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Abstract
In this work, selenate removal from water was studied using a material from the layered double
hydroxide family. This material is a mixture of two hydrocalumite phases, chloro-hydrocalumite
[Ca4Al2(OH)12]·[Cl2·4H2O]

and

chloro-carboaluminate

hydrocalumite

[Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O]. This material is called aged-FS in this thesis. Aged-FS was
obtained by the co-precipitation method followed by an aging process. The aging condition was
initial pH 12.0, liquid/solid ratio 20, 65 °C, for 7 days. During aging, a phase transformation from
chloro-hydrocalumite in the hexagonal crystal system to chloro-carboaluminate hydrocalumite in
the monoclinic crystal system was observed. The aluminum hydroxide impurity was removed and
katoite (Ca3Al2(OH)12) was formed. The formation of well-shaped hexagon crystallites and
agglomeration of particles were observed by morphology and particle size studies, respectively.
The carbonate content increased during aging from 1.15 to 3.00 wt.%. By aging, ~50% reduction
in FS dissolution was recorded. By some modifications in nitrogen purging of the synthesis
process, the carbonate content was reduced from 1.15 to 1.01 wt.%.

For selenate removal studies, the effect of initial pH, liquid/solid ratio, time, temperature,
agitation, selenate concentration, sulfate and carbonate interference, and container type were
studied. The highest loading percentage of selenate and the lowest dissolution of aged-FS was
achieved at initial pH 12.0, liquid/solid ratio 200, 30 °C, 24 h, and 150 RPM. A selenate loading
isotherm was fitted to the Langmuir model with maximum loading of 71.1 mg Se/g. The
intercalated carbonate in aged-FS did not interfere with selenate removal while significant
interference was observed from carbonate in solution. The sulfate anion did not interfere with
selenate adsorption. The Al dissolution from aged-FS in an adsorption test was suppressed using
calcium hydroxide solution. The Al concentration reached to 0.07 ppm; a value lower than the
maximum instantaneous value set by a BC guideline. Calcination of aged-FS improved the
selenate loading. The lowest level of selenium in solution achieved using the calcined aged-FS
(1.84 ppb) met the 2016 US EPA maximum discharge limit of lotic water for Se (<3.1 ppb).
Overall, calcined aged-FS is a promising exchanger for selenate removal from calcium sulfatesaturated industrial effluents.
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Lay Summary
Selenium in water may pose an environmental problem at elevated concentrations. An adsorbent
called Friedel’s salt (FS) was prepared by coprecipitation of calcium and aluminum hydroxides.
FS was studied for selenate ion removal from water as a function of initial pH, selenate
concentration, temperature, liquid/solid ratio, and the presence of other ions such as sulfate and
carbonate. FS was found to be effective as an adsorbent and reached a maximum loading of 71.1
mg Se/g.
FS may dissolve in water under some conditions and contaminate the water system. FS
dissolution was reduced ~50% by an aging process. At the same time the dissolved aluminum
concentration in water containing calcium hydroxide solution reached to values lower than the BC
waste water guidelines. The selenate concentration was reduced to values lower than the US EPA
maximum discharge limit using calcined-FS material. FS showed a highly selective for selenate
over sulfate.
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Chapter 1: Introduction
1.1

Selenium distribution and toxicity

Selenium, with the symbol Se, atomic number 34, and atomic weight 78.96 g/mole, is a metalloid
[1]. Selenium shows similar chemical properties to sulfur (S) and tellurium (Te) [2]. Selenium in
trace amounts is found in many ores including those of copper, zinc, iron, lead, silver, and gold
[1,3]. Selenium abundance in the earth’s crust is 5X10-6 wt.%.
Selenium is discharged into waste waters through various human activities such as the
mineral processing of ores, roasting and refining of sulfide deposits [4], gold, silver, and nickel
mining [5], coal-mining and combustion [6], metal smelting, petroleum and oil refining, and basic
agricultural irrigation from both soil and Se-containing herbicides and insecticides [7]. Table 1
shows the selenium concentration of selected mineral process water sources ranging from a few
ppb to more than one thousand ppb in some cases [8]. As seen, mining wastewaters have the
highest levels of Se.
Selenium is an essential trace element for humans, fish, and other wildlife (recommended
dietary allowance for people ~ 55 µg/day) [9]. However, selenium can be toxic if taken in excess
and accumulated in high concentrations. The continuous discharge of selenium in wastewaters can
cause bioaccumulation in wildlife species tissues at toxic levels. The pollution of natural waters
by selenite- and selenate-impacted industrial effluents has been recognized as a serious concern.
Selenium poisoning can result in inflammation of the respiratory and digestive tracts in humans or
birth defects/mutations in fish and waterfowl due to interference with normal cellular metabolisms
[10,11]. Therefore, the toxicity effects and threats to both human health and wildlife highlight the
critical importance of selenium removal from contaminated waters. The Elk Valley in Canada is
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an area of concern due to weathering and mobilization of selenium from seleniferous-bearing rocks
disturbed in the mining of coal [12,13].
Table 1 Selenium concentration (ppb) in various mineral process water sources
Ash settling pond [3]
Mining waste waters [4,6], [11]
Flue gas desulfurization [3]
Coal ash slurry [3]

87-2700
3->12000, 15-50, 10-10000
1-2, 700
50-1, 500

Growing concern arose from the effects of selenium poisoning on fish and wildlife
populations and this prompted the World Health Organization (WHO) to set a very strict
Maximum Contamination Level (MCL) for selenium. Based on WHO and the European Union,
the Standard MCL in drinking water for Se is 10 ppb, while the US EPA (United State
Environmental Protection Agency) recommends a limit of 50 ppb. The US EPA National Ambient
Water Quality Criteria for aquatic life was 5 ppb (chronic) and 20 ppb (acute), established in 1987
[8,13]. In more sensitive environments, the US Fish and Wildlife Service recommended 2 ppb to
protect fish, waterfowl, and endangered aquatic species. The British Columbia water quality
guideline for the protection of aquatic life is 2 ppb [14]. Maximum Discharge Limits (MDL) for
industrial effluents in Canada, USA, and Japan are 1, 5, and 100 ppb, respectively. These values
are difficult to achieve, especially in the presence of relatively high total dissolved solid (TDS) in
impacted water [13].
A new aquatic life ambient water quality criterion for selenium in freshwater was published
by US EPA in 2016 [15]. The water quality criteria in this version were based on data and scientific
judgments about the relationship between selenium concentration and potential environmental and
human health effects. The monthly selenium chronic value for lentic (still water) and lotic (flowing
water) waters was <1.5 and <3.1 ppb respectively [15].
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1.2

Selenium chemistry

Selenium in water has four common oxidation states: -2, 0, +4, and +6. Selenium aqueous
chemistry depends on the pH, the presence of oxidizing or reducing agents (Eh), and the nature of
the solution, including factors such as oxygen content, total dissolved solids (TDS) content, and
the presence of other ions and microorganisms.
The Pourbaix diagram of the Se-H2O system at 25 °C and a selenium solute activity of 10-4 M
is shown in Fig. 1. Selenium species are selenate (SeO42-), biselenate (HSeO4-), selenic acid
(H2SeO4), selenite (SeO32-), biselenite (HSeO3-), selenious acid (H2SeO3), elemental Se, hydrogen
selenide (H2Se), and biselenide (HSe-). Selenate and selenite, however, are the dominant species
in impacted waters. Both selenite and selenate are toxic at elevated concentrations [1].

Figure 1 Eh-pH diagram of selenium at 25 °C and selenium activity of 10-4 M (Derived from HSC 5.1
software).

Under strongly oxidizing conditions, selenium occurs in the +6 oxidation state. Selenic
acid (95%) is a strong acid analogous to sulfuric acid (pka1 -3 and pka2 1.7) [16]. Singly-protonated
biselenate is the dominant species at pH 0 to 1.7 with selenate dominating at higher pH. Selenium
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dioxide with a +4 oxidation state (SeO2) dissolves in water to form selenious acid. The H2SeO3
species is a weak acid and selenite is dominant only at pH over 7.3 (Figure 1) [1].
Selenic acid is a much stronger oxidizing agent than sulfuric acid [1]. The oxidation of
H2SeO3 in acidic solutions by oxygen to both HSeO4- and SeO42- is thermodynamically favorable
(Reaction 1). In highly oxygenated waters, however, selenite exists along with selenate due to the
slow oxidation rate of selenite [17]. The efficient oxidizers for the Se4+-Se6+ redox reaction are the
strong ones (E0red >>+1.15) such as fluorine, hydrogen peroxide, chromate (CrO42-), dichromate
(Cr2O72-), chlorate (ClO3-), and perchlorate (ClO4-) used at high temperatures [1].

SeO42-+ 2e- +4 H+=H2SeO3 + H2O

E0= +1.15, pH=0

Reaction 1

Therefore, the chemistry of selenium in industrial effluents and surface waters (high
oxygen content waters) are mainly related to the selenite and selenate species and the protonated
forms HSeO3-, H2SeO3, SeO42-, and HSeO4-. The selenate-to-selenite ratio depends on the presence
of reducing and oxidizing reagents, kinetic factors, and the pH of the solution.
1.3

Problem definition

Among available technologies for removal of toxic substances from water, the stabilization
processes (change of oxidation state) [8,13,18,19] and precipitation (change in solubility) [20,21]
have been applied for removal of both selenite and selenate. These techniques have an excellent
capacity for selenite capture but are less successful in removing selenate from wastewaters.
The selenate ion can be reduced to lower oxidation states by various reducing agents such
as copper metal (Cu), sulfur dioxide (SO2), hydrogen sulfide (H2S), ferrous hydroxide (Fe(OH)2),
sulfide (S2-), sulfite (SO32-), bisulfite (HSO3-), and thiosulfate (S2O32-) [1,22]. However, the rate at
which these processes occur is quite slow. Moreover, harsh experimental conditions, such as the
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use of higher temperatures or catalysts, are required for selenate reduction. For instance, selenate
can be reduced to selenious acid but by boiling with HCl or HBr [1]. Selenate reduction with a
zero-valent iron treatment needs to be enhanced by coupling with a biologically-catalyzed
reduction process [6,13].
While the ferrihydrite (Fh) adsorption process is a simple and low-cost process extensively
used at full-scale for adsorption of selenite (85-95% recovery), the selenate precipitation by Fh
process is weak (only ~10% adsorption) [23].
Therefore, the removal of selenate species from impacted wastewaters is still a big
challenge in the mining industry. New research and studies on removal of selenate in both
laboratory scale and pilot scale are currently very active. The other issue is the pressure on
industries to apply a successful selenium management strategy, which meets the discharge limit
guidelines.
The growing concerns arising from selenium in wastewater and the lack of a universal
technology for selenate removal motivates the investigation of selenate removal from impacted
waters. The efficacy of processes such as crystallization and precipitation for treatment of dilute
solutions have been reported to be unsatisfactory [13]. Ion exchange (IX) technology, however, is
a feasible method for the treatment of dilute wastewaters. In general, in the majority of commercial
uses, dilute solutions, with concentrations of less than 40 equiv/m3 are treated [24]. In the mining
industry, this technology is widely used for the treatment of toxic waste streams prior to disposal
and removal of impurities from process streams. Therefore, among all removal technologies, the
IX method seems to be a promising alternative method for a selenate removal study.
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The ion exchange material selected for this study is called Friedel’s salt (FS). This material
is also called Friedel phase in Wu’s paper [25]. This compound with the general chemical formula
of [Ca4Al2(OH)12]·[Cl2·4H2O] belongs to the family of layered double hydroxides (LDH).
Friedel’s salt in this thesis is designated as “FS”. It was found that the FS in this study always
contained some carbonate.
FS was identified as a promising ion exchanger for selenate adsorption by Wu in 2010 [25].
The selenate adsorption by FS material occurs by an ion exchange process. As shown in Reaction
2, every one mole of selenate oxyanion exchanges with two moles of chloride anion from the
interlayer space.
[Ca4Al2(OH)12]·[Cl2·4H2O] + SeO42-

1.4

=

[Ca4Al2(OH)12]·[SeO4·4H2O] + 2Cl-

Reaction 2

Thesis layout
This thesis starts with a literature review on layered double hydroxide and Friedel’s salt

material. The chemical structure, synthesis of FS, literature studies on the aging process, oxyanion
adsorption by LDHs and FS are reviewed in Chapter 2. The experimental procedure of synthesis,
aging, adsorption and analytical methods are discussed in Chapter 3. In Chapter 4, a description
of the preparation of FS in the laboratory and its characterization is provided. The FS material
from the synthesis process was found to be partly soluble under the conditions of the adsorption
tests. The measurement and control of FS dissolution became one of the objectives of this thesis.
In this thesis, the actual dissolution data of FS under all experimental conditions are reported. Such
detailed dissolution data for FS is not reported in Wu’s work [25]. An aging process after synthesis
was applied to as-prepared FS material to minimize the mass loss during the adsorption process.
Chapter 5, presents the results of the aging process and the efficiency of the aging process on
reducing the FS dissolution. The studies of selenate adsorption by aged-FS material are discussed
6

in Chapter 6 with a focus on achieving a low residual selenium concentration and determining the
selectivity for selenium adsorption in the presence of sulfate and carbonate anions. The
understanding of the FS mass loss during adsorption studies affects the utility of FS as a practical
adsorbent. Therefore, FS mass loss during adsorption studies is measured and reported for each
studied variable. A conclusion and contribution to the knowledge in the field are provided in
Chapter 7.
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Chapter 2: Literature review
2.1

Introduction to ion exchange (IX)

Ion exchange is the process used in this thesis for selenate removal. As mentioned in 1.3, selenate
is removed by FS through the exchange of chloride anions by selenate (Reaction 2). In this section,
a short introduction to the ion exchange (IX) process is presented. IX is a well-known technology
commonly applied to treat dilute solutions such as waste process and drinking waters for the
removal of toxic substances and pollutants [5,24,26]. Reaction 3, shows the reversible and
stoichiometric exchange of an ion in solution (Baq) with an ion (A) from an exchanger material (RA) [24]. Ion exchange technologies use a broad range of materials, including synthetic polymeric
resins, modified chelating resins (implemented with metals) [24], layered double hydroxides
(LDHs) [25,27–32], clays and cellulose and dextran [24]. Theoretically, the stronger the affinity
of R-A for Baq, the more efficient will be the loading. If the exchanging ions both have a positive
charge (e.g., Ca2+ or Mg2+) the exchanger is called a cationic exchanger. If both are anions (e.g.,
SeO42- or Cl-), then R-A is an anionic exchanger. FS with exchangeable Cl- anion in the structure,
is an anionic exchanger.

R-A + Baq = R-B + Aaq

(A and B: cation/anion)

Reaction 3

The maximum capacity of resin for ion B is expressed as Qm and uses the units mmol/g or
mg/g resin. Under experimental conditions, the ion exchanger reaches an equilibrium loading
value, Qe, which is generally lower than the Qm. The adsorption process is usually studied and
presented graphically via an adsorption isotherm. Figure 2 shows a typical adsorption isotherm in
which the adsorption increases until it reaches the equilibrium saturation point. The graph shows
the loading of Baq (a typical oxyanion) on the adsorbent (any ion exchanger). The equilibrium
8

loading (Qe) is usually reported by the mass of oxyanion (mg) over the mass of ion exchanger (g).
The remaining equilibrium concentration of oxyanion in the solution Ce can be represented in ppm,
ppb, or g/L units. In Figure 2, a ppm concentration is shown as an example.

Figure 2 A schematic example of adsorption isotherm for an oxyanion.

A similar adsorption isotherm to Figure 2 is expected for selenate adsorption by FS. The
intrinsic dissolution of LDH materials under various experimental conditions, however, imposes a
degree of uncertainty on final mass data used for generating the LDH material adsorption
isotherms. The inclusion of dissolution data and final mass for most of oxyanion adsorption
isotherms by LDHs are not reported (even if determined) [25,33]. In this thesis, the loading
percentage of selenate for each individual adsorption test (and therefore adsorption isotherms) is
generated by using the actual final mass data. The partial dissolution of FS in all loading data are
included. The selenium loading percentage (Se %) is defined by Equation 1.
9

Se %= [(C0-Ce))/C0]*100

Equation 1

Among all methods applied for toxic species removal, IX provides the advantages of ease
of phase separation (if resin beads are used) and high enrichment efficiency, thus reducing the
volume (if species is eluted) or mass for further treatment. If the adsorbent is reused, then it is
necessary to elute the loaded species. The eluate will be enriched in the target species and may
need further treatment (e.g. reduction to elemental Se or immobilization in some other form). IX
can suffer from lack of specificity and/or selectivity and interference of other ions with target ion
adsorption. For example, the presence of sulfate anion (SO42-) may interfere with the loading of
selenate (SeO42-). This complicates the purification process and increases the secondary waste
volume [34,35]. Therefore, treatment of solutions with high sulfate content (ranging from 450 ppm
in coal mining waste waters) to reach MDL values set by US EPA in 2016 (<1.5 and <3.1 ppb Se
for lentic and lotic waters) is a big challenge in wastewater treatment [4].
Various types of ion exchange materials have been used for removal of both selenite and
selenate from selenium-containing solutions. Selenium removal from wastewater solutions using
strong base anion exchangers, chelating ligand exchangers and chelating resins pre-loaded with
metals have been extensively studied [34,36,37]. These resins have some ability to extract
selenium from wastewater.
A short summary of reported studies on selenium removal by strong base anion
exchangers, chelating ligand exchangers, and chelating resins loaded with metals is provided in
Appendix A. Besides the use of conventional IX materials, selenium adsorption and removal with
synthetic nano-magnetite [38] and cement-stabilized wastes are also reported [39–41].
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2.2

Structure and chemistry of LDH

This chapter provides a review on layered double hydroxide (LDH) materials, also called
hydrotalcite-like (HTLc) compounds. LDHs are synthetic or natural lamellar hydroxides material
to which the material used in this thesis, Friedel’s salt (FS), belongs to [25,27–32,42,43]. LDH or
is presented by a general chemical formula of [M(1-x)2+Nx3+(OH)2]x+.[Xx/n n-.mH2O]. It is composed
of positively charged layers originating from the substitution of divalent metal ions (M2+) by
trivalent metal ions (N3+) and replaceable charge-balancing interlayer anions (Xn-) [43,44].
Figure 3, shows a schematic representation of an LDH material. The divalent and trivalent
metal ions belong to a wide range of metal ions. A few examples of common metal ions seen in
nature also used in LDH preparation are Ca2+, Mg2+, Ni2+, Zn2+, Al3+, Fe3+, and Cr3+. As seen from
the LDH chemical formula, the partial substitution of M2+ by N3+ results in an excess positive
charge on the layers [43]. The positive charge of the layers, shown with “x+”, is equal to the molar
ratio of N3+/(N3++M2+) in the range of 0.2<x<0.33. Therefore, the higher the trivalent metal ion
proportion, the higher will be the positive charge of the layers. The excess positive charge of the
layers is balanced with anions from interlayer space.
As shown in Figure 3, the interlayer spacing is the difference of basal spacing (c’) and the
thickness of the brucite-like sheet of about 4.8 Å. The interlayer spacing depends on the size and
orientation of the charge-balancing anions [43]. A wide range of monovalent and divalent anions
such as Cl-, NO3-, ClO4-, CrO4-, F-, Br-, I-, CO32-, and SO42- are frequently used for LDH
preparation. These anions are arranged in the interlayer space through a complex hydrogen bonding
network with interlayer water molecules. The intercalated anions and water molecules are shown
with light-green circles and blue circles, in Figure 3, respectively. The bonding between anions
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and water molecules in interlayer space and brucite layers is associated with a combination of
hydrogen bonding and electrostatic effects [43].

Figure 3 Schematic representation of basal spacing, interlayer region, and brucite-like sheets in LDH (top),
and octahedral unit of metal-hydroxide (bottom). Reprinted with permission from [44].

Figure 3, shows the brucite layers with the gray-colored sheets [44]. Inside the brucite
layers, the metal ions are located in the center of octahedral units. One octahedral unit is shown as
an example in the bottom of Figure 3. The metal ion, M2+ or M3+, (shown with a black circle) is
bonded to six hydroxyl functional groups (shown with empty circles). These octahedral units form
infinite brucite-like layers by edge-sharing of hydroxyl functional groups. From crystallography
view, the octahedral units of M2+ and N3+ metal ions can belong to the hexagonal, monoclinic, or
12

rhombohedral crystal systems. The crystal systems are fully discussed in Appendix B and C. In
general, these crystalline systems differ from each other in terms of O-M-O bond lengths and bond
angles [45]. Different stacking arrangements of the brucite layers are also observed. The hexagonal
and rhombohedral symmetry have two and three layers in each unit cell, respectively [43,44]. The
stacking axis is perpendicular to the brucite sheet.
Hydroxyl groups (-OH), especially the ones bonded to trivalent cations (N3+) are polarized
and interact with anions from interlayer space [43]. N3+ ion is more electron deficient than M2+ ion
and therefore withdraws the bonding electrons from oxygen (-N←O-). The polarized -N←Obonding, in turn, withdraws the bonding electrons from hydrogen, (-N←O←H). As a result, anion
from the interlayer space (Xn-), bonds to the hydrogen atom through a strong hydrogen bonding.
This interaction, in general, can be shown with [N-Oδ--Hδ+….Xn-].
In this thesis, LDH is shown with the designation M-N-X, an abbreviated term where M,
N, and X are a divalent cation, trivalent cation, and interlayer anion, respectively (mostly referring
to M/N molar ratio of 2:1). The designation Mg-Al-Cl, for example, refers to a chlorideintercalated LDH with divalent cation Mg2+ and trivalent cation Al3+ in the layers (Mg/Al molar
ratio 2). Some common LDH members found in nature and synthetic cementitious materials are
[29,39]:


Hydrotalcite, the most prominent representative of LDHs, is produced when the bivalent metal
ion is Mg2+ and the trivalent metal ion is Al3+. Hydrotalcite is shown with a general formula of
[Mg6Al2(OH)16]·[CO3·4H2O]. Using the nomenclature system of this thesis this LDH will be
shown by Mg-Al-CO3.
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Hydrocalumite is an anionic clay mineral with a general chemical formula of
[Ca4N2(OH)12]·[X2·mH2O], N= Al3+, Fe3+, Sc3+, and Ga3+, where X can be Cl-, OH-, CO32-,
and NO3- [46]. Aluminum is the most common trivalent ion used in hydrocalumite structure
and therefore hydrocalumite is widely introduced with a general chemical formula of
[Ca4Al2(OH)12]·[X2·mH2O] [46]. Hydrocalumite is formed with Ca2+ and Al3+ cations in a
fixed Ca/Al molar ratio of 2:1. It has been assumed that the ordered arrangement of Ca2+ and
Al3+ in a fixed molar ratio of 2:1 is due to the large difference in the ionic radii between Ca2+
and Al3+ [43,46]. However, the replacement of Al3+ with larger metal ions such as Ga3+, Fe3+,
and Sc3+, did not show any loss of cation ordering [46]. This indicated that the fixed Ca:Al
molar ratio of 2:1, in the hydrocalumite phase is related to the large size and noticeable
anisotropy of the coordination sphere of Ca2+ ion [43,46].
Friedel’s salt (FS) with a chemical formula of [Ca4Al2(OH)12]·[Cl2·4H2O] and hydrocalumitehydroxide with a chemical formula of [Ca4Al2(OH)12]·[(OH)2·6H2O] both belong to the
hydrocalumite family. Hydrocalumite forms as secondary precipitates during the hydration of
fly ash and mainly presents in the hydrated cement paste [25,47]. Using the nomenclature
system of this thesis the hydrocalumite and Friedel’s salt materials will be shown by Ca-Al-X
and Ca-Al-Cl, respectively, with a Ca/Al molar ratio of 2.0. The experimental Ca/Al molar
ratio in a hydrocalumite phase might differ slightly from the ideal value of 2.0, due to the
presence of minor Ca- or Al-containing impurities in the material.



Ettringite with a chemical formula of [Ca6Al2(OH)12]·[(SO4)3·26H2O] is a well-known primary
constituent of hydration of Portland cement concrete [40,41]. Using the nomenclature system
of this thesis ettringite will be shown by Ca-Al-SO4, with a Ca/Al molar ratio of 3.0.
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2.2.1

Structure and chemistry of Friedel’s salt (FS)

Friedel’s

salt

(henceforth

referred

to

as

FS)

with

a

chemical

formula

of

[Ca4Al2(OH)12]·[Cl2·4H2O] belongs to the hydrocalumite family [Ca4Al2(OH)12]·[X2·mH2O],
where X=Cl- and m=4 [25,33,48–50]. In 1897, Friedel’s salt was mentioned for the first time by
Friedel who was performing experiments on the reactivity of lime with aluminum chloride [51].
In 1962, the ordinary Portland cement and sulfate resistant Portland cement was shown to be
capable of adsorbing chloride anions [52]. A few researchers two decades later reported that the
chloride containing cement was Friedel’s salt. FS also forms through the reaction of calcium and
alumina which are available in cementitious matrices in the presence of chloride [49].
The following are some structural features of FS. Firstly, FS is a chloro-hydrocalumite with
a chemical formula of [Ca4Al2(OH)12]·[Cl2·4H2O] and a fixed Ca/Al molar ratio of 2:1. In a study
on chromate removal by Friedel’s salt, the synthesized material was reported to match well with
Friedel’s

salt

XRD

pattern

[33].

The

sample

had

an

approximate

formula

of

[Ca3.6Al2.0(OH)11.2]·[Cl1.9(CO3)0.05·3.8H2O] with a Ca/Al molar ratio of 1.8, slightly deviated from
the ideal value of 2.0.
The second feature of a pure FS material is the chloride anion being the only host interlayer
anion. The carbonate oxyanion, if intercalated makes bi-anionic FS. A series of bi-anionic
hydrocalumite compounds with partial substitution of Cl- with CO32- in FS structure were prepared
by Mesbah [53]. The origin of intercalated-carbonate in FS can be from manual addition of Na2CO3
to the synthesis slurry [53] or from the dissolution of CO2(g) from the air [25,33]. Since this thesis,
deals with both pure FS and carbonated-FS the following labeling is used for these materials. FS
material with a chemical formula of [Ca4Al2(OH)12]·[Cl2·4H2O], a pure FS material, is called
chloro-hydrocalumite phase. The carbonated-FS phase with a general chemical formula of
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[Ca4Al2(OH)12]·[Cl2(1-x)(CO3)x·(4+x)H2O] is called chloro-carboaluminate hydrocalumite phase
[54]. The hemi-carboaluminate and mono-carbonate hydrocalumite phases terms are used for the
half-carbonated and fully-carbonated hydrocalumite phases, respectively.
Figure 4 shows a schematic representation of Friedel’s salt. FS is represented with a
chemical formula of [Ca4Al2(OH)12]·[Cl2·4H2O]. An alternative chemical formula used for FS in
literature is 3CaO·Al2O3·CaCl2·10H2O [47]. The positively-charged layers of FS are composed of
[Ca4Al2(OH)12]2+ units with an ordered arrangement of calcium and aluminum ions seven-and sixcoordinated, respectively, in a fixed ratio of 2:1. These brucite layers are shown with light gray
columns in Figure 4. The negatively-charged interlayer space with the composition of [Cl2·4H2O]2is arranged parallel to the brucite layers (seen as dark gray columns in Figure 4). This alternative
arrangement of brucite layers and interlayer space maintains the total charge of FS balanced.

Figure 4 Perspective polyhedral representation of Friedel’s salt. Reprinted with permission from [47].

The single crystal study of Friedel’s salt by Renaudin et al. in 1999, revealed more
complexity of this layered structure. Firstly, the intercalated chloride anions were bonded to water
molecules and hydrogen atoms of hydroxyl groups from layers through hydrogen bonding (see
Figure 5) [47]. Secondly, all water molecules from interlayer space were directly bonded to the
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layers through Ca atoms (no space filling water). Calcium ions in the layers were also bonded to
six hydroxyl functional groups in an octahedral unit, therefore making seven-coordinated calcium
units. This calcium unit of FS is called Ca-framework and is shown with [OH-Ca-OH].FS in this
thesis. Al ions, on the other hand, were only bonded to six hydroxyl functional groups from layers
without any direct bonding to the interlayer space, making six-coordinated aluminum units. Al
units bond to the interlayer space through hydrogen bonding (Al-O-H…Cl). Aluminum unit of FS
in this thesis is called Al-framework and is shown with [OH-Al-OH].FS. The Ca- and Alframework terminology was used by Wu as well [25].

Figure 5 Hydrogen environment of chloride anions in Friedel’s salt. Reprinted with permission from [47].

Renaudin et al. studied the phase transformation of Friedel’s salt at various temperatures
[47]. From Renaudin’s study two polymorphs were detected for Friedel’s salt; monoclinic system
(the low-temperature phase) and rhombohedral system (the high-temperature phase). The
monoclinic and rhombohedral crystal systems are called low-temperature and high-temperature
phases of Friedel’s salt. See Appendix B and C for more details on monoclinic, hexagonal and
rhombohedral crystal systems.

17

2.3

LDH synthesis

Many studies have been reported for LDH preparation by different methods in the literature
[27,47,55]. There are several approaches for the synthesis of LDHs in the literature including coprecipitation [25,30,32,55,56], the urea hydrolysis method [57,58], ion exchange [59],

the

hydrothermal method [31], mechanochemical methods [60,61] and microwave radiation [62].
Co-precipitation is the most commonly used procedure for LDH synthesis. In this method,
an aqueous solution of metals (M2+ and N3+) is added to the reactor containing the desired anion
(X) that is to be incorporated into the LDHs. M2+ and N3+ are the divalent and trivalent metals
respectively. The desired anion, can be added with the metal salt precursors (e.g., Cl- from
CaCl2·6H2O salt) or separately (e.g., CO32- added as sodium carbonate). It is necessary to provide
supersaturation condition by addition of an alkaline solution simultaneously. This will ensure the
pH control and simultaneous precipitation of metal cations and anion. In the absence of proper
supersaturation condition (poor pH control), the trivalent metal hydroxide, N(OH)3, will
precipitate. The solubility product constant of trivalent metal hydroxide is smaller than the
bivalent metal hydroxide (Ksp M(OH)2 ˃˃Ksp N(OH)3) [63].
In order to ensure the purity of the as-prepared LDHs, the use of the de-carbonated water
and nitrogen purging in the slurry during the synthesis process are necessary. The dissolution of
CO2(g) from the air in the alkaline solution can form carbonate anion (CO32-) during the synthesis
process [25,42,64]. Among all anions, carbonate is known to have a high tendency for intercalation
in LDHs. This oxyanion with a planar geometry (sp2 space group), easily intercalates into the
interlayer space and is tenaciously held between the layers [53,65]. Carbonate intercalation can
reduce the adsorption capacity of the target oxyanion [42].
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Some examples of the synthesis methods in the published literature are reviewed in this
section. Zn-Fe-SO4 LDH with sulfate in the interlayer space was prepared by the following coprecipitation process [66]; a mixed salt solution of ZnSO4·7H2O and FeSO4·7H2O (a mix of Fe2+
and Fe3+) and a 1.25 M NaOH solution, was added to a volume of water with controlled addition
rate to maintain the pH at 7.0. The resulting suspension was aged at 38 °C for 24 h. The solid was
filtered, washed and dried. The XRD analysis confirmed the formation of Zn-Fe-SO4 LDH.
Erickson in 2005, studied the preparation of an LDH with a chemical formula of
[Zn6Al2(OH)16]·[CO3·4H2O] by the urea method [58]. A mixed solution of 0.165 M Al3+ (as
AlCl3·6H2O) and 0.335 M Zn2+ (as ZnCl2·6H2O) were prepared. To this solution, 1.65 M of urea
(CO(NH2)2) was added and dissolved. Urea is an effective chemical agent in precipitation of metal
ions. The mixed solution was heated to 90 °C for 24 h, then filtered and washed several times. The
formation of the LDH product was confirmed by X-ray diffraction.
In a study by Zhang in 2003, a Ca-Al-X LDH was precipitated by the addition of calcium
hydroxide and mono-calcium aluminate to an oxyanion stock solution [56]. The stock solution
contained 10 ppm of each B, Cr, Mo, and Se oxyanions. With this synthesis method, Ca-Al-X LDH
synthesis and oxyanion incorporation processes occurred simultaneously. This is not a usual
adsorption study for LDH materials. In most LDH-related studies, the LDH is synthesized first
and then used for oxyanion removal study from synthetic water [25,33,66].
LDH materials prepared by co-precipitation methods are usually a mixture of poorly
crystalline and crystalline phases [44]. The preparation of pure single crystals of LDH materials
was performed by hydrothermal synthesis methods. In this method, the initial reactants are mixed
and exposed to heat and pressure in a silver capsule, usually for a long period [47,67,68]. Francois
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in 1998 synthesized Ca-Al-CO3 LDH with a chemical formula of [Ca4Al2(OH)12]·[CO3·5H2O]
using hydrothermal synthesis [68]. The single crystal of this carbonated-LDH was prepared as
follows; the starting powders Ca(OH)2, Al(OH)3 and CaCO3 in a 3.5:2:0.5 ratio was mixed with
water (solid/water ratio: 0.5) and loaded into a silver capsule (length 100mm, diameter 5mm,
thickness 0.1 mm) sealed under normal atmosphere. This experiment was performed over a period
of one month at 120 °C and 2 Kbar (1 mbar = 100 Pa). From single-crystal data, the structural
information such as oxygen-atom environments of Ca2+ and Al3+ cations and hydrogen bonding
network of carbonate anions in the interlayer were studied.
In a similar study, Renaudin prepared single crystals of Friedel’s salt, the Ca-Al-Cl LDH
by hydrothermal synthesis [47]. In this experimental procedure, the starting chemicals Ca(OH)2,
Al(OH)3, and CaCl2·6H2O in a molar ratio of 3/2/1 were mixed in a silver capsule for a period of
one month at 120 °C at 2 Kbar. As mentioned before in 2.2.1, single crystals of FS were analyzed
for phase transformations studies at 0 to 40 °C.
Beside co-precipitation and hydrothermal methods, a less common mechanochemical
method is used for LDH synthesis [32,61]. In contrast to the co-precipitation method, this process
involves the activation of the starting materials by only the grinding of chemicals. This method is
reported to be free from aqueous-related issues such as different precipitation rates of metals,
carbonate-free LDH formation, and pH control. Ferencz in 2015, prepared Ca-Al-OH LDH using
a mechanochemical process [61]. This method included manual grinding of aluminum hydroxide
(Al(OH)3) and calcium hydroxide (Ca(OH)2) with water (in mortar and pestle for 5 minutes)
followed by grinding in presence of NaOH solution for an additional hour. A method similar to
this was performed in a mixing mill. The precursors were put in grinding jars and mixed for an
hour (dry milling) followed by a controlled wet-milling process (addition of water/NaOH
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solution). The X-ray diffraction of products formed by two methods shows that even though LDH
could be produced by manual grinding it was clearly far from being complete (a minor phase was
formed). The initial metal hydroxide precursors were the major phases in the XRD pattern. On the
other hand, the two-step milling procedure provided adequate energy for the transformation of
precursors to Ca-Al-OH LDH.
In 2017, Fahami et al. reported a low-cost approach to the synthesis of hydrocalumite with
short processing time [69]. Specific amounts of CaCl2, AlCl3, and NaOH were milled at 30-300
minutes in a high energy ball mill under air atmosphere. The composition of the Ca-Al-LDH
product at the selected time intervals was detected using the X-ray diffraction method. Based on
the XRD pattern, a pure material Ca-Al-LDH (free from carbonate) was prepared after 30 minutes,
but the expansion of time to 60 minutes resulted in a higher crystallinity. With increasing the
milling time, the basal spacing of Ca-Al-LDH increased, and shift toward lower 2 was observed.
This was related to the carbonate insertion in the interlayer space over time. FTIR spectrum
confirmed the presence of carbonate in the prepared samples.
Another ultrasonically-enhanced mechanochemical synthesis method was used to prepare
Ca-Al-X LDHs with X: CO32-, F-, Cl-, Br- and I- [60]. The procedure was started with milling
Al(OH)3 and Ca(OH)2, with the Ca/Al molar ratio to 2, in a mixer mill. The mill was operated at
fixed ball/sample weight ratio and grinding frequency, but varying milling time. The milled
hydroxides were transferred to glass centrifuge tubes followed by addition of distilled water
containing the appropriate anions (CO32-, F-, Cl-, Br- and I-). Then, these tubes were placed into a
thermostated glass vessel, where the suspensions were subjected to ultrasound, at various
temperatures and durations. Finally, the solid materials were filtered and dried at 60 °C. The LDH
preparation was prepared under N2 purging, to avoid the intercalation of the carbonate.
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Linares et al. in 2016 reported a fast synthesis process for the preparation of a carbonatedhydrocalumite by using microwave radiation [62]. The Ca and Al nitrates were used in a basic
solution (sodium hydroxide and sodium carbonate) to prepare a gel. The gel was heated in a
domestic microwave for only 2.5 minutes. The obtained solid was washed and dried. The
characterization study by XRD method confirmed the formation of a carbonated Ca-Al-LDH and
a minor calcite phase. This method had the advantage of quick preparation compared to the
conventional hydrothermal synthesis method.
2.3.1

FS synthesis

In general, the synthesis of FS was carried out by different methods including sinteringprecipitation [25,33], co-precipitation [55], and hydrothermal methods [47]. Some of the synthesis
processes of FS are highlighted in this section.
Dai et al. in 2009, prepared FS by the sintering-precipitation process [33]. In this method,
the precursor tri-calcium aluminate (C3A) was prepared by sintering at 1400 °C followed by
preparation of FS through mixing of C3A with CaCl2 solution. The as-prepared FS was used for
the study of chromate removal from water. It needs to be mentioned that the material prepared by
Dai

was

a

carbonated

Friedel’s

salt

with

a

chemical

formula

of

[Ca3.6Al2(OH)11.2]∙[Cl1.9(CO3)0.05·3.8H2O]. The synthesized material was called pure Friedel’s salt
by Dai. However, using the naming convention used in this thesis, the material would be reported
as a chloro-carboaluminate hydrocalumite phase.
Wu et al. in 2010, used the sintering-precipitation method for a selenate removal study
[25]. The C3A was prepared by sintering of a 3:1 molar ratio of calcium carbonate and alumina at
1400 °C. In the next co-precipitation process, the synthesized C3A was slowly added to
CaCl2·6H2O in a sealed water-jacketed reactor. The milky mixture was stirred at 45 °C for 24 h.
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The slurry was filtered and the as-prepared Ca-Al LDH was washed with DI water. The material
was used for selenate removal study from water and was shown to have a high capacity for
selenate. The FS material used by Wu and prepared by sintering-precipitation method is called
Wu’s FS.sint in this thesis. The FS material prepared in this thesis by sintering-precipitation method
is called FS.sint.
Rousselot et al. in 2002, prepared FS by a co-precipitation method using decarbonated
water under nitrogen gas to avoid contamination by carbonate anion [46]. According to the
synthesis procedure, a 10 mL aliquot of a mixed solution of CaCl2 and AlCl3 was added dropwise
to a reactor with pH controlled at 11.5 by addition of 2.0 M NaOH solution. The reacting flask
(250 mL) was filled with 2:3 volumetric ratio water and ethanol. After the complete addition of
the metal solution, the slurry was aged in mother liquor for 24 h. After filtration, the solid was
dried under vacuum and stored in a desiccator. The prepared FS had a chemical formula of
Ca2Al(OH)6Cl·2H2O·0.29H2O·0.31CO2. The amount of chloride anion was reported to exactly
balance the charge of positive layers. This indicated that CO2 was physically adsorbed on the outer
surface of the crystallites rather than intercalation into hydrocalumite phase in the carbonate form.
Tóth et al. in 2014, prepared FS with two different co-precipitation methods [55]. In the
first method, the metal ion solution containing both CaCl2 and AlCl3 was added dropwise to 3.0
M NaOH solution at 60 °C. In a second modified co-precipitation method, CaCl2 solution was
added slowly to the alkaline solution containing NaOH and Al(OH)4− solutions. The carbonatefree conditions were assured by using a nitrogen atmosphere during each preparation. The
preparation of Ca-Al-Cl LDH was successful in both cases.
Jiang et al. in 2015, prepared FS by co-precipitation method to study the removal of Cr(VI)
[32]. The CaCl2 powder was dissolved in deionized water. Subsequently, Ca(OH)2 was added to
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the solution with constant stirring and ultrasonic treatment (40 KHz, 360 W) for dispersion. After
mixing, mono-calcium aluminate was added slowly with constant mixing for 20 minutes. The
mixture was sealed and transferred to a thermostatic water bath oscillator (150 RPM) at 40 °C for
72 h. The final product was filtered and dried at 65 °C in an air oven.
As explained earlier in 2.2.1, single crystals of FS were synthesized by hydrothermal
synthesis [47]. FS was prepared with mixing allocated proportions of blast furnace slag, clinker,
and sodium chloride as well [48].
2.4

