModel.fit. Langmuir isotherm equation:
% q(equilibrium) = q(max)*K(Langmuir constant)*C(eq)/(1+K(L)*C(eq)
% Freundlich isotherm equation: q(eq) = K(Freundlich constant)*C(eq)^1/n(F)
% Ni --------------------------------------------------------------% Data Table for Ni and the starting guess, beta0, for parameters.
NiU = load('NiU.txt');
NiQ = load('NiQ.txt');
tblNi = Table(NiU,NiQ);
beta1 = [450 0.1]
beta2 = [450 1]
% Definition of functions
ModelfunNi = 'NiQ~a.*b.*NiU./(1+b.*NiU)';
ModelfunNi2 = @(b,tbl)(b(1).*NiU.^(1/b(2)));

%Langmuir
%Freundlich

% Model fit
mdlNi = NonLinearModel.fit(tblNi,ModelfunNi,beta1)
mdlNi2 = NonLinearModel.fit(tblNi,ModelfunNi2,beta2)
% Cd --------------------------------------------------------------% Data Table for Cd and the starting guess, beta0, for parameters.
CdU = load('CdU.txt');
CdQ = load('CdQ.txt');
tblCd = Table(CdU,CdQ);
beta1 = [900 0.0001]
beta2 = [900 1]
% Definition of functions
ModelfunCd = 'CdQ~a.*b.*CdU./(1+b.*CdU)';
ModelfunCd2 = @(b,tbl)(b(1).*CdU.^(1/b(2)));

%Langmuir
%Freundlich

% Model fit
mdlCd = NonLinearModel.fit(tblCd,ModelfunCd,beta1)
mdlCd2 = NonLinearModel.fit(tblCd,ModelfunCd2,beta2)
% Pb --------------------------------------------------------------%
% Data Table for Cd and the starting guess, beta0, for parameters.
PbU = load('PbU.txt');
PbQ = load('PbQ.txt');
tblPb = Table(PbU,PbQ);
beta1 = [5000 0.0001]
beta2 = [5000 1]
% Definition of functions
ModelfunPb = 'PbQ~a.*b.*PbU./(1+b.*PbU)';
ModelfunPb2 = @(b,tbl)(b(1).*PbU.^(1/b(2)));

%Langmuir
%Freundlich

% Model fit
mdlPb = NonLinearModel.fit(tblPb,ModelfunPb,beta1)
mdlPb2 = NonLinearModel.fit(tblPb,ModelfunPb2,beta2)
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