Aging of LDH materials and quantification of its efficiency in minimization of LDH

dissolution
In general, co-precipitation under supersaturation conditions is associated with complex
nucleation, crystal growth, agglomeration, and breakage processes of particles. The formation of
large numbers of crystallization nuclei from the co-precipitation process may result in a material
with a low degree of crystallinity. Hydrothermal treatment and the aging process are applied on
freshly precipitated LDH materials to achieve the following [28,44,70]:
1- transform the small crystallites of LDH into coarser particles of crystalline LDH
2- transform amorphous/poor crystalline precipitates into higher crystalline LDH
Hydrothermal treatments are generally performed at temperatures higher than 100 °C,
under pressure in a silver or gold capsule or a stainless steel autoclave. A conventional aging
treatment is performed at temperatures below 100 °C. The aging process usually occurs over a few
hours or several days [27,70].
Various aging processes on LDH materials are reported in the literature with a focus on
structural studies. Aging has been shown to affect the LDH properties such as particle morphology,
particle size distribution, and the degree of crystallinity of the LDH material [28,71–73]. On the
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other hand, LDHs are known to suffer from partial dissolution in water especially at low-pH range
solutions [44]. As mentioned, the dissolution of FS in the early stages of this thesis was a big
drawback in the continuation of more adsorption tests. The correlation of an aging process to
controlling the intrinsic dissolution of LDH materials (and quantification of this control) seems a
promising research study on addressing the LDH dissolution.
In general, the aging studies on quantification of LDH dissolution control for the benefit
of using a less-soluble material in adsorption tests are not widely investigated [71]. In this thesis,
the FS material was aged after filtration from the synthesis-mother liquor and washing with DI
water for impurity removal. By applying an aging process after the synthesis process, the impact
of that aging process on the reduction of mass loss can be quantified. Some examples of aging
studies in the literature are highlighted in this section.
Xu et al. in 2006, reported the preparation of a stable homogenous suspension of Mg-AlCl LDH by fast co-precipitation followed hydrothermal treatment under various time and
temperature conditions [71]. The effect of heating duration and temperature on particle size and
dispersion of LDH agglomerates were studied. The results of this study showed that as the
treatment time increased (from 2 to 48 h), the Mg-Al-Cl LDH particle size was increased from
69±15 nm to 159±29 nm at 100 °C, indicating the particle growth over hydrothermal treatment.
The increase in temperature from 80 to 150 °C (8 and 16 h) in an autoclave almost doubled the
primary particle size of Mg-Al-Cl LDH as well. The suspension obtained after hydrothermal
treatment at 100 °C for 16 h, had a narrower particle size distribution (45-250 nm) than freshly
prepared LDH (particle size distribution of 320-2300 nm). This showed that the dispersion of LDH
agglomerates into individual particles occurs during hydrothermal treatment. From the results of
hydrothermal treatment in Xu’s work, a question naturally arises as to what extent this
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hydrothermal treatment process could have an impact on the dissolution of Mg-Al-Cl LDH
material (the product of fast co-precipitation)? If Mg-Al-Cl LDH samples (before and after
hydrothermal treatment), were used for a typical oxyanion removal study how much of each
material will be dissolved? How much of the material after hydrothermal treatment is expected to
be saved in comparison with the material before hydrothermal treatment?
Various carbonate-containing LDHs (Mg-Al LDH, Mg-Al/In LDH, and Mg-In LDH) were
prepared with separate nucleation and subsequent aging process [72]. A mixed metal solution with
Mg2+/(Al3++In3+) molar ratio 3 and a NaOH/Na2CO3 solution was simultaneously added to a
reactor rotating at 3000 RPM and mixed for 2 min. The resulting slurry was aged for 6 h at 80 °C.
The aging slurry was filtered and solid was dried at 60 °C overnight. LDH samples were calcined
at 500 °C in air for 5 h. The properties of as-prepared LDH and calcined product were studied. Xray analysis showed that the product was a well-crystallized single phase. Calcination of the LDH
materials increased the surface area (from 99.7 m2/g to 146.7 m2/g for Mg-Al/In LDH). The
calcined Mg-Al LDH with the highest density of base sites (OH- sites) showed the highest catalytic
activity for phenol loading from cyclohexane solution.
Zhao et al. in 2002, have proposed a synthesis method for Mg-Al-CO3 LDH involving
separate nucleation and aging steps [28]. The key features of this method were a rapid mixing and
nucleation process in a colloid mill followed by a separate aging process. A colloid mill is a
machine that is used to reduce the particle size of a solid in suspension in a liquid. The nucleation
process in the colloid mill was rapid and particles did not have time for aggregation of nuclei.
When the resulting mixture was aged in a separate process, well-formed crystallites with a
similarly narrow particle size range resulted. The same question regarding the effect of the separate
aging process on the dissolution of Mg-Al-CO3 LDH remains unanswered here. How much of Mg26

Al-CO3 LDH mass loss can be prevented by this separate aging process? To what extent this
separate aging process will be helpful in controlling the dissolution of Mg-Al-CO3 LDH (coming
directly from rapid mixing and nucleation) in exposure to an oxyanion removal study?
Non-conventional aging techniques such as the use of microwave and ultrasound have been
used because of their unique features compared with conventional aging processes [73]. The
microwave aging technique allows the use of the concentrated solution and reduces aging time
significantly. Aging of FS was studied using microwave irradiation or conventional heating and
by refluxing or in an autoclave with the aim of decreasing the aging times. FS material was
prepared by the co-precipitation method at constant pH and was then exposed to different
temperatures (80 °C and 180 °C) for various times (1-24 h) using either conventional or microwave
heating. Results showed that aging with microwave heating resulted in faster crystal growth while
the use of autoclave improved crystallinity as observed by X-ray diffraction. The sample with the
highest crystallinity was the aged sample obtained with microwave irradiation and autoclaving at
180 °C for 1 h. The effect of these applied aging conditions on controlling FS dissolution during a
typical adsorption study seems an interesting future work for this study.
In

summary,

the

correlation

of

all

above-mentioned

aging

studies

to

controlling/quantification of such a control of the natural dissolution of LDH materials in an
adsorption process seems a new direction for the usage of aging studies. If aging could impact the
LDH properties such as morphology, particle size, and the degree of crystallinity, to what extent
could it minimize the dissolution problem observed in the early stages of this thesis? To what
extent could an aging process assist in preparing a more stable material for an adsorption process?
With this perspective to aging process, the aging of LDH particles in the mother liquor of synthesis
process, is ignored for simplicity. The material prepared by synthesis (e. g., co-precipitation
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process) is “an unaged LDH”. The unaged LDH after treatment by an aging process is “an aged
LDH”.

2.5

Oxyanion adsorption on LDHs

LDHs have attracted attention due to their low cost and medium-high adsorption capacity for
removal of oxyanions from water-based solutions [44,74]. LDHs with a surface area (0.02-0.12
m2/g) and high thermal stability show a comparable anion exchange capacity with resins (2-3
meq/g) and a relatively higher capacity than clay materials (1 meq/g) [4,74,75]. The average
capacity of 2-5 mmol/g is reported for adsorption of oxyanions by LDHs [44].
According to the literature, the capacity of LDHs is affected by the positive charge of the
layers, the basal spacing, the nature of metal components, type of oxyanion, and competition of
other oxyanions [44]. Das, for example, showed that the partial substitution of Zr4+ by Al3+ in MgAl-CO3 LDH increased the dichromate adsorption capacity [74]. In the absence of any Zr4+, 55.5%
of dichromate was removed by Mg-Al-CO3 LDH (initial Cr6+:10 ppm, LDH dose: 0.5 g/L, pH 6,
30 °C, and 2 h). By 30% of Zr4+substitution for Al3+, under an identical experimental condition,
dichromate loading increased to 67.4%. The addition of zirconium, presumably, increased the
positive charge of the layers and thereby increased the dichromate adsorption capacity.
The removal of several harmful oxyanions by LDHs has been widely reported. Selenate
removal by LDH, however, is less studied [5,6]. Table 2 shows the reported capacity of LDHs for
variety of oxyanions reported by Goh in 2008 [44]. Arsenate shows higher adsorption with LDH
than any other oxyanion. The LDHs for this purpose is usually calcined and uncalcined M–N LDHs
where M=Mg, Ni, Ca and N=Fe, Al with various oxyanions. Calcined LDHs are prepared by
heating of LDHs. Yang described the differences of calcined and uncalcined LDHs under the same
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adsorption conditions for arsenate and selenite removal. The calcined LDHs had a higher capacity
for oxyanion loading than the uncalcined materials [64].
Table 2 LDH capacity for oxyanions [44]
Oxyanion
Capacity
(mg/g)
Capacity
(mmol/g)

2.5.1

Arsenite

Arsenate

Chromate

Phosphate

Selenite

Borate

Nitrate

0.1-87.5

5-615

9-160

7.3-81.6

29-270

14-20

2.3-4.6

0.00093-0.82

0.035-4.4

0.077-1.4

0.076-0.86

0.23-2.1

0.24-0.34

0.037-0.074

Selenate and selenite adsorption with different LDHs

As the focus of this thesis was selenate removal, the removal of selenium oxyanions (both selenate
and selenite) from water by different LDHs is covered in this section. Most of the LDHs used for
adsorption studies were prepared with the co-precipitation method.
The type of LDHs used (M-N-X), selenium concentration range, and adsorption capacity
are summarized in Table 3. The common metal ions used for LDH preparation in Se-adsorption
studies are divalent and trivalent transition metals such as Ca2+/Mg2+ and Fe3+/Al3+. In some
studies, however, Zr4+ was used to prepare mixed LDHs. All the samples provided in Table 3 have
M/N molar ratio of 2.0, except one example (Mg-Al-Cl LDH) which was prepared by M/N molar
ratio of 2.0 and 4.0 [42].
You, et al. in 2001, prepared a series of Mg-Al-Cl and Zn-Al-Cl LDHs using the coprecipitation method for selenite and selenate adsorption studies [42]. The time-dependent
adsorption process, pH effect, and competing anions effect were studied. Adsorption experiments
with the L/S ratio of 250, pH 9, 12 h of shaking, and ppm concentration were applied (see Table 3
for feed properties). In addition, the M/N molar ratio effect was studied by changing the Mg/Al
ratio from 2-4. As is shown in Table 3, selenite adsorption with Mg-Al-Cl LDH is higher than ZnAl-Cl LDH. Maximum loading of selenite on Mg-Al-Cl LDH and Zn-Al-Cl LDH was 118.4 and
98.7 mg Se/g respectively. This finding shows that the type of LDH generally affects the
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adsorption capacity for a specific anion. The metals composing the layers affect the thickness of
layers, basal space, and charge density of layers, resulting in, different affinities of LDHs for
selenite. The adsorption of selenate from 0-180 ppm selenate feed solution (0-1.27 mM Se) was
studied with Zn-Al-Cl, Mg-Al-Cl (Mg/Al ratio: 2 and 4) LDHs. Results showed that the adsorption
behaviors of selenite and selenate on Zn-Al-Cl and Mg-Al-Cl (Mg/Al ratio of 2) LDHs are similar.
The capacity of Mg-Al-Cl (Mg/Al ratio: 4) for selenate, however, was slightly lower than for that
selenite. Mg-Al-Cl (Mg/Al ratio: 4) has a lower portion of aluminum cations in the brucite layers
than Mg-Al-Cl (Mg/Al ratio: 2), thus resulting in lower positive charge density in layers and lower
loading for selenate.
Das et al. in 2004, studied selenite adsorption with Zr4+ substituted Mg-Al-CO3 and ZnAl-CO3 LDHs [74]. The (Al+Zr)/Zn and (Al+Zr)/Mg were prepared by the co-precipitation
method. The LDHs were calcined in air at 450 °C for 5 h. The calcined LDHs were kept in a
desiccator over CaCl2. The adsorption of selenite and dichromate was studied with prepared LDHs.
Selenite adsorption with Mg-Al-Zr (30% of Zr substitution for Al3+), showed 29 mg/g maximum
loading and the results were fitted to the Langmuir model. This value is very close to values
reported for the uncalcined Mg-Al-CO3 (29 mg/g). The capacity of LDHs for selenite removal is
reported to be 29-270 mg/g (Table 2). The zirconium incorporation in the Mg-Al LDH (30% of Zr
substitution for Al3+) increased the adsorption of dichromate from 55.5% to 67.4% (11.1 and 13.5
mg/g respectively). A similar increase in adsorption was observed when 10% of Zr was substituted
for Mg2+ (a 63.0% increase compared to zero-Zr incorporation). The zirconium incorporation
increased the surface area up to 30%. The increase in capacity may also be related to the increase
in the positive charge of the layers.
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Table 3 Different LDHs used for selenite and selenate removal
LDH type
(M-N-X)
Mg-Al-Cl
Zn-Al-Cl

Feed concentration
0-1610 ppm selenite/0-12.7 mM Se

Mg-Al-Cl a
Zn-Al-Cl b
Mg-Al-Cl *c

0-180 ppm selenate/0-1.27 mM Se

Zr-Mg-Al-CO3
(calcined at 450 °C)

402 ppm selenite/3.17 mM Se

Mg-Fe-CO3
(uncalcined)

50 ppm selenite/0.39 mM Se

Zn-Fe-SO4
Mg-Al-CO3

50 ppm selenate/0.35 mM Se

Mg-Al-CO3
Ca-Al-OH
Ca-Al-SO4
Ca-Al-Cl
(Friedel’s salt or FS)
*Mg/Al ratio: 4

0.01-0.3 ppm selenite/7.88X10-5 2.36X10-3 mM Se
20.94 ppm selenate/0.15 mM Se
1086 ppm selenate/7.6mM Se

Loading of Se (mg Se/g)

Reference

118.4
98.7
a, b
Selenate loading similar
to selenite capacity
c
Selenate loading lower
than selenite capacity

You,
2001[42]
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Das, 2004[74]

Temperature
30 °C=2.92
50 °C=2.22
60 °C=1.69
Loading after 60 minutes:
9.76 mg Se/g
4.5 mg Se/g
0.140 mg Se/g calcined
0.07 mg Se/g uncalcined
0.50 mg Se/g
0.43 mg Se/g
108 mg Se/g
1.37 mmol/g

You,
2001[42]

Das, 2002[76]

Hongo,
2008[66]
Yang,
2005[64]
Zhang,
2003[56]
Wu, 2010[25]

Das et al. also studied the removal of selenite with Mg-Fe-CO3 LDH [76]. The LDH
material was synthesized with the co-precipitation method using the sodium hydroxide and sodium
carbonate addition. No calcination process was applied and adsorption with uncalcined Mg-Fe
LDH was performed. The effect of the initial pH on adsorption showed that loading increases as
pH decreases. Figure 6 shows that selenite removal increased as pH decreased. The effect of
temperature (30-60 °C) on the capacity of Mg-Fe-CO3 for loading of selenite was also studied (see
Table 3, Mg-Fe-CO3 uncalcined). As the temperature decreased, the maximum loading of selenite
increased. This was related to the exothermic nature of the ion exchange process in agreement with
the calculations of standard enthalpy changes (∆H°).
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Figure 6 Adsorption of selenite by Mg-Fe-CO3 LDH as a function of initial pH (selenite 50 ppm, LDH dose
1 g/L). Reprinted with permission from [76]

A Zn-Fe-SO4 LDH with sulfate as the interlayer anion was prepared by Hongo to study the
removal of selenate and some other oxyanions [66]. The Zn-Fe-SO4 affinity for adsorption of
selenate from 50 ppm feed solution at L/S 200 and 1 hour of shaking was studied at pH 2.3-14.
The phosphate had the highest adsorption percentage (~100%). The removal of selenate was higher
than chromate and arsenate oxyanions (9.76 mg Se/g). Borate showed the lowest adsorption
percentage (~10%) and fluoride was not removed. Adsorption affinity of Zn-Fe-SO4 for oxyanions
was compared with Mg-Al-CO3 LDH. The intercalated carbonate in Mg-Al-CO3 LDH was
interfering with the removal of oxyanions. Zn-Fe-SO4 LDH was a more efficient adsorbent than
Mg-Al-CO3 LDH, for removal of phosphate, selenate, and chromate oxyanions.
Yang et al. studied the removal of selenite and arsenate with calcined and uncalcined MgAl-CO3 [64]. The LDH was prepared with the co-precipitation method using Mg(NO3)2.6H2O,
Al(NO3)3.9H2O and Na2CO3. A selenite solution of 10-200 ppb with the initial pH of 4.2 to 5.4
was shaken with the LDH at 150 RPM for 5 days. The effect of the initial pH, adsorbent dosage,
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and the presence of competitive anions on selenium adsorption was studied. The loading of selenite
(mg/g) is shown in Table 3. Selenite adsorption with Mg-Al-CO3 LDH was temperature dependent
for calcined Mg-Al but independent for uncalcined Mg-Al-CO3 LDH. Calcined Mg-Al showed
higher capacity than uncalcined Mg-Al-CO3 LDH for both selenite and arsenate. Calcined material
had a higher specific surface area than the uncalcined material, as well. FTIR studies also showed
that there is less intercalated-carbonate in layers of calcined LDH. Calcination also affects the pHdependency behavior of the oxyanion’s adsorption. Selenite adsorption with uncalcined Mg-AlCO3 LDH decreased as pH increased over the initial pH range 4-10. However, adsorption with
calcined Mg-Al was constant at pH 4-10.
Zhang et al. in 2003, studied the removal of selenate, borate, molybdate, and chromate with
hydrocalumite-hydroxide with a chemical formula of [Ca4Al2(OH)12]·[(OH)2·6H2O] and ettringite
with a chemical formula of [Ca6Al2(OH)12]·[(SO4)3·26H2O] [56]. The incorporation of these
oxyanions into both LDH materials was studied by directly precipitating LDH materials from a
solution containing low concentrations of the oxyanions (initial solution pH 12.5). The selenate
uptake by hydrocalumite was larger than that by ettringite (see Table 3). In his work,
hydrocalumite reduced Se concentration from 11.57 ppm to <0.100 ppm (L/S 44:1) over a 1-day
adsorption test (99.1% removal). Under similar conditions (L/S 40:1), 1.81 ppm Se remained in
the solution after adsorption with ettringite (84.3% removal).
Baur et al. in 2003, studied the removal of selenate and selenite by ettringite and
monosulfate materials [40,41]. Ettringite and monosulfate are sulfate-containing LDHs with a
chemical

formula

of

[Ca6Al2(OH)12]·[(SO4)3·26H2O],

and

[Ca4Al2(OH)12]·[SO4·8H2O]

respectively. The sorption isotherm for selenate and selenite oxyanions was determined on 390
ppb<Se total<789 ppm (L/S 520) after shaking for 30 days. Selenite was adsorbed by surface
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reactions, and for ettringite, a sorption maximum of 0.03 mmol/g was determined. The selenate
amount adsorbed on LDH/amount in solution in the equilibrium was 0.03 and 2.06 m3/kg with
ettringite and monosulfate respectively.
2.6

Oxyanion adsorption on FS

FS was used for removal of selenate oxyanion from solution by Wu (Reaction 2) [25]. Wu et al.
proposed using this chloride containing LDH for selenate removal. According to his study, the
kinetics of selenate adsorption was very fast and a large amount of selenate was rapidly adsorbed
over a wide pH range of 4-10. The adsorption of selenate from 0.25, 1.25, and 5 mM selenate feed
solutions (19.7, 98.7, and 395 ppm Se) with 2.0 g/L FS (L/S 500) was 98, 82, and 48% in
accordance with 9.5, 40.3, and 94.7 mg Se/g capacity. The highest practical capacity for selenate
loading at an initial pH of 8 was reported to be 108 mg Se/g equal to 1.37 mmol Se/g at 7.6 mM
Se feed solution (600 ppm Se). This loading was lower than the theoretical capacity of pure FS
(140.5 mg Se/g or 1.78 mmol/g), likely due to the LDH contamination with carbonate. It will be
more accurate to compare the experimental loading to the theoretical capacity of carbonated-FS
(as Wu was not dealing with pure FS). The exact carbonate content was not reported by Wu,
however, the FTIR peak at 1442 cm-1 was reported as possibly being due to an anti-symmetric
stretching vibration of carbonate. Wu related the carbonate content to the CO2(g) capture from the
air during the FS synthesis. FS showed the highest adsorption capacity among all LDH materials
studied (see Table 3). Selenate elution from Wu’s FS.sint. was studied with 0.1 M sodium chloride
solution (70-80% recovery). In Wu’s paper, no dissolution data was reported while the dissolution
of Ca2+ and Al3+ ions as a result of the buffering capacity of the material was mentioned (see 5.3.1).
Therefore, some degree of mass loss in the final mass of Wu’s FS.sint. was observed by Wu. It is
unclear if the actual final mass of Wu’s FS.sint. was used for a maximum capacity of 1.37 mmol
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Se/g. LDH materials are generally unstable at low pH region (metal ions hydration in acidic
solutions), and therefore the dissolution data for low pH studies are even more crucial [44].
FS was studied for chromate removal [32,33,48]. The sintering-precipitation method was
used to prepare FS to study Cr(VI) removal from 32 to 600 ppm Cr solution. Cr(VI) was effectively
adsorbed by FS in the initial pH range of 4-10. The maximum adsorption of Cr(VI) 1.3-1.4 mmol/g
was reported to be similar to the selenium capacity reported by Wu (1.37 mmol/g) [33].
2.6.1

Gaps in the literature regarding LDH dissolution report during oxyanion adsorption

studies
The chemical and mechanical stability of an adsorbent in an IX process is a key property if the
adsorbent is used industrially. The LDHs are partially soluble and the dissolution of LDHs during
adsorption studies are not reported as a challenge for industrial use [44,57]. Many laboratory
adsorption studies that used LDHs synthesized with metals such as Ca, Al, Zn, Cr, Ni, Mn, Co,
Cu, Cd, etc., did not report the metal ions dissolution data [25,44,77]. However, LDH dissolution
as an inherent feature of these materials can be critically high under harsh experimental/industrial
conditions (e.g. highly acidic solutions of acid mine drainage) [44]. Goh et al. in a review paper
published on LDH materials state that “If the precursor metals in the brucite-like sheets are to be
released into the solution, it would be important to ensure that they exist below the levels harmful
to the environment, or otherwise the LDHs should be free of toxic metals. Though some of the
precursor metals are not currently regulated, they potentially pose a health concern if used for
drinking water treatment” [44]. Based on British Columbia (BC) water quality criteria, the
concentration of dissolved aluminum in freshwater aquatic life, should not exceed 0.10 ppm when
the pH is greater than or equal to 6.5 (maximum at any time) [78]. A drinking water quality
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criterion for aluminum is recommended to be 0.2 ppm dissolved aluminum (maximum at any
time).
In addition to what Goh mentioned in his paper, we emphasize that if the precursor metals
in the brucite-like sheets are to be released into the solution, then it would be important to measure
and report the dissolution data. In summary, it is important to know how much of LDH mass is
lost in an adsorption experiment; note that metal ions dissolution results in material loss.
Therefore, more dissolution minimization studies on LDH before and during adsorption
tests are needed in this field. In addition to the environmental concerns, an ion exchanger with the
possibility of significant mass loss during adsorption is not considered an efficient and feasible
material in the engineering field. The polymeric resins have been frequently used in industrial
plants with minimal material loss concerns for decades [24].
In comparison with a polymeric resin, in which the polymeric matrix is constructed with
strong crosslinks and is essentially insoluble, LDHs are constructed of the positively charged
brucite layers and negatively charged interlayer regions (see Figure 3). The positive charge of
layers is balanced with a negative charge from interlayer space. The anions and water molecules
in the interlayer space facilitate hydrogen bonding between the layers, which is weaker than
covalent crosslinks in the resins. As shown in the bottom of Figure 3, the metal ions are located in
the octahedral units. Any crystalline defects in these octahedral units (e. g., lattice vacancies,
substitution by impurity atoms, or dislocations in hexagonal units), can contribute to a less stable
structure in which metal ions are more susceptible to release from the layers into solution.
While solubility data at equilibrium for LDHs can be helpful in understanding the
dissolution behavior of these materials, the dissolution of LDHs during oxyanion adsorption
studies is also of great importance [63]. In a solubility study on pure Friedel’s salt, the solubility
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product of material was studied as follows: the solid was dispersed in decarbonated DI water for
180 days at 20 °C [49]. The slurry was filtered and the solution composition was analyzed by ICP.
The equilibrium concentration values were calculated to be 9.03 mM Ca2+, 4.87 mM Al3+, 4.92
mM Cl-, and 10.51 mM OH- (average of four experiments). The solubility product constant (Ksp)
of pure FS was calculated to be 10-27.10 using Ksp=[Ca2+]4[Al(OH)4-]2[Cl-]2[OH-]4. As seen, the
time required reaching equilibrium for Ksp calculations for Friedel’s salt was 180 days. This time
is significantly longer than the usual time an LDH material is exposed to water in an adsorption
process. Therefore, the metal ions concentration values obtained from Ksp values, will not be
accurate estimates of metal ions concentration in adsorption experiments. In another study
performed by Gácsi et al., Ksp of hydrocalumite-hydroxide with a chemical formula of
[Ca4Al2(OH)12]·[(OH)2·6H2O] was estimated to be 10-11.4 and 10-12.1 at 25 and 75 °C, respectively
[79]. In this study, Ksp was calculated from hydrocalumite-hydroxide precipitation in an aqueous
mixture of NaOH, Ca(OH)2 and NaAl(OH)4. The equilibrium constant expression for
hydrocalumite-hydroxide is [Ca2+]2[Al(OH)4-][OH-]3. The concentration of Ca2+ dissolved from
hydrocalumite-hydroxide in a typical adsorption process, will not be necessarily the equilibrium
concentration values obtained by Gácsi. Equilibrium and adsorption studies have two different
experimental conditions. The dissolution values for adsorption tests are expected to be lower than
the equilibrium values, as the dissolution of metal ions to reach equilibrium usually needs a long
period of time (e. g., 180 days for FS).
Although many studies have been conducted on the removal of oxyanions from wastewater
by LDH materials, relatively little attention has been focused on the significant issue of dissolution
of the adsorbent and the potential for secondary contamination of the wastewater. Ferreira reported
that magnesium ion release from Mg-Al-NO3 and Mg-Fe-NO3 LDH was pH-dependent [80]. The
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amount of Mg2+ released from the LDHs increased with decreasing initial pH as is expected for
LDH materials. In addition, it was shown that the type of trivalent metal ion in LDH affects the
dissolution of Mg2+ from these LDHs. The amount of Mg2+ released from Mg-Fe-NO3 LDH was
smaller than from Mg-Al-NO3 LDH.
Zhang in a study on removal of various B, Cr, Mo and Se oxyanions by hydrocalumite or
ettringite stated that “the most important limitation in using these calcium aluminate phases to
control contaminant oxyanion levels in water is pH” [56]. A high pH condition must be maintained
in a disposal or treatment environment (pH 12.5 was used) because of the instability of
hydrocalumite and ettringite at low pH values. Zhang did not report the dissolution data of
hydrocalumite or ettringite during oxyanion adsorption at pH 12.5 (and low pH values). This still
represents uncertainty in what one should expect for hydrocalumite or ettringite loss at any
oxyanion adsorption test performed at pH 12.5. It was wise to report a dissolution value for at least
selected pH of 12.5?
Yang in a study on selenate and arsenate removal by Mg-Al-CO3 LDHs reported a mass
loss at pH lower than 4 using the ICP-MS analysis of solutions [64]. Mg2+ and Al3+ ions were
present in the final solutions. However, again, no quantitative mass loss data was reported for MgAl-CO3 LDH over a wide experimental pH range of 4-10. Das in a study on selenite removal by
Mg-Fe-CO3 LDH gives us a similar hint on mass loss from LDH [76]. As the presence of Mg2+ in
solution at pH lower than 6 was reported by solution analysis, pH 6 was used for experiments.
Again, it is not reported how much of Mg-Fe-CO3 LDH mass was dissolved at pH<6, or even more
importantly, how much of this LDH dissolved at the selected pH of 6. Was the dissolution of MgFe-CO3 LDH, nil or significant at pH 6?
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As mentioned Friedel’s salt was used by Wu [25], and Dai [33], for selenate and chromate
removal, respectively. In neither of these adsorption studies was the actual mass loss of FS for
each individual adsorption experiment reported. Wu’s study lacks the dissolution data for FS
during the selenate adsorption tests [25]. It is not reported how much of FS dissolves under L/S
500 and pH 8 experimental conditions that were used. The Ca and Al ions dissolution at various
pH values were attributed to a buffering capacity of FS (explained in 5.2), however, the dissolution
data were not provided.
In Dai’s study, the initial pH impact on dissolution is reported; a high dissolution of FS
material at pH 6 was reported (data not provided) and therefore an initial pH 10 was selected as
the optimum value [33]. The chromate adsorption tests were performed at an initial pH of 10, L/S
250, 25±1 °C, 150 RPM agitation rate and 24 h with Cr(VI) feed solutions of 0.1-8.0 mM. The
optimization of other adsorption variables (especially L/S) for mass loss considerations of FS was
not reported. The concentration of Ca in the solution for these adsorption tests was reported to be
1-2 mM. On the other hand, a series of fixation stability tests were performed using the chromateloaded FS. The fixation stability of chromate tests was designed to measure the chromate release
form chromate-loaded FS under various initial pH conditions (pH 4-10). The Ca and Al
concentration an initial pH 10 was reported to be 1-2 mM and 0.1-0.2 mM, respectively. The
leaching data of Ca and Al from chromate-loaded FS were called “unpublished data” in Dai’s
study [33].
As seen, in Dai’s study [33], similar to many LDH related studies, the metal precursor
dissolution from FS, was only addressed by avoiding the low pH region [44]. It seems that the
metal ions dissolution during adsorption is considered a natural property of these materials and not
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a barrier to their effective application. No effort on optimization of other adsorption variables for
lowering the FS dissolution was reported.
In an attempt at minimization of adsorbent dissolution Baur et. al, in 2003, recommended
the use of pre-saturated LDH solutions [40]. LDH materials used were ettringite and the
monosulfate

LDH

with

chemical

formulas

of

[Ca6Al2(OH)12]·[(SO4)3·26H2O]

and

[Ca4Al2(OH)12]·[SO4·8H2O], respectively. The pre-saturated solutions were prepared by
equilibrating suspensions of ettringite and the monosulfate LDH (0.7 g L-1 ettringite and 1.1 g L1 monosulfate) for 7 days at 25 °C using a rotary shaker (150 RPM). The selenium oxyanion was
added later to this suspension for oxyanion removal studies. Here, it is not clear how much of
ettringite and monosulfate LDH mass losses were prevented by the application of this pretreatment procedure. However, it is also unknown how serious the extent of metal ions release into
solution is either, and therefore whether the effluent is at all suitable for discharge or would have
to be further treated. On the other hand, the author of this paper mentioned that the dissolution was
needed to be minimized. This implies that the original dissolution was a problem and the effluent
was not safe for the discharge.
In summary, the LDH mass losses during adsorption tests and studies related to the
reduction of dissolution before adsorption have not reported. For an ion exchange process, one of
the most important considerations is the adsorbent stability. The solubility product data (Ksp)
provided for LDH materials in literature can be considered in adsorption experiments. However,
it is important to provide the actual dissolution data for LDH materials used in adsorption studies,
simply because the adsorption tests can be run under non-equilibrium conditions. The collection
of actual mass loss data for LDH materials will be a helpful database for the usage of these
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materials for any industrial plant design. In this thesis, FS mass loss for every individual adsorption
test is reported.
In an attempt to minimize LDH dissolution before a typical adsorption process, various
strategies including conventional aging or hydrothermal treatment processes can be applied [70].
In most of LDH studies, the impact of aging (separate from synthesis process) on minimization of
dissolution is not quantified [44,70]. In general, aging and hydrothermal treatments are potentially
applicable treatments for the purpose of dissolution minimization [44,70]. In this thesis, the usage
of one optimized aging condition for minimization of FS dissolution is developed.
2.7 Objectives of research
The removal of selenate from wastewater is currently a significant issue affecting many industries
and more research and focus on this particular field is required. The general objective of this work
was to study selenate removal from water with the ion exchange method. Friedel’s salt (FS) from
the layered double hydroxide family was selected as an ion exchange material in this research since
this material has been reported to have high capacity and fast loading kinetics [25]. It was found
early in this work that FS exhibits significant dissolution in water during selenate removal studies.
This behavior limits the use of FS for water treatment in industrial plants so another general
objective was to minimize the dissolution of FS to make it more suitable for selenate removal.
In fact, this thesis targets the study of selenate adsorption by FS with a consideration of
the FS dissolution issue. The specific objectives are divided into three parts as follows;
Part one: synthesis, characterization and carbonate minimization of FS during synthesis
The first objective was to see if incorporation of carbonate into FS from the air in the coprecipitation process could be minimized by use of a nitrogen atmosphere in the experimental FS
preparation. Carbon analysis was used to determine carbonate content.
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Part two: an investigation into the structure to minimize dissolution by the aging process
The second objective was to investigate and minimize FS dissolution by an aging process
before studying anion adsorption. The phase transformation of the material was studied by QXRD
analysis.
The third objective was to investigate the minimization of FS dissolution during studies of
anion adsorption in a simulated industrial wastewater matrix by using a non-saturated calcium
hydroxide solution.
Part three: optimization of selenate loading in association with minimization of dissolution
of FS. Mass loss was reported for all selenium loading studies. The effects of competing ions
commonly present in industrial plant solutions were studied.
The fourth objective was to investigate the maximization of FS capacity by a calcination
process.
The fifth objective was to measure the selectivity of selenate adsorption over sulfate and
carbonate oxyanions as the industrial wastewaters frequently contain high concentrations of both
of these anions. The interference of carbonate anion was studied for both added carbonate
oxyanion in the feed solution and intercalated-carbonate during synthesis.
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Chapter 3: Experimental
3.1

Materials and equipment

3.1.1

Chemicals and reagents

Deionized (DI) water used for all the experiments, including co-precipitation, aging, adsorptionsimulation, and adsorption. The water was boiled for 10-15 minutes for decarbonation, cooled
under nitrogen gas purging and stored in a sealed container before use.
Reagents and analytical grade materials were obtained from commercial suppliers and used
without further purification. Certified calcium chloride hexahydrate (CaCl2∙6H2O), certified
sodium hydroxide (NaOH) 0.995-1.005 M, and Na2SeO4 salt (99.8% purity) were purchased from
Fisher Scientific. Carbonate-free sodium hydroxide was purchased from Electron Microscopic
Sciences. Reagent grade aluminum chloride hexahydrate (AlCl3∙6H2O) was purchased from the
Alfa Aesar Company. Certified A.C.S. grade calcium carbonate (CaCO3) with 99.88% purity and
-alumina (Al2O3), with 99.85% purity and 150 nm particle size were purchased from Fisher
Scientific and Inframat Advanced Materials, respectively. The analytical standard solutions of
calcium, aluminum, sodium, and selenium were purchased from Fisher Scientific.
3.1.2

Experimental and instrumental equipment

For the synthesis of FS, the following equipment was used: A 4-neck water-jacketed reactor
(designed and supplied by Cansci Glass Company) was used for the co-precipitation experiments.
High-Na tolerance pH probes designed by Cole-Parmer and a pH meter/controller (model number
501-3400) manufactured by Barnant Company were used for pH measurements and control.
Masterflex Cole-Parmer pumps and Tygon tubing (compatible with alkaline solutions) were used
for reagent injection into the reactor. Industrial nitrogen gas (99.99% purity) was used for purging
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nitrogen into the solution. The Pyrex glass container, polypropylene plastic (PP) and high-density
polyethylene (HDPE) containers were used in adsorption tests.
A Thermo Scientific shaking water bath (model number SWB25) and a water bath (model
Grant JB Nova), IKA heater-stirrer (model C-MAG H57 digital) was used for adsorption and aging
experiments. Nalgene filter units, FluoroporeTM filter membranes (0.45 m alkaline compatible),
SARSTEDT centrifuge tubes, and syringe filter heads were used for slurry filtration. An oil-sealed
vane vacuum pump, liquid nitrogen trap, and a desiccator were used for drying solids. Pyrex glass
container was used for aging and adsorption tests.
3.1.3

Analytical equipment for characterization

The synthesized FS materials were identified with Multiflex 2kW X-ray Diffractometer (XRD).
The morphological images were recorded with scanning electron microscopy (SEM) technology
using a HITACHI S3000N secondary electron beam detector. The Malvern Mastersizer 2000 was
used for particle size distribution analysis (PSD) of FS samples. A LECO analyzer at the ALS
Geochemistry laboratory located in North Vancouver was used for carbon analysis of FS samples.
CoK radiation on a Bruker D8 Advance Bragg-Brentano diffractometer equipped with Fe
monochromator foil was used for quantitative X-ray diffraction (QXRD). Inductively coupled
plasma optical emission spectrometry (ICP-OES Varian 725-ES Optical Emission Spectrometer)
and inductively coupled plasma mass spectrometry (ICP-MS Agilent 7700x) were used for
selenium, calcium, aluminum, and sodium analysis in solution.
3.2

FS synthesis by co-precipitation method at constant-pH under partial nitrogen

purging (unaged-FS synthesis)
DI water used for all synthesis experiments was decarbonated by purging nitrogen gas for 10-15
minutes. The Ca-Al metal mixture solution was prepared with CaCl2.6H2O (0.66 M) and
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AlCl3.6H2O (0.33 M) dissolution in decarbonated DI water. The total metal concentration was
adjusted at 1 M with calcium to an aluminum molar ratio of 2:1. A solution of 1 M sodium
hydroxide was used for pH adjustment and pH was monitored and controlled using the pH
meter/controller. The mixed metal solution and the sodium hydroxide solution were separately
purged with nitrogen gas for 20 minutes before addition into the reactor.
Figure 7 shows one of the co-precipitation equipment arrangements for the preparation of
FS. The mixed metal and sodium hydroxide solutions were added to the 4-neck water-jacketed
reactor containing water with an initial pH of 12.1 at adjusted rates. It is necessary to carry out the
synthesis under conditions of supersaturation, to ensure the simultaneous precipitation of metal
ions. The supersaturation condition can be reached by careful pH control. The pH of slurry during
synthesis must be maintained at higher than or equal to the one at which the most soluble hydroxide
precipitates [27]. The pH was controlled at a set value of 11.3 by the addition of 1 M sodium
hydroxide. The slurry was mixed at a high stirring rate and the addition was continued. Once the
pH dropped to less than 11.3, the sodium hydroxide pump turned on automatically, increasing the
pH to the target value. Peristaltic pumps and alkaline-resistant Nalgene tubing were used for
pumping the sodium hydroxide solution from the bottle to the reactor. The pumping rate was
adjusted with the speed controller. Under constant-pH conditions, metals and sodium hydroxide
solutions were mixed for 72 hours at a high stirring rate. The temperature was controlled at 30 °C
with the water bath. Nitrogen gas was purged into the reactor for the whole experiment (average
0.5 L/min).
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Figure 7 Co-precipitation experimental arrangement for precipitation of FS at the constant-pH method
under partial nitrogen purging.

The white slurry formed during synthesis was filtered with a 3.0 m Fluoropore TM filter
membrane (alkaline compatible) using pressure filtration. No nitrogen gas was purged during the
filtration process. The solid was washed with cold water and dried in an oven at 100 ºC exposed
to air. The clear filtrate was collected, the final pH was recorded, and the solution was analyzed
with ICP-OES for Ca, Al, Na concentrations. The solid was characterized by XRD, SEM, QXRD,
PSD, and ICP-OES analysis. A large amount of FS sample was collected by replication of this coprecipitation process in the laboratory. The nitrogen purging method applied in this procedure is
called a partial nitrogen purging method. In this method, nitrogen purging is limited to the slurry
mixing during the synthesis process. No effort was done to isolate the wet sample from the air
during the following filtration, washing, and drying processes.
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3.2.1

The labeling system of FS samples prepared by partial and complete nitrogen

purging method in the co-precipitation process
The carbonate oxyanion (CO32-) is present in alkaline solutions due to the dissolution of CO2(g)
from the air. The carbonate oxyanion is known to intercalate easily in LDH composition and lower
the oxyanion adsorption capacity [44,64]. Therefore, the co-precipitation method performed under
partial nitrogen purging (Figure 7), was modified to determine if the carbonate loading from
solution during synthesis could be better controlled.
In general, the nitrogen gas purging in the co-precipitation process was performed in two
different ways. Table 4 describes each method, the name of the product obtained by each method,
and also highlights the main differences between the two methods in terms of nitrogen purging.
The two nitrogen purging methods are called “partial nitrogen purging” and “complete nitrogen
purging” methods.
Table 4 Similarities and differences of the partial and complete nitrogen purging methods in the co-precipitation
process (decarbonated DI water used for all synthesis tests)

Reactor
purging

Chemical
purging

Slurry
transfer
under
positive
pressure

Partial N2(g)
purging

Yes

Yes

No

Yes/No

Oven dried
in air
(100 °C)

Unaged-FS

Complete N2(g)
purging

Yes

Yes

Yes

Yes/Yes

Desiccator/
drying under
high vacuum

Modified
unaged-FS

Filtration with
positive pressure
/ Head-purging
to the filter unit

Drying
method

Product name

In the partial nitrogen purging method, the mixed metal solution was purged with nitrogen
gas 20 minutes before addition into the reactor (see Figure 7). The carbonate-free sodium
hydroxide solution was used for the partial nitrogen purging method. The headspace of the sodium
hydroxide bottle was purged with nitrogen gas for the duration of the synthesis step. Nitrogen gas
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purging was maintained during the synthesis process. The slurry was filtered using nitrogen gas
pressure otherwise the filtration process was extremely slow. However, no effort was made to
exclude air during the filtration process. The wet solid was dried in an oven at 100 C. As
mentioned, the FS sample prepared by partial nitrogen purging is called “unaged-FS”. An adequate
portion of unaged-FS (~150 g) was collected by the repetition of several batches of co-precipitation
synthesis under partial nitrogen purging.
The complete nitrogen purging method was the most complete nitrogen purging method
that could be applied using available laboratory equipment. Similar to partial nitrogen purging the
carbonate-free sodium hydroxide solution was used for complete nitrogen purging. Figure 8 shows
the experimental set up used in complete nitrogen purging in details.
Use was made of the nitrogen positive pressure to transfer the slurry into the Nalgene
filtration unit. The Nalgene unit receiver was purged with nitrogen during filtration. The solid was
washed with cold DI water under nitrogen purging. After filtration, the filtration unit was opened;
solid was collected on a watch glass and transferred to the desiccator quickly.

Figure 8 The complete nitrogen purging method filtration set-up (slurry transfer and filtration of FS under a
nitrogen atmosphere).
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Drying was carried out under vacuum using an oil-sealed pump. Figure 9 shows the drying
setup. Wet solid collected from the filtration step was put in the desiccator over CaCl2 granules,
NaOH pellets and silica in order to avoid adsorption of CO2(g) and moisture from the atmosphere.
The desiccator under the vacuum was connected to a glass trap which was immersed in a liquid
nitrogen Dewar flask. The glass trap from the other side was connected to an oil-sealed vacuum
pump. All moisture removed from FS passed through liquid nitrogen and were condensed as ice.
Overall weight loss of 62.5% was recorded after 18 h. The completely dry sample was collected
and analyzed.

Figure 9 The complete nitrogen purging method drying set-up (vacuum pump, liquid nitrogen trap, and
vacuum desiccator used for drying).

The product of the complete nitrogen purging process is called “modified unaged-FS”. The
unaged-FS and modified unaged-FS samples were analyzed by carbon analysis to measure the
carbonate contents of samples. In general, the unaged term was selected for all products of coprecipitation process to differentiate them from the products of additional aging processes.
Therefore, unaged-FS and modified unaged-FS are the direct products of co-precipitation
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processes with no aging treatment applied to them. The FS term is still used if it refers in general
to Friedel’s salt material.
3.2.2

Sintering-precipitation method; FS.sint. preparation
The sintering-precipitation method was the early method used in the laboratory for

preparation of FS. The experimental conditions reported by Wu were used [25]. This method was
comprised of two individual steps: C3A synthesis and FS precipitation.
In the first step, C3A was synthesized by the sintering of calcium oxide and alumina pellets
at 1400 °C in a Pt crucible. Micropyretics Heater International Inc. (MHI) furnace was used for
sintering of samples at high temperatures. For the preparation of pellets, a press machine (Instron
model 3369), steel dye, and ball mill were used.
Sintering-grinding-pellet-making cycles were repeated until lime content was lowered to
<0.6% [81]. In the next step, FS was synthesized with the addition of C3A to the CaCl2·6H2O
solution in the water-jacketed reactor [25]. The mixed suspension was aged at 45 °C for 24 h under
stirring. The precipitate was then collected via filtration, thoroughly washed with deionized water
and dried at 100 °C in an oven. FS material prepared with sintering-precipitation in this thesis is
designated as FS.sint. to distinguish it from Wu’s FS.sint., the material prepared by Wu.
3.2.3

Primary synthesis method

Among sintering and co-precipitation methods, co-precipitation was selected for experimental
convenience. The main material prepared in a larger batch and used in this study was prepared by
co-precipitation using the partial nitrogen purging method (see Table 4). A large amount of
unaged-FS was prepared in frequent small and large co-precipitation batches. The unaged-FS was
used for characterization and aging studies.
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3.2.4

Analytical methods for characterization of FS samples

The following analytical and characterization methods were used for phase identification and solid
structural analysis of both unaged-FS and aged-FS materials: XRD, QXRD, SEM, and PSD. Both
samples were also digested with concentrated nitric acid and analyzed with ICP-OES for chemical
analysis. Calcium, aluminum, sodium, and selenium contents were measured. The Ca/Al molar
ratio was calculated for solid samples.
3.2.4.1

XRD analysis

The unaged-FS samples prepared from the co-precipitation processes and aged-FS samples were
all identified with XRD analysis. The XRD detection limit is reported to be <1-5 wt.%. In the XRD
analysis, the solid powder was well ground with a mortar and pestle. A thin film of powder was
put on a glass sample holder and mounted in the XRD machine. For analysis with the Rigaku
MultiFlex instrument, a continuous scan with a 0.01-degree sampling window was used. The
instrument was equipped with a fine focus copper X-ray tube using Ni-filtered Cu K (λCu Kα =
0.154186 nm radiation at 40 kV and 20 mA) over the 2θ range of 10-80° (scan speed: 2° per
minute, and step size: 0.04°). Step-scan X-ray powder-diffraction data were collected over a range
of 3-80° 2.
The system is equipped with an incident and diffracted beam Soller slits, a graphite
monochromator or the receiving side tuned to Copper K, and a scintillator detector. The 1/2
degree divergence and scattering slits, a 0.3 mm receiving slit, and a 0.8 mm monochromator
receiving slit were used for XRD analysis. It also only needs a few milligrams of the sample. Jade
and Match software were used for solid phase characterization.
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3.2.4.2

QXRD analysis

For QXRD, at least 4 g of each sample was required. The QXRD method uses a corundum standard
(α-Al2O3) with a sample preparation technique that homogenizes the sample and reduces the
preferred orientation. The sample was ground to the optimum grain-size range (<5 m) by grinding
under ethanol in a vibratory McCrone Micronising Mill (McCrone Scientific Ltd., London, UK)
for 5 minutes. A 20 wt.% addition of highly crystalline corundum was initially added as an internal
standard to quantitatively measure the crystalline and amorphous components of the FS samples.
Negative values were obtained for the amorphous content of the samples. Therefore, QXRD
method failed to identify any amorphous content in the prepared samples.
Step-scan X-ray powder-diffraction data were collected over a range 3-80° 2 with CoK
radiation on a Bruker D8 Advance Bragg-Brentano diffractometer equipped with a Fe
monochromator foil, 0.6 mm (0.3°) divergence slit, incident- and diffracted-beam Soller slits, and
a LynxEye-XE detector. The long fine-focus Co X-ray tube was operated at 35 kV and 40 mA,
using a take-off angle of 6°. PDF4+ 2016 software program was used for QXRD analysis. Different
crystal variations of FS (called hydrocalumite as a general family name) were identified using this
software. An uncertainty of 5-10 wt.% is considered for results.
3.2.4.3

Software programs used for XRD and QXRD analysis of FS

Table 5 shows the software parameters used for XRD and QXRD analysis including the software
database name, hydrocalumite name, hydrocalumite formula for single crystal, and the lattice
parameters. For XRD analysis, Jade software was used in which the FS database belongs to the
monoclinic system with an A2/n space group. The crystal lattice parameters for this pattern was
extracted from Jade software. The reference paper used for this database was unavailable in Jade
software.
52

For QXRD analysis, the database from PDF4+ 2016 software was used to fit the
experimental patterns. These databases were extracted from relevant powder and single crystal
XRD studies in the literature [46,53]. All the lattice parameters from reference phases are
summarized in Table 5.
The QXRD experimental patterns of synthesized FS samples in this thesis were fitted with
two phases from literature: a chloro-hydrocalumite phase with a hexagonal crystalline system and
a chloro-carboaluminate hydrocalumite with a monoclinic crystalline system. As shown in Table
5, the carbonated hydrocalumite phase is a hemi-carboaluminate hydrocalumite phase and not a
fully carbonated phase.
The first reference compound was a chloro-hydrocalumite with a hexagonal phase and
space group 𝑅3̅ published by Rousselot in 2002 [46]. This phase with the chemical formula of
[Ca4Al2(OH)12]·[Cl2·4H2O] was the pure Friedel’s salt and showed a good match the experimental
patterns of prepared samples. The isotropic atomic displacement factors used for Rousselot’s study
were those for Friedel’s salt high-temperature structure with 𝑅3̅-c space group studied by
Renaudin [47]. 𝑅3̅ and 𝑅3̅-c space group both belong to the hexagonal family and have different
stacking pattern of layers.
Although pure Friedel’s salt was detected in synthesized samples, it was not the only
hydrocalumite phase. The material was multiphase and an additional chloro-carboaluminate phase
was also detected in the samples. This phase showed a good match with a hydrocalumite phase
studied by Mesbah et al. in 2011 [53]. The hydrocalumite material had a chemical formula of
[Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O] and belonged to the monoclinic crystalline system with a
space group of P2/c. The lattice parameters of both hexagonal phase with space group 𝑅3̅ and
monoclinic phase with space group P2/c is shown in Table 5. For more discussion on the
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descriptions of lattice crystal systems and rotation axis for each point groups see Appendix B and
C, respectively.
It appears from the quantitative phase analysis that the monoclinic chloro-carboaluminate
hydrocalumite phase interrelates with carbonate-rich part of the samples prepared in this thesis,
while the hexagonal chloro-hydrocalumite phase interrelates with chloride-rich part of the
samples.
It needs to be mentioned that the low-temperature phase of Friedel’s salt (monoclinic
phase, with no carbonate in the composition) from PDF4+ 2016 software database was used for
data matching, but did not fit with any of the experimental patterns. This showed that the second
phase matching the experimental patterns was actually a carbonated-FS.
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Table 5 Hydrocalumite lattice parameters from Jade and PDF4+ 2016 database software used for XRD and QXRD
analysis
Hydrocalumite
name, crystal
system, space group,
PDF #
Friedel's salt,
Monoclinic,
A2/n,
01-078-1219
Hydrocalumite,
Hexagonal,
𝑅3̅,
04-010-4677
Hydrocalumite,
Monoclinic,
P2/c,
04-014-9938

a, b, c

γ

V

(Å)

(°)

(Å3)

Software single crystal formula

XRD
analysis,
Jade
software

QXRD
analysis,
PDF4+
2016

Reference

Database

[Ca4Al2(OH)12]·[Cl2·4H2O]

9.979
5.751
16.32

90
104.53
90

906.6

[Ca4Al2(OH)12]·[Cl2·4H2O]

5.7487
5.7487
23.492

90
90
120

672.34

[Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O]

10.020
11.501
16.286

90
104.2
90

1819.2



Not
Available


Rousselot,
et al.[46]



Mesbah,
et al.[53]
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3.2.4.4

Carbon analysis

The total inorganic carbon (TIC) content of the synthesized FS was analyzed by a LECO analyzer at
the ALS Geochemistry laboratory. The sample was heated in the LECO furnace to approximately
1350 °C while a stream of oxygen gas passed through it. Carbon was removed as carbon dioxide gas
and measured by an infrared detection system. The lower and upper limit of carbon analysis is 0.01
and 50 wt.%, respectively, with an accuracy of is 3.54%.
3.2.4.5

SEM analysis

A Hitachi S3000N VP-SEM with EDX was used for SEM analysis. The Hitachi S3000N is a
conventional tungsten hairpin filament source SEM with variable pressure capability. The small
amount of solid sample was coated with a thin gold layer and mounted on a holder in the chamber of
the SEM machine.
3.2.4.6

Particle size distribution (PSD)

A Malvern Mastersizer 2000 was used for the measurement of the particle size of the FS samples.
Sample preparation is an important stage of this measurement. The FS sample was dispersed in ethanol
(5 wt.%) and the slurry was injected into the optical bench in the Malvern instrument. The light
scattering pattern from the prepared sample was captured. The particle size was calculated from the
pattern using the Mie theory and reported via the Malvern software output.
3.2.4.7

ICP

In this thesis, ICP-OES and ICP-MS analytical methods were frequently used for the elemental
analysis of solutions and solids. ICP-OES was used in solution analysis of calcium and aluminum for
aging solutions, adsorption solutions, and aged-solid digestion solutions. ICP-OES was also used for
the analysis of sodium in FS washing experiments and selenium analysis in the ppm range for
adsorption experiments. For selenium analysis in the ppb range of concentration, ICP-MS was used.
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Al and Ca have different adsorption wavelengths in ICP-OES with no interference on the
accuracy of analysis for each other. A selected volume of solution (usually 1 mL) was pipetted and
diluted with a 2 wt.% nitric acid solution. The prepared sample solution was analyzed by ICP-OES
analysis for Ca and Al concentrations. Ca and Al detection limit by ICP-OES is 0.2 ppm. The ICP
solutions were prepared in the range of 20-50 ppm. In this range, Ca and Al analytical error is 5%. For
solid analysis, samples (usually 40-50 mg) were digested with concentrated nitric acid and diluted to
100 mL using 2 wt.% nitric acid solutions.
All ICP standard solutions of calcium, aluminum, sodium, and selenium were prepared from
standard solutions (1000±1 ppm) by the serial dilution procedure. Calcium, aluminum, and sodium
standards were prepared in the range of 0.125, 0.625, 1.25, 10, 40, 80, and 160 ppm. Selenium standard
solutions for ICP-OES analysis were prepared in the range of 2, 5, 10, 50, and 100 ppm. Selenium
standard solutions for ICP-MS analysis were prepared in the range of 5, 25, 50, 100, 400, and 800 ppb.
Se detection limit by ICP-OES is 0.5 ppm. The ICP solutions were prepared in the range of
10-70 ppm. In this range, Se analytical error is 5%.
In general, when multiple replicates of one aging/adsorption experiment were performed to
evaluate repeatability, only one sample from each experiment was analyzed by ICP. Here, the data
(mass loss percentage values or Se loading data) are reported by the average value. The range of
analytical values is shown in brackets next to this average value. For example, the average selenate
removal by FS sample at a certain adsorption condition was 94.2% (92.6-95.5%). 94.2% is the average
selenate removal value and 92.6% to 95.5% is the range of selenate removal for multiple replicates.
However, in some cases, only one single aging/adsorption experiment was performed. Here,
two to three final solution samples were prepared for ICP analysis. For this case, the average ICP
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reading is reported. The ICP-OES replicates were found to have very high reproducibility. For calcium
and aluminum, the ICP solutions were prepared in the range of 20-50 ppm and were found to have
variability in the range of +/- 0.01-0.07 ppm for Ca and +/- 0.01-0.07 ppm for Al. This is much lower
than the analytical error of 5% expected in this range, so only the average ICP reading was reported.
For selenium, the ICP-OES and ICP-MS solutions were prepared in the range of 10-70 ppm and 10100 ppb and were found to have variability in the range of +/- 0.001-0.04 ppm for ICP-OES and +/0.05-0.07 ppb for ICP-MS. This is much lower than the analytical error of 5% expected in this range,
so only the average ICP reading was reported.
3.2.4.7.1

FS mass-loss determination

The as-prepared FS material was partly dissolving in water and therefore the mass loss was calculated
in every individual experiment. However, FS was a fine powder and collecting this material from filter
units was challenging and prone to incomplete recovery. The FS-related slurries were initially
centrifuged and filtered using syringe filter heads. As collecting FS was technically difficult with this
equipment eventually, Durapore® filter membrane (0.45 m) and Nalgene filter units were used. All
filtration equipment is shown in Figure 10. Despite using various filtration equipment for FS
collection, the estimation of final mass was still difficult, as FS (in dry and wet states) was sticking to
the filter units. The direct weighing of solid by analytical scale is called a solid-based method (SBM).
SBM is rarely used for mass calculations in the thesis.
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Figure 10 Filtration equipment, a: Nalgene filter unit, b: syringe filter head, c: Durapore ® Filter membrane and d:
centrifuge tube.

3.2.4.7.2

Liquid-based method (LBM) for mass loss calculations

As a result of the technical difficulty of SBM, an alternative method was used for final mass
calculations. The method is called the liquid-based method (LBM) since the FS mass loss calculations
were based on the analysis of the liquid phase rather than weighing the recovered solid. Unless
otherwise noted the LBM method was used to estimate the final FS mass for all experiments involving
aging, dissolution and adsorption tests. In LBM, the solution analysis by ICP-OES was used to provide
an indirect measure of the final FS mass (Equation 2). The ICP analysis of the solutions provides the
moles of Ca+2 and Al+3 dissolved. From the stoichiometry of the FS solid, the moles of FS dissolved
can be estimated. The calculation is illustrated in Equation 3 for the example of pure Friedel’s salt,
[Ca4Al2(OH)12]·[Cl2·4H2O]
FS final mass (W) = FS initial mass – mass loss (based on dissolved Ca & Al in solution)

Equation 2
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𝑀𝑎𝑠𝑠 𝐹𝑃 𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑
=

Equation 3
[𝐶𝑎+2 ] 𝑔⁄𝐿
1 𝑚𝑜𝑙 𝐹𝑃
𝑔 𝐹𝑃⁄
× 𝐴𝑞. 𝑣𝑜𝑙. 𝐿 ×
× 561.34
𝑔
+2
𝑚𝑜𝑙 𝐹𝑃
4
𝑚𝑜𝑙
𝐶𝑎
40.08 ⁄𝑚𝑜𝑙 𝐶𝑎+2

[Ca4Al2(OH)12]·[Cl2·4H2O] = 4Ca2+ +2Al3+ + 12OH- + 2Cl- + 4H2O

Reaction 4

The mass loss of FS was reported as weight percentages based on final Ca and Al
concentrations in solution (Reaction 4). These values are called Ca.LB and Al.LB respectively, as
indicated by Equations 4 and 5. Table 6, summarizes the mass loss calculation methods using Ca and
Al concentrations.

Ca.LB=

FS mass loss (g) using Ca concentration in solution
∗
initial FS mass (g)

Al.LB=

FS mass loss (g) using Al concentration in solution
∗
initial FS mass (g)

100

Equation 4

100

Equation 5

The real FS materials used in this work were not pure Friedel’s salt, but rather a mixture of
chloride- and carbonate-containing materials. This complicates the decision about which formula
weight to use for the FS material in Equation 3.
3.2.4.7.3

Se-loading calculations

As shown in Table 6, for Se loading data, the difference of initial selenium mass in feed
solution and the final selenium mass in the filtrate solution was measured. This method is called Se.L
method in the thesis. ICP-OES and ICP-MS methods were used for solution analysis in ppm and ppb
level of Se respectively. ICP-OES and ICP-MS detection limit for Se was 0.5 ppm and 1.0 ppb Se
respectively. All ICP samples were prepared with appropriate dilution factors to ensure a concentration
level ~2-100 times above the detection limits. At this range, Se analytical error is 5%.
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Table 6 The mass loss calculations (LBM), Se-loading data, and adsorption capacity calculations used in the thesis
To be calculated value,
ICP method
Mass loss (%) and final
FS mass (g),
ICP-OES

Se-loading data
ICP-OES and ICP-MS

Method
Liquid-Based
Method (LBM)*

Symbols (units)
Ca.LB (%)
Al.LB (%)

Solid-Based Method

SBM (%)

Solution analysis

Se.L (mg Se or mmol Se)

Solid analysis

Se.S

Adsorption
From a combination
capacity of FS
Qe
of LBM and Se.L
(mg Se/g or mmol/g)
*ICP data also used for calculation of Ca/Al molar ratio of solid samples

Description
FS mass loss using Ca
concentration in solution
FS mass loss using Al
concentration in solution
FS mass measured with the
final weight of solid
Se loaded using the
difference of initial and final
Se concentration (C0-Ce)
Se loaded by digestion of
solid
Se loaded per gram of FS

The digestion of solid for Se content calculations was also performed for some of the solid
samples. This method is called Se.S method in the thesis. In this method, the selenium content of the
solid was measured by digestion of 40-50 mg sample with concentrated nitric acid followed by dilution
with 2 wt.% nitric acid for ICP analysis. In this thesis, Se.L is the main method used for Se loading
data. In the case of using the alternative method, Se.S for loading calculations, it is mentioned. In
general, solution analysis was a more convenient method than solid digestion.
The digestion of FS solids was performed to measure the Ca and Al contents, for some samples.
In this method, 40-50 mg sample was digested by concentrated nitric acid followed by dilution with 2
wt.% nitric acid for ICP analysis.
3.2.4.7.4

Pseudo-equilibrium adsorption loading

In this thesis, the amount of Se loaded at pseudo-equilibrium on aged-FS is expressed as Qe (mg Se/g)
or Qe (mmol/g) using Equation 6. It should be mentioned that the final Se loading after 24-h shaking
is considered the pseudo-equilibrium loading value. A 24-h shaking time is considered to be enough
for reaching close to the equilibrium.
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Qe= ((C0-Ce).V)/W=Se.L/W

Equation 6

C0 and Ce are initial and the pseudo-equilibrium concentration of selenium in solution,
respectively (ppm or ppb). V is the final volume of solution (L) measured with a graduated cylinder.
The difference between C0 and Ce is the Se.L value calculated from Se-ICP analysis. W is the final
mass of aged-FS (g) calculated from the average of Ca.LB and Al.LB values (see Table 6). As explained
in 3.2.4.7.2, the pure FS molar mass was used for mass loss calculations in adsorption studies. One of
the contributions of this work is the usage of the actual final mass of LDH material (aged-FS) in
pseudo-equilibrium loading isotherms. To the best of our knowledge, this thesis is the first publication
in LDH materials filed, reporting and using the mass loss data in adsorption isotherms.
The pseudo-equilibrium adsorption isotherms were obtained by plotting the Qe, pseudoequilibrium loading (mg Se/g or mmol/g) on the y-axis versus pseudo-equilibrium solution Se
concentration (ppm or ppb) on the x-axis.
3.2.4.7.5

Importance of including dissolution data in adsorption loading from engineering

perspectives
In this thesis, the loading is calculated from two values; Se.L: the mass of loaded-Se (appears in the
numerator as “mg Se” or “mmol Se”) and W: the final mass of FS. It is important to note that the
different FS materials have different extents of dissolution. This has to be considered in any application
for selenium removal from an engineering perspective. Therefore, in an industrial plant, the stability
of an ion exchanger is of critical importance alongside the preference for high loading. Furthermore,
a material with low mass-loss and moderate loading is preferred to an unstable material with high
loading. An example of the importance of mass loss reporting for loading data comparisons to
engineering considerations is discussed in section 6.3.5.
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3.3

Aging process

The unaged-FS as-prepared could not be used for the selenate adsorption experiments due to its high
dissolution. Therefore, an aging process was designed to age the unaged-FS material under variable
conditions. The aging process was studied by variation of initial pH, time, temperature, and L/S. One
experiment was carried out to study the effect of time, temperature, and L/S followed by several ICP
replicate assays. For the initial pH effect, four to six individual experiments were performed. See
3.2.4.7 for the method used to report these analytical data in the thesis. The target was to age the
material and eventually prepare an aged material with lower dissolution.
DI water used for all aging tests was decarbonated by purging nitrogen gas for 10-15 minutes.
The unaged-FS material (prepared from the co-precipitation process, see Table 4) was added to
decarbonated DI water (at initial pH 8.0 and 12.0) under various liquid over solid ratios (L/S 20-200).
The bottle containing water and FS was closed tightly and the milky slurry was shaken vigorously by
hand. Solids settled slowly as shown in Figure 11. The container was put in the water bath at a specific
temperature (30, 65, and 85 °C), without any further mechanical agitation for a specific period of time
(2, 4, and 7 days).

Figure 11 FS suspension in an aging experiment (decarbonated DI water was used for aging tests).
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After each experiment, the slurry was filtered and analyzed for calcium and aluminum by ICPOES. The concentration of Ca and Al in each solution and FS mass loss in each test was calculated as
explained in 3.2.4.7.1. The mass of Ca and Al in aged solids were analyzed and the Ca/Al molar ratio
was calculated by solid digestion method. A 40-50 mg sample of FS was digested with concentrated
nitric acid followed by dilution with 2 wt.% nitric acid for ICP analysis.
3.3.1

Time effect on the aging process

The aging time applied in the literature varies from a couple of hours to a few days [44,71]. In these
experiments, an aging period of 2, 4 and 7 days was selected for the duration of aging. Three aging
slurries were prepared as follows; A 0.5 g sample of unaged-FS material was added to 25 mL of water
with pH adjusted to 8.0 (L/S 50) in each container. Three bottles containing water and unaged-FS were
closed tightly, shaken by hand and put in the water bath at 65 °C. The experiment was stopped for a
first, second and third container after 2, 4, and 7 days. The slurries were filtered. The concentration of
Ca and Al in each solution was measured. The weight loss under each aging condition was calculated
using Ca.LB and Al.LB, as explained in 3.2.4.7.1.
3.3.2

Effect of temperature on the aging process

For these experiments, three aging slurries were prepared as follows; A 0.5 g unaged-FS material was
added to 10 mL of water with pH adjusted to 8.0 (L/S 20) in each container. Three bottles containing
water and unaged-FS were closed tightly, shaken by hand and put in the water bath for 7 days at 30,
65, and 85 °C. The slurry was filtered and analyzed for calcium and aluminum by ICP-OES. The mass
loss for each sample and the Ca/Al molar ratio of final solids were calculated.
3.3.3

L/S effect on the aging process

A critical parameter that affects the dissolution of any solid material in water is the “water-to-solid
ratio”. A known volume of water was added to 0.5 g of unaged-FS, adjusting the L/S ratio at 20 to 200
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(Table 7). The initial pH of the water was adjusted to 8.0, using 1 M sodium hydroxide. Each container
was put in the water bath at 65 °C for 7 days. The slurry was filtered and analyzed for calcium and
aluminum by ICP-OES. The mass loss for each sample and the Ca/Al molar ratio of final solids were
calculated.
Table 7 Liquid over solid ratio in L/S studies (initial pH 8.0, 65 °C, and 7 days)
L/S
20
50
200

3.3.4

Water (mL)
10
25
100

Unaged-FS (g)
0.5
0.5
0.5

Effect of initial pH on the aging process

The initial pH of the water to which LDH is exposed is a critical parameter affecting LDH stability
[44]. In general, LDHs are less stable in low-pH range. In addition, dissolution of Ca and Al is a pHdependent process. In these aging experiments, the initial pH of the water was adjusted to 8.0 and 12.0
with sodium hydroxide solution. A sample of 0.5 g unaged-FS was added to 10 mL of water (L/S 20)
at 65 °C and aged in this solution for 7 days. The slurry was filtered and analyzed for calcium and
aluminum by ICP-OES. The final pH of the solution was recorded. The mass loss for each sample and
the Ca/Al molar ratio of final solids were calculated.
3.3.5

A labeling system for FS samples

Table 8 summarizes all FS samples prepared from synthesis and aging process used in this thesis.
Sample abbreviated IDs, full names, synthesis, and aging methods are described. From aging studies,
one aging condition was selected, the general name of “aged-FS” is given to that sample. That one
sample was aged at initial pH 12.0, L/S 20, 65 °C, and 7 days. The reason for selection of this aging
condition will be explained later in section 5.5.1.
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Therefore, “aged-FS” sample was prepared with co-precipitation synthesis process under
partial nitrogen purging method followed by aging at initial pH 12.0, L/S 20, 65 °C, and 7 days. No
nitrogen was applied in the aging process.
Table 8 Summary of FS samples prepared in this work
Abbreviated IDs

Full name

Synthesis method

Aged-FS*

Aged Friedel’s salt

Prepared by the co-precipitation
method under partial nitrogen
purging

Unaged-FS

Friedel’s salt

Modified unaged-FS

Friedel’s salt

Prepared by the co-precipitation
method under complete nitrogen
purging

FS.sint.**

Friedel’s salt

Prepared by the sinteringprecipitation method

Aging
Aged
at the selected aging condition:
initial pH 12.0, L/S 20, 65 °C, and 7
days
(without N2 purging)
Not aged
Not aged

-

*used for selenate adsorption experiments, ** used only for a few preliminary adsorption tests

The unaged-FS and modified unaged-FS samples were prepared by co-precipitation synthesis
process under partial and complete nitrogen purging methods, respectively. No aging was applied to
these samples. FS samples were characterized by XRD, QXRD, and carbon analysis. Among all
samples, more studies were performed on aged-FS as it was the main material used in selenate
adsorption tests. FS.sint. was the sample prepared by the sintering-precipitation method in the early
stages of the work, and was only used for a few preliminary adsorption tests.
3.3.6

Dissolution of aged-FS compared to unaged-FS

In the next step, after preparation of aged-FS under the selected aging process of initial pH 12.0, L/S
20, 65 °C, and 7 days, the dissolution of the aged-FS sample was studied. The dissolution test was
designed to study if the aged-FS was dissolving less than unaged-FS. For this purpose, in addition to
aged-FS sample, the unaged-FS sample was used for comparison. In fact, the results of this test could
quantify the effects of the aging process on reducing the dissolution of unaged-FS material.
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The dissolution test was performed at an initial pH of 12.5, L/S 200, 30 °C, agitation (150
RPM), and 24 h. The solution matrix was selected to be selenate-free to monitor the dissolution process
independent from the IX process. The initial pH of the water was adjusted at 12.5 and 20 mL of this
solution was added to 0.1 g of FS sample (L/S 200) in a Pyrex glass container. The sealed container
was shaken at 150 RPM in the water bath at 30 °C for 24 h. The slurry was filtered and analyzed for
calcium and aluminum by ICP-OES.
The mass loss for each sample was calculated using Ca.LB and Al.LB, as explained in 3.2.4.7.1.
For the dissolution test, chemical formula and molar mass of aged-FS sample were used for mass loss
of aged-FS material. Similarly, chemical formula and molar mass of unaged-FS sample were used for
mass loss of unaged-FS material.
3.4

Selenate adsorption by aged-FS

In this thesis, aged-FS was the main FS material used for selenate adsorption experiments. The
synthesis of this material is summarized in Table 8. Several consecutive large batches of FS material
were prepared by co-precipitation followed by aging at initial pH 12.0, L/S 20, 65 °C, and 7 days
(collected mass: ~150 g).
Selenate adsorption tests were conducted using synthetic solutions made up in ppm and ppb
concentrations of Se. The concentrated stock solutions (100-600 ppm Se) were prepared by dissolution
of Na2SeO4 salt in water (99.8% purity). The dilute solutions (400-800 ppb Se) were prepared by
dilution of the concentrated feed solution. For concentration study experiments, feed solutions as high
as 1539 ppm Se were prepared.
A Pyrex glass container was filled with a known volume of selenate solution with a specific
concentration (ppm or ppb level). The initial pH was adjusted by addition of sodium hydroxide
solution and a known amount of aged-FS was added to this solution. The bottle containing selenate
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solution and aged-FS was closed tightly and the milky slurry was shaken vigorously by hand (similar
to an aging slurry in Figure 11). The tightly sealed container was shaken in a Thermo Scientific shaking
water bath for a selected period at a specific temperature.
The slurry was filtered using a Durapore® filter membrane (0.45 m) and Nalgene filter units
(see Figure 10). The solid was washed with water and dried in an oven at 100 °C.
The clear filtrate solution and the washing water were analyzed for selenium content by ICP.
The ppb Se solutions were analyzed with ICP-MS and ICP-OES was used for ppm Se solutions. The
final pH of the filtrate was recorded. The loaded-Se (mg Se), the mass loss (wt.%), and the final mass
(g of FS) were calculated as explained in Table 6 (labeled as Se.L, Ca.LB, and Al.LB). The final pH of
the solution was measured using high-sodium tolerance pH probes. The pH probe with temperature
compensation was calibrated using pH buffer solutions 10.0 and 12.45 before any experiment.
The effect of various parameters on selenate adsorption including initial pH of selenate
solution, L/S ratio, time, temperature, shaking rate, selenate initial concentration, oxyanion
interference, container type, and medium composition was studied.
3.4.1

The initial pH study experiments

The initial pH of the Se feed solution (134 ppm and 460 ppb Se) was adjusted to 8-14 using either 1
or 10 M sodium hydroxide solutions. A 50 mL sample of selenate solution with an adjusted initial pH
was mixed with 0.25 g of aged-FS (L/S 200). The container was placed in the shaking water bath at
30 °C and was shaken at 150 RPM for 24 h. The milky slurry was filtered. The solution was analyzed
for selenium, calcium and aluminum contents.
3.4.2

L/S study experiments

For these experiments, weighed amounts of aged-FS (0.08 to 2.5 g) were mixed with 50 mL of Se feed
solution (460 ppb Se) adjusting the L/S range at 20-1200 (Table 9). The initial pH was adjusted at 12.0
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and the slurry was mixed for 24 h at 30 °C at 150 RPM shaking. The milky slurry was filtered. The
solution was analyzed for selenium, calcium and aluminum contents as explained in 3.2.4.7.1.
Table 9 Mass of aged-FS and Se solution volume used at L/S studies of adsorption tests
L/S

Aged-FS (g)

Se solution (mL)

20

2.5

50

50

1.0

50

100

0.5

50

200

0.25

50

400

0.13

50

800

0.13*

100

1200
0.08*
100
*The mass was weighed by scale readability of 0.001 g

3.4.3

Time study experiments

For this series of experiments, the initial pH of the Se feed solution (637 ppb Se) was adjusted at 12.0.
A 50 mL of Se solution was added to 0.25 g aged-FS (L/S 200). Eight of these containers were placed
in a water bath at 30 °C and mixed at 150 RPM for 20 minutes to 48 h. The first container was taken
out of the shaker and quickly filtered after 20 minutes. Other experiments were stopped at 45 minute,
1.5, 3, 6, 12, 24, and 48 h. The milky slurry was filtered. The solution was analyzed for selenium,
calcium and aluminum contents.
3.4.4

Temperature study experiments

For this series of experiments, the pH of Se solution (468 ppb Se and 753 ppb Se) was adjusted at
12.0. A 50 mL of Se solution was added to 0.25 g aged-FS (L/S 200). The container was put in a
shaking water bath stirred for 24 h at 150 RPM. The temperature of the water bath was adjusted at 30,
60, and 85 °C temperatures. The milky slurry was filtered. The solution was analyzed for selenium,
calcium and aluminum contents.
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3.4.5

Effect of container type on selenate adsorption by aged-FS

The selenate adsorption by Pyrex glass container, polypropylene (PP) and high-density polyethylene
(HDPE) plastic containers was studied. A 50 mL of 495 ppb Se feed at initial pH 12.0 was added to
each of the containers. No aged-FS was added to these containers to monitor the adsorption by
container material exclusively. The container was put in the shaking water bath at 30 °C and stirred at
150 RPM for 24 h. The final concentration of Se solution was analyzed by ICP-MS for each
experiment.
3.4.6

Agitation rate experiments

For this series of experiments, the pH of Se solution (753 ppb Se) was adjusted at 12.0. A 50 mL of
Se solution was added to 0.25 g aged-FS (L/S 200). The container was put in a shaking water bath
stirred at 30 °C for 24 h at agitation rates of 100, 150, and 175 RPM. These experiments were
performed at 100 and 150 RPM with Thermo Scientific shaking water bath. The mechanical restriction
of this shaker limited its applications at higher RPM. Therefore, the experiments at 175 RPM were
performed with a Lab-Line orbit environ-shaker. The milky slurry was filtered. The solution was
analyzed for selenium, calcium and aluminum contents.
3.4.7

Effect of initial concentration on selenate adsorption by aged-FS

For this series of experiments, the initial concentration of feed solution was adjusted in the range of 1,
2, 5, 10, 20, 50, 100, and 200 ppm Se. The initial pH of the selenium solution was adjusted to 12.0 by
1 M sodium hydroxide solution. A 0.5 g sample of aged-FS was added to 50 mL of selenium solution.
The container was put in the shaking water bath at 30 °C, stirred at 150 RPM for 24 h. The clear filtrate
solution was collected and analyzed for selenium with ICP-MS and ICP-OES (see 3.2.4.7.2 and
3.2.4.7.3).
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3.4.8

Oxyanion interferences; sulfate and carbonate competition with selenate

The interference of sulfate and carbonate oxyanions with selenate were studied, as these oxyanions
often exist in high concentrations in selenate-impacted wastewaters [3,4,6,11]. For the sulfate
interference experiments, a calcium sulfate solution was prepared by the addition of 2 and 10 g
CaSO4·2H2O into 1000 mL of DI water. The solution was mixed overnight and left on a bench for an
additional 24 h. No precipitation was observed for the 2 g/L solution but the 10 g/L solution contained
residual solids. This solution was filtered and observed for 1 day to ensure that there was no additional
precipitation. No more precipitation occurred.
The mixed sulfate-selenate solutions were prepared with the addition of a specific amount of
concentrated selenate solution into a volumetric flask. The solution was made up to a final volume
using the as-prepared sulfate feed solutions (Se feed 763 ppb Se). The molar ratio of sulfate-to-selenate
in solution was adjusted to 800, 1500, and 3000. The pH of the solution was adjusted to 12.0 by 1 M
sodium hydroxide solution. A 0.25 g sample of aged-FS was added to 50 mL of as-prepared selenatesulfate mixed solution (L/S 200). The container was put in the shaking water bath at 30 °C, stirred at
150 RPM for 24 h. Each experiment was repeated three times. The clear filtrate solution was collected
and analyzed for selenium with ICP-MS and ICP-OES (see 3.2.4.7.3).
For the carbonate interference experiments, Na2CO3 was dissolved in water to prepare 2 and
14 g/L solutions. Sodium carbonate was fully soluble. The sodium carbonate solution was used asprepared for making selenium solutions. Similar to the sulfate solution experiments, adsorption of
selenate from synthetic carbonate-selenate mixed solutions was studied. The molar ratio of carbonateto-selenate was adjusted to 700, 1400, and 2800. Initial pH of the solution was adjusted to 12.0 using
1 M sodium hydroxide solution. A 0.25 g sample of aged-FS was added to 50 mL of as-prepared
selenate-carbonate mixed solution (L/S 200, Se feed 763 ppb Se). The container was put in the shaking
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water bath at 30 °C, stirred at 150 RPM for 24 h. Each experiment was repeated three times. The clear
filtrate solution was collected and analyzed for selenium with ICP-MS and ICP-OES (see 3.2.4.7.3).
3.4.8.1

The effect of increased intercalated-carbonate content during aging on Se loading

Aged-FS was the main material used for the selenate adsorption tests. Adsorption by unaged-FS, the
material that did not go through the aging process, was also studied in three experiments. The purpose
of these studies was to figure out the effect of an increase in intercalated-carbonate on the loading of
Se. In these experiments, the initial pH of the selenate feed solution (219 ppm Se) was adjusted to 12.0
with 8 M sodium hydroxide solution. A 0.25 g unaged-FS sample was added to 50 mL (L/S 200), the
slurry was put in shaking water bath at 30 °C, stirred at 150 RPM for 24 h. After filtration, the solid
was dried in an oven at 100 °C. The mass loss and Se-loading for each adsorption experiment were
reported by LBM and Se.L calculations (see 3.2.4.7.1, Table 6). The adsorption experiments under
identical experimental conditions were performed with aged-FS. The Se-loading and dissolution data
were compared for two materials.
3.4.9

Calcium hydroxide solution experiment; industrial wastewater’s solution matrix

The adsorption of selenate from a calcium hydroxide solution was performed for application to
industrial wastewater solutions. The mentioned waste water can be for instance industrial wastewater
after a lime precipitation circuit. It was thought that the FS dissolution can be minimized in the
presence of high Ca concentrations. The calcium hydroxide feed solution was prepared by dissolving
1.73 g Ca(OH)2 in 1000 mL DI water (Ksp=6.5X10-6). The mixture was mixed overnight and left on
the bench for a couple of days. A thin layer of solid (most likely calcite) formed on the surface of the
solution was removed by filtration. The final clear solution was analyzed for calcium content by ICPOES. The calcium concentration was 708 ppm. The solution is called “calcium hydroxide feed
solution”.
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The selenate feed solution (498 ppb Se) was prepared by dissolving the sodium selenate salt in
the so-prepared calcium hydroxide feed solution. No sodium hydroxide was required for the pH
adjustment since the calcium hydroxide solution was alkaline (pH 12.3). A 50 mL aliquot of this feed
solution was added to the 0.25 g of aged-FS (L/S 200). The slurry was mixed for 24 h at 30 °C and
150 RPM. The experiment was repeated twice. The slurry was filtered. The selenate concentration in
solution was analyzed by ICP and the selenate loading percentage was measured by Se.L method. The
FS mass loss was calculated by aluminum concentration in solution (Al.LB). The calcium concentration
could not be used as Ca was already present in high concentrations in solution.
3.4.10 Calcination of aged-FS
A selected amount of aged-FS was weighed and heated in a ceramic crucible at temperatures of 300800 °C for 5 h in the furnace. The solid was collected, sealed in a sample tube and stored in a desiccator
over CaCl2 granules, NaOH pellets and silica in order to avoid adsorption of CO2(g) and moisture from
the atmosphere. The solid was characterized by XRD and used for selenate adsorption experiments.
3.4.10.1 Effect of calcination on selenate adsorption
Adsorption of selenate by calcined aged-FS was studied for loading-comparison purposes of aged-FS
and its calcined forms. In these experiments, the initial pH of the selenate solution was adjusted to
12.1 with 8M sodium hydroxide solution. A 0.25 g solid sample was added to 50 mL (L/S 200) of the
selenate solution concentration of 753 ppb Se. The temperature and shaking rate were adjusted to 30
°C and 150 RPM. The mixture was shaken for 24 h followed by filtration and solid drying in an oven
(100 °C). The mass loss for each adsorption experiment was reported by LBM. The clear filtrate
solution was collected and analyzed for selenium, calcium, and aluminum content with ICP-MS and
ICP-OES (see Table 6).
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Chapter 4: FS synthesis by co-precipitation method at constant-pH under partial
nitrogen purging (unaged-FS synthesis)
The synthesis of FS was best accomplished by the co-precipitation method at constant-pH. Early work
was performed using the sintering-precipitation method reported by Wu for preparation of FS.sint. [25].
This method was laborious and time-consuming and was therefore replaced by the co-precipitation
method. The following sections illustrate the procedures used in the co-precipitation synthesis.
4.1

Co-precipitation method; precipitation at constant pH

The co-precipitation at constant-pH method was used to prepare fresh FS. This procedure describes
the synthesis method using a partial nitrogen purging method (see 3.2). The product of this method is
called “unaged-FS”. It was subjected to aging later.
The complete nitrogen purging method is a similar synthesis procedure with the main
differences being in the filtration and drying steps (see 3.2.1). The product of this synthesis method in
the nomenclature of this thesis is referred to as “modified unaged-FS”.
The key parameter for FS synthesis by co-precipitation is the pH used to control the
precipitation. An initial experiment was performed at pH 10. This was difficult to control and resulted
in aluminum hydroxide precipitation and not FS.
The successful synthesis of FS required a higher pH set point. For example, in the general
experiment, the initial pH of the solution was set to 12.1 instead. The Ca-Al metal solution (total metal
concentration 1 M) was added at 0.25 mL/min to the pH 12.1 aqueous NaOH solution in the reactor
under partial nitrogen purging conditions (see 3.2 and 3.2.1). A 1 M sodium hydroxide solution with
a maximum of 20 mL/min flow rate was used to control the pH of the slurry at 11.3 during the
experiment. Figure 12 shows the change in the pH of the slurry over the time of the metal addition.
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The pH was maintained successfully during the whole experiment. The initial pH of 12.1 dropped
sharply to 11.2 at the moment of the metal addition to the reactor and remained within the range of
about 11.2 to 11.5 throughout the experiment. It is necessary to control the pH to provide a
supersaturation condition for preparation of FS material free from metal hydroxides [63]. Aluminum
hydroxide forms at pH 3.9 (at 10-2 M) and pH 8.0 (at 10-4 M) [27]. The temperature for the coprecipitation process was kept at 30 °C.

Figure 12 pH control in the co-precipitation method at constant pH method (initial pH 12.1, set pH 11.3).

The slurry was mixed for 72 hours at a high stirring rate. The pH was unchanged over the three
days reaction period. The solid and liquid phases were separated by filtration and the precipitated solid
was washed with cold water to remove contamination. For this, DI water was boiled, cooled to room
temperature under nitrogen gas, and cooled down to 0 °C in the fridge. An aliquot of cold DI water
(L/S 10) was used for washing. For example, 50 g wet solid, was washed with ~500 mL of cold water.
The water was added as a displacement wash to the filter cake. The wash water was sampled, diluted
with 2 wt.% nitric acid and, analyzed for sodium content by ICP-OES.
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Figure 13 Sodium concentration in wash water as a function of washing (cold DI water at L/S 10).

Figure 13 shows the sodium concentration after each washing step. Sodium release into the
wash water for the second and third washing step was low and nearly constant. Therefore, only one
wash with cold water and L/S 10 was sufficient. The analysis for FS after washing indicated 0.37%
Na.
The co-precipitation experiment was repeated in several batches and phase analysis of all the
solids confirmed the formation of Friedel’s salt. The XRD pattern of the unaged-FS sample prepared
with partial nitrogen purging in the large batch is shown in Figure 14. As seen, the experimental pattern
of solid matched with Friedel’s salt XRD pattern from the Jade software database with reference
number 78-1219 and chemical formula of [Ca4Al2(OH)12]·[Cl2·4H2O]. A typical XRD pattern of an
LDH displays three major reflections; the one with the highest intensity appears around 2 11° value.
This high-intensity basal reflection corresponds to the successive orders of basal spacing. The other
two low-intensity non-basal reflections appear at higher 2 values. The presence or lack of these
reflections was used in the thesis to determine whether Friedel’s salt was formed or not. The high
intensity of diffraction peaks shows that crystalline material was formed.
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Figure 14 XRD pattern of the unaged-FS sample prepared with co-precipitation method at constant-pH method
under partial nitrogen purging (initial pH 12.1, setpoint pH 11.3, room temperature, NaOH and the metal solution flow
rates of 20 and 0.25 mL/min). The lower pattern belongs to the Friedel’s salt pattern from Jade software.

4.2

General procedures for preparation of FS samples

Figure 15, shows a general flowsheet for preparation and evaluation of FS samples. First, the freshly
precipitated unaged-FS was used for preliminary adsorption tests. In the early stages of using the
unaged-FS material for preliminary Se adsorption tests, it was found out that the material was partially
soluble in water. This issue was a critical drawback for the adsorption studies and could limit the
efficiency of adsorption studies if not addressed. After studying the literature, a conventional aging
treatment was selected for the study to try to reduce material loss [28,70,71]. The aging process was
carried out after the original FS was prepared by co-precipitation, filtered and washed and dried. The
section number of each experiment and the relevant result is also shown, for more clarifications.
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Secondly, as large amounts of unaged-FS were required for aging studies and further
characterization, several large batches of co-precipitation synthesis FS at constant pH under partial
nitrogen purging conditions were carried out (see experimental section: 3.2 and Table 4). Next, one
homogenized sample was prepared (~150 g). This sample was also called unaged-FS and was used for
aging tests (see experimental section:3.3) and characterization studies. The product of aging was called
aged-FS and was used for selenate adsorption tests (see experimental section: 3.4).
After synthesis and characterization discussions in Chapter 4, the aging process is discussed in
details in Chapter 5 of the thesis. The selenate adsorption tests carried out by aged-FS is discussed in
Chapter 6 of the thesis.
The complete nitrogen purging method was used in the co-precipitation process to see if the
carbonate content of the precipitated FS could be reduced by controlling nitrogen purging (see
experimental section: 3.2.1) [44,64].
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Figure 15 General flowsheet for preparation of unaged-FS, modified unaged-FS and aged-FS in the thesis.
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4.3

Characterization of unaged-FS

As shown by XRD study, the unaged-FS sample matched well with Friedel’s salt pattern from
Jade software with a chemical formula of [Ca4Al2(OH)12]·[Cl2·4H2O] (see Figure 14). The asprepared unaged-FS material was further analyzed by solid digestion and ICP-OES, carbon
analysis, and QXRD methods. The solid digestion followed by ICP-OES determined the calcium
and aluminum content of the sample. The carbon analysis was used for carbonate content. QXRD
analysis was used for phase analysis. The results of each analytical method are discussed in the
following sections.
4.3.1

Solid digestion; calcium and aluminum content of unaged-FS

To determine the calcium and aluminum content of the unaged-FS sample, three homogenized
samples were taken from a large batch co-precipitation product. These samples were digested with
concentrated nitric acid and each was analyzed for Ca and Al with ICP-OES. The concentrations
and weight percentage of Ca and Al for each sample are shown in Table 10. Based on three
digestion tests, the average amount of calcium and aluminum of 0.1030 and 0.0549 mmol were
calculated. The average Ca/Al molar ratio of solids was calculated to be 1.88. The average calcium
and aluminum weight percentages were 25.3 and 9.03%, respectively.
XRD analysis suggested the formation of Friedel’s salt. The measured Ca/Al molar ratio
(1.88) was less than the expected value of 2.0 based on the stoichiometry of FS. For hydrocalumite
family with a chemical formula of [Ca4Al2(OH)12]·[X2·mH2O], Ca2+ and Al3+ cations are arranged
in a fixed Ca/Al molar ratio of 2:1 (as a result of the large size and noticeable anisotropy of the
coordination sphere of Ca2+ ion) [43,46]. Therefore, this deviation from the ideal value of 2.0 was
presumably related to some minor phases undetectable by XRD analysis. The detection limit for
XRD is 5 wt.%. Therefore, further investigation by quantitative XRD analysis was required.
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Table 10 Ca and Al content of unaged-FS sample from solid digestion analysis
Unaged-FS
Sample

Ca wt.%

Al wt.%

Ca/Al
molar ratio in
unaged-FS
solid

1

27.4

9.90

1.86

2

24.5

8.73

1.89

3

24.0

8.62

1.87

Average

25.3

9.08

1.88±0.01

4.3.2

The reduction of carbonate content with complete nitrogen purging method; carbon

analysis of unaged-FS and modified unaged-FS
To measure the amount of carbonate in FS samples, the carbonate content of unaged-FS and
modified unaged-FS samples were measured by a LECO carbon analyzer. The carbon analysis
results of both samples are shown in Table 11. As seen, the unaged-FS sample prepared by partial
nitrogen purging contained 1.15 wt.% carbonate. A composite sample was collected from several
batches of co-precipitation products.
In most of the literature studies, the carbonate content of as-prepared LDH materials is
reported [33,53]. However, the tracking of carbonate content in LDH by variation of synthetic
methods is not widely reported. In this thesis, in addition to partial nitrogen purging method, a
synthesis process was performed under a more complete nitrogen purging method to minimize the
carbonate content of the precipitated FS sample (3.2.1). The product of the complete nitrogen
purging method, called modified unaged-FS, was analyzed for carbonate content. The carbonate
content of the material obtained by this method is shown in Table 11. As shown, the modified
unaged-FS sample had actually lower carbonate content than the unaged-FS sample. The complete
nitrogen purging method reduced the carbonate content from 1.15 to 1.01 wt.%. Although the
difference looks small, it will be seen later that this reduced the molar content of carbonate
significantly (section 4.3.3.14.3.3). Further reduction in the carbonate content of the sample was
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not achievable under the applied experimental conditions (complete nitrogen purging method).
The exposure of the wet sample to CO2(g) from the air during the transfer of solid to the desiccator
was unavoidable and therefore a 1.01 wt.% carbonate was the lowest carbonate content achieved
in the laboratory. One might expect to achieve carbonate contents lower than 1.01 wt.% by
performing the complete nitrogen purging method in a glove box.
Table 11 Carbonate content of unaged-FS samples from co-precipitation process

Carbonate content wt.(%)

4.3.3

Unaged-FS
(partial nitrogen purging)
1.15

Modified unaged-FS
(complete nitrogen purging)
1.01

QXRD analysis of unaged-FS and modified unaged-FS

Qualitative XRD analysis involves the identification of phases in a sample by comparison with
“standard” patterns (i.e., data collected usually from single crystals) and relative estimation of
proportions of different phases in multiphase specimens by comparing peak intensities attributed
to the identified phases. From the XRD analysis of the unaged-FS sample, the material was shown
to be mainly a chloro-hydrocalumite phase (Figure 14). To determine the exact proportion of
chloro-hydrocalumite phase and presence of any other minor phases (undetectable by XRD), the
FS samples prepared with co-precipitation synthesis in partial and complete nitrogen purging
methods were analyzed with quantitative XRD analysis. QXRD applies an internal standard
(Al2O3) and uses mathematical methods to “fit” the XRD pattern to the solid phases identified in
order to come up with a quantitative measure of the phase fractions present. QXRD analysis
provided further pieces of information about the unaged-FS sample. Firstly, the material was
shown to be a two-phase hydrocalumite material and not a single hydrocalumite phase. Secondly,
a minor impurity phase was detected. This showed that XRD analysis could not distinguish two
hydrocalumite phases because the XRD patterns were very similar to each other. Only the
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mathematical deconvolution of the patterns achieved by QXRD was able to show that two phases
were present.
As mentioned previously in 3.2.4.2, the QXRD analysis did not show any unaccounted
phase fraction that could be assigned to an amorphous or non-crystalline phase. All the unaged-FS
samples by co-precipitation processes were reported to be crystalline materials. Table 12
summarizes the QXRD results for two unaged-FS samples prepared by the co-precipitation method
under partial nitrogen purging. As explained in 3.2.4.3, two phases from the literature were used
for data matching; a chloro-hydrocalumite phase with a hexagonal crystalline system and a
chemical formula of [Ca4Al2(OH)12]·[Cl2·4H2O] along with a chloro-carboaluminate
hydrocalumite

with

a

monoclinic

crystalline

system

and

a

chemical

formula

of

[Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O] [46,53]. The carbonated hydrocalumite phase found in
samples of this study were all hemi-carboaluminate phases, the half-carbonated hydrocalumite (not
the fully carbonated). PDF4+ 2016 software was used to match the experimental patterns. Note
that all the phases in QXRD reports are kept in the table even when a phase was not found in the
sample, to maintain the consistency of the reports.
The unaged-FS samples 1 and 2 were prepared under partial nitrogen purging in large and
small batches respectively. Both samples are labeled as unaged-FS for simplicity. As seen, sample
1 was composed of 74 wt.% chloro-hydrocalumite and 24 wt.% chloro-carboaluminate
hydrocalumite phase. For unaged-FS sample 2, a similar proportion of 68 wt.% chlorohydrocalumite and 20 wt.% chloro-carboaluminate hydrocalumite phase was observed. The
proportion of chloro-carboaluminate hydrocalumite (monoclinic phase) was similar for both
samples (24 and 20 wt.%). Both unaged-FS samples prepared under partial nitrogen purging had
some portion of intercalated carbonate in the hydrocalumite phase. The carbonated hydrocalumite
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portion of FS in a partial nitrogen purging method was almost constant for small and large scales;
average of 22 wt.% (20-24 wt.%). The chloro-hydrocalumite phase proportion in two unaged-FS
samples was an average of 71 wt.% (68-74 wt.%).
As seen in Table 12, the unaged-FS sample 1 contains 2 wt.% Al(OH)3 as a minor phase.
This sample was analyzed previously by solid digestion and ICP-OES (4.3.1). The sample was
shown to have a Ca/Al molar ratio of 1.88, lower than what is expected for an ideal hydrocalumite.
The Al(OH)3 impurity most likely is the reason for the deviation of experimentally determined
Ca/Al molar ratio from the ideal value. This is further discussed in the next section.
Table 12 QXRD phase analysis of FS samples obtained from the co-precipitation process with partial nitrogen
purging (unaged-FS) and complete nitrogen purging methods (modified unaged-FS)
Phase name

Software single crystal formula

Sample name,
Sample number

Sample 1*

Sample 2

Co-precipitation/
partial nitrogen purging

Synthesis method/ nitrogen
purging method
Hydrocalumite, Hexagonal
crystal system,
𝑅3̅ space group,

Phase fraction (wt %)
Unaged-FS

Modified
unaged-FS
(Sample 3)

Co-precipitation/
complete
nitrogen purging

[Ca4Al2(OH)12]·[Cl2·4H2O]

74

68

86

[Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O]

24

20

11

-

-

-

PDF#: 04-010-4677
Hydrocalumite, Monoclinic
crystal system,
P2/c space group,
PDF#: 04-014-9938
Katoite

Ca3Al2(OH)12

Calcite

CaCO3

trace

2

2***

Bayerite

Al(OH)3

2

3

-

Halite

NaCl

-

7**

1

Quartz

SiO2

-

-

<0.5

Total wt.%

-

100

100

100

*sample studied by solid digestion and carbon analysis ** from an incomplete washing process, *** 0.98% calcite, and 1.48% vaterite

For unaged-FS sample 2, incomplete washing resulted in 7% NaCl impurity. This shows
the importance of solid washing after filtration in controlling impurities and tracking of sodium
content in washing filtrate by ICP-OES (as shown in Figure 13). Trace quartz was present due to
84

possible contamination from abrasion of micronizer pellets in QXRD experiments. Calcite also is
present in trace levels. As seen, adsorbed carbonate from the air was intercalated in the FS structure
rather than precipitating as calcite. The complete exclusion of carbonate oxyanion from FS
structure in co-precipitation process under partial nitrogen purging was unavoidable.
It needs to be noted that the presence of hydrocalumite-hydroxide with a chemical formula
of [Ca4Al2(OH)12]·[(OH)2·6H2O] was not detected by QXRD. At aqueous chloride concentrations
of more than 2 mM in the synthesis process, the chloride-hydrocalumite formation is favored over
hydroxide-hydrocalumite formation [49]. The concentration of chloride in an aqueous solution of
all co-precipitation tests was 2.3 M much higher than the reported value. Therefore, the coprecipitation experimental conditions ensured the formation of a chloro-hydrocalumite over
hydrocalumite-hydroxide phase.
4.3.3.1

The experimental chemical formula of unaged-FS

As seen from QXRD analysis, the unaged-FS material sample 1 was composed of 74 wt.% chlorohydrocalumite (hexagonal system), 24 wt.% chloro-carboaluminate hydrocalumite phase
(monoclinic system) and 2 wt.% aluminum hydroxide. The experimental chemical formula of the
unaged-FS sample is calculated using the molar mass of above-mentioned phases. Sample 2 from
Table 12 was discarded due to high halite impurity.
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As shown in Table 13, the phase analysis data from QXRD studies were used to calculate the elemental content of the unaged-FS sample.
With

the

inclusion

of

Al(OH)3

minor

phase

the

experimental

formula

of

unaged-FS

is

close

to

[Ca3.88Al2.09(OH)12.1]·[Cl1.73(CO3)0.10·5.27H2O]. The unaged-FS material is a partially carbonated hydrocalumite with a Ca/Al molar
ratio of 1.86 (from the chemical formula). This ratio is similar to the average experimental value obtained by solid digestion and ICPOES analysis of the sample (1.88 in Table 10). Moreover, Ca and Al weight percentages based on the experimental chemical formula
are 26.8 and 9.71 %, respectively. These values are in adequate agreement with the solid digestion data of unaged-FS samples shown in
Table 10 (25.3 and 9.03 % for Ca and Al, respectively). With the exclusion of Al(OH)3 minor phase the experimental formula of unagedFS will be [Ca3.88Al1.93(OH)11.6]·[Cl1.73(CO3)0.10·5.27H2O]. In this case, a Ca/Al molar ratio of 2.0 will be obtained for the hydrocalumite
sample, as expected for the hydrocalumite family. In conclusion, the aluminum hydroxide impurity was causing the observed deviation
of experimental Ca/Al molar ratio from the ideal value of 2.0.
Table 13 Unaged-FS experimental chemical formula calculations
Moles per 100 g
Phase formula

Phase
proportion
(wt.%)

Molar
mass
(g/mole)

Ca

Al

OH

Cl

CO3

H2O

[Ca4Al2(OH)12]·[Cl2·4H2O]

74%

561.3

0.53

0.26

1.58

0.26

-

0.53

[Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O]

24%

678.4

0.14

0.07

0.42

0.04

0.02

0.38

Al(OH)3

2%

78.0

-

0.03

0.08

-

-

-

total moles

0.67

0.36

2.08

0.30

0.02

0.91

moles per
one mole
of FS

3.88

2.09

12.1

1.73

0.10

5.27

Molar mass: 579.76 g/mole
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4.3.3.2

The reduction of chloro-carboaluminate phase content with the complete nitrogen

purging method
The FS sample prepared under a complete nitrogen purging method (called modified
unaged-FS sample 3 in Table 12) was analyzed by QXRD. The phase analysis of this sample
showed a different proportion of chloro-hydrocalumite and chloro-carboaluminate phases. The
chloro-carboaluminate phase weight percentage in modified unaged-FS was significantly lower
than in the unaged-FS samples. The average chloro-carboaluminate phase content in the unagedFS sample was 22 wt.% while modified unaged-FS contained only half as much (11 wt.%) of this
phase. The proportion of chloro-hydrocalumite phase, the phase with no carbonate in the structure,
was significantly increased using complete nitrogen purging method (86 wt.% vs average 71 wt.%
in unaged-FS samples). The complete nitrogen purging method reduced the intercalated carbonate
portion and consequently increased the pure Friedel’s salt portion of synthesized samples.
The QXRD pattern of the modified unaged-FS sample with more details is shown in Figure
47 in Appendix D. In this QXRD pattern, a small legend on the top right corner shows all the
phases with different colors. The experimental pattern is shown in blue. All the phases detected by
QXRD are shown with other colors (e. g., hexagonal and monoclinic phases are shown with orange
and pink colors respectively). The gray line shows the difference between the experimental and
the total detected phases. The calcium carbonate minor phase (2 wt.%) is actually composed of
0.98 wt.% calcite and 1.49 wt.% vaterite. Vaterite belongs to the hexagonal crystal system,
whereas calcite is trigonal.
Using the weight percentages of two hydrocalumite phases (Table 13) and the experimental
formula of [Ca3.88Al2.09(OH)12.1]·[Cl1.73(CO3)0.10·5.27H2O], the carbonate weight percentage in
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unaged-FS was calculated. The results are shown in Table 14. As seen, the calculated result is
close to the carbonate content reported by carbon analysis.
Table 14 Carbonate content of unaged-FS calculated from QXRD analysis and carbon analysis

Carbonate wt.%

From QXRD results

From carbon analysis

1.06 wt.%

1.15 wt.%

In summary, the QXRD results in association with carbon analysis results showed that the
carbonate content of the FS sample can be reduced by a complete nitrogen purging condition. The
complete nitrogen purging condition will be favored over partial nitrogen purging method if there
is a need to use the maximum capacity of the material in an adsorption process. The intercalatedcarbonate interference with selenate will be further discussed in 6.3.3.
4.4

Summary of unaged-FS synthesis and characterization

FS was synthesized by co-precipitation method at a constant pH of 11.3 under partial nitrogen
purging method. The FS product from this synthesis is referred to as “unaged-FS”. The synthesis
of unaged-FS was conducted at a larger scale with consistent results.
The unaged-FS sample (from large scale co-precipitation synthesis, sample 1 in Table 12)
was characterized by, solid digestion, carbon analysis, and QXRD analysis. The solid digestion
data, phase analysis from QXRD studies, and carbon analysis data were all in agreement with each
other.
QXRD results showed that the sample was not a pure Friedel’s salt. It was composed of
two hydrocalumite phases, a chloro-hydrocalumite phase (74%) from the hexagonal crystal system
and a chloro-carboaluminate phase (24%) from the monoclinic crystal system.
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For a hydrocalumite material, a Ca/Al molar ratio of 2.0 is expected based on the chemical
formula of [Ca4Al2(OH)12]·[X2·mH2O]. Based on the experimental chemical formula obtained for
unaged-FS the Ca/Al molar ratio was 1.86. With the exclusion of minor Al(OH)3 phase, the Ca/Al
molar becomes identical to the hydrocalumite family (2.0). The digestion of unaged-FS sample
confirmed the Ca/Al molar ratio of 1.86 obtained from an experimental chemical formula.
In fact, the minor phase impurities (mainly aluminum hydroxide) causes the Ca/Al molar
ratio of hydrocalumite materials (unaged-FS material in this case) to differ slightly from the ideal
value.

In

a

study

by

Dai,

FS

material

with

a

chemical

formula

of

[Ca3.6Al2(OH)11.2]·[Cl1.9(CO3)0.05·3.8H2O] and Ca/Al molar ratio of 1.8 was synthesized [33]. As
QXRD data was not provided in Dai’s study, it is unclear if the prepared FS was free from any
minor impurity or if the Ca/Al molar ratio in hydrocalumite phase deviated from ideal values of
hydrocalumite family.
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Chapter 5: Aging process; preparation of aged-FS and quantification of mass
loss prevention by the aging process
As mentioned in Chapter 4, the sintering-precipitation method reported by Wu was discarded due
to the technical difficulty in the repeatability of experiments [25]. It was difficult to synthesize
large portions of FS.sint. needed for this work. Additionally, some preliminary adsorption tests
performed using FS.sint. showed that the material was partially dissolving. In the early stages of
this study, an adsorption experiment was conducted based on an adsorption test reported in Wu’s
paper [25]. A sample of 0.1 g of FS.sint. was placed into 50 mL of 730 ppm Se solution at initial
pH 8.0 at 30 °C and was shaken for 24 h. After solid-liquid separation, the solid was recovered,
dried and weighed. The final FS mass (by SBM) was lower than the initial mass; a FS mass loss
of 18.5% was indicated. The experiment was repeated and a 19.2% mass loss was noted (average
SBM: ~19.0%). This amount of mass loss was not viewed as acceptable for an application of this
material for selenium adsorption process. Selenium adsorption was 23.5% (21.6-25.3%) by the
Se.L method. Although Wu reports some ‘minor dissolution’ of FS, Wu apparently did not consider
this dissolution to be a significant concern. However, from an engineering perspective, the
dissolution was a barrier to further adsorption experiments in this thesis (see 2.6.1). The partial
dissolution of Ca and Al, at low and high pH ends, was mentioned by Wu with respect to buffering
effects [25]. The buffering capacity of FS is discussed in 5.3.1.
The preliminary adsorption test performed with unaged-FS also showed significant mass
loss (~18.0% SBM, at initial pH 10, L/S 250, 156 ppm Se, for 24 h, and at 25 °C). In general, the
dissolution of FS (FS.sint. or unaged-FS) was an impediment to the continuation of adsorption
experiments. Due to the dissolution problem in the early stages of the work, the direction of the
thesis was changed. First, the synthesis process was switched from sintering-precipitation (Wu’s
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method) to the co-precipitation at constant pH. The latter technique was a simpler process in
making larger amounts of FS material. It needs to be emphasized that the sintering-precipitation
method was replaced by co-precipitation, not due to partial dissolution of FS.sint., but because the
repetition of the method was technically too challenging. The co-precipitation process is the most
common method for the preparation of LDH materials. Secondly, attention was turned towards
reducing the dissolution of unaged-FS as more adsorption experiments with substantially soluble
material were untenable.
As mentioned in 2.4, literature studies showed that the aging process affects the
physiochemical properties of LDH materials including particle size distribution, particle size
growth, dispersion of agglomerates, and nanostructure evolution [70,72,73,82,83]. However, the
quantitative effects of these aging processes on minimization of LDH dissolution have not been
reported. At this point in the project, a new series of aging experiments were designed. The material
used for aging studies was the unaged-FS material prepared by co-precipitation at constant pH
under partial nitrogen purging conditions (see Table 8). The aging process was carried out after
the original unaged-FS was prepared by co-precipitation, filtered, washed and dried. The sodium
chloride impurities were washed out from the wet FS (see Figure 13). The purpose of the aging
process was to minimize the unaged-FS dissolution in adsorption experiments. More importantly,
the aging efficiency on the prevention of mass loss could be quantified. Since the aging tests were
applied on one homogenized initial material (unaged-FS), several aging conditions could be
compared knowing that one uniform starting sample was used for all tests. It is believed that, in
the aging-related literature, the efficiency of an aging process (separate from the synthesis step)
for controlling the partial dissolution of LDH material in an adsorption test is not quantified or
studied in detail. This poses a lack of important information about the hydrolytic stability of these
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materials. In many LDH studies, the mass loss that can be expected during adsorption tests is
unclear [25]. In mining industries, it is crucial to have a reliable platform for FS mass-loss
expectations in a typical wastewater treatment using FS material [44,80].
Among different aging variables, the effect of initial pH, L/S, time, and temperature were
studied. In summary, unaged-FS material was aged by adding to aqueous NaOH solutions (initial
pH set at 8.0 or 12.0) under specific L/S ratios for specific periods of time and at a specific
temperature (see Figure 11). DI water used for all aging tests was decarbonated by purging nitrogen
gas for 10-15 minutes. All aging tests were performed in sealed bottles without further nitrogen
gas purging. The amount of CO2 in the gas phase was calculated as being negligible and therefore
not a major concern with respect to carbonation. In general, most of the aging experiments were
carried out once with two or three replicate ICP analyses (see 3.2.4.7).
The tracking of crystallinity of material over aging was not pursued since QXRD studies
showed that the unaged-FS sample itself was a crystalline material (see 4.3.3). The purpose of
aging in this thesis was to figure out if unaged-FS dissolution could be lowered by any purification
of material (removal of minor impurity) or any other physical/chemical changes such as particle
growth or any phase transformation. The FS mass loss as a result of aging tests was reported for
all aging tests using Ca.LB and Al.LB.
The selection of aging variables such as time, temperature, and L/S was made based on
finding a low mass-loss aging condition. The initial pH effect was also studied by tracking the
dissolution of Ca and Al. It was mentioned in 4.3.3.1, that aluminum hydroxide was the minor
impurity in unaged-FS material. Ca/Al molar ratio of unaged-FS material was deviated from the
ideal value of 2.0, due to 2 wt.% aluminum hydroxide impurity. Therefore, special attention was
92

given to an aging condition resulting in more Al dissolution in solution alongside forming an aged
solid with Ca/Al ratio of 2.0. Later, further analytical studies including QXRD were performed on
aged material.
5.1

Mass loss calculations in aging tests
It was mentioned earlier in 3.2.4.7.2 that mainly LBM is used for FS mass loss calculations

for the experiments in this thesis. As shown in Equation 3, a chemical formula and molar mass of
FS involved in any specific experiment were required. In the case of aging tests, this FS material
was an unaged-FS sample. Various characterization methods showed that the unaged-FS sample
with an experimental chemical formula of [Ca3.88Al2.09(OH)12.1]·[Cl1.73(CO3)0.10·5.27H2O] was not
a pure, single FS (see 4.3.3.1), but rather mainly a mixture of two FS phases. The average molar
mass of the two main FS phases could be used. On the other hand, the analytical studies showed
that the unaged-FS composition was close to the composition of pure FS; 74 wt.% pure chlorohydrocalumite (see 4.3.3.1) and its calculated average molar mass is only slightly higher than that
of pure FS (579.76 g/mole vs 561.34 g/mole, respectively). Therefore to estimate the mass loss
during aging tests the material was assumed to be mainly pure FS with a molar mass of 561.34
g/mole. It was also assumed in this calculation that chloro-hydrocalumite and chlorocarboaluminate hydrocalumite phases dissolve to the same extent. Later in section 5.5, it will be
shown that the degree of dissolution for the two phases are different. For simplicity, however, both
phases are assumed to have equal dissolution in initial mass loss calculations of aging (and
adsorption) tests.
5.2

Selection of aging variables (time, temperature, L/S) based on low mass loss

In some preliminary aging experiments designed before pH studies, unaged-FS was added to water
under specific L/S ratios for specific periods of time and at specific temperatures. An aging test
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was performed once for each set of variables. Three solutions for ICP analysis were prepared from
each final aging solution. Only the average ICP result is reported (see 3.2.4.7). The FS mass losses
(wt.%) using Ca.LB and Al.LB for all variables is summarized in Table 15. The best aging variables
were selected based on low mass-loss condition. In this way, the material loss during the
subsequent pH-effect studies was minimized.
Table 15 FS dissolution under aging variables. The selected values are in bold for clarity.
Aging variable

Aging conditions
held constant

Test values
for aging variable

Mass loss method
(LBM)
L/S 50, initial pH 8.0,
and 65 °C

Ca.LB, Al.LB

Selected
variable

Ca/Al molar
ratio of
aged solid

2 days

4 days

7 days

7 days

1.85

Mass loss Ca.LB,
8.96%,
Al.LB
4.05%
L/S 20, initial pH 8.0,
30 °C
Temperature
and 7 days
Mass loss Ca.LB,
2.80%,
Al.LB
2.13%
L/S (mL/g)
Initial pH 8.0, 65 °C,
20
and 7 days
Mass loss Ca.LB,
3.1%,
Al.LB
2.4%
*more preliminary tests were performed at 65 °C

8.73%,
3.20%
65 °C

8.62%,
2.62%
85 °C

65 °C*

1.88

3.10%,
2.14%
50

6.54%,
2.14%
200

20

1.84

7.2%,
4.8%

26%,
23%

Time

The aging time data presented in Table 15, showed that there was a very little variation in
FS dissolution using Ca.LB over the range tested. The average of calcium dissolution in this period
of time was 8.77% (8.62-8.96%). Aluminum dissolution from material over 7 days of aging was
almost similar, however, a slight decrease was observed as aging time was extended from 4 to 7
days (3.20% vs 2.62%). The average of aluminum dissolution in 7 day-aging periods was 3.29%
(2.62-4.05%), where Ca always dissolved more than Al. At initial pH 8.0, calcium always
dissolved more than Al. Therefore, seven days of aging was selected because of lower Al
dissolution than that measured at other times (2.62%). There was also a desire to minimize the
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experimental time frame for the project, therefore, time periods longer than 7 days were not
studied.
The Ca and Al dissolution over the temperature change from 30 to 65 °C was almost
constant. As the temperature of the aging process increased from 65 to 85 °C, the average Ca
dissolution increased from 3.10% to 6.54%. The temperature of 85 °C was avoided because of
higher material dissolution at this temperature. The temperature of 65 °C was selected as this was
the baseline value used in the time and L/S series experiments. The temperature 65 °C was selected
as a baseline since in a report by Rousselot in 2002, a better crystallinity was expected at this
temperature for Ca-Al-LDH [46]. In general, the interaction of different variables was beyond the
scope of this work.
In contrast to the time and temperature variables, FS dissolution was highly L/Sdependant. As seen in Table 15, FS dissolution (using Ca.LB) sharply increased from 3.1% at L/S
20 to 26% at L/S 200. Aging at L/S 20 was selected for initial pH studies because of lower mass
loss than other L/S conditions.
In summary, the aging of unaged-FS for 7 days, the temperature of 65 °C and L/S 20
ensured a low mass-loss outcome for the aging process.
In conclusion, the dissolution of Ca2+ ions was always higher than Al3+ ions, resulting in
solids with Ca/Al molar ratios lower than the original material (1.88 for unaged-FS). This is related
to the initial pH value of these experiments (pH 8.0) and is discussed in the next section. The aged
solid samples obtained from aging variables in Table 15 were digested with nitric acid. The Ca/Al
molar ratio of aged solids at selected aging variables of time (7 days), temperature (65 °C) and L/S
(20) were 1.85, 1.88, and 1.84, respectively (see Table 15). For more reproducibility of L/S data
in aging tests see Appendix E.
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5.3

The initial pH effect in aging tests

The pH of the aqueous NaOH solutions used in these aging tests was adjusted to 8.0 and 12.0. The
initial pH studies of aging tests were performed at selected aging variables of L/S 20, 65 °C, and
7 days, under which mass loss was controlled at minimum values. The dissolution of Ca and Al
ions by pH variation was tracked.
Four and six individual aging tests were performed at an initial pH of 8.0 and 12.0,
respectively. The FS dissolution data using Ca.LB and Al.LB, Ca and Al contents in solution, final
pH values, and Ca/Al molar ratio of aged solids from initial pH studies are shown in Table 16. As
shown, different amounts of Ca and Al were dissolved at an initial pH of 8.0 and 12.0. At initial
pH of 8.0, an average of 3.05% (2.37-3.32%) and 2.35% (1.25-2.97%) FS was dissolved using
Ca.LB and Al.LB, respectively. On the other hand, once the initial pH of the aging slurry was
increased to 12.0, significantly lower Ca in solution observed. Due to the higher initial pH, the
average extent of Ca dissolved decreased from 3.05% to 0.173% (Ca.LB).
Table 16 FS dissolution percentage Ca.LB and Al.LB, relative metal ion contents, Ca/Al molar ratio of aged solid and
final pH in initial pH studies of aging tests (aging conditions: L/S 20, 65 °C, and 7 days).
Mass loss (%)

Mass loss (%)

Test number
Unaged-FS
Ca/Al molar ratio 1.88
(from solid digestion)
1

Ca.LB%

Al.LB%

3.28

1.25

10.6

0.199

3.54

11.1

2
3

3.25
3.32

2.42
2.76

10.9
11.3

0.170
0.171

5.50
5.20

11.2
11.9

4

2.37

2.97

11.2

0.163

3.54

11.9

5
6

-

-

-

0.170
0.171

5.50
5.20

12.0
11.8

Average
Ca/Al molar ratio in aged
solid (from solid
digestion)

3.05

2.35

11.0

0.173

4.75

11.6

Initial pH 8.0

1.84
(1.82-1.87)

Ca.LB%
Final pH

Al.LB%

Initial pH 12.0

Final pH

2.02
(1.95, 2.03, 2.03 and 2.08)
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In comparison, due to the higher initial pH of 12.0, the average Al dissolution rose from
2.35% to 4.75% (Al.LB). This opposite tendencies of Ca and Al dissolution caused the average
aluminum content in solution to be 13.1 times higher than the average Ca content.
Based on the aluminum speciation diagram, the dissolution of Al3+ is highly pH-dependant
[84]. The higher Al dissolution at initial pH 12.0, was related to the dissolution of aluminum
hydroxide impurity in the form of aluminate. At high pH values (9.0-12.0), aluminum hydroxide
redissolves via formation of soluble aluminum species such as aluminates (Al(OH)4-) [27]. Aging
at an initial pH 12.0 removed the aluminum hydroxide minor impurity.
The minor aluminum hydroxide impurity was shown to be the reason for the deviation of
Ca/Al molar ratio of unaged-FS from 2.0 (section 4.3.3.1). If aluminum hydroxide impurity was
dissolved over aging at initial pH 12.0, then a change in Ca/Al molar ratio of aged solid from 1.88
to 2.0 was expected. Three solids aged at initial pH 12.0 were digested and analyzed by ICP-OES.
An average Ca/Al molar ratio of 2.02 (1.95-2.08) was indicated for the sample. The solid analysis
result was also indicative of aluminum hydroxide removal.
5.3.1

Final pH and the buffering effect

The final pH values for the pH study of aging tests are shown in Table 16. In addition, Ca and Al
metal ions content in the aging solution for each initial pH is shown. In this section, the correlation
of final pH change to the metal ions content in solution is discussed. As discussed previously in
QXRD studies (see Table 12) the unaged-FS is composed of hydrocalumite phases (chloro- and
chloro-carboaluminate phases) and aluminum hydroxide. Here, it is assumed that the Ca dissolved
in the solution is coming from hydrocalumite phases while Al dissolved in the solution is from
aluminum hydroxide and hydrocalumite phases. Note that both Ca and Al ions dissolve at initial
pH of 8.0 and 12.0, however, the extension of dissolution is different for these metal ions.
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At an initial pH of 8.0, Ca content of the solution was 4.1 times the Al content, and the
final pH of the solution jumped to 10.6-11.3. At an initial pH of 12.0, the Al content in the solution
was 13.1 times the Ca content, and the final pH of the filtrate was measured to be 11.1-12.0. From
the final pH values and the Ca and Al contents in the solution, the following possible explanation
can be provided: At initial pH 8.0, according to Reaction 5, a portion of the Ca-framework of FS
([OH-Ca-OH].FS) dissolved preferably, resulting in a final pH jump to around 11.0 (10.6-11.3).
[OH-Ca-OH].FS = Ca2+ + 2OH-

Reaction 5

At an initial pH of 12.0, the Al content in the solution was 13.1 times higher than the Ca
content and Ca dissolution compared to initial pH 8 was reduced significantly. Compared to initial
pH 8.0, Al dissolution increased presumably due to the formation of highly soluble aluminate
species (Reactions 6 and 7). Tetra-hydroxy aluminate with a chemical formula of Al(OH)4- is the
dominant aluminum species at high pH [84]. Aluminate formation consumed hydroxide anions
and reduced the final pH to the average value of 11.6 (11.1-12.0).
Al(OH)3 (or [OH-Al-OH].FS) = Al3+(aq) + 3OH-

Reaction 6

Al3+(aq) +4OH−(aq) = [Al(OH)4]− (aq)

Reaction 7

In summary, Ca or Al dissolved depending on the initial pH of the solution. This way the
final pH of the solution was maintained in a medium point (11.0-11.6) for both low and high initial
pH solutions. This suggests the possibility of buffering. Aqueous Ca+2 and Al+3 in contact with
solid FS might be buffering the solution pH. Wu reported a similar buffering capacity for his FS.sint.
and selenate-loaded Wu’s FS.sint. during selenate adsorption tests and chemical stability tests,
respectively [25]. For selenate adsorption tests, the final pH of the solution at an initial pH of 4.0,
7.0, and 10.0 jumped to 10.25-12.0. For chemical stability tests, selenate-loaded Wu’s FS.sint. (0.28
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mmol Se/g) was added to water (L/S 20) at an initial pH of 4.00, 7.00, 10.00 and 13.0 [25]. Wu
reported that the final pH of the solution for the initial pH 4.00, 7.00, and 10.00 was 10.70±0.3.
The final pH of the solution was 11.60±0.3 when the initial pH was 13.00. The final pH was
maintained in the 10.70-11.60 region for Wu’s FS.sint. material. The buffering capacity of FS
synthesized in this study during aging was similar to the buffering capacity of Wu’s FS.sint. in
selenate adsorption studies of Wu.
To better understand the possible changes on the unaged-FS material over the selected
aging process, further characterization of aged-FS properties was performed.
5.4

Characterization of aged-FS

For characterization studies, particularly QXRD, more aged material was needed. A larger batch
was prepared. The whole quantity of as-prepared unaged-FS (~150 g) was aged under the best
aging condition (initial pH 12.0, L/S 20, 65 °C and 7 days). The aged-FS was collected and stored
in a desiccator. Three homogenous samples were analyzed by digestion and ICP-OES to determine
the Ca/Al molar ratio. An average value of 2.02 (2.01-2.05) was obtained.
5.4.1

QXRD analysis of aged-FS; phase transformation during the aging process

Table 17 shows the phase analysis of aged-FS by the QXRD analysis. The phase composition of
unaged-FS is also shown for comparison. As seen from the QXRD results, aged-FS was composed
of 28 wt.% chloro-hydrocalumite in a hexagonal crystal system, 70 wt.% chloro-carboaluminate
hydrocalumite in a monoclinic crystal system, and 2 wt.% a calcium aluminum hydroxide minor
phase called katoite.
The selected aging process was associated with the following chemical transformations
and phase transformation of unaged-FS. First of all, as expected from previous discussions in 5.2,
the minor Al(OH)3 impurity (2 wt.%) was dissolved through aging. However, a new minor phase
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katoite with a chemical formula of Ca3Al2(OH)12 was formed (2 wt.%). Apparently, along with
the Al(OH)3 dissolution, the hydrocalumite phase partly dissolved, as calcium was detected in
solution. The dissolved Ca2+ and Al3+ ions all were re-precipitated in the form of a katoite phase
as shown by Reaction 8. Katoite is the most stable calcium aluminate hydroxide phase [85]. The
aging process dissolved the unstable aluminum hydroxide phase in favor of a more stable phase.

3Ca(OH)2(aq) + 2Al(OH)3(aq) = Ca3Al2(OH)12

Reaction 8

Secondly, during the aging process, much of the chloro-hydrocalumite in the hexagonal
crystal system (𝑅3̅) was transformed into the chloro-carboaluminate hydrocalumite phase in the
monoclinic crystal system (P2/c). Previously the QXRD analysis of unaged-FS showed that the
hydrocalumite phase was composed of 74 wt.% chloro-hydrocalumite in the hexagonal crystal
system (𝑅3̅) and 24 wt.% chloro-carboaluminate hydrocalumite in the monoclinic crystal system
(P2/c, see Table 12). The phase transformation during aging alongside with other phase
transformations of Friedel’s salt and carbonated Friedel’s salt samples in the literature are
summarized in Table 34, Appendix G.
Table 17 QXRD results of unaged-FS and aged-FS samples
Phase name
Hydrocalumite,
Hexagonal crystal
system,
𝑅3̅ space group,
PDF#: 04-010-4677
Hydrocalumite,
Monoclinic crystal
system,
P2/c space group,
PDF#: 04-014-9938

Software single
crystal Formula

Unaged- FS

Aged-FS

[Ca4Al2(OH)12]·[Cl2·4H2O]

74

28

[Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O]

24

70

Katoite

Ca3Al2(OH)12

-

2

Bayerite

Al(OH)3

2

-

Calcite

CaCO3

trace

-

100

By aging, the dominant hydrocalumite phase became the chloro-carboaluminate
hydrocalumite phase ([Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O]) in the monoclinic crystal system
(P2/c, 70 wt.%). Aging was performed without any nitrogen purging, and CO2(g) dissolved from
the air in the aging slurry was adsorbed into the aged-FS composition in the form of carbonate. In
addition, the increase in the proportion of chloro-carboaluminate phase shows that carbonate was
intercalated in the interlayer space rather than surface physical adsorption.
Feng et al. in 2016 showed that the formation of carbonated hydrocalumite in monosulfate
phase ([Ca4Al2(OH)12]·[X2·mH2O], X=SO42-) depends on the amount of carbonate present in the
synthesis solution [65]. In the absence of carbonate, the monosulfate phase was the only phase
present. The carbonate content in the solution was increased up to 0.018 mol CaCO3/kg water at
pH 12.5-14.0. With the increase in the carbonate content, a phase transformation from monosulfate
phase to hemi-carboaluminate (half-carbonated) and mono-carbonate (fully-carbonated)
hydrocalumite phases was observed. At carbonate concentration range 0.006-0.01 mol CaCO3/kg
water, the proportion of both hemi-carboaluminate and mono-carbonate phases increased. At
sufficiently high carbonate dosage (0.018 mol CaCO3/kg water), the mono-carbonate was a major
phase and monosulfate was a minor phase.
The results of Feng are consistent with the formation of more of chloro-carboaluminate
hydrocalumite phase during aging [65]. The carbonate level in the solutions used for aging was
not significant enough to form a fully carbonated Friedel’s salt. However, it was high enough to
increase the proportion of hemi-carboaluminate phase ([Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O]).
Feng showed the carbonated hydrocalumite is a more stable phase than the carbonate-free
hydrocalumite, in the presence of carbonate.
101

5.4.1.1

The experimental chemical formula of aged-FS

The experimental formula of the aged-FS sample was calculated using the molar masses of above-mentioned phases. As shown in Table
18, the phase analysis data from the QXRD studies were used to calculate the elemental content of the aged-FS sample. With the
inclusion of Ca3Al2(OH)12 the experimental formula of aged-FS is [Ca4.02Al2.03(OH)12.1]·[Cl1.30(CO3)0.33·8.40H2O]. The aged-FS
material is a carbonated hydrocalumite with a Ca/Al molar ratio of 1.98. This ratio is very similar to the average experimental value
obtained by the solid digestion of this sample (2.02). Moreover, Ca and Al weight percentages suggested by the chemical formula are
25.2 and 8.55 %, respectively. These values are in fair agreement with the solid digestion and analysis data for aged-FS samples (28.0
and 9.1 % for Ca and Al, respectively). With the exclusion of Ca3Al2(OH)12 minor phase the experimental formula of aged-FS will be
[Ca3.88Al1.93(OH)11.6]·[Cl1.30(CO3)0.33·8.40H2O], with a Ca/Al molar ratio of 2.0 as expected for hydrocalumite family.
Table 18 Aged-FS experimental chemical formula calculations
Moles per 100 g
Phase formula

Phase
proportion
(wt.%)

Molar
mass
(g/mole)

Ca

Al

OH

Cl

[Ca4Al2(OH)12]·[Cl2·4H2O]

28 %

561.3

0.20

0.10

0.60

0.10

[Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O]

70 %

678.4

0.41

0.21

1.24

0.10

0.05

1.11

Ca3Al2(OH)12

2%

378.3

0.02

0.01

0.06

-

-

-

Total moles

0.63

0.32

1.90

0.20

0.05

1.31

Moles per
one mole
of FS

4.02

2.03

12.1

1.30

0.33

8.40

Molar mass: 639.61 g/mole

CO3

H2O
0.20
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5.4.2

Carbonate adsorption through aging; carbon analysis

The carbonate content of aged-FS was measured by carbon analysis. The results of the carbonate
content of aged-FS (and unaged-FS for comparison) are shown in Table 19. During the aging
process, carbonate content increased from 1.15 to 3.00 wt.%. The carbonate content based on the
chemical formula ([Ca4.02Al2.03(OH)12.1]·[Cl1.30(CO3)0.33·8.40H2O]) would be expected to be
3.10%. The analyzed carbonate content and that obtained from the chemical formula derived from
QXRD analysis are reasonably close. A higher carbonate content in aged-FS shows that CO2(g)
dissolved from the air in the aging slurry was adsorbed into the aged-FS composition in the form
of carbonate. In this aging process, the decarbonated water (initial 20-minutes nitrogen purging)
was used, however, no nitrogen gas was purged during 7-days of aging.
Table 19 Carbonate content increase over selected aging measured by carbon analysis (aging condition: initial pH
12.0, L/S 20, 65 °C and 7 days)

Carbonate (wt.%)

Unaged-FS
1.15

Aged-FS
3.00

The aged-FS material similar to unaged-FS was contaminated with carbonate oxyanion.
As shown with the QXRD results, the increase in intercalated carbonate content changed the
interlayer composition of FS material. The carbonate content increased, and therefore the chloride
anion content decreased.
5.4.3

Morphology change over aging; SEM results

Figure 16 shows the morphologies of the as-prepared FS particles before and after aging at initial
pH 12.0, L/S 20, 65 °C for 7 days. The aged-FS SEM images are illustrated in pictures 1 and 2,
and the unaged-FS SEM images are shown in pictures 3 and 4. The aged-FS crystallites appear as
flat crystals with a well-defined geometry of hexagonal crystals with sharp edges. In comparison,
the unaged-FS plates had no specific geometry and were mostly composed of stacked flat plates
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with chipped and broken edges. The broken edges are expected because the metal-OH bonds in
the hexagonal units of brucite layers do not continue at the crystal edges [24].

1

3

2

4

Figure 16 SEM images of aged-FS (1 and 2) and unaged-FS (3 and 4), 5.0 k magnification (aging condition:
initial pH 12.0, L/S 20, 65 °C and 7 days).

As seen in the schematic representation of LDH materials in Figure 3, in a perfectly
crystalline LDH, the brucite layers are composed of repetitive hexagonal units of [OH-Ca-OH].FS
and [OH-Al-OH].FS, called Ca- and Al-frameworks, respectively. The sharp hexagonal edges
formed during aging is possibly indicative of dissolution and re-crystallization of hexagonal units
on the edges of layers. The recrystallized aged-FS material is composed of Ca and Al ions in wellorganized octahedral units on the edges. The dissolution of Ca and Al ions from those octahedral
units is most likely less than dissolution from broken plates.
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5.4.4

Particle growth over aging; PSD results

In general, an aging process involves a series of complex processes such as crystal growth,
agglomeration, and breakage. Particle size growth during aging or hydrothermal treatment has
been reported widely in the literature [27,71]. The time period of the aging process was shown to
have an important influence on the particle size distribution. As discussed earlier in section 2.4,
the effect of heating duration on Mg-Al-Cl LDH showed that the particle size increased from
69±15 nm to 159±29 nm as the treatment time increased from 2 h to 48 h (100 °C); an indication
of particle growth during hydrothermal treatment [71].
A co-precipitation process results in a larger PSD than a rapid mixing/aging process [70].
In the co-precipitation procedure, not all of the precipitated particles experience the same
nucleation or crystal growth times. The nuclei formed at the onset of precipitation grow larger than
the ones formed at the end of the process. In comparison, in a rapid mixing or aging procedure, all
particles experience almost the same crystal growth time and so the particle size distribution will
be narrower. Therefore, it is difﬁcult to control the particle size and distribution of LDHs using a
traditional co-precipitation method [27].
In Table 20, the particle size distribution and volume-weighted mean (VWM) of unagedFS and aged-FS are compared. The particle size distribution is shown with d(0.1), d(0.5), d(0.8), and
d(0.9) values which are standard “percentile” readings from the PSD analysis. For example, d(0.9) is
the size of the at which 90% of the sample is smaller and 10% is larger than this size. The VWM
value is an arithmetic average of data, calculated by Malvern Mastersizer laser instrument using
the weight of the sphere particles (Equation 7, where r: diameter, 𝜌: density) [86]. In these
calculations, particles are assumed to be spherical and non-porous.
4

Weight of particles: 3 𝜋𝑟 3 ∗ 𝜌

Equation 7
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For VWM value, the analyzer cubes the diameters of particles (r1 to rn), sums the cubed
diameters, divides by the number of particles (n), and finally takes a cube root (Equation 8). The
resultant value is the volume-weighted mean diameter (VWM).

Volume-weighted mean =

3√(𝑟13 +𝑟23 +𝑟33 +⋯+𝑟𝑛3)

Equation 8

n

The unaged-FS was prepared over a 72-h co-precipitation time as explained in section 4.1.
The aged-FS was prepared by the aging of unaged-FS at initial pH 12.0, L/S 20, 65 °C for 7 days.
Each data point shown in Table 20 is the average of three repeated analyses. The range of
analytical values is shown in brackets next to this average value.
Table 20 The particle size distribution, volume weighted mean and specific surface area of unaged-FS and aged-FS
(selected aging: initial pH 12.0, L/S 20, 65 °C and 7 days).
Unaged-FS

Aged-FS

d(0.1) (m)

4.70 (4.10-5.80)

6.11 (5.00-6.68)

d(0.5) (m)

18.2 (15.4-19.9)

23.1 (21.8-23.9)

d(0.8) (m)

36.0 (35.0-37.4)

48.2 (46.3-51.1)

d(0.9) (m)

50.7 (47.5-53.9)

78.7 (73.2-82.7)

Volume-weighted mean (m)
Specific surface area (m2/g)

29.5 (27.6-31.3)
0.535 (0.466-0.604)

42.5 (40.5-45.2)
0.338 (0.208-0.407)

As shown in Table 20, the particle size distribution for the aged-FS sample is larger than
the unaged-FS sample. The unaged-FS particles were distributed in the range of 4.70-50.7 m.
After aging, the particle size distribution was increased to 6.11-78.7 m. For example, as a result
of aging, the d(0.5) was increased from 18.2 to 23.1 m. The d(0.8) was increased from 36.0 to 48.2
m. Similarly, the d(0.9) value was increased from 50.7 to 78.7 m. The VWM value was increased
from an average of 29.5 m to 42.5 m. The aged-FS particles mean diameters were larger than
that of unaged-FS particles, indicative of agglomeration during the aging process. The specific
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surface area (SSA) of FS material as reported by Malvern Mastersizer was reduced from 0.535
m2/g to 0.338 m2/g, as a result of aging. As a result of agglomeration, particles stick to one another
and result in a material with smaller calculated surface area. If the SSA is used, it is important that
the density of the material is defined. Malvern Mastersizer assumed a density of 1 for these
calculations.
The reversibility of agglomeration by application of ultrasound is shown with details in
Appendix F, Table 33. The results showed that the coarse agglomerates formed through the aging
process were broken by the application of ultrasound.
5.5

Solubility of aged-FS (dissolution comparison to unaged-FS)

Next, the effectiveness of the selected aging process on controlling the dissolution of the aged
material was investigated. The purpose of the dissolution experiment was to determine if aged-FS
was a less soluble material than unaged-FS. After all, the ultimate purpose of the aging process
was minimizing the FS dissolution in a real selenate adsorption test. Any positive impact of this
compositional change on lowering the dissolution of FS material during selenate adsorption tests
could be a step forward towards lowering metal ions release from LDH materials into solution.
Figure 17, shows a general schematic of synthesis, aging, dissolution and adsorption tests in the
thesis.
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Figure 17 General flowsheet for aged-FS preparation and testing.
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5.5.1

Aged-FS dissolution under conditions of a typical adsorption test using Se-free

solution
As seen from the analytical results (5.4.1 to 5.4.4) aging caused a series of changes in the FS
material. Next, the effect of aging on the dissolution of the material was investigated. The
dissolution of aged-FS was examined by its exposure to a typical adsorption experiment. The
unaged-FS sample was used for comparison. For mass loss calculations of aged-FS in dissolution
tests, the molar mass value of 639.61 g/mole for aged-FS with chemical formula of
[Ca4.02Al2.03(OH)12.1]·[Cl1.30(CO3)0.33·8.40H2O] was used in Equation 3 (see 3.2.4.7.2). Similarly,
for mass loss calculations of unaged-FS in dissolution tests, the molar mass of 579.76 g/mole for
unaged-FS with chemical formula of [Ca3.88Al2.09(OH)12.1]·[Cl1.73(CO3)0.10·5.27H2O] was used in
Equation 3 (see 3.2.4.7.2).
The experimental conditions for the dissolution test were similar to a typical adsorption
test, simply because the final goal was the minimization of dissolution in a real adsorption test. In
the dissolution test, low initial pH was avoided as LDHs are unstable in the low-pH region. L/S
200 was selected to parallel industry applications, as treatment would usually be applied to large
volumes of water with low concentrations of the adsorbate. A 50 mL sample of DI water with pH
adjusted to 12.5 was added to 0.25 g FS sample, stirred at 150 RPM and 30 °C for 24 h. The slurries
in dissolution tests were shaken at 150 RPM to simulate real adsorption tests. Three dissolution
tests were carried out on both unaged-FS and aged-FS. The solution after filtration was analyzed
for Ca and Al concentrations for mass loss calculations.
Figure 18 shows the solution results after contact with aged-FS and unaged-FS. The FS
dissolution percentage using Al.LB and Ca.LB for the experiments is shown with filled triangle and
empty triangles, respectively (see Equations 2 and 3). The error bars for dissolution data in Figure
18 represent the uncertainty or error in ICP analysis (±5%).
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Figure 18 FS dissolution for aged and unaged material reported as Al.LB and Ca.LB. (experimental
condition: initial pH 12.5, L/S 200, 30 °C, 150 RPM, and 24 h; Se-free solution).

The following finding can be concluded from the comparison of the aged-FS and unagedFS samples. As seen in Figure 18, the selected aging condition reduced the amount of Al3+ ions
released into the solution. The average Al.LB dissolution for aged-FS at 4.44% (4.41-4.48%) was
lower than that of unaged-FS at 8.02% (7.42-8.79%) by a factor of not quite 2 (44.6% reduction).
The average Al3+ ions concentration dissolved from aged-FS was 19.1 ppm (19.0-19.3 ppm), lower
than that of unaged-FS, 39.3 ppm (36.4-42.9 ppm). Ca.LB was perhaps slightly higher for aged-FS
than for unaged-FS, or about the same. The average Ca.LB dissolution for aged-FS at 2.29% (1.952.67%) was similar to that of unaged-FS at 1.91% (0.90-2.65%). The average Ca concentration
dissolved from aged-FS 29.0 ppm (24.7-33.9 ppm) was similar to the amount dissolved from
unaged-FS 25.8 ppm (12.1 ppm-35.7 ppm). In general, reduction in the dissolution of even one of
metal ions is an achievement, both from environmental aspects and material mass loss view.
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As mentioned before, low initial pH was avoided for the dissolution test, as LDHs are
unstable in the low-pH region. However, the results of some dissolution tests at a lower initial pH
showed interesting results. A few similar experiments were performed using aged-FS and unagedFS at initial pH 8.0 (L/S 200, 30 °C, 150 RPM, and 24 h; Se-free solution). For this test, the average
Ca.LB dissolution from the aged-FS sample 14.9% (13.9-15.5%) was lower than that of the unagedFS sample, 29.3% (27.2-31.8%). The average Ca.LB dissolution from the FS material was reduced
by a factor of ~50%, as a result of aging. The average Al.LB dissolution from the aged-FS sample
16.2% (16.0-16.4%), was also lower than that of the unaged-FS sample, 21.1% (17.1-24.2%). The
average Al.LB dissolution from the FS material was reduced by a factor of 23.0%, as a result of
aging.
In summary, from the results of dissolution tests at initial pH 12.5 and 8.0, followings can
be concluded; aged-FS was a more stable material than unaged-FS. Compared to unaged-FS, a
lower amount of metal ions were dissolved from aged-FS material into solution. Upon using a high
pH range (initial pH 12.5), aged-FS showed lower Al.LB dissolution (by a factor of ~45%) than
unaged-FS. Ca.LB dissolution for two materials was about the same. However, using a lower pH
range (initial pH 8.0), lower Ca and Al dissolution was observed for aged-FS (compared to unagedFS). Ca.LB dissolution was lowered by a factor of ~50% and Al.LB dissolution was lowered by a
factor of 23%. This shows that aged-FS material is a better candidate than unaged-FS for
adsorption tests, as lower material loss and lower dissolution of metal ions is expected.
The higher Al3+ ions dissolution from unaged-FS compared to aged-FS (at initial pH 12.5),
was mainly related to the dissolution of minor aluminum hydroxide from this material. Based on
the mass balance calculations of Al, the total amount of aluminum dissolved from unaged-FS (1.7
mg Al) was more than the amount of Al from aluminum hydroxide in this sample (0.34 mg Al).
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This means that aluminum dissolved into solution was both from aluminum hydroxide and
hydrocalumite phases.
The minor phase in aged-FS material was katoite phase; a stable calcium-aluminum
hydroxide phase. In general, lower Al ions was expected to dissolve from katoite phase (see Table
17). Note that the unstable aluminum hydroxide phase was transformed into stable katoite phase
by the aging process. In fact, dissolution of Al3+ ions from aged-FS was simply lower than that of
unaged-FS, as the minor Al-containing phase was more stable. At initial pH 8.0, dissolution of
both Ca and Al ions from the aged-FS sample were lowered. In general, this test shows that Ca
and Al ions in the brucite layers of aged-FS are held with stronger bonding that those in the
composition of unaged-FS. The higher the structural stability of brucite layers, the lower the
dissolution of metal ions. Note that lower metal ions dissolution means lower material loss.
This test also showed the importance of pH control during the synthesis process. The
aluminum hydroxide impurity needs to be maintained at its lowest possible value otherwise it will
dissolve, causing the material loss and more importantly discharge of Al3+ ions into adsorption
effluent. As explained earlier in section 4.1, the pH of the slurry was maintained at 11.3, during
synthesis experiment. With a careful pH control, only 2 wt.% aluminum hydroxide was formed.
In the preliminary co-precipitation tests at initial pH of 10.0 ([Al3+]: 0.33 M), aluminum hydroxide
was precipitated and no FS was formed. Therefore, a careful pH control at set pH values of ≥11.3
is necessary. In most of the adsorption studies, the amount of minor impurities in the LDH
materials (if present), are not reported [25]. QXRD analysis of LDH material similar to this study
will be helpful in a better estimation of the metal ions dissolution under various experimental
conditions. The temporary failure in the function of the alkaline agent pump during the synthesis
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process can also result in poor pH control and the proportion of aluminum hydroxide might
increase.
It needs to be highlighted that aging did not fully prevent the dissolution of the material.
Aged-FS material still showed some partial dissolution.
5.5.2

Aging impact on minimization of dissolution

The selected aging process reduced the dissolution of metal ions from FS, depending on the initial
pH. The aging process reduced the dissolution of Al3+ ions from FS, at an initial pH of 12.5. The
concentration of Al3+ in solution was reduced from an average of 39.3 ppm (for unaged-FS) to
19.1 ppm (for aged-FS). At initial pH 8.0, the aging process reduced the dissolution of Ca2+ and
Al3+ ions from FS. The concentration of Ca2+ in solution was reduced from an average of 376 ppm
(for unaged-FS) to 205 ppm (for aged-FS). The concentration of Al3+ in solution was reduced from
an average of 78 ppm (for unaged-FS) to 60 ppm (for aged-FS). This higher stability of aged-FS
with respect to its dissolution in water can be related to several factors. It is hard to separate the
impact of these variables from each other and therefore, lower dissolution of aged-FS is probably
due to a combination of the following factors.
The higher stability of aged-FS is likely due to the phase and chemical transformation of
much of the chloro-hydrocalumite to the chloro-carboaluminate hydrocalumite (see 5.4.1). It was
explained before in 2.2, that anions in the interlayer space and brucite layer are connected through
a complex hydrogen bonding and electrostatic interactions. The intercalation of more carbonate
anions during aging has changed the anion ordering of the interlayer space. This change in
interlayer space has imposed some new changes to the brucite layers and the crystal systems of
brucite layers has changed. Before aging, the Ca and Al ions were mostly in the hexagonal system
while after aging the monoclinic systems was dominant.

Carbonate oxyanion favored the
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monoclinic crystalline system over the hexagonal system. Apparently, Ca and Al ions in the
monoclinic phase are held stronger, hence dissolving less. For O-M-O bond lengths and O-M-O
angles of hexagonal and monoclinic phases see Appendix B and C. The phase transformation from
rhombohedral phase to the monoclinic phase by an increase in the intercalated-carbonate content
was reported by Mesbah [53]. For more details on this study see Appendix G.
It was shown by Feng that the carbonated hydrocalumite is a more stable phase than the
carbonate-free hydrocalumite [65], and therefore, is expected to have reduced solubility in
solution. In this work, it was shown that when the carbonate content of the FS was increased, the
solubility of the material was reduced. The extent of reduction in solubility of Ca and Al depends
on the initial pH.
A single crystal study was performed by Mesbah to investigate the chemical structure of a
chloro-carboaluminate

compound

with

a

chemical

formula

of

[Ca2Al(OH)6]·[Cl0.52(CO3)0.24·2.33H2O] [53]. Figure 19 presents the structural features of this
compound. As seen, Ca and Al are located in octahedral units with seven and six coordination
numbers, respectively (shown in blue and green). Carbonate and chloride anions (shown in red
and yellow) are distributed statistically in the interlayer space, shared with the water molecules.
Carbonate oxyanions and chloride anions are also bonded to the hydroxyl anions from brucite
layers. The water molecules are bonded to Ca from the main layer bridging between the layers and
interlayer space (gray points). As seen the carbonate oxyanion with a planar molecular geometry
easily intercalates in the center of interlayer space instead of just physically adsorbing on the
surface of layers [53].
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Figure 19 Structure description of [Ca2Al(OH)6]·[Cl0.52(CO3)0.24·2.33H2O] and a general representation of chlorocarboaluminate structure (white, gray, red, yellow spheres represent, respectively, hydroxyl anions, water molecules,
carbonate, and chloride anions. Blue and green are sevenfold Ca polyhedra and sixfold Al polyhedra). Reprinted
with permission from [53].

The structure shown in Figure 19, was reported to be a general representation of chlorocarboaluminate compounds. In another study on chloro-carboaluminate phase, a different
possibility for carbonate location in chloro-carboaluminate was also proposed. Carbonate
oxyanion was either inserted parallel to the brucite layers at the center of the interlayer (similar to
Figure 19) or connected to the brucite layers via bonding to Ca2+ [54]. The experimental evidence
was obtained via Raman spectroscopy with CO32- symmetric stretching vibrations at 1068 or 1086
cm-1. Carbonate intercalation in the interlayer space of aged-FS, either parallel to the brucite layers
or connected to the brucite layers via bonding to Ca2+, reduced the dissolution of the material.
In addition to more carbonate intercalation, the elimination of the minor amount of
aluminum hydroxide and formation of katoite might be also involved in lowering the metal ions
dissolution. Aluminum hydroxide is unstable at high pH while katoite is a stable calcium aluminum
hydroxide phase [85]. Since the aluminum hydroxide minor impurity dissolves at high initial pH
in an adsorption process, it is important to have a careful pH control in the synthesis process and
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minimize the formation of aluminum hydroxide. With an increase in aluminum hydroxide impurity
content of FS, the amount of Al dissolved into solution during the adsorption process will increase.
It is advised to age the FS material to remove the minor aluminum hydroxide impurity before using
use in the adsorption process. This method will guarantee more control over Al dissolution (for FS
and in general hydrocalumite) during adsorption.
This study shows that the characterization of LDH in adsorption process by quantitative
XRD can be more informative than characterization by qualitative XRD. The QXRD analysis of
LDH materials used for adsorption studies, are not generally reported. In industrial plants, an ion
exchanger material with lower dissolution such as aged-FS is preferred over a less-stable material
such as unaged-FS.
Finally, the formation of larger agglomerates of aged-FS with well-shaped hexagons is
probably contributing to a material with higher stability with respect to dissolution.
In general, it is difficult to relate a specific magnitude to the importance of abovementioned factors on minimization of dissolution. However, as the change in interlayer region
composition, has a direct influence on the strength of metal ions bonding in the brucite layers, this
factor is most likely playing a more critical role than other ones.
5.6

Summary of aging

In summary, the aging process lowered the metal ion dissolution from FS material. The higher
stability of aged-FS than unaged-FS was related to a series of changes imposed on this material
during aging. A simple illustration in Figure 20, is used to show the changes imposed on FS
material by the aging process. LDH structural details are not shown in this figure.
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The chloro-hydrocalumite phase with the chloride in the interlayer space is shown with the
light gray color. The chloro-carboaluminate hydrocalumite phase with chloride and carbonate
anions in the interlayer space is shown with the dark gray color. Chloride and carbonate anions are
shown with blue and green circles, respectively. The aluminum hydroxide and katoite phases are
shown with orange and red colors, respectively.
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Figure 20 A simple illustration of aging impact on FS material, light gray: chloro-hydrocalumite [Ca4Al2(OH)12]·[Cl2·4H2O], dark gray: chlorocarboaluminate hydrocalumite phase [Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O], orange: aluminum hydroxide, red: katoite phase, blue circles: chloride
anions, and green circle: carbonate anions. The proportion of each phase is a rough estimate of the actual data. The structural details are not shown.

As shown in Figure 20, the increase in intercalation of carbonate in the interlayer space during aging, transformed the chlorohydrocalumite phase (light gray) to the chloro-carboaluminate hydrocalumite phase (dark gray). Since, the carbonated-hydrocalumite
phases are generally more stable than non-carbonated phases [65], the higher stability of aged-FS can be related to the increase in the
proportion of the chloro-carboaluminate hydrocalumite phase. It needs to be noted that the higher proportion of carbonated
hydrocalumite will eventually reduce the capacity for Se loading [25,31,64]. The exchange of carbonate by selenate anion is more
difficult than the exchange of chloride anion. The impact of increased carbonate on loading of selenate is discussed in section 6.3.3.
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In addition to the phase transformations of hydrocalumite phases, the minor aluminum
hydroxide impurity (orange-colored phase in Figure 20) was converted to the katoite phase (redcolored phase in Figure 20) during aging. Aluminum hydroxide is an unstable phase at high pH
region and easily dissolves (pH 9.0- 12.0). Aging removed the unstable aluminum hydroxide phase
and replaced it with a more stable katoite phase. Aged-FS with no aluminum hydroxide is a more
stable material than unaged-FS. Finally, the electronic microscopy study (SEM) showed that agedFS particles were well-shaped hexagon crystals while unaged-FS was composed of broken plates.
The well-shaped hexagons are most likely composed of well-organized Ca- and Al- hexagonal
units in the edges of brucite layers, contributing in a less dissolution of the material. The particle
size study showed an increase in volume-weighted mean (VWM) of particles over aging. The
VWM value for aged-FS was larger than unaged-FS (42.5 m vs 29.5 m). In general, larger
agglomerates dissolve less than small particles.
In summary, dissolution of Ca and Al ions from aged-FS and unaged-FS depends on the
initial pH of the solution. At high initial pH (pH 12.5), dissolution of Al ions from aged-FS was
lower than that of unaged-FS. Ca dissolution was almost the same for two materials. At low pH
(pH 8.0), dissolution of both Ca and Al ions were suppressed.
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Chapter 6: Selenate adsorption by aged-FS
Aged-FS material showed lower metal ions dissolution than the unaged-FS sample in the
dissolution tests and was, therefore, a better candidate for selenate adsorption experiments.
6.1

Mass loss calculations in adsorption tests

It was mentioned earlier in 3.2.4.7.2 that mainly LBM is used for FS mass loss calculations for the
experiments in this thesis. As shown in Equation 3, a specific chemical formula and molar mass
value of FS are required. In the case of adsorption tests, this FS material was an aged-FS sample.
Various characterization methods showed that aged-FS sample with an experimental chemical
formula of [Ca4.02Al2.03(OH)12.1]·[Cl1.30(CO3)0.33·8.40H2O] was a not pure, single FS (see 5.4.1),
but rather mainly a mixture of two FS phases. The average molar mass could be used. On the other
hand, some preliminary calculations showed that the mass loss calculations assuming aged-FS has
an average molar mass equal to that of pure FS were suitably close to the mass loss calculations
using the average molar mass of aged-FS (see Appendix H and Appendix I). Therefore to estimate
the mass loss during adsorption tests the molar mass of aged-FS was assumed to the same as that
of pure FS with a molar mass of 561.34 g/mole. As mentioned in section 5.1, dissolution of chlorohydrocalumite and chloro-carboaluminate hydrocalumite phases are assumed to be equal, for
simplicity. SBM data for some adsorption experiments can be found in Appendix J to Appendix
N. The likely error margins for LBM using the concentrations of Ca and Al are ±0.01 and ±0.03%.
In this thesis, the mass loss of aged-FS is reported for each individual adsorption test. The
mass-loss data for LDH materials during adsorption experiments are generally missing from the
literature [44,64,76]. While the partial dissolution of LDH is a natural property of this material
(see 2.6.1) and equilibrium concentration values (Ksp data) are widely reported for them, the
dissolution of LDH in adsorption experiments still needs to be reported.
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6.2

Effect of various experimental parameters on selenate adsorption by aged-FS

The effect of experimental parameters that can influence selenate loading was studied. These
critical factors include the initial pH of selenate solution, liquid to solid ratio (L/S), time,
temperature, agitation rate, selenate concentration, the presence of other oxyanions in solution, and
the type of container used. The selenium feed solutions were prepared in both ppb and ppm ranges
(400 ppb-~1600 ppm Se), as selenium in industrial wastewater solutions ranges from a few ppb to
the ppm range (Table 1). The high ppm concentration feeds (>200 ppm), were used for generation
of adsorption isotherms. All adsorption tests were performed without nitrogen gas purging. Most
of the selenate adsorption experiments were performed two to six times each. Where only one
experiment was performed, two or three final solution samples were prepared to replicate ICP
analysis.
6.2.1

Effect of initial pH on selenate adsorption by aged-FS

The initial pH of the solution is a critical variable affecting the oxyanion loading and stability of
LDH materials. The initial pH effect on selenate adsorption by aged-FS from ppm and ppb level
Se solutions was studied (Figure 21). The purpose of this study was to find the optimized pH value
based on maximum loading and minimum dissolution of the material.
In general, the oxyanion adsorption is lower at high initial pH value; at sufficiently high
initial pH, a significant concentration of hydroxyl anion is present in solution, competing with the
target anion for adsorption sites [66]. A few exceptions to this trend were observed for LDH
materials [44]. Figure 21, shows that the concentrated feed solution (134 ppm Se) actually follows
this trend. Adsorption from the dilute feed solution (460 ppb Se), showed a different trend. The
selenate removal from ppm and ppb level feed solutions are separately discussed in 6.2.1.1 and
6.2.1.2.
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Figure 21 The initial pH effect on selenate removal percentage (Se.L method) by aged-FS from Se 134 ppm
feed (black diamonds) and 460 ppb feed (black circles) at L/S 200, 150 RPM, 24 h, and 30 °C.

6.2.1.1

Adsorption from ppm level Se feed solution

The initial pH of the solution was adjusted to 8.0, 11.0, 11.7, 12.0, 13.2, and 14.0 with the addition
of 1 and 10 M sodium hydroxide. Most experiments were repeated 2-3 times (see Appendix J). As
seen in Figure 21, from 134 ppm Se solution, as initial pH increased from 8.0 to 12.0, the average
selenium adsorption was fairly constant. The Se adsorption results show that an excess of
hydroxide anion eventually competes with selenate adsorption. At high hydroxyl concentrations
(at pH≥13.2), selenate adsorption started to drop. Selenate removal percentage at an initial pH of
13.2 was 91.4% (91.2-91.7%, average of two repetitive experiments). Over initial pH increases to
14.0, the selenate loading dropped dramatically to 11.2%.
6.2.1.2

ppb level Se feed solution; surface loading vs interlayer loading

The effect of initial pH on selenate adsorption from 460 ppb Se feed solution is shown with black
circles in Figure 21. The average selenate loadings at initial pH 8.0 and 12.0 were lower: 49.5%
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(42.8-56.2%, two repetitive experiments) and 78.9% (75.2-83.2%, six repetitive experiments),
respectively. It is apparent that, at a given pH, the extent of selenate removal from the ppb-level
feed solution was lower than from a ppm feed solution.
This adsorption trend is not typical for synthetic exchangers such as polymeric resins [24].
In polymeric resins, the removal percentage from low-concentration feed solutions is higher than
from high concentration feed solutions. The different behavior of aged-FS from synthetic resins
can be explained by the structural differences between the two types of exchangers. As shown in
Figure 22, polymeric resins consist of polymers connected in a three-dimensional framework
through covalent cross-linkages (seen on the left side of Figure 22) [24]. The fixed functional
groups are attached to the resin skeleton and the exchange of a target ion with exchangeable resin
ions occurs inside the polymeric network. There isn't a significant difference in types of ion
exchange sites. The distribution of exchange sites in an LDH material, however, is substantially
different.
The structure of a typical LDH is shown on the right side of Figure 22. As seen, an LDH
is composed of positively charged brucite layers [M(1-x)2+Nx3+(OH)2]x+ and interlayer anions and
water molecules [Xx/n n-·YH2O]. As proposed for hydrocalumite-like adsorbents, the oxyanions
loading can involve both surface and interlayer anion exchange sites. Kinetic investigations
showed that adsorption starts with loading on surface sites and is continued into the interlayer sites
via intra-particle mass transfer [25,44].
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Figure 22 Structural differences of a polymeric resin and LDH [44].

In ppb Se feed solution, the selenate concentration is low and loading probably occurs
mainly through the exchange of selenate ions with surface chloride ions. As surface sites are a
small proportion of the total available adsorption sites, the removal percentage from 460 ppb level
Se feed was low. This might also be due to very slow reaction rate at low concentrations, as 24 h
was enough time to reach only to a pseudo-equilibrium and not a full equilibrium. Low
concentration would make diffusion into the interlayer region much slower.
At higher selenate concentrations (134 ppm), however, selenate oxyanions penetrate into
the interlayer space and a significant exchange with interlayer sites occurs. The surface sites are
saturated and the loading continues into interlayer space with the diffusion of selenate from the
bulk of the solution. As a result, higher loading was achieved from 134 ppm feed solution. In
general, the dominant loading mechanisms for ppb and ppm feed solutions are surface and
interlayer loadings, respectively. The initial pH effect, in this thesis, was studied at low and high
feed concentrations (460 ppb and 134 ppm Se), which revealed the general loading mechanisms
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of LDH family. In Wu’s paper, the initial pH effect was studied at one constant concentration of
[SeO42-]: 7.60 mM [25].
The surface and interlayer loading mechanisms in most of LDH studies are investigated by
kinetic studies or XRD analysis [25,33]. The loading mechanisms using XRD patterns of selenateloaded aged-FS samples will be further explained in 6.2.7.3.
As seen in Figure 21, by increasing pH from 8.0 to 12.0, the average removal of selenate
in 460 ppb Se feed solution showed a rise (from 49.5% to 78.9%). The oxyanion loading increase
with pH is unusual and opposite to the behavior reported for LDHs. Only a few studies report this
pH effect in the literature [44]. One explanation was provided by Das [76]. In this case, the
possibility for the incorporation of chemical and electrostatic interactions together was suggested.
In the ppb range study, the chemical interaction between selenate and hydroxyl functional groups
from the surface of FS might proceed through the formation of a monodentate or multidentate
complex over pH increase from 8.0 to 12.0. A possible complexation might be bonding of –OH
group from brucite layers to selenate (most likely through Se center).
6.2.1.3

Aged-FS dissolution in initial pH effect studies of adsorption tests

It was explained earlier in 6.1 that for mass loss calculations in adsorption tests, the molar mass of
pure FS was used for aged-FS. Figure 23 shows aged-FS dissolution using LBM (for 134 ppm Se
and 847 ppb Se feed solutions) at pH 8.0-14.0. The dissolution of aged-FS decreased with
increasing pH as expected based on FS dissolution behavior in water. At higher concentration of
hydroxide anion, the dissolution of Ca and Al from FS decreases as the metal ions hydration is
forced backward at high hydroxide concentrations (Reaction 4, 3.2.4.7.2). In general, LDH
materials are more stable at high pH [44].
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At an initial pH of 8.0, 17.9 and 17.4% aged-FS was dissolved using Ca.LB and Al.LB (134
ppm of Se feed, seen on the left side of Figure 23). The dissolution was constant until pH 11.0 but
dropped with further increase in pH. At an initial pH of 11.7 and 12.0, Ca.LB was 15.0 and 12.0 %,
respectively (Al.LB: 13.9 and 11.6 %, respectively). As initial pH increased to 13.2, Al dissolution
slightly increased relative to Ca (5.70% Al.LB and 4.26% Ca.LB). At an initial pH of 14.0, Al.LB
dissolution exceeded the Ca.LB dramatically (8.38 % vs 2.22%).
As discussed in the aging studies section, FS material has the buffering capacity (see 5.3,
Table 16). The final pH of adsorption solutions showed a similar pattern to the aging solutions. In
134 ppm feed solution, at an initial pH of 8.0, the final pH was increased to 10.5 (Ca dissolution
was dominant), while at initial pH 12.0, the final pH was slightly higher (12.2-12.6). The final pH
for initial pH 13.2 and 14.0, decreased to 12.7 and 13.2, respectively (Al dissolution was
dominant); the final pH was always adjusted at the medium pH region for both low and high initial
pH.

Figure 23 Aged-FS dissolution (%) in pH studies of adsorption tests (experimental condition: L/S 200, 150 RPM, 24
h and 30 °C), 134 ppm Se feed (left) and 847 ppb Se feed (right).
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In Wu’s study, the adsorption isotherm of selenate was mentioned to be independent of the
initial pH (4–10) because pH jumped to above 10 in a minute and rose to a value of 10.5–12.0
[25]. Wu reported a similar buffering effect and trend in pH changes for chemical stability tests of
selenate-loaded Wu’s FS.sint. samples [25]. The final pH of solutions for initial pH 4.00, 7.00 and
10.00 was 10.70±0.3. The final pH of the solution was 11.60±0.3 when the initial pH was 13.00.
The final pH was 10.70-11.60 for Wu’s FS.sint. material.
Aged-FS dissolution in 847 ppb Se feed at initial pH 8.0, 11.7, 12.2, and 13.2 is shown on
the right side of Figure 23. At an initial pH of 8.0, FS dissolution was 16.4% and 15.4% using
Ca.LB and Al.LB, respectively (similar to corresponding dissolution values of 134 ppm Se feed in
the left figure). The Ca.LB was higher than Al.LB up to initial pH 11.7 (Ca.LB: 12.8% and Al.LB:
8.31%). Ca.LB and Al.LB dissolution at initial pH 12.2 was similar, 9.02% and 8.94%, respectively.
The dissolution at initial pH 13.2 was 3.60% and 6.03% for Ca.LB and Al.LB, respectively. FS
dissolves to some extent, and more of Al stays in the solution because of complexation, whereas
more of calcium precipitates possibly as katoite. See Appendix J for dissolution data for 460 ppb
Se feed solution in which a similar dissolution trend with pH was observed.
In summary, one of the aspects of this study is providing mass loss data for every individual
adsorption experiment. For most of the LDH-related studies, the dissolution of the adsorbents is
not quantified [44,76]. Das reports that 85% of selenite is adsorbed with Mg-Fe LDH at pH 4. The
possibility of disordering the LDH structure was confirmed by the detection of Mg in the resulting
solution at pH 4, and therefore, the optimized initial pH was selected to be 6.0. However,
quantitative data on mass loss was not provided [76]. Wu also performed selenate removal studies
with his FS.sint. at an initial pH range of 4-8. The mass loss data for Wu’s FS.sint. material at the
studied pH range was not reported despite the reference to its buffering capacity [25]. The partial
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dissolution (as a matter of buffering capacity) was not been considered a problem by Wu. In a
similar study by Dai, Friedel’s salt was used for Cr(VI) removal at an initial pH of 10.0 instead of
6.0 [33]. The reason for this pH selection was reported to be much higher mass loss of Friedel’s
salt at pH 6.0 (not quantified). In Dai’s study, however, Ca and Al concentrations of 1-2 mM and
0.1-0.2 mM, respectively, were reported for the final solution at initial pH 10.0 [33]. The material
dissolution at this level was not reported to be a problem or issue for the usage of Friedel’s salt in
Cr(VI) removal. Similar to many LDH related studies, Dai avoided the adsorption tests at low pH
range which is a common strategy for lowering the dissolution of LDHs [33]. No effort was
reported on optimizing of adsorption variables other than pH for minimizing the dissolution and
maximizing the loading. It is unclear if adsorption variables other than pH (e. g., L/S) were
optimized for mass loss considerations. An L/S of 250 was used by Dai for all adsorption tests and
the dissolution data by Dai were indicated as “not published data” [33]. The material loss of LDH
in industrial plants dealing with any oxyanion-removal can be a serious problem (especially if no
industrial solution for minimization of intrinsic dissolution is recommended). In this thesis, an
industrial strategy using calcium hydroxide solution is recommended to minimize the mass loss
from FS (discussed in 6.3.6).
Table 21 summarizes the aged-FS dissolution from ppm and ppb level Se feed solutions at
an initial pH of 8.0 and 12.0. As seen, within experimental uncertainty ranges for Ca.LB and Al.LB
many of the dissolution values are close. It is hard to claim a difference. The lower LBM
dissolution for 847 ppb Se feed solution than other two feed solutions is related to slightly higher
initial pH in this experiment (initial pH: 12.2). In general, the average aged-FS dissolution at initial
pH of 12.0-12.2 range using average LBM of three feed solutions in Table 21 is 11.0%.
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Table 21 Aged-FS dissolution using LBM for different feed solutions at pH studies of Se adsorption tests
(experimental conditions: L/S 200, 150 RPM, 24 h and 30 °C)
Se Feed Solution
Initial pH

460 ppb

847 ppb

134 ppm

8.0

Ca.LB: 17.5%, (16.5-18.5%)
Al.LB: 18.1%, (17.3-18.8%)
Average LBM: 17.8%

Ca.LB: 17.9%
Al.LB: 17.4%
Average LBM: 17.6%

12.0

Ca.LB: 12.3%, (11.4-13.6%)
Al.LB: 12.4%, (11.6-13.8%)
Average LBM: 12.3%

Ca.LB: 16.4%, (16.4-16.5%)
Al.LB: 15.4%, (all 15.4%)
Average LBM: 15.9%
(initial pH 12.2)
Ca.LB: 9.00%
Al.LB: 8.91%
Average LBM: 8.96%

6.2.1.4

Ca.LB: 12.0%, (11.9-12.1%)
Al.LB:11.6%, (11.1-12.0%)
Average LBM: 11.8%

Pseudo-equilibrium adsorption loading for pH studies

The final mass of aged-FS for each pH-study experiment was calculated, using the LBM data
provided in 6.2.1.3. The selenate pseudo-equilibrium loading (Qe) for 134 ppm Se feed solution,
was calculated by a combination of these final mass values and Se.L data from 6.2.1.1. The results
are presented in Table 22 as Se.L/Ca.LB and Se.L/Al.LB.
Table 22 Adsorption pseudo-equilibrium loading of aged-FS from 134 ppm feed solution (experimental conditions:
L/S 200, 150 RPM, 24 h, and 30 °C)
Initial pH

Qe: Se.L/Ca.LB
(mg Se/g)

Qe: Se.L/Al.LB
(mg Se/g)

8.0

31.4

31.2

Average Qe:
Se.L/LBM
(mg Se/g)
31.3

11.0

31.3

30.9

31.1

11.0

31.3

30.8

31.1

11.7

30.8

30.4

30.6

11.7

30.7

30.3

30.5

12.0

30.3

29.9

30.1

12.0

29.2

28.8

29.0

13.2

25.9

26.3

26.1

13.2

25.6

25.9

25.8

14.0

3.17

3.39

3.30

Since Qe results from Se.L/Ca.LB showed good agreement with Qe results from Se.L/Al.LB,
the average value of Qe was taken. This shows that the concentration of both metal ions can be
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used to calculate the final mass for initial pH experiments. The average Qe at pH 8.0 to 12.0
remained almost constant at 31.3 mg Se/g and 29.6 mg Se/g, respectively. The average loading of
Se dropped to 25.9 mg Se/g at pH 13.2. At an initial pH of 14.0, only 3.30 mg Se/g was loaded.
The Qe and solid digestion data (Se.S) results for other feed solutions are shown in
Appendix J. The average Qe using Se.L/LBM for 460 ppb Se feed is 0.055 and 0.084 mg Se/g at
initial pH 8.0 and 12.0. The increase in loading with initial pH agreed with the observed trend for
loading from 460 ppb Se feed solution in Figure 21.
6.2.1.5

Actual dissolution data vs equilibrium solubility values of pure FS from Ksp studies

As discussed in 2.6.1, the equilibrium concentrations of Ca and Al for pure Friedel’s salt from Ksp
studies were reported to be 9.03 and 4.87 mM, respectively [49]. It was emphasized that the actual
amounts of metal precursors dissolved during adsorption tests, might be different from equilibrium
values and therefore needed to be reported. The average and range of Ca and Al molar
concentrations for initial pH 12.0 and 134 ppm Se and 847 ppb Se feed adsorption tests are
summarized in Table 23. The actual concentrations are compared to the equilibrium values of pure
FS; however, a more precise comparison needs to be done with the equilibrium values of aged-FS.
The aged-FS material is mainly a chloro-carboaluminate hydrocalumite phase. It is composed of
only 24 wt.% pure FS. Therefore the equilibrium concentration values for aged-FS are expected
to be different from that of pure FS provided in Table 23.
Table 23 Actual Ca and Al concentration for pH studies of adsorption test at L/S 200, 150 RPM, 24 h and 30 °C vs
Ca and Al equilibrium concentration data extracted from K sp of Friedel’s salt
Actual concentrations

Ca (mM)
Al (mM)

134 pm Se
initial pH 12.0
4.23 mM, (4.12-4.29 mM)
1.98 mM, (1.91-2.01 mM)

847 ppb Se
initial pH 12.2
3.15 mM, (3.14-3.17 mM)
1.59 mM (both solutions 1.59 mM)

Equilibrium
concentrations
from Ksp studies for
pure FS
[49]
9.03
4.87
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As shown in Table 23, the actual concentrations are indeed different from equilibrium
values for pure FS. The average Ca concentrations in final solutions after loading from 134 ppm
Se feed and 460 ppb Se feed were 4.23 and 3.15 mM, respectively. Both values are lower than the
equilibrium value of 9.03 mM Ca for Friedel’s salt [49]. A key reason may be that the material
used in this study was a mixture of phases and mainly the chloro-carboaluminate hydrocalumite
phase. Similarly, the Al ion concentrations were lower than the corresponding equilibrium
concentration of Al using pure FS. These comparisons show that the equilibrium solubility values
are not necessarily an accurate representation of metal ion dissolutions in adsorption experiments.
For Ksp studies, pure FS sample was exposed to double distilled decarbonated water for 180 days
(final pH >12) [49]. In this thesis, selenate adsorption studies were performed for only 24 hrs at
various initial pH values. It is also possible that equilibrium (with respect to solubility of the
phases) was not attained. Therefore, from the beginning, the Ca and Al ion concentrations were
expected to be far from equilibrium values. The difference between the adsorption tests and Ksp
studies in the literature convinced us to track the concentration of each of the metal ions in all
adsorption tests. In summary, the adsorption experimental conditions are quite different from
equilibrium solubility studies and mass loss during adsorption studies needed to be reported. To
the best of our knowledge, this thesis, in an LDH-adsorption field, is the first work on reporting,
and considering the metal precursor ions concentrations after adsorption.
Researchers in this field are advised to include the actual dissolution data of LDH used for
adsorption studies. This will be helpful in providing a realistic platform for LDH material usage
and adsorption isotherms for any future applications (such as drinking water purification or
industrial wastewater treatments).
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6.2.1.6

Summary of pH studies

In summary, from the results of pH studies, initial pH 12.0 was selected as an optimized pH
variable for further studies. This selection was made based on considering maximum Se-loading
(from Figure 21) and minimizing dissolution of aged-FS (Figure 23). The initial pH 13.2 has the
bonus of lower mass loss, however, the selenate adsorption starts to drop at this pH, and therefore
it is better to avoid it. At the initial pH of 12.0, the average Se removal was 97.8% (97.7-98.0%)
for 134 ppm Se feed and 78.9% (75.2-83.2%) for 460 ppb level feed solutions. The average LBM
aged-FS dissolution at initial pH of 12.0-12.2 was 11.0%.
The initial pH for adsorption process in a wastewater plant should be selected considering
the pH of wastewater and data provided by both Figure 21 and Figure 23 for Se loading and FS
dissolution, respectively. It means that, for example, an initial pH of 11 can also be a suitable
choice since it provides similar loading percentage to initial pH of 12 and a lower material
dissolution.
6.2.2

Effect of L/S ratio on selenate adsorption by aged-FS

To obtain an adsorption isotherm for selenate loading, the effect of selenate solution to aged-FS
mass ratio (L/S) was studied by varying L/S from 20 to 1200 using 460 ppb Se feed solution.
Figure 24 shows the removal percentage of selenate at various L/S ratios (experimental conditions:
initial pH 12.0, 150 RPM, 30 °C, and 24 h). Each experiment was performed once, except the
experiment at L/S 200, which was performed a total of six times to establish reproducibility.
As shown, removal of selenate decreased with increasing L/S ratio. The extent of Se
removal at L/S 20 was 96.8%. As the L/S ratio increased from 20 to 50 and 100, removal dropped
from 96.8% to 94.0 and 89.0%, respectively. The average removal percentage at L/S 200 was
78.9% (75.7-83.2%). The selenate removed continuously decreased over the L/S 200-800 region.
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The Se removal almost leveled off at L/S 800-1200. The selenate removal percentage was 35.0,
18.5 and 13.2% at L/S 400, 800 and 1200, respectively.
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Figure 24 Selenate removal percentage (Se.L method) by aged-FS vs L/S ratio (experimental condition: 460 ppb Se,
initial pH 12.0, 150 RPM, 24 h and 30 °C).

As L/S increased, the fraction of selenate removed decreased, since the amount of selenate
mass in solution was much higher than the available exchange sites in aged-FS to adsorb it. This
resulted in a final solution Se concentration approaching the starting concentration at the highest
L/S ratio. The final Se concentration change with L/S ratio is shown in Figure 25. The pseudoequilibrium concentration at L/S 400 was 298 ppb Se (equal to 35.2% Se. L). The final
concentration at L/S 600-1200 was 358-399 ppb range. The remaining selenate at L/S 1200 was
399 ppb, closest value to the initial feed concentration (460 ppb), indicative of a low removal
percentage. For more loading data of L/S experiments see Appendix K.
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Figure 25 Selenium pseudo-equilibrium concentration (Ce) vs L/S (experimental condition: 460 ppb Se, initial pH
12.0, 150 RPM, 24 h and 30 °C loading by aged-FS), ICP error ±5%.

6.2.2.1

Aged-FS dissolution in L/S studies of adsorption tests

It was explained earlier in 6.1 that for mass loss percentage calculations in adsorption tests, the
molar mass of pure FS was used. Aged-FS dissolution was very dependent on L/S as shown in
Figure 26. Wu used L/S of 500 for selenate removal studies; no attempt was performed by Wu for
finding a suitable L/S regarding the material dissolution [25].
Aged-FS dissolution using Al.LB and Ca.LB methods are shown in Figure 26. A good
agreement was observed between Al.LB and Ca.LB at L/S 20-400. In general, aged-FS dissolution
increased significantly as the L/S ratio increased. The dissolution of aged-FS using Ca.LB was
1.93% and 12.1 % at L/S 20 and 200, respectively. A much higher mass loss of 29.2% and 34.1%
Ca.LB occurred at L/S 800 and 1200, respectively.
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Figure 26 Aged-FS dissolution (%) in L/S studies of adsorption tests (experimental condition: 460 ppb Se,
initial pH 12.0, 150 RPM, 24 h and 30 °C).

6.2.2.2

Pseudo-equilibrium adsorption isotherm for L/S studies

The selenate adsorption isotherm for L/S studies is shown in Figure 27 (460 ppb Se, initial pH
12.0, 150 RPM, 24 h and 30 °C). The pseudo-equilibrium adsorption of Se (Qe) was calculated
using Se.L adsorption data and average LBM mass loss data. More Se loading data using Se.S for
L/S studies is provided in Appendix K.
As seen, the experimental loading of Se on aged-FS increased from 0.009 mg Se/g at L/S
20 to 0.04 mg Se/g at L/S 100. The experimental loading kept increasing with L/S and reached
0.08 mg Se/g at L/S 200. Loading was constant beyond this up to L/S 400 (loading 0.08 mg Se/g).
After reaching a plateau, there was a rise in loading again, as experimental L/S was increased to
800-1200. The second rise in loading is related to the transition of surface loading to interlayer
loading.
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As L/S was increased from 20 to 200, the loading on the surface sites increased (shown as
surface loading area in Figure 27). At L/S 200-400, loading on surface sites reached saturation and
no more loading was observed (shown as surface saturation area in Figure 27). As L/S was
increased to 800-1200, the available Se concentration in solution increased. At higher selenate
concentration, the mass transfer of selenate was forced into the interlayer space. As a result, a
higher proportion of selenate was adsorbed by the interlayer loading mechanism. Selenium loading
in solid increased from 0.08 mg Se/g to 0.11 mg Se/g (shown as interlayer loading area in Figure
27). The increase in loading as a result of interlayer adsorption was modest. This suggests that the
interlayer sites might not be as active as the surface sites. The distinct surface and interlayer
loading mechanisms were confirmed by pH studies data earlier (see 6.2.1.2). The XRD pattern of
Se-loaded samples after different extents of loading will be discussed further in 6.2.7.3.
The error bars for Se loading data in Figure 27 represent the uncertainty or error in ICP
analysis (±5%). The analytical errors can be higher at higher L/S ratio (e. g., L/S 800 and 1200)
because of the small difference in concentrations between the initial and final solutions. The final
concentration of Se at high L/S is very close to the initial concentration (e.g. final: 399 ppb and
initial: 460 ppb at L/S 1200). Therefore, the ICP error could be significantly amplified because the
difference between two similar values was used to calculate loading.
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Figure 27 Pseudo-equilibrium adsorption isotherm of selenate by aged-FS for L/S studies (experimental condition:
460 ppb Se, initial pH 12.0, 150 RPM, 24 h and 30 °C).

The maximum loading of 0.11 mg Se/g was achieved at L/S 1200. Considering the mass
loss issue at high L/S ratios, adsorption experiments at L/S ratios higher than 400 is not advised
(mass losses of 21.2-35.4% for L/S 400-1200). L/S 200 was selected for future adsorption studies
since a high Se loading along with a low mass loss was guaranteed under this L/S ratio. An
experimental L/S with a lower mass loss is preferred, even with a low Se loading, because of lower
metal ions dissolution.
Selenium experimental loading of 0.08 mg Se/g equal corresponding to an average Se
loading of 78.9% (75.2-83.2%) was measured while the average aged-FS dissolution of 11.9%
(12.1 and 11.8% Ca.LB and Al.LB, respectively) was obtained.
6.2.2.3

Pseudo-equilibrium adsorption isotherm models

As explained in 3.2.4.7.4, the pseudo-equilibrium adsorption loading (Qe) for Se was calculated
using Se aqueous concentration data (Se.L method) and the final mass of FS (average of Ca.LB and
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Al.LB). In this thesis, the Langmuir and Freundlich adsorption isotherms were used to model the
experimental data. These models were applied to the experimental data obtained from L/S and
concentration studies (6.2.2.2 and 6.2.7.2). Langmuir and Freundlich models correlate the Seloaded on the FS (Qe) to the pseudo-equilibrium concentration of selenate in solution (Ce).
The Langmuir and Freundlich isotherms are expressed mathematically with Equation 9 and
Equation 10, respectively. Qe is the pseudo-equilibrium adsorption loading of Se on aged-FS (mg
Se/g or mmol/g). Ce is the pseudo-equilibrium concentration of selenate. The quantities A and b
are the Freundlich and Langmuir constants, respectively; A is related to the adsorption capacity.
The quantity 1/n is another constant related to the energy or intensity of adsorption in the
Freundlich isotherm. The quantity Qm is the maximum amount of selenate that can be adsorbed in
the Langmuir model [25,44].

Qe =(QmbCe)/(1+bCe) Langmuir equation
Qe = ACe1/n Freudlich equation

Equation 9
Equation 10

In the Langmuir model, the adsorbent is assumed to have an ideal solid surface composed
of homogenous and distinct sites capable of binding the adsorbate. This does not perfectly apply
here since there are distinctive surface and interlayer adsorption sites. The Freundlich model,
however, describes the adsorption of a non-homogenous adsorbent to which layers of adsorbate
can bind [24].
6.2.2.4

Pseudo-equilibrium adsorption isotherm fit with models for L/S studies

Figure 28 shows the adsorption isotherms for L/S studies in the range of L/S 20 to 1200 for the
initial concentration of 460 ppb Se. The Langmuir model and the Freundlich model were applied
to the experimental data by changing the constant values of each isotherm using the Microsoft
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Excel solver routine. Table 24 shows the adsorption constants of two isotherm models. The Qm
value was selected close to the maximum experimental loading for a series of experiments. The b
value was varied so to match the experimental loading and isotherm with the minimum possible
errors.

Figure 28 Pseudo-equilibrium adsorption isotherm fit with models for L/S studies (460 ppb Se, L/S 20-1200, initial
pH 12.0, 150 RPM, 24 h and 30 °C).

Table 24 Langmuir and Freundlich constants for selenate loading on aged-FS in L/S study
Langmuir constants

Freundlich constants
-1

Qm (mg Se/g)

b (mM )

A (mg/g)

1/n

n

0.12

0.02

0.01

0.45

2.22

The negative charge of selenate anions makes the multilayer adsorption (Freudlich model)
unreasonable unless some positive counter ions (Ca2+, and Al3+ or Na+ present in solution) are
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involved. In the entire L/S range of 20-1200, both surface and interlayer loading mechanisms were
involved and therefore one isotherm did not fit with all the experimental data.
6.2.2.5

Selenium mass balance

Selenium mass balance for the L/S series of adsorption experiments is shown in Table 25. The Se
in the solid mass at the end of the experiment was calculated based on analysis of final solid (Se.S
method) and calculation of the total mass of solid at the end using an average of Ca.LB and Al.LB
(LBM). In general, the reliability of mass balance calculations LBM was higher than SBM. The
direct weighing of final solid was associated with some inaccuracies. See Appendix J to Appendix
N for all mass balance data of adsorption tests.
Table 25 Mass balance of selenium for L/S tests (Se.S and an average of Ca.LB and Al.LB used for calculations)
L/S ratio

Added Se mass in (mg)

Se mass in solution (mg)

20

0.023

0.0007

Se mass in solid (mg)
(From Se.S)
0.022

50

0.023

0.0014

0.024

110

100

0.023

0.0025

0.015

76

200

0.023

0.0049

0.020

107

200

0.025

0.0082

0.013

84

400

0.023

0.0149

0.006

92

400

0.025

0.0174

0.006

93

800

0.046

0.0374

0.005

91

800

0.051

0.0435

0.006

97

1200

0.046

0.0399

0.003

94

Mass balance (%)
101

As shown, the mass balance for most of the experiments is in the range of 91-110%. For a
few adsorption experiments, mass balance closure values between 76, 82 and 84% were observed.
The errors might be due to solid digestion process errors. Once the experiment with low mass
balance closure was repeated better results were obtained (e.g., a repeat of the L/S 200 test with
the mass balance of 84% resulted in a mass balance of 107%).
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6.2.2.6

Summary of L/S studies

Aged-FS dissolution was highly L/S-dependant and experimental conditions at L/S>400 are not
recommended for selenate adsorption studies. In summary, L/S 200 was selected as suitable L/S
ratio, from pseudo-equilibrium adsorption isotherm of L/S studies (L/S: 20-1200, 460 ppb Se,
initial pH 12.0, 150 RPM, 24 h and 30 °C). At L/S 200, the maximum pseudo-equilibrium loading
of 0.082 mg Se/g and minimum average aged-FS dissolution of 11.9% was achieved.
6.2.3

Effect of time on selenate adsorption by aged-FS

The adsorption profile of selenate on FS over 20 minutes to 48 hours is displayed in Figure 29
(637 ppb Se, initial pH 12.0, L/S 200, 150 RPM, and 30 °C). The selenate loading (Qe) is illustrated
using Se.L/Ca.LB and Se.L/Al.LB. As shown, selenate loading increased sharply initially but slowed
down with time. In general, this type of initial fast adsorption was previously reported for LDHs,
similar to ion exchange reactions in soils and clay minerals [44]. The surface adsorption of
oxyanions on LDH material likely takes place quickly. However, the diffusion of oxyanion into
the interlayer space requires a longer time [25].
As seen in Figure 29, there is a good agreement between Se.L/Ca.LB and Se.L/Al.LB loading
values. Therefore, an average of Se.L/Ca.LB and Se.L/Al.LB is used for reporting the loading data.
Adsorption by aged-FS was fast. At 20 minutes, 27.8% adsorption occurred corresponding to 0.037
mg Se/g. After 45 minutes, 47.8% selenate was removed corresponding to 0.064 mg Se/g. At
longer exposure time, adsorption continued but at a slower rate. After 3 h, 62.4% of Se
corresponding to 0.084 mg Se/g was adsorbed. The Se loading reached to 0.120 mg Se/g after 12
h (85.2% adsorption). Selenate loading reached to 0.129 and 0.137 mg Se/g after 24 and 48 h of
exposure time. The contact time of 24 h seemed enough to reach to pseudo-equilibrium and
therefore was used for subsequent adsorption studies. It was also explained in 3.2.4.7.4, the final
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concentration of Se after 24 h loading was considered the pseudo-equilibrium concentration for all
adsorption experiments in this thesis. The average aged-FS LBM dissolution was 12.7% (12.413.0%). See Appendix L for more details on dissolution data of time studies.

Figure 29 Effect of time on selenate loading by aged-FS (experimental condition: 637 ppb Se, initial pH 12.0, L/S
200, 150 RPM, and 30 °C).

6.2.4

Effect of temperature on selenate adsorption by aged-FS

To measure the effect of temperature on selenate adsorption by aged-FS, the temperature of the
adsorption process was adjusted at 30, 60 and 85 °C. A 0.25 g aged-FS sample was added to 50
mL of selenate solution at selected temperatures under following experimental conditions; initial
pH 12.0, L/S 200, 150 RPM, and 24 h. The effect of temperature on selenate removal from 468
ppb Se feed is displayed with a solid black line in Figure 30. As shown, from 30 to 60 °C, selenate
adsorption increased from an average of 78.9% (75.2-83.2%, six repetitive experiments) to an
average of 99.1% (98.6-99.5%, three repetitive experiments). A slight drop in adsorption was
observed as the temperature was increased from 60 to 85 °C. The average selenate removal at 85
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°C was 97.0% (96.7-97.5%, three repetitive experiments). A similar trend was observed for
loading from 753 ppb Se feed solution (dashed black line in Figure 30). The average fractions of
selenate removed at 30, 60 and 85 °C were as follows; 73.0% (72.2-73.8%), 99.21% (99.1899.24%), and 95.9% (95.1-97.1%).
The adsorption of oxyanions with LDHs is usually an exothermic process and therefore
oxyanions uptake decreases with increasing temperature [44]. In the case of aged-FS, the selenate
adsorption appears to be an endothermic process (at least for predominantly surface loading). The
selenate adsorption was higher at 60 °C, however, the physical attack of glassware container with
sodium hydroxide solution limits the use of glass at higher temperatures. Since the glass container
was etched at high temperatures, it was impractical to operate under these conditions. Therefore,
a temperature of 30 °C was used for subsequent adsorption experiments. Selenate adsorption at
higher temperatures should be studied using a sodium hydroxide-resistant container. Low and
high-density polyethylene (LDPE and HDPE) bottles are reported to show little or no damage after
30 days at 20-50 °C with even 50% sodium hydroxide [87].
The average FS dissolution at 60 °C using Ca.LB and Al.LB was 12.4% (all three samples
12.4%), and 4.43% (3.83-5.18%), respectively. The average FS dissolution at 85 °C using Ca.LB
and Al.LB was 10.2% (9.95-10.4%), and 2.87% (2.44-3.34%), respectively (see Appendix M). The
slightly lower dissolution of material at 85 °C than 60 °C, might be related to a higher stability of
Se-loaded hydrocalumite phase at 85 °C.

143

Figure 30 Effect of temperature on selenate removal by aged-FS (experimental condition: initial pH 12.0,
L/S 200, 150 RPM, and 24 h).

6.2.5

Effect of container type on selenate adsorption by aged-FS

For ppb Se level solutions, the surface adsorption of oxyanion by the container used in the
adsorption experiment can cause interferences with the main adsorption process. Selenate
adsorption by different containers such as Pyrex glass, polypropylene (PP) and high-density
polyethylene (HDPE) plastic containers from 495 ppb Se was investigated. The experiments were
performed in the absence of aged-FS to monitor the surface adsorption exclusively by the container
materials. Table 26 shows the final Se concentration in the solution for each test. No significant
change in selenate concentration was observed in Pyrex and HDPE containers (Se.L: 1.3% and
0.0%, respectively). The PP container, however, showed some surface adsorption for selenate
(6.9% adsorption) and is not recommended for selenate-loading experiments. HDPE containers
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seem to be a more suitable container than Pyrex glass due to resistance to etching by hydroxide
and zero-interference for selenate loading.
Table 26 Final Se concentration in different containers (feed: Se 495 ppb, pH 12.0, 30 °C, 150 RPM, for 24 h)

6.2.6

Container

Final Se (ppb)

Pyrex glass

488

PP

460

HDPE

495

Effect of agitation rate on selenate adsorption by aged-FS

Three individual adsorption tests were performed at 100, 150, and 175 RPM in 753 ppb Se feed
solution to study the effect of agitation speed on the removal percentage. These experiments were
performed at 100 and 150 RPM with a shaking water bath. However, the experiments at 175 RPM
were performed with an orbital shaker.
The selenate removal results from all tests are displayed in Figure 31. Selenate adsorption
remained constant as the shaking rate was raised from 100 to 150 RPM. The Se.L results indicated
that at 100 RPM, agitation speed was not limiting the loading rate. Average removal of selenate at
100 and 150 RPM was 74.4% (72.6-75.9%) and 73.9% (70.4-76.4%), respectively. The average
removal at 175 RPM was 80.7% (80.0-81.7%) slightly higher, but since two shakers had different
shaking patterns, the interpretation of results was complicated. It is possible that the particle size
of the material might have been reduced and in turn, caused increased the loading. A shaking rate
of 150 RPM using a shaking water bath was selected for the rest of the experiments.
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Figure 31 Shaking rate effect on selenate adsorption (experimental condition: 753 ppb feed, initial pH 12.0, L/S 200,
30 °C, and 24 h).

6.2.7

Effect of initial concentration on selenate adsorption by aged-FS

One of the important parameters for determining the oxyanion adsorption capacity is the initial
concentration of oxyanion in solution (C0). For the effect of initial concentration two series of
concentration ranges were studied: 0.5 to 200 ppm and >200 ppm. The purpose of performing the
experiments over a wide range of selenate concentrations was to obtain the loading isotherm. As
mentioned in 3.2.4.7.4, pseudo-equilibrium loading (Qe) was calculated using Se.L and the final
mass of FS (W). The difference of initial (C0) and Se final concentrations (Ce), is labeled as Se.L.
Final mass of FS (W) is the average of Ca.LB and Al.LB using LBM. For more dissolution data in
concentration studies, see Appendix N.
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Figure 32 Selenate removal as a function of Se pseudo-equilibrium concentration (Ce) on adsorption by aged-FS
(0.5-200 ppm Se, initial pH 12.0, L/S 100, 30 °C, 24 h, and 150 RPM). The loading data pointed with the blue
arrows are Se.L/average LBM dissolution data.

Figure 32 displays selenate loading vs the pseudo-equilibrium Se concentration in the range
of 0.5 to 200 ppm initial Se concentration. As shown, at an initial concentration of 0.5 ppm Se, the
adsorption was 89.0% with remaining 0.055 ppm Se in the final solution. The pseudo-equilibrium
loading (Qe) was 0.05 mg Se/g at this point. As the initial concentration was increased from 0.5 to
10 and 50 ppm, loading increased to 95.2 and 98.5%, respectively. The pseudo-equilibrium loading
(Qe) was 1.01 and 5.05 mg Se/g at these data points. The pseudo-equilibrium concentration in the
solution for these experiments was 0.38 and 0.75 ppm Se, respectively.
As the initial concentration was increased from 50 to 100 and 200 ppm higher loading was
observed. The fraction adsorbed reached 99.1% at 100 ppm initial Se concentration (Qe:10.3 mg
Se/g). Adsorption from the 200 ppm solution was 99.2% with pseudo-equilibrium loading of 20.7
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mg Se/g. The Se pseudo-equilibrium concentration in solution was 0.9 and 1.7 ppm Se for 100 and
200 ppm initial concentrations, respectively. The average of aged-FS dissolution (LBM) was
2.58% at 200 ppm. Note that in concentration studies L/S of 100 is used. It was lower than the L/S
used in pH studies (L/S 200). Therefore, a lower dissolution (2.58%) than the average dissolution
of pH studies (11.0%, see 6.2.1.6), was measured.
As can be seen, loading was still increasing even after contact with 200 mg/L Se, indicating
that saturation had not been achieved. To obtain the maximum capacity of aged-FS for selenate,
higher initial concentrations than 200 ppm Se were required. Therefore, in the second series of
concentration studies, loading from initial concentrations of 514, 870, 1258, and 1539 ppm Se
were performed (one experiment each). Figure 33, shows selenate removal for all concentration
data points including the first series (0.5-200 ppm Se) and the second series (514-1539 ppm Se).

Figure 33 Selenium removal percentage vs Se initial concentration in this study (experimental condition: 0.5-1539
ppm Se, initial pH 12.0, L/S 100, 24 h, and 30 °C).
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As shown, at concentrations higher than 200 ppm, the fraction adsorbed started to drop. Se
removal at initial concentrations of 514, 870, 1258 and 1539 ppm Se were 95.3, 73.3, 53.9, and
43.9%, respectively. Similar to the discussion in 6.2.2 section (L/S studies), a decrease in the
fraction of selenate loaded is expected as the amount of selenium available in solution increases.
Note that a much wider concentration of Se was covered in this thesis (500 ppb to 1539 ppm Se)
compared to Wu’s study (20-600 ppm Se), since the selenate feed solutions in ppb range are of
great importance in industrial wastewater plants [25].
6.2.7.1

Pseudo-equilibrium adsorption isotherm for concentration studies

As explained in 6.2.2.3, adsorption isotherms are used to calculate the Se maximum loading (Qm)
using a plot of the final loading (Qe) and final aqueous concentration (Ce). Similar to the adsorption
isotherm obtained from the L/S studies (Figure 27), another adsorption isotherm was investigated
using the data from the variation in initial Se concentration study. Figure 34 shows the isotherm
for selenate loading in the initial concentration range of 0.5-1539 ppm Se. The graph shows the
final loading in units of mg Se/g on the left axis. The pseudo-equilibrium loading in units of
mmol/g is shown on the right axis. As seen, selenate loading increased sharply from 0.05 to 50.3
mg Se/g (equal to 5.70X10-4 to 0.64 mmol/g) as initial Se concentrations were varied from 0.5 to
514 ppm Se. Selenate loading further increased up to 64.3 mg Se/g from an initial concentration
of 870 ppm Se and leveled off at 70.2 mg Se/g. The initial Se concentration was 1258 ppm Se at
this point. At an initial concentration of 1539 ppm Se, 71.1 mg Se/g was adsorbed corresponding
to 43.5% selenate removal. The selenate loading of 71.1 mg Se/g (0.90 mmol/g) was considered
the maximum experimental loading of aged-FS for selenate. Based on the chemical formula of
aged-FS ([Ca4.02Al2.03(OH)12.1]·[Cl1.30(CO3)0.33·8.40H2O]), the maximum capacity for selenate
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loading is 1.02 mmol/g, assuming that only chlorides are exchanged. Note that, the theoretical
loading capacity of aged-FS was based on the chloride content.

Figure 34 Adsorption isotherm of selenate by aged-FS obtained from concentration studies (Se initial
concentration: 0.5-1539 ppm, initial pH 12.0, L/S 100, 24 h, and 30 °C).

6.2.7.2

Adsorption isotherm models fit with concentration data points

The Langmuir and Freundlich models were applied to the concentration data in the range of 0.51539 ppm, as shown in the left side of Figure 35. The logarithmic isotherm is shown on the right
side of Figure 35. From the left side figure, the experimental data points fit better to the Langmuir
model rather than the Freundlich model. However, the logarithmic isotherm on the right side shows
that the Langmuir isotherm matches better for high- concentration data points (the last four data
points at initial concentration 514 to 1539 ppm Se). In L/S studies, it was shown earlier that the
Langmuir model matched better with experimental data points at low L/S region 20-200 (the first
four data point in Figure 28). It appears that the surface of aged-FS was covered with a monolayer
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of selenate oxyanions instead of stacks of selenate layers at high concentrations. As was discussed
before for the pH-effect studies (6.2.1.2), that at higher concentrations, the principal loading
mechanism is most likely ion exchange in the interlayer space. At higher concentrations, selenate
replaced almost all of the chloride anions in the adsorption sites of the interlayer space, resulting
in a good fit with the Langmuir model. In the low-concentration range, loading of selenate in the
interlayer region is not still complete and chloride anions are only partly replaced by selenate. In
this region loading of selenate does not really fit with a Langmuir model. In summary, the
Langmuir model fit with the experimental data of the concentrations studies is limited to the low
L/S and high concentration region. This is illustrated better by plotting a complete adsorption
isotherm in the next section.
Table 27 shows the adsorption constants for the Langmuir model. The b parameter in the
Langmuir model was calculated to be 0.14. This parameter refers to the strength of adsorption.
Table 27 Langmuir and Freundlich constants for selenate loading on aged-FS in Se concentration studies (0.5-1539
ppm Se)
Langmuir constants

Freundlich constants
-1

Qm (mg Se/g)

b(mM )

A (mg/g)

1/n

n

69.4

0.14

12.3

0.28

3.62
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Figure 35 Adsorption isotherm fit with models at concentration studies (0.5-1539 ppm Se, initial pH 12.0, L/S 100, 24 h, and 30 °C).
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6.2.7.3

Complete adsorption isotherm

Figure 36, shows an entire adsorption isotherm for selenate loading by a combination of L/S
(diamonds) and concentration data points (crosses). As explained before, the Langmuir isotherm
was a better fit than Freundlich isotherm, therefore here only the former is applied to the data.
Overall, as seen in Figure 36, the two sets of data points did not fit with one single Langmuir
isotherm.

Figure 36 Complete adsorption isotherm fit with the Langmuir models (L/S 20-200, concentration 0.5-1539
ppm, initial pH 12.0, 30 °C, and 24 h).

As discussed before in 6.2.2.4, the Langmuir isotherm fit with low L/S region data points
(dashed line in Figure 36). The high-concentration data points continued smoothly from the initial
ppb-level data points, to reveal an S-shaped curve. The three closely clustered points at log Qe  1 (ppb-level points; diamonds) appear to be below the combined isotherm curve. This suggests
that loading in these cases did not attain the expected levels. By this point in the loading process,
the surface layers appeared to be nearly saturated; further loading would have had to access the
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interlayer sites. With the very low concentrations of Se available in solution, the driving force for
diffusion into the interlayer region might not have been sufficient to achieve this within the
reaction time available. At high concentration of selenate in solution, a new Langmuir isotherm
started to fit the experimental data (dotted line in Figure 36). As just suggested, this division of
loading into two distinct regimes can be explained by surface adsorption and interlayer loading
mechanisms of LDH materials [25,33].
Region (1) in Figure 36, corresponds to the ppb range (low L/S) data (L/S 20-200). The
probable loading mechanism in this area is the surface loading. For ppb concentrations of Se, the
concentration of Se in the solution are very low and loading mainly occurs on the surface of the
aged-FS material. A monolayer of selenate oxyanions forms on the surface, which fits with the
Langmuir isotherm (dashed line in Figure 36). As L/S was increased, the loading on the surface
increased until it reached saturation (L/S 200-400, area (2) in Figure 36). After surface saturation,
the adsorption on interlayer sites started (L/S 400-1200, area (3) in Figure 36) and loading
increased again.
With the continued increase in Ce, the interlayer loading continued. The experimental data
points in the area (4) in Figure 36 did not match with any isotherm. At high solution Se
concentration (area labeled (5)) in Figure 36, the saturation of selenate loading in the interlayer
space probably forms a monolayer of selenate oxyanions in the interlayer space. In this region, the
experimental data fitted again to a new Langmuir isotherm (shown as a dotted line in Figure 36).
The XRD patterns of Se-loaded FS samples obtained from ppb Se feed solution are shown
in Figure 37. The XRD pattern of aged-FS is shown at the bottom of Figure 37 for comparison. As
seen, in general, the XRD patterns of FS samples after selenate loading (in L/S 20-1200 region)
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are similar to the diffraction pattern of aged-FS. The diffraction peak at low 2 is representative
of basal spacing (c’) in LDHs (see 2.2). The intensity of this diffraction peak (labeled * in Figure
37), remained unchanged with increased Se loading. For all samples, this peak exhibited a slight
shift to the lower 2 values, the effect being greatest for samples from L/S 400, 800 and 1200
experiments.

Figure 37 XRD patterns of aged-FS samples loaded by Se at L/S 20-1200 in ppb range Se feed solution
(460 ppb Se, initial pH 12.0, 150 RPM, 24 h and 30 °C).

The XRD patterns of Se-loaded FS samples from ppm-level solutions (concentration
studies) were different than those of the ppb-level tests. The results are shown in Figure 38. As
seen, an obvious broadening of basal spacing diffraction peak (labeled * in Figure 38) and the non155

basal diffraction peak (at 2 23°) occurred. Selenate loading from ppm Se feed solution is
associated with a larger loading of selenate oxyanions in the interlayer space. Compared to Figure
37, the diffraction peaks shifted more to lower 2 region. This shift is related to the different van
der Waal’s diameters of selenate and chloride [25]. The chloride and selenate anions have van der
Waal’s diameters of 0.3 nm and 0.5 nm, respectively. The exchange of the smaller chloride anions
for the larger selenate anion in the interlayer region resulted in the expansion of interlayer spacing
(c’) and shifted the basal spacing diffraction peak to lower 2 values [25].

In conclusion, the shift of basal spacing diffraction peak to lower 2 values for Se-loaded
FS samples from ppm solution (Figure 38) was more than that for the Se-loaded FS samples from
ppb-level solution (Figure 37). This indicates that the basal spacing expanded more as a result of
more selenate loaded in the interlayer region. This is consistent with loading first on surface sites,
followed by loading on interlayer sites.
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Figure 38 XRD patterns of aged-FS samples loaded by Se at concentration studies (initial pH 12.0, L/S
100, 24 h, and 30 °C).

6.2.8

Comparison of Se loading by aged-FS and loading data of Wu’s FS.sint. (from Wu’s

work)
In this section, the selenate adsorption by aged-FS and loading data from Wu’s study are compared.
In the upper part of Table 28, the selenate removal experimental conditions from Wu’s study are
shown (20-600 ppm Se, 30 °C, L/S 500, 150 RPM, and initial pH 8.0) [25]. Selenium removal was
reported to be 98.0, 82.0 and 48.0% at initial concentrations of 20, 99 and 395 ppm Se,
respectively. The loading data were derived from Wu’s work and corresponds to Se.L in this work,
with the assumption of no dissolution of the adsorbent [25]. Since there was no report on

157

dissolution data of Wu’s FS.sint. during adsorption experiments, the final mass of Wu’s FS.sint. in
Qe term had to be assumed to be equal to its initial mass.
Table 28 Selenate loading data in Wu’s work (L/S 500, initial pH 8.0, 1 h, 150 RPM, and room temperature) [25]
Selenate loading by Wu’s FS.sint. (from Wu’s paper)

Initial Se
(mM)/ppm

Se.L%

Se mass
loaded
(mg)

0.25/20

98.0

0.970

9.67

Maximum
available loading
if 100% Se
adsorbs, assuming
no dissolution
(mmol/g)
0.13

1.25/99

82.0

4.05

40.5

0.63

0.51

5.00/395

48.0

9.48

94.8

2.5

1.2

7.60/600

36.1

10.8

108

3.8

~1.4*

Experimental
loading (Qe)
assuming no
dissolution
(mg Se/g)

Experimental
loading (Qe)
assuming no
dissolution
(mmol/g)

Experimental
loading (Qe)
with dissolution
included
(mmol/g)

0.12
not available

Results of one loading test with aged-FS under conditions used by Wu (refer to parameters in bold above).
Maximum
Experimental
Experimental
Experimental
available loading
Se mass
loading (Qe)
loading (Qe)
loading (Qe)
Initial Se
if 100% Se
Se.L%
loaded
assuming no
assuming no
with dissolution
(mM)/ppm
adsorbs assuming
(mg)
dissolution
dissolution
included**
no dissolution
(mg Se/g)
(mmol/g)
(mmol/g)
(mmol/g)
5.1/403
21.2
4.27
42.7
2.55
0.55
0.78
*: Maximum experimental capacity reported for Wu’s FS.sint.,
**: Average of Ca.LB and Al.LB used for final mass (32.6% dissolution)

Assuming no Wu’s FS.sint. dissolved, Qe was calculated to be 9.67, 40.5, and 94.8 mg Se/g,
respectively for Wu's adsorbent. The maximum experimental loading was 108 mg Se/g equal to
~1.4 mmol/g [25]. The maximum experimental loading of selenate by Wu’s FS.sint. was higher
than the maximum experimental loading of aged-FS (71.1 mg Se/g equal to 0.90 mmol/g).
Wu’s FS.sint. did have a higher loading than aged-FS. While Wu did not report the
dissolution of material to be an issue, it was clearly mentioned that Ca and Al dissolved as
evidenced by the buffering capacity of the material [25]. Therefore, the assumption that none of
the adsorbents dissolved is invalid; actual loading might be higher.
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The lower loading of aged-FS than Wu’s FS.sint. can possibly be related to a higher
carbonate content of the aged-FS material. Aged-FS has 3.0 wt.% carbonate but the carbonate
content of Wu’s FS.sint. was not reported (likely very low). The experimental loading of Wu’s
FS.sint. was probably about or slightly above 1.37 mmol Se/g (Table 28; assuming no dissolution
of the adsorbent). This is still lower than the theoretical capacity for pure FS (the chlorohydrocalumite) of 1.78 mmol/g. It suggests the possibility of some carbonate in Wu’s FS.sint.
material. Wu showed that his FS.sint. contained some carbonate (by FTIR) [25]. It is believed that
the experimental loading of 1.37 mmol/g should be compared to the theoretical capacity of Wu’s
FS.sint. (based on the chloride content) the material with loaded carbonate and not pure FS. It is the
chloride ions that are exchangeable.
The exact composition of FS material Wu was dealing with is not clear to us (in terms of
chloride and carbonate proportion). The material is FS, but the exact carbonate intercalated in the
composition is unclear. Therefore, it is hard to know if the materials we were dealing with (agedFS) is the same/very similar to the FS material, used by Wu. Next, there was an attempt to find a
better way to compare the loadings of two materials, and therefore, one experiment from Wu’s
work was performed using aged-FS.
At the bottom part of Table 28, selenate removal by aged-FS under one experimental
condition from Wu’s paper is shown. The experiment involved an initial concentration of 395 ppm
Se (5 mM Se), selected for replication of one of Wu's sets of conditions (L/S 500, initial pH 8.0,
2 h, 150 RPM, and room temperature). A feed solution was prepared by the dissolution of sodium
selenate in DI water. The feed solution was analyzed by ICP and reported to contain 403 ppm Se,
close enough to the target value. Initial pH was adjusted to 8.0 by addition of 1 M sodium
hydroxide. A 0.1 g sample of aged-FS was added to 50 mL of this solution and agitated at 150
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RPM for 2 h. After phase separation, it was found that 21.2% of the Se loaded. Selenate loading
of 48.0% was reported by Wu under very similar experimental conditions. As shown in Table 28,
the experimental loading (Qe) assuming no dissolution of the adsorbent for Wu’s FS.sint. and agedFS were 1.20 and 0.55 mmol/g, respectively. Aged-FS exhibited lower loading than Wu’s FS.sint.
regardless of the final masses of the adsorbents. The experimental loading (Qe) including
consideration of dissolution for aged-FS was 0.78 mmol/g. This data is not available for Wu’s
FS.sint. material.
As mentioned in 3.2.4.7.5, in addition to selenate loading, the mass loss of the ion
exchanger is also of great importance. For the adsorption test with aged-FS reported in Table 28,
an average LBM mass loss of 32.6% (Ca.LB: 34.1 and Al.LB: 31.2%) was calculated. This is very
substantial and probably not acceptable for industrial applications. The extent of dissolution of
Wu’s FS.sint. material under the experimental conditions of Table 28 is not known.
6.2.9

Summary of selenate adsorption by aged-FS

Aged-FS material prepared in this work showed a maximum selenate loading of 0.90 mmol/g (71.1
mg Se/g) from solutions with up to 1539 ppm Se. The following experimental conditions are
recommended for selenate adsorption with aged-FS based on the trying to maximize loading and
minimize dissolution: initial pH 12.0, L/S 200, 30 °C, 24 h, and adequate agitation (150 RPM).
a.

Initial pH of 12.0 is recommended in order to lower dissolution. Higher pH decreased

loading due to interference from hydroxide. The maximum selenium loadings from 134 ppm and
460 ppb Se solutions were ~98% and ~79%, respectively. As seen, the affinity of aged-FS for
selenate in very dilute solutions is high. This is a potentially positive outcome for using these
materials in selenate impacted wastewaters particularly the ppb levels solutions.
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b.

A liquid-solid ratio of L/S = 200 was selected as suitable L/S for maximum loading and

minimum dissolution. Selenium loading from very dilute Se feed solutions (460 ppb Se), resulted
in 0.082 mg Se/g adsorbed (79% removal) while the average aged-FS dissolution of 11.9% under
these conditions, was measured. An L/S of more than 400 is not recommended for selenate
adsorption studies due to the substantial dissolution of aged-FS.
c.

Temperatures higher than 30 °C can be applied only if alkaline-resistant containers are

used. Adsorption of selenate reached to a pseudo-equilibrium after 24 h, and at a stirring rate of
150 RPM. More time for the reaction was not deemed to be of significant benefit. Polypropylene
containers are not recommended for selenate-loading experiments due to adsorption losses to the
container walls. HDPE containers seem to be more suitable than Pyrex glass for higher temperature
work.
6.3

Oxyanion interferences; sulfate and carbonate competition with selenate (surface

loading region)
One of the important aspects of the IX process is the interference of other ions with the adsorption
of the target ion. Selenium IX methods frequently suffer from low loading capacities due to
competing ions, especially sulfate. Generally, the anion interference depends on the type, charge,
concentration of the anion, LDH type (e.g. calcined or uncalcined), and the type of target oxyanion
[44,64]. The interference of carbonate and chloride with chromate oxyanion adsorption on
Friedel’s salt was reported by Dai [33]. At a carbonate-to-chromate molar ratio of 1:1 (2 mM
NaHCO3), a 7.2% reduction in chromate adsorption was observed (from 97% to 90%; pH 10, L/S
250, 30 °C, and 24 h). At a chloride-to-chromate molar ratio of 1:1 (2 mM NaCl), chloride showed
no interference with chromate loading. The material prepared by Dai was a modestly carbonated
Friedel’s salt with a chemical formula of Ca3.6Al2(OH)11.2Cl1.9(CO3)0.05(H2O)3.8 [33], which he
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called pure Friedel's salt [33]. It would be better to call it a chloro-carboaluminate hydrocalumite
phase.
In general, multivalent anions have more affinity for LDH materials than monovalent
anions. Among the monovalent anions, the competition of hydroxyl anion with selenate loading
for adsorption on aged-FS was observed at [OH-]≥0.16M (pH≥13.2, see Figure 21). Sulfate is the
main interfering anion of concern and may exist at several orders of magnitude higher
concentration than the Se concentration in mining wastewaters (e. g., 100-300 ppb Se and 14002000 ppm SO42- in coal mining wastewater) [88]. Carbonate can also exist in industrial mine
treatment applications. The interference of sulfate and carbonate with selenate loading on aged-FS
was studied at various molar ratios.
6.3.1

Sulfate competition with selenate

The effect of sulfate oxyanion on the removal of selenate from solution was studied by the addition
of calcium sulfate to the solution. Many industrial (mining) waste solutions are high in calcium
sulfate content. In principle, the Ca+2 in solution should also lower solubility of the aged-FS. This
is discussed later in 6.3.6. The aged-FS dissolution is not studied in oxyanion competition
experiments.
The selenate removal change by aged-FS over increasing the sulfate concentration is shown
with black circles in Figure 39. Selenate loading in the presence of various sulfate concentrations
showed that sulfate has a minor interfering effect on the adsorption of selenate by aged-FS. Sulfate
was added to the solution.
In the absence of any sulfate oxyanion, the selenate adsorption from a 760 ppb solution
was 78.9%. The addition of sulfate at 800 times the molar concentration of selenate, lowered the
selenate adsorption to 71.4% (only a 9.5% reduction). Selenate adsorption from solutions having
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sulfate-to-selenate molar ratios of 800-3,000 was further reduced only slightly. At a sulfate-toselenate molar ratio of 3,000 times (~2,500 ppm SO42-), 67.3% loading of selenate was observed.

Figure 39 Oxyanion interference with selenate adsorption by aged-FS (Se feed: 763 ppb Se, initial pH 12.0,
L/S 200, 24 h, 150 RPM, and 30 °C)

The competition of sulfate and selenate for adsorption on LDH materials is compared with
literature studies next. In a study on cement hydrate products, performed by Baur et., al., the
substitution of sulfate in a monosulfate-rich cement by selenate was reported [40]. The
monosulfate with a chemical formula of [Ca4Al2(OH)12]·[SO4·8H2O] is a sulfate-hydrocalumite.
The study showed that adsorption of selenate by the sulfate-hydrocalumite was favorable, which
is indicative of sulfate substitution by selenate. On the other side, sulfate substitution from an
ettringite phase by selenate was reported to be less favorable. This ettringite phase
([Ca6Al2(OH)12]·[(SO4)3·26H2O]) has a column-like structure in which the sulfate oxyanion is
located in the inter-channel spaces [40,89]. The monosulfate phase, as said before, belongs to the
hydrocalumite family with a layered hexagonal structure. Compared to the ettringite structure, in
which the sulfate oxyanion is held strongly in the column-like structure, the sulfate oxyanion in
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the monosulfate is intercalated in the interlayer space. The sulfate in the monosulfate LDH is,
therefore, more amenable to the substitution by selenate.
In agreement with Baur’s study [40], the aged-FS hydrocalumite material showed a higher
affinity for adsorption of selenate over sulfate. Aged-FS can tolerate as high as 3,000:1 sulfate-toselenate molar ratios without serious loss of affinity for selenate. It needs to be mentioned that the
feed solution used in this part of the study contained just 763 ppb Se. With low Se concentrations,
surface loading appears to be the principal loading mechanism. Therefore, it is perhaps better to
say that sulfate did not interfere with surface loading of selenate at up to 3,000 times of molar
concentration of selenate.
In a study by Yang, selenite uptake by calcined Mg-Al LDH (20 ppb Se feed) was studied
in the presence of various sulfate-to-selenite molar ratios [64]. At a sulfate-to-selenite molar ratio
of 1,000, selenite loading dropped from 110 mg/kg to 20 mg/kg (81% reduction). Yang reported
that the sulfate interference with selenite loading was much higher than the effects of sulfate on
arsenate loading. At a sulfate-to-arsenate molar ratio of 1,000, arsenate loading did not change
(~120 mg/kg for sulfate-free and sulfate-containing solutions). Only at an extremely high sulfateto-arsenate molar ratio of 100,000 did arsenate loading drop from ~120 mg/kg to ~85 mg/kg.
Arsenate loading by calcined Mg-Al LDH was strongly preferred over sulfate [64].
In a study by Suzuki, sulfate-to-selenite molar ratios of only up to 100 were tolerated by a
chelating CMA resin preloaded with Zr(IV) [37]. Aged-FS loading of Se(VI) tolerates higher
concentrations of sulfate than the Zr-CMA resin. The adsorption of selenate by the anion exchange
resin Eporasu K-6 showed a 50% decrease in selenate loading at a sulfate-to-selenate molar ratio
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of only 2:1 [34]. In conclusion, the sulfate tolerance of aged-FS during selenate loading (from ppb
level solutions) was among the highest of any adsorbents reported in the literature.
6.3.2

Carbonate competition with selenate

The effect of carbonate oxyanion on selenate loading is shown with red triangles in Figure 39. As
shown, for the adsorption of selenate by aged-FS, carbonate exhibited greater interference than
sulfate oxyanion. At a carbonate-to-selenate molar ratio of 700, selenate adsorption dropped from
78.9% to 15.0% (81% reduction). For a similar reduction in selenite adsorption by calcined MgAl LDH, a carbonate-to-selenite molar ratio of 70,000 was required [64].
The order of oxyanions selectivity for aged-FS is CO32-> SeO42->> SO42-. An opposite
interference order was observed for selenite adsorption by Mg-Al-Cl LDH [42]; the oxyanion
interference order was HPO42-> SO42-> CO32-> NO3-. As carbonate is interfering with selenate
loading, it is advised to lower the carbonate content of the solution before the adsorption process.
For this, a lime softening process is recommended for carbonate removal before usage of FS in
industrial plants.
It is important to mention that oxyanions interference studies in this thesis were carried out
with very low (ppb) concentration solutions; just 4.8X10-7 M Se. Such low concentration selenate
solutions require only a small proportion of the aged-FS capacity, and as mentioned, surface
loading is the dominant loading mechanism.
From the oxyanion studies in this thesis, two series of studies are recommended for further
future investigations: firstly sulfate interference studies with selenate in ppm concentrations and
secondly carbonate interference studies at a carbonate-to-selenate molar ratio of <700.
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Study of the competition of chloride with selenate for adsorption on aged-FS is
recommended. In a study by Dai, the competition of chloride with chromate for adsorption on
Friedel’s salt was performed using 2 mM Cr(VI) [33]. At this concentration, the principle loading
mechanism was reported to be surface loading (based on the basal spacing changes obtained from
the XRD patterns). Chloride showed no interference with the loading of chromate on Friedel’s salt
[33].
6.3.3

The effect of intercalated-carbonate content on Se loading (selenate adsorption by

unaged-FS)
Aging of FS was shown to impose several physiochemical changes on the material including an
increase in carbonate content and consequently an increase in the proportion of the chlorocarboaluminate hydrocalumite phase. Significant interference of carbonate on the loading of the
majority of oxyanions on LDH materials has been extensively reported in the literature [44,64,66].
Hongo et al. showed that the adsorption percentage of phosphate, selenate, arsenate and chromate
oxyanions by Mg-Al-CO3 LDH was significantly lower than Zn-Fe-SO4 LDH [66]. The carbonate
oxyanion with a planar geometry (as shown in Figure 19), intercalates in the interlayer space and
is not easily displaced by other oxyanions [25,30,70]. Therefore, it was of interest to study the
effect of the increased intercalated carbonate during aging on selenate loading. For these
experiments, aged-FS and unaged-FS were used as the two samples had different carbonate
contents. The selenate adsorption experimental conditions were 219 ppm Se feed, initial pH 12.0,
L/S 200, 30 °C, and 24 h. Each experiment was repeated three times.
In Table 29 the loading of selenate onto unaged- and aged-FS (Se.L) are compared under
the same experimental conditions. The results showed that Se removal percentage by aged-FS and
unaged-FS is an average of 71.2% (70.7-72.0%) and 70.9% (70.8-71.0%), respectively.
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Surprisingly, both materials removed the same amounts of selenate from solution; about 71%
loading. Similar extents of removal of Se from solution, is expected to result in similar Se loading
capacities. However, when the mass losses of the two adsorbents are taken into consideration,
amount of Se loaded at pseudo-equilibrium (Qe) for unaged-FS was 40.8 mg Se/g while that of
aged-FS was 35.4 mg Se/g.
Table 29 Selenate loading (Se.L) of aged-FS and unaged-FS (experimental condition: 219 ppm Se, initial pH 12.0,
L/S 200, 30 °C, and 24 h)
Test #

Se.L; Aged-FS

Se.L; Unaged-FS

1

72.0

71.0

2

70.9

70.8

3

70.7

-

Average

71.2

70.9

0.14

0.14

0.25 g,
3.00 %

0.25 g,
1.15 %

Al.LB: 12.1%
(12.0-12.2)

Al.LB: 22.0%
(21.9-22.1)

Se available for loading in
feed solution (mmol)
Mass of FS used (g),
intercalated carbonate wt.%
Dissolution %,
Al.LB

Based on Equation 6 (section 3.2.4.7.4), Se loading at pseudo-equilibrium (Qe) in this thesis
is defined by loaded Se (from solution analysis: Se.L) divided by final mass (W). In contrast to the
polymeric ion exchangers, the unaged-FS and aged-FS dissolve. These FS materials have different
dissolutions and therefore different W values. In these cases, the role of final mass on loading
needs to be interpreted carefully. The unaged-FS has higher dissolution (smaller W), and similar
loading (Se.L) to aged-FS. This combination of loading and dissolution will result in a higher
loading for any material. In fact, the higher loading of unaged-FS is due to the higher dissolution
and not higher Se.L value. The remaining Se concentration in the effluent for both materials is
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about the same. Besides this view, one can interpret the data, only with a focus on the theoretical
capacity of two materials. The unaged-FS with higher theoretical capacity than aged-FS (based on
the chloride contents) exhibited higher loading. In conclusion, one needs to be careful with calling
the unaged-FS a material with a higher loading capacity than aged-FS. The capacity of materials
with different dissolutions will be affected by both Se loading and degree of dissolution. There is
a balancing point between these two variables. In an industrial plant both loading capacity and
material dissolution need to be considered.
The feed solution contained 219 ppm Se and the L/S ratio was 200 (0.14 mmol Se). In both
cases, 0.39 mmol/g of Se was loaded. The experimental maximum loading of aged-FS is 0.90
mmol Se/g. There was more than enough chloro-hydrocalumite phase available to accommodate
the loaded Se. Under these conditions, carbonate did not inhibit loading. Apparently, the increased
intercalated-carbonate during the aging process did not interfere with Se loading under the
conditions studied. Higher-concentration Se solutions would, of course, result in decreased Se
removal due to carbonate pre-loaded in the solid phase. It would be reasonable to expect that ppblevel solutions would be even less affected by the intercalated carbonate content of aged-FS
(surface loading is dominant), though this would need to be verified experimentally. In summary,
the complete nitrogen purging method is advised if one needs to use the maximum capacity of FS
material (highly concentrated feed solutions). For industrial applications where the capacity of
aged-FS is adequate for loading of selenate from wastewater (ppb level solution), a complete
nitrogen purging method will be an unnecessary effort. Similarly, aging in a sealed container
without nitrogen purging (the method used in this thesis) is suitable enough for industrial
applications in ppb level Se feed solutions.
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In Table 29, the average Al.LB dissolution of unaged-FS and aged-FS during selenate
adsorption are shown. The average Al.LB dissolution of aged-FS was lower than average Al.LB
dissolution of unaged-FS (12.1% vs 22.0%). The aged-FS dissolved less Al3+ ions into the solution
than unaged-FS). For mass loss calculations of aged-FS in this test, the molar mass value of agedFS (639.61 g/mole) was used in Equation 3 (see 3.2.4.7.2). Similarly, for mass loss calculations of
unaged-FS in this test, the molar mass of unaged-FS (579.76 g/mole) was used in Equation 3 (see
3.2.4.7.2). Note that dissolution of Ca were not used for mass loss data since Ca dissolution at
initial pH 12.0 was almost the same for two materials (similar to Figure 18).
6.3.4

Analysis of complete nitrogen purging method and its effect on selenate loading

As explained in section 4.3.2, the carbonate content of unaged-FS was reduced from 1.15 to 1.01
wt.% by using the complete nitrogen purging preparation method. The improvement with respect
to carbonate incorporation was modest. The results in Table 29, were obtained using a 219 ppm
Se solution; probably much higher than most mining wastewaters. Nevertheless, loading with
aged-FS containing 3.0% carbonate was still very good at a high liquid-solid ratio of solution-toadsorbent. Therefore the difficult challenge of eliminating carbonate during the co-precipitation
synthesis might not be worth the effort for a practical application. Of course, high carbonate
concentrations in solution relative to selenate do adversely affect loading.
6.3.5

Importance of dissolution data inclusion/report in adsorption capacity from an

engineering perspective
If loading of a Friedel’s phase adsorbent is calculated on the basis of the amount of anion adsorbed
and the initial mass of adsorbent, loading values will be erroneously low due to losses of adsorbent
to dissolution. The higher the extent of dissolution, the greater the error. However, the more serious
problem is simply the extent of dissolution of the adsorbent. In an industrial process higher losses
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of adsorbent increase the operating costs of the associated process. Release of metal ions into
effluent solutions might be unacceptably high, which would require either follow-up treatment, or
it could make the process impractical. The partial solubility of LDH adsorbents remains one of the
challenges to industrial implementation of these materials for oxyanions removal. In the next
section, an industrial strategy is recommended to minimize material mass loss.
Assuming that one needs to choose between unaged-FS and aged-FS for usage in a
wastewater treatment plant, there might be a desire to select unaged-FS as this material has slightly
higher loading than aged-FS (40.8 mg Se/g vs 35.4 mg Se/g). However, considering the preference
for using a less-soluble material, aged-FS will be a better candidate. One of the contributions of
this thesis in LDH filed is bringing up attention to the importance of mass loss values in loading
data.
6.3.6

Non-saturated calcium hydroxide solution experiments; a strategy for lowering

dissolution
As mentioned earlier in 6.3.2, the lime softening process has been recommended for carbonate
removal before usage of FS in industrial plants. Lime softening has the benefit of removing
carbonate from solution as well as increasing pH. In this section, the effect of calcium hydroxide
on the dissolution of FS and Se loading are discussed.
In section 5.5.1, the aging process was shown to reduce the metal ions dissolution
depending on the initial pH. At initial pH 12.5, Al dissolution of aged-FS (Al.LB) was lower than
that of unaged-FS material by a factor of ~45% (Ca.LB was similar). At initial pH 8.0, Ca
dissolution of aged-FS (Ca.LB) was lower than that of unaged-FS material by a factor of ~50%.
Al.LB was lowered by a factor of 23%. In general, the dissolution of FS was lowered by the aging
process, but not fully eliminated. The deliberate addition of calcium (in the form of calcium
hydroxide) to the adsorption solution was the second alternative strategy used for minimizing the
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material loss and lowering the metal ions dissolution. Even without a lime-softening pre-treatment
step, many Se-containing industrial effluents contain moderately high calcium concentrations
(typically associated with either carbonate or sulfate). The dissolution of aged-FS is expected to
be lowered in a saturated calcium hydroxide solution due to the common ion effect.
Selenate adsorption by aged-FS from calcium hydroxide solution was performed under
following conditions: feed 498 ppb Se, 708 ppm Ca, pH 12.3, L/S 200, 24 h, 30 °C and 150 RPM
(see 3.4.9). The calcium hydroxide addition increased the pH of DI water to 12.3, and therefore
there was no need for another alkaline reagent such as sodium hydroxide for pH adjustment.
Calcium concentration in solution could no longer be used for mass loss calculations of these
experiments. The concentration of aluminum was monitored and mass loss was reported using
Al.LB. The adsorption experiment was repeated twice. For two experiments, an average Al.LB value
of 0.78% (0.65-0.91%) was obtained. The Al.LB value under the same experimental conditions
from a regular solution (no calcium hydroxide in solution) was found to be measured to be 8.9%
(initial pH 12.2). However, the XRD pattern of selenate-loaded FS from calcium hydroxide
solution, however, showed that a new phase was precipitated (Figure 40). As shown, a calcium
aluminum hydroxide phase, called katoite with a chemical formula of Ca3Al2(OH)12 was formed
(PDF number 96-100-8061). The formation of katoite was related to the precipitation of dissolved
aluminum and excess calcium in solution. Therefore the actual mass of FS material left after the
tests is not known. A QXRD analysis would be needed to ascertain how much was converted to
katoite. It is also quite possible that the conversion of LDH material into katoite might continue to
occur with longer reaction times. As mentioned earlier in 2.6.1, using the BC water quality criteria,
the concentration of dissolved aluminum in freshwater aquatic life should not exceed 0.10 ppm
when the pH is greater than or equal to 6.5 (the maximum at any time is called the instantaneous
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maximum value) [78]. The average Al concentration in the calcium hydroxide solution
experiments was 0.073 ppm (0.064-0.087 ppm). Compared to the BC guideline, the dissolved Al
concentration value was lower than the instantaneous maximum value (0.10 ppm), and just above
the permissible maximum monthly average value (0.05 ppm). This shows that usage of the lime
softening process has the benefit of lowering the FS dissolution and controlling the Al
concentration close to the guideline. The average Al concentration for the adsorption tests without
calcium hydroxide addition was 50.6 ppm (45.0-57.0 ppm) under otherwise similar conditions.

Figure 40 XRD pattern for selenate-loaded aged-FS from calcium hydroxide solution (498 ppb Se, 708
ppm Ca, pH 12.3, L/S 200, 24 h, 30 °C and 150 RPM). Katoite pattern is from Jade software.

Selenate loading from calcium hydroxide solution was calculated to evaluate whether lime
softening would impact Se loading. For these experiments, the average selenate loading (Se.L) was
81.8% (79.0-84.6%). Selenate loading from a solution without added calcium hydroxide in
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solution was measured to be 78.9%. This showed that aged-FS had about the same similar affinity
for selenate when calcium hydroxide was present in solution.
6.3.7

Summary of oxyanion interference, intercalated-carbonate interference and calcium

hydroxide matrix impact on the reduction of Al dissolution
In summary, added carbonate in solution significant interference with selenate loading onto
aged-FS. Sulfate in the solution had very little effect on selenate loading. The oxyanion selectivity
order for aged-FS is: CO32-> SeO42->> SO42-. The oxyanion selectivity of aged-FS for selenate
over sulfate was 3000:1 selenate-to-sulfate. Therefore, aged-FS is a potentially selective ion
exchange material for selenate removal from mining wastewaters with high sulfate contents. Most
known ion exchangers exhibit little selectivity for selenate over sulfate [88]. In cases where
carbonate is present in high concentrations, it may be possible to use a lime-softening pre-treatment
prior to the application of the FS adsorption process. Such a pre-treatment would have the benefit
of lowering the carbonate content as well as helping raise the pH.
Intercalated carbonate in the FS adsorbent does lower the total capacity for selenate.
However, the materials prepared in this study still exhibited quite a suitable capacity for selenate.
In the case of using a lime softening process, the Al dissolution from aged-FS material will
be lowered due to the high concentration of calcium ions in the matrix. Al.LB dropped from 8.9 to
0.78% in the calcium hydroxide solution. However, this also appears to result in gradual
conversion of FS into katoite. But, this did not appear to unduly compromise Se loading under the
conditions employed in this work. There would be considerable cost savings associated with using
lime for pH adjustment instead of NaOH. Furthermore, the use of lime softening as a pre-treatment
to remove the carbonate content should minimize carbonate loading interference.
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6.4

Calcination of aged-FS

The thermal treatment of the M-N LDH materials has been widely reported in the literature
[44,49,64]. Generally, as the temperature is increased, dehydration, de-hydroxylation, and anion
expulsion occur. The loosely held interlayer water, -OH groups from layers (M-OH-N), and
interlayer anions are removed by calcination. Interestingly, the calcined sample is able to
regenerate the layered structure on exposure to water and anions. This process is known as memory
effect [44,58].
In this work, the aged-FS material was calcined in a furnace for 5 h at temperatures of 300800 °C and the weight loss was recorded. The structural changes in the material were monitored
by XRD analysis. By heating the samples, weight losses of 7.80, 25.7, 25.5, and 31.0 wt.% was
observed at 300, 450, 600 and 800 °C, respectively. An XRD pattern of aged-FS and its calcined
products are shown in Figure 41. The pattern at the bottom corresponds to aged-FS. The XRD
patterns corresponding to increasing temperature for calcined samples follow from bottom to top
(up to 600 °C). The XRD pattern of sample calcined at 300 °C showed a small shift in both sharp
basal reflections at low 2 and relatively weak non-basal reflections at high 2. These shifts are
related to the dehydration and loss of interlayer water [44]. Further heating at 450 °C, resulted in
the loss of crystallinity due to de-hydroxylation of the brucite layers. A largely X-ray amorphous
phase was formed and resulted in a broad peak in the XRD pattern. The product recrystallizes at
600 °C, yielding a new metal oxide phase (top pattern in Figure 41). The XRD pattern of sample
calcined at 800 °C was similar to that of sample calcined 600 °C.
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Figure 41 XRD pattern of aged-FS samples heated at different temperatures.

The XRD pattern of aged-FS calcined at 600 °C was further analyzed by Match software
and the results are shown in Figure 42. The experimental pattern matches the mayenite phase
(Al14Ca12O33) with PDF number 96-210-2957 from the Match software. After subtraction of the
pattern for the mayenite phase from the experimental pattern, the remaining phase (red pattern in
Figure 42) matched with CaO with PDF number 96-900-8606 from Match software. The
remaining XRD pattern after subtraction of patterns for both mayenite and CaO is shown in the
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top pattern of Figure 42. This pattern did not match with any Ca or Al chloride-containing phase
from the Match software database. However, this phase is believed to be a chloride-containing
phase (Ca or Al) as there is no report of evaporation of chloride species from FS at high
temperatures. The boiling temperature of CaCl2 is reported to be 1650 °C [90]. Therefore, the agedFS calcined at 600 °C is a mixture of mayenite, CaO, and a chloride-containing phase.

Figure 42 XRD pattern of calcined aged-FS at 600 °C matched with mayenite and calcium oxide from the Match
software database.

The thermal analysis of Friedel’s salt was studied by thermogravimetric analysis (TGA)
[49,50]. Thermal studies performed by Birnin-Yauri showed three endothermic peaks at 120, 290,
and 670 °C [49]. The thermal peak at 120 °C was attributed to the removal of interlayer water
resulting in 3Ca(OH)2∙2Al(OH)3∙CaCl2. Further heating to 290 °C formed an amorphous product
176

as a result of de-hydroxylation of layers. The amorphous phase turned to a crystalline phase with
a chemical composition of (11CaO∙7Al2O3∙CaCl2) at 670 °C. In another study by Vieille, the
thermal behavior of Friedel’s salt over the temperature ranges 25≤T≤280 °C, 280≤T≤650 °C, and
650≤T≤950 °C was studied [50]. A similar three-step decomposition by heating was reported and
followed by XRD measurements. The crystalline phase formed at 750 °C was related to a mixture
of mayenite phase (Ca12Al14O33) and CaO. The reports on phases formed at high temperatures in
two studies are slightly different in terms of the Ca/Al molar ratios and chloride contents of the
phases. For example, in Birnin-Yauri study, in addition to the 11CaO∙7Al2O3∙CaCl2 phase, a Cacontaining minor phase is expected to be present [49]. The Ca/Al molar ratio in
11CaO∙7Al2O3∙CaCl2 phase is 0.86, lower than that of Friedel’s salt (unless the minor impurities
of Friedel’s salt are not reported). In Vieille’s study, on the other hand, a chloride-containing phase
is probably present [50]. As mentioned, chloride-species volatilization at this temperature is
doubtful [90].
6.4.1

Effect of calcination on selenate adsorption

Studies on oxyanions removal by calcined and uncalcined LDHs in the literature report higher
adsorption capacity for calcined LDHs [31,64]. Yang showed that selenite loading by calcined
Mg-Al-CO3 LDH was 140 mg Se/kg, while uncalcined Mg-Al-CO3 had a loading of 70 mg Se/kg.
The calcined Mg-Al LDH was obtained by heating of Mg-Al-CO3 at 500 °C for 5 h [64].
In an attempt, to study the effect of calcination on the selenate loading behavior of agedFS, adsorption tests were performed. Table 30 displays the selenate removal and loading (mmol/g)
of calcined samples from 753 ppb Se feed solution (initial pH 12.1, L/S 200, 150 RPM, 24 h, and
30 °C, three tests each). The average of Ca.LB and Al.LB was used to estimate extents of dissolution.
Selenate loading by aged-FS was performed under identical adsorption experiment.
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The adsorption of selenate from a 753 ppb feed solution was carried out with samples
calcined at all temperatures with the exclusion of the sample calcined at 450 °C. This sample was
shown by XRD analysis to be an amorphous phase (see Figure 41) and in preliminary tests showed
much lower adsorption capacity than the other samples.
The average selenate removal by samples calcined at 300 and 600 °C was 94.2% (92.695.5%) and 97.6% (95.8-98.6%), respectively. This showed that the calcination of material
increased the affinity for Se loading. The reference material, aged-FS, removed 78.8% (78.579.0%) under similar experimental conditions. The calcined sample at 800 °C showed an average
removal percentage of 99.8% (two tests both at 99.8%), higher than all of the other samples. The
results showed that the calcination of the aged-FS sample at 800 °C increased the loading of
selenate from 0.0160 mmol/g (for aged-FS) to 0.0207 mmol/g.
Table 30 Selenate loading percentage by calcined aged-FS (753 ppb Se feed, initial pH 12.1, L/S 200, 150 RPM, 24
h, and 30 °C)
Aged-FS samples calcined at:
Aged-FS
(not calcined)

300 °C

Selenate loading
(%)

78.8%

94.2%
(92.6-95.5%)

Se loading
(mmol/g)

0.0160

0.0190

FS dissolution*
Ca.LB, Al.LB (%)

7.10, 9.40

6.90, 7.01

450 °C

Amorphous
sample**

-

600 °C

800 °C

97.6%
(95.8-98.6%)

99.8%
(two tests both
99.8%)

0.0194

0.0207

6.01, 10.4

6.90, 10.6

*average LBM was used for Se-loading data**showed low Se-removal in preliminary tests

The higher loading capacity of calcined LDHs may be attributed to the larger surface area
of these materials compared to the uncalcined LDHs [44]. The specific surface area of aged-FS as
reported by Malvern Mastersizer laser instrument was 0.338 m2/g (5.4.4). The porosity of material
was ignored in the calculations of Malvern Mastersizer [86]. The surface area study of the calcined
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aged-FS and aged-FS samples by Brunauer–Emmett–Teller (BET) method are recommended for
future studies. In BET method, the surface area of a material is determined by the physical
adsorption of a gas (typically nitrogen, krypton, or argon) onto the surfaces (internal and external)
of the sample [91,92].
The average remaining selenium concentration in the final solution treated by aged-FS
calcined at 800 °C was 1.84 ppb Se (1.70-1.98 ppb Se). This selenium level in a treated solution
is lower than the maximum discharge limits set in 2016 by the US Environmental Protection
Agency for lotic water (<3.1 ppb Se) [15]. As a result, the aged-FS sample calcined at 800 °C was
a promising adsorbent for treatment of ppb level industrial wastewaters. As mentioned earlier in
6.2.7, the selenate removal from ppb levels has not been studied by Wu [25]. In this study, it was
shown that the aged-FS sample calcined at 800 °C is a successful candidate for the treatment of
ppb-level Se wastewaters.
Note that the dissolution of calcined aged-FS samples is similar to that of the aged-FS
sample. The calcination process after aging has the benefit of higher loading and similar
dissolution for the material. The structure and properties of aged-FS and calcined aged-FS samples
are summarized in Table 35 (Appendix O).
6.4.2

The memory effect of calcined aged-FS sample

As shown in Table 30, the aged-FS calcined at 600 °C had higher loading than aged-FS. The XRD
analysis of aged-FS calcined at 600 °C before and after selenate loading is shown in Figure 43. As
seen, upon exposure of the calcined sample to selenate solution, the parent LDH structure of
hydrocalumite is reconstructed (top pattern in Figure 43). The sharp basal reflection at low 2 11°,
and weaker non-basal reflections at high 2 23°, all appeared in the top XRD pattern (a typical
LDH pattern). The calcined aged-FS recovered its original layer structure through the structural
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memory effect. Water is adsorbed to reform the hydroxyl layers and anions and water reconstruct
the interlayer region. The adsorbed anions are most likely, selenate, hydroxyl, and chloride. The
chemical composition of [Ca4Al2(OH)12]·[Cl(2-2x-y)(SeO4)x(OH)y·4H2O] is probably the best
representation of the reconstructed phase. The memory effect has been used for the preparation of
LDHs with desired inorganic or organic anions to fulfill specific applications [27,44,58].

Figure 43 Reformation of the layered structure after selenate adsorption from 753 ppb Se feed (adsorption
conditions: initial pH 12.1, L/S 200, 150 RPM, 24 h, and 30 °C). Bottom pattern: calcined aged-FS at 600 °C, and
top pattern: calcined aged-FS at 600 °C after Se-adsorption.
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Chapter 7: Conclusions
In this thesis, a partially carbonated Friedel’s salt (unaged-FS) was synthesized and characterized.
The carbonate content of the unaged-FS sample was lessened by variations in how a nitrogen
atmosphere was employed. One selected aging condition was applied to minimize the dissolution
of material during the selenate adsorption experiments. The aged-FS material was shown to have
lower metal ions dissolution than unaged-FS, depending on initial pH. Therefore, the aged-FS
material was used for selenate removal studies rather than unaged-FS material. The compositional
changes associated with the aging process were tracked by various analytical methods. The lower
dissolution of aged-FS was related to the observed compositional changes. The optimized
adsorption condition was selected based on a trade-off between maximizing Se-loading and
minimizing aged-FS dissolution. In the field of anion adsorption by LDH materials this thesis is a
pioneer in reporting the dissolution of LDH material (aged-FS) connected with adsorption. For
higher reliability, the mass loss was estimated by using the concentrations of calcium and
aluminum in solution (LBM) rather than weighing the final mass of samples (SBM). The
interferences of sulfate and carbonate oxyanions with selenate adsorption were investigated. The
dissolution of aged-FS during the adsorption process was further minimized by using solutions
saturated with calcium hydroxide.
The main conclusions are summarized in three sections: Section A: Synthesis process, Section
B: Aging and dissolution studies and Section C: Selenate adsorption.
A. Synthesis process:
1. Unaged-FS synthesis: The unaged-FS sample was prepared by co-precipitation at nearly
constant pH of 11.3 under partial nitrogen purging. The material was analyzed by XRD,
QXRD, solid digestion, and carbon analysis. The QXRD results showed that the unaged181

FS contained multiple phases, including carbonated hydrocalumite; it was not a pure FS
material. The unaged-FS material was composed of 74 wt.% chloro-hydrocalumite phase
(a hexagonal crystal system with a chemical formula of [Ca4Al2(OH)12]·[Cl2·4H2O]), 24
wt.% chloro-carboaluminate hydrocalumite phase (a monoclinic crystal system with a
chemical formula of [Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O]), and 2 wt.% aluminum
hydroxide (Al(OH)3). Using QXRD analysis results, the unaged-FS was best represented
by an experimental chemical formula of [Ca3.88Al2.09(OH)12.1]·[Cl1.73(CO3)0.10·5.27H2O].
The material had 1.15 wt.% carbonate. The carbonate content based on the preceding
chemical formula worked out to be 1.06 wt.%. QXRD analysis showed that the carbonate
was intercalated in the hydrocalumite phase and not physically adsorbed. The Ca and Al
content (weight percent) calculated from QXRD results (26.8 and 9.71 % for Ca and Al,
respectively) were in good agreement with the solid digestion data (25.3 and 9.03 % for
Ca and Al, respectively).
2. Lowering carbonate content by complete nitrogen purging: Precautions to better exclude
atmospheric CO2 resulted in an unaged-FS material that contained 1.01 wt.% carbonate.
In agreement with the carbon analysis, QXRD results (4.3.3.2) showed that the chlorocarboaluminate

hydrocalumite

phase

with

a

chemical

formula

of

[Ca4Al2(OH)12]·[Cl(CO3)0.5·10.8H2O]) was reduced to 11 wt.% (more than 50% less than
unaged-FS prepared under less rigorous inert-atmosphere conditions).
B. Aging and dissolution of aged-FS material:
1. Aging tests: The selected aging condition of initial pH 12.0, L/S 20, 65 °C and 7 days, was
applied on unaged-FS material in a large batch. The variables of this aging process (L/S,
temperature, and time) were selected to lower mass loss due to dissolution (5.2). Aging of
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unaged-FS material at initial pH 12.0 resulted in the removal of the aluminum hydroxide
impurity and formation of minor katoite phase (QXRD results, 5.4.1). In addition, the
proportion of chloro-carboaluminate hydrocalumite phase increased (QXRD results,
5.4.1). The carbon analysis showed that the carbonate content increased as a result of the
aging treatment (5.4.2). From QXRD results, the experimental chemical formula of agedFS was found to be [Ca4.02Al2.03(OH)12.1]·[Cl1.30(CO3)0.33·8.40H2O], (see 5.4.1.1). AgedFS had an average experimental Ca/Al molar ratio of 2.02 (solid digestion).
2. Quantification of the effect of aging on dissolution: The aged-FS material was subjected
to the conditions of a dissolution test, but without selenate being present (L/S 200, initial
pH 12.5, RPM 150 and 24 h). The dissolution of Al from aged-FS was ~45% lower than
that of unaged-FS. The dissolution of Ca from the two materials was about the same
(5.5.1). In fact, the aging process assisted in removing the aluminum hydroxide impurity
from the material prior to the adsorption process. Higher Al dissolution from unaged-FS
was partly related to the presence of Al(OH)3. Note that there was no Al(OH)3 impurity in
aged-FS material.
In the FS synthesis process, the formation of aluminum hydroxide impurity needs
to be maintained at its minimum possible value (by careful pH control), and if not it will
dissolve easily in the adsorption process and will cause the Al dissolution into water. More
Al dissolution also means more material loss in the adsorption process. It needs to be added
that both aluminum hydroxide and hydrocalumite phases were involved in Al dissolution
from the unaged-FS sample (calculated from Al mass balance).
In summary, regardless of initial pH, the concentration of metal ions dissolved from
aged-FS into solution was lower that of unaged-FS. In one hand, at high pH range (initial
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pH 12.5), Al dissolution from aged-FS was lower than that of unaged-FS material by a
factor of ~45%. On the other hand, at lower pH range (initial pH 8.0), Ca dissolution from
aged-FS was lower than that of unaged-FS material by a factor of ~50%.
3. Compositional change due to aging: The higher stability of aged-FS (with respect to Al/Ca
dissolution) was related to a combination of the physical/chemical changes in the material
(5.5.2). First, the aluminum hydroxide impurity was removed and a stable minor phase of
Ca3Al2(OH)12 was formed. Secondly, the carbonate content was increased (from 1.15 to
3.00 wt.%) and more of chloro-carboaluminate hydrocalumite was formed. The insertion
of carbonate with a planar geometry in the center of interlayer space was possibly forming
more stable metal ions in the brucite layers. Over aging, particle agglomeration (5.4.4) and
morphology changes into well-shaped hexagonal crystallites (5.4.3) were observed. It is
hard to separate the impact of these variables from each other and therefore, lower
dissolution of aged-FS is probably due to a combination of these factors. Undoubtedly,
however, removal of the readily base-soluble Al(OH)3 is significant.
C. Selenate adsorption:
1. The aged-FS material prepared by aging was used in adsorption studies. Dissolution data
were reported for every adsorption experiment. To avoid the uncertainty associated with
the collection of fine, powdery FS material (SBM), the concentration of Ca2+ and Al3+ ions
in solution were used for mass loss estimates (LBM, using Ca.LB and Al.LB). Selenate
loading was referenced to the estimated actual mass of FS left at the end of adsorption tests.
Loading isotherms were obtained. The loading isotherms are more accurate than those in
the current literature due to the careful inclusion of mass loss impacts on the loading of
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adsorbents. It is believed that this is the first investigation of LDH materials with
consideration of partial dissolution of these materials in the adsorption process.
2. The adsorption experiments were performed to try to achieve the maximum selenate
loading with the lowest dissolution of aged-FS. A maximum selenate loading of 71.1 mg
Se/g equal to 0.90 mmol/g was achieved at initial pH 12.0, L/S 200, 24 h, 30 °C, and
shaking rate 150 RPM. The theoretical capacity for this aged-FS material was 1.02 mmol
Se/g (based on the exchangeable chloride ion). The highest selenate loading varied from
79% to 98% (depending on feed concentration). An average LBM dissolution of 11.0%
was measured for aged-FS.
3. Selenate adsorption from ppb-level feed solutions was dominated by surface loading. With
ppm-level feed solutions, the adsorption was dominated by an interlayer loading
mechanism. The surface and interlayer loading mechanisms were confirmed by complete
loading isotherm studies (Figure 36) and the XRD studies (Figure 37, and Figure 38).
4. Adsorption of selenate became close to equilibrium after 24 h (called pseudo-equilibrium)
and at a stirring rate of 150 RPM. There was evidence of increased selenate adsorption as
the temperature was increased from 30 to 60 °C.
5. Selenate loading by aged-FS was highly selective over sulfate loading. When the sulfateto-selenate mole ratio was 3000 selenate loading dropped very little. The aged-FS material
is considered to be a suitable and selective selenate adsorbent for sulfate-rich industrial
wastewater solutions.
6. Carbonate had a greater impact on selenate adsorption than sulfate (Figure 39). Selenate
loading was reduced from 78.9 to 15.0% at a carbonate-to-selenate molar ratio of 700.
These experiments were performed using 763 ppb Se feed solution. Therefore, the
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selectivity order for aged-FS loading is CO32-> SeO42->>SO42-. It is advised to reduce the
carbonate concentration of a selenate-bearing solution by performing a lime softening pretreatment process before the adsorption process. In addition to carbonate interference from
solution, the interference of intercalated-carbonate was studied. Comparisons of selenate
loading by two samples with different intercalated carbonate contents (unaged-FS and
aged-FS), showed that the higher intercalated carbonate content in the aged-FS (3.00 vs
1.15%) did not interfere with selenate adsorption from ppm-level solutions, so long as the
chloro-hydrocalumite capacity was greater than the amount of selenate available in solution
(Table 29, 6.3.3). This indicates that it might not be necessary to prepare FS under rigorous
nitrogen purging conditions; a suitably strong adsorbent for selenate can be readily
obtained despite a moderate level of carbonate content. Intercalated carbonate does reduce
the maximum possible Se loading from the theoretical value (1.78 mmol/g) for pure chlorohydrocalumite. It is likely that moderate carbonate content in these LDH materials would
not adversely affect loading from ppb-level solutions.
7. In pH 12.3 calcium hydroxide solution, aluminum dissolution from aged-FS was reduced
drastically (from Al.LB: 8.9% to 0.78%). However, katoite (Ca3Al2(OH)12) forms.
Nevertheless, the final dissolved Al concentration of 0.07 ppm was just above the thirtyday average (<0.05 ppm Al), and below the instantaneous maximum (<0.10 ppm Al),
indicated by the 2018 BC water quality guideline for aluminum [14,78]. The average Al
concentration for regular adsorption tests (no calcium hydroxide), was 50.6 ppm.
Therefore, in addition to the removal of carbonate and initial pH adjustment, pre-treatment
with a lime-softening process will have the benefit of significantly suppressing the release
of Al3+ ions into the treated water.
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8. To achieve final selenium concentrations lower than both the BC Water Quality Guideline
for freshwater in use for 2018 [14], and the 2016 US EPA guideline for lotic water, a
calcined aged-FS sample was used. The calcination of aged-FS material at 800 °C increased
the Se loading. The calcined aged-FS at 800 °C loaded 99.7 % of selenate from 753 ppb Se
feed solution. This is a significant improvement over unaged-FS itself. The final aqueous
Se concentration was 1.84 ppb, lower than the BC water quality guideline set in 2012 (2
ppb [14]), and the US EPA guideline set in 2016 for Se in lotic water (<3.1 ppb [78]). QXRD
showed that the calcined aged-FS at 800 °C was mainly composed of mayenite
(Al14Ca12O33) with no layered structure. The mayenite phase was able to revert to the layered
structure upon exposure to the selenate solution.
9. By using a lime-softening pre-treatment step, followed by selenium adsorption using
calcined aged-FS, it is expected that it should be possible to achieve dissolved metals
concentrations that would be very close to the current (2018) BC water quality guidelines
for total aluminum and total selenium. As only a preliminary scoping test was performed
for these conditions, it is possible that optimization of the experimental conditions could
lead to final solutions where both the dissolved aluminum and selenium concentrations meet
the current total metals guidelines.
After the FS adsorption step, both the aluminum and selenium are still present in the solids
phase so a solid-liquid separation step that is able to successfully handle the fine LDH solids
would be required. (Note that the BC water quality guidelines for aluminum and selenium
are based on total concentration, not just dissolved concentration.) Additionally, after solidliquid separation, the solution pH will need to be adjusted down to levels acceptable for
discharge (typically within a range of 6.5 – 9.0) [93].
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7.1

Recommendations for future academic work
This section briefly describes some research topics that are worth investigating further.

A. Synthesis process:
1. Large amounts of impure tri-calcium aluminate are formed in the Bayer process, where it
assists as a "filter aid". This material is considered waste and can be purchased from related
industries. This inexpensive material can be used for the preparation of FS, but a lowquality FS is expected from this source. This material might still be good enough for some
wastewater applications (e.g. high ppm Se concentrations).
2. For future studies, two series of co-precipitation tests at constant pH with the following
nitrogen purging strategies are recommended. Firstly, co-precipitation should be conducted
without any nitrogen purging. Secondly, the co-precipitation should be performed in a
glove box with complete nitrogen purging to totally eliminate carbonate contamination of
the FS. The analysis of FS prepared by the former method will quantify the maximum
carbonate adsorbed from the air during synthesis in the absence of any nitrogen purging.
The analysis of FS prepared by the latter method will determine if carbonate could be
further reduced to values lower than 1.01%. In this method, the possibility for the synthesis
of pure FS/close to pure FS material by co-precipitation method can be studied. Overall,
the results of current data in this thesis in combination with these future studies will
correlate the adsorbed-carbonate content from the air (and consequently chlorocarboaluminate phase proportion) to the nitrogen purging setups. Obviously, QXRD
analysis of these FS samples for determination of chloro-carboaluminate phase proportion
is required.
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B. Aging and dissolution:
1. More aging tests at L/S ratios lower than 20 (e.g., 15, 10 and 5) and initial pH values higher
than 12.0 (e.g., 12.5, 13.0, 13.5 and 14.0) are recommended for future works. The results
of these experiments might provide a larger spectrum in the selection of an aging condition.
It will be beneficial to age the material under the lowest possible mass-loss condition (e.
g., L/S<20 or initial pH>12.0), and still get similar/better dissolution reduction to the
selected aging condition of this thesis.
2. More studies on the role of chloro-carboaluminate phase proportion on FS dissolution are
recommended. For this, the preparation of FS samples with different proportions of chlorocarboaluminate phase is recommended (e. g., 10 to 90 wt.% with the balance chlorohydrocalumite FS). Next, these samples need to be exposed to an identical dissolution test
(preferably initial pH 12.5, L/S 200, 30 °C, 24 h, 150 RPM, Se-free). From the dissolution
results, the effect of intercalated carbonate on FS dissolution will be quantified.
C. Selenate adsorption:
1. It is recommended to study selenate desorption from loaded aged-FS. Various reagents
such as sodium chloride, sodium carbonate, or sodium nitrate can be used for desorption
studies. The concentration of anion in solution, time, and shaking rate effects can be the
influential parameters.
2. Adsorption of selenate in the initial pH range of 12.0-<13.2, is recommended. The agedFS dissolution in this range decreased drastically (Figure 23). An identical/similar selenate
adsorption at this range to that of initial pH 12.0, will have a benefit for mass loss
minimization.

189

3. More adsorption experiments by unaged-FS and aged-FS samples are recommended for
ppb-level Se feed solutions and high ppm-level Se feed solution (>>219 ppm Se feed). The
results of these future studies and the results of studies in this thesis (section 6.3.3), can be
used to determine the actual effect of increased intercalated-carbonate during aging on the
loading of selenate. Varying carbonate-content FS materials can also be added to this study.
4. Further studies on carbonate interference with carbonate-to-selenate molar ratios of <700
are recommended. The results will be helpful for industrial use of the material, to better
quantify the interference effect. The sulfate interference studies for ppm levels Se feed
solutions are also recommended. From the results of these studies, the competition of
sulfate with selenate for interlayer sites loading will be clarified.
5.

It is recommended to study the chloride anion interference with selenate loading on agedFS in ppb-level Se solutions. Various sodium chloride contents can be added to the selenate
solutions for this study. Since chloride is the host anion in aged-FS, the extent of
interference of chloride will most likely be evident only in very dilute (ppb level) Se
solutions. From higher ppm-level Se solutions, the principal selenate loading mechanism
is ion exchange in the interlayer space, which occurs more readily at high Se concentration.

6. QXRD analysis of Se-loaded aged-FS samples from calcium hydroxide solution is
recommended to determine the quantity of katoite phase, and how it accumulates with time.
7. The aged-FS sample calcined at 800 °C had higher loading than the aged-FS sample
calcined at 600 °C (Table 30). Future QXRD studies on the analysis of aged-FS samples
calcined at 600 °C and 800 °C are recommended. The surface area studies of aged-FS and
calcined aged-FS samples at 600 °C and 800 °C by BET method are recommended for
future studies.
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8. Selenate adsorption by aged-FS from more complex synthetic solutions with different
compositions of selenate, selenite, calcium sulfate and sodium carbonate is recommended
to better understand the interaction of these various parameters.
7.2

Recommendations for applied R&D for potential industrial applications

In conclusion, the following steps are recommended for evaluating the applicability of FS to
industrial wastewater solutions to achieve maximum selenate loading and minimum dissolution.
1) Determine if FS likely is a good option for the wastewater:


The initial pH of the water should be adjusted to 12.0 to minimize the dissolution of
the adsorbent. If the pH of wastewater is lower, use calcium hydroxide to raise the pH.
The usage of calcium hydroxide solution will be beneficial for minimization of Al
release from FS and carbonate removal as well.

2) Perform scoping tests for FS:


The unaged-FS preparation: Prepare unaged-FS by co-precipitation process at constant pH
11.3 (see 4.1 for synthesis details). The partial nitrogen purging method is adequate for
treatment of ppm levels Se feed solutions. For extremely high ppm level-feeds the complete
nitrogen purging method will be better, and the reason is that selenate capacity will be
greater for a material with less carbonate.

Case study: 14 Kg FS material is needed for the treatment of 1000 m3 wastewater containing
1000 ppb Se in solution based on the following calculations:
-Capacity of Se loading: 71 mg Se/g FS
-Se mass in wastewater: 1000 Kg
-FS needed: 1000/71: 14 kg
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Several large batches of co-precipitation synthesis process under partial nitrogen purging,
will provide the required mass for the treatment of this volume of water.


The aged-FS preparation: After proper washing and drying of unaged-FS, run an aging
process using the unaged-FS material in the decarbonated water, at initial pH 12.0, L/S 20,
65 °C and 7 days. The container needs to be sealed and no nitrogen purging is required.



The calcined aged-FS preparation: Perform a calcination process on aged-FS material, at
800 °C for a minimum of 5 hours.



Optimized selenate loading process: Use the calcined aged-FS to run the selenate removal
experiments at initial pH 12.0, L/S 200, 150 RPM, 24 h, and 30 °C. This procedure ensures
maximum loading and minimum dissolution (for full ppb to ppm concentration range feed
solutions). In the case of direct usage of unaged-FS in adsorption process, a higher FS mass
loss should be expected.



Agitation needs to be energetic enough to ensure good contact between the FS particles
and the solution.



Effect of temperature: In this work, the temperature of 30 °C was recommended. However,
most mining wastewater in cold areas will have temperatures lower than 30 °C. It is
recommended that test work be done at various temperatures to determine the optimum
operating temperature for the system. For hot wastewaters, some consideration would need
to be given to the container type used for the experiments as the glass was shown to etch
at 60 °C; HDPE might be more suitable.

3) Develop a research plan for scaling up the process:


FS is a fine powder. The filtration of fine powders is an issue for their commercialization.
Currently, research is being devoted to solving this issue. For this problem, the sorptive
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flotation process [94] or filter candles inserted in the base of vessels integrated with
powdered LDHs [95] are some of the recommended solutions. The latter is a commonly
used method of separating microorganisms from drinking water in less-developed regions.
These methods can run without getting into the solid/liquid separation and filter clogging
issues. The mechanical stability of LDH can also be enhanced by using a network substrate
with interconnected channels. In this method, LDH flakes are inserted and fixed in a macroporous network. This method was used for the removal of thiosulfate from thiocyanate by
a Ni-Al-LDH film [96].


Evaluate continuous circuit design options to maximize selenate loading on FS. This thesis
focused on batch tests. However, a full-scale application would likely require multiple
reaction vessels in series with some type of countercurrent operation of the FS and the
treated water. This will be particularly challenging due to the nature of the fine FS.



It is recommended to optimize the experimental conditions for lime softening and
adsorption by calcined aged-FS tests to ensure that the BC guideline values for both Al and
Se are met.



Further work would be required to evaluate elution and reactivation of material by
calcination prior to reuse.
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Appendices
Appendix A Selenium adsorption with various basic anion exchangers, modified resins and
exchangers loaded with metals
Basic Anion Exchangers
Resin Name

Se
Species

pH dependency

Maximum
Loading

Medium

Varion AT660
[97]

Selenite

Dependent (pHopt 4-10)

1.85 g Se/g
(99%
recovery)

Water

Selenite

Increase with pH raise

Selenate

Almost independent

Selenite

Increases with raise in
pH 3-10, decrease at
pH 13

36 g/L at pH
10

Selenate

Increases from pH 0-3,
constant at pH 3-12,
decrease at pH 13

Selenite,
Selenate

Not studied, pH 7.6

Purolite S-920
[75]

Eporasu K-6 [34]

Selen-IXTM [88]

22 g/L(pH 7)
and 29 g/L
(pH 9.5)
31, 34, and 30
g/L (at pH
4.1, 7.0, and
9.2)

Interfering species
(molarity or
tolerated limit)
Chloride (0.01 M for
Cl form and 0.1 M For
–OH form), sulfate
(SO42-/ SeO32- ratio
5000 and SO42-/
SeO42- ratio 7500),
Cu2+, Fe3+ (1000 ppb)

Se feed concentration/
Regenerant

20 ppb Se/ 0.01 M
HNO3

Chloride,
Sulfate

Not studied

600-700 ppm Se

Chloride,
Sulfate

Not studied

600-700 ppm Se

Water

Not studied

60 ppm Se/1 M HCl

46 g/L at pH
3-12,
adsorption
capacity 1.7
mmol/g*

Water

Sulfate (SO42-/SeO42ratio 2), chloride (Cl-/
SeO42- ratio 20) leads
to 50% drop in Se6+
removal

30-240 ppm Se/1 M HCl

0.3-0.5 meq/L

Sulfate,
Nitrate,
Carbonate

-

363 ppb total Se/
concentrated sodium
sulfate

Modified Resins with Chelating Ligands
Amberlite IRA400-BismuthiolII [36]

Selenite

Amberlite IRA400-ATPS[98]

Selenite

Zr-CMA[37]

Selenite,
Selenate

Zr-Amberlite
XAD-7[99]

Selenite
Selenate

Strong interference Of
Cu2+ at pH 0-5. Less
interference for Fe3+,
Cr6+, and Zn2+
Cu2+(>10 ppm), Cd2+
(1-100 ppm) and I2
Not studied
0.05 mmol/g
0.2 M HCl
(0.01 M) at 0-0.2 M
HCl
Exchangers Loaded with Immobilized Metal Cations
H2PO4-, 100 ratio of
0.38 mmol/g*
A/Se is tolerated for
pH 2-7, pHopt 3.5-5,
100%
Selenite; where A:
SeO42- pH<2
recovery
Sulfate, Nitrate,
Acetate, or Chloride.
H2PO4-, F-, 100 Ratio
0.49 mmol/g*
Of A/Se is tolerated
pH 2-8, pHopt 4.5,
100%
for selenite; Where A:
SeO42- pH<2
recovery
Sulfate, Nitrate,
Acetate, or Chloride.

pHOpt<2, decrease in
sorption with increase
in pH at 2-5

0.05 mmol/g
(95%
recovery)

0.3 M HCl

0.01-2 ppm Se/
Penicillamine Or
Cysteine
6 ppm Se/ 10-13 M
HNO3

213.2 ppm Se/ 1M
NaOH

157.9 ppm Se/ 1M
NaOH

*Calculated by Langmuir model
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Appendix B Lattice crystal systems
In this appendix, a short introduction on crystal system families is provided to make the reader
familiar with the concepts of monoclinic and hexagonal phases detected in QXRD analysis of FS
samples. In a comprehensive study on X-ray crystallography of elements, by Cullity, a “crystal”
is described as a solid composed of atoms arranged in a pattern periodic in three dimensions [45].
Imagine a crystalline unit cell illustrated in Figure 44. This unit cell is defined by three edge lengths
(a, b, and c) and three angles of , γ.

Figure 44 Lattice parameters in a unit cell of a crystal system.

Seven crystal classes (called point lattices as well) can be obtained by putting points at the
corners of this unit cell. These crystal classes are cubic, tetragonal, hexagonal, rhombohedral,
orthorhombic, monoclinic and triclinic (Table 31). As shown, the crystal classes differ in bond
length and bond angles of crystal units. The simplest crystal system is cubic in which all the lengths
are equal and all perpendicular (a=b=c, and ==γ°). For a hexagonal crystal system, the unit
cell has two equal axes (a by a), an included angle of 120° (γ) and height (c), which is different
from a) perpendicular to the two base axes (D6h point group). The rhombohedral class is featured
with a=b=c, ==γ≠° and D3d point group. The hexagonal and rhombohedral crystal classes
belong to the same crystal family (hexagonal). For the monoclinic system, however, all three
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coordination axes are different (a≠b≠c). Bonding angles are in the range of  γ =90°, ≠90° (C2h
point group). The point groups of D6h, D3d, and C2h are described in Appendix B with reference to
a few familiar chemical compounds.
Table 31 Crystal family, crystal system and crystal classes [45]
Crystal
family

Crystal
system

Crystal class (point group)

Axis system

Cubic

Cubic

a=b=c,
==γ°

Tetragonal

Tetragonal

a=b≠c,
==γ°

a=b≠c,
==90°, γ°

Hexagonal

Hexagonal (D6h) and 6 other point
groups

Trigonal

Rhombohedral (D3d) and 4 other
point groups

a=b=c,
==γ≠°

Orthorombic

Orthorhombic

a≠b≠c
==γ°

Monoclinic

Monoclinic (C2h)

Triclinic

Triclinic

Hexagonal

a≠b≠c,
=γ=90°, ≠°

a≠b≠c,≠≠γ≠°
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Ca and Al in the brucite layers of FS are coordinated to six -OH functional groups in an
octahedral unit (the image on right side of Figure 45, M2+:Ca2+ and M3+:Al3+). The twodimensional infinite brucite layers are formed by edge-sharing of these octahedral units. The
idealized arrangement for a hexagon is octahedral (Oh space group), however, the local geometry
of metal ions is usually distorted [43]. In general, octahedral are compressed along the stacking
axis (perpendicular to the brucite sheets), so that the local geometry of Ca or Al metal ions are D6h,
D3d, and C2h rather than Oh [43]. The D6h, D3d, and C2h point groups belong to hexagonal,
rhombohedral and monoclinic crystalline systems, respectively [45].
Ca or Al ion in the center of octahedral unit with the axis system of a=b≠c, =90°, and
γ°, belongs to a hexagonal system (D6h) in the Friedel’s salt. One can expect a monoclinic
system for Ca or Al ion in the Friedel’s salt, if the axis system of the octahedral unit cell follows
a≠b≠c,  γ°, and ≠°. Note that a, b, c are the O-M-O bonding lengths, and  γare the
bonding angles, where M: Ca or Al. The hexagonal and monoclinic systems reported for unagedFS and aged-FS samples (by QXRD results), simply reflect the lattice system of Ca and Al, O-MO bonding angles, and O-M-O bond lengths for Ca and Al ions, in the octahedral units of the
brucite layers.

Figure 45 Hexagonal crystal class (left) and octahedral unit of divalent or trivalent metal ions in LDH (right).
Reprinted with permission from [44].
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Appendix C Description of point groups in FS
Ca or Al in an octahedral unit of brucite layers of FS is shown on the left side of Figure 46. The
octahedral unit can be in hexagonal (D6h), rhombohedral (D3d), and monoclinic crystalline system
(C2h), depending on the symmetrical rotation axis of system. The hexagonal, rhombohedral, and
monoclinic systems, have C6, C3 and C2 axis, respectively. Some familiar chemical compounds
are illustrated in Figure 46 to clarify the concept of D6h, D3d, and C2h point groups in FS.
In Cr(C6H6)2 compound the symmetric rotation axis of C6 exists. An imaginary line goes
through the center of a benzene ring (C6H6) about which the ring may be rotated with a C6 rotation
(360/6=60 °) and be brought back to the original position. A similar symmetrical C6 axis can be
imagined for an octahedral unit of Ca or Al FS in hexagonal system (D6h point group). As shown
in Figure 46, C6 axis in the octahedral unit of Ca/Al, goes through the triangle plane. NH3 and N2F2
compounds have the C3 and C2 axis, respectively. The C3 axis is an imaginary line perpendicular
to the NH3 plane and rotates 120° to be brought back to original positions. A 180° rotation around
C2 axis in N2F2, brings the molecule back to its original position. Similar C3 and C2 symmetrical
axis can be imagined for octahedral units in rhombohedral (D3d) and monoclinic (C2h) crystal
classes of FS.

Figure 46 The octahedral unit of Ca or Al in FS (C6, C3, or C2 axis), Cr(C6H6)2 (C6 axis), Ni-chelating complex (C3
axis) and N2F2 (C2 axis). The octahedral unit is reprinted with permission from [44].
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Appendix D QXRD analysis of modified unaged-FS
Modified unaged-FS was analyzed by QXRD. As shown in Figure 47 the sample was composed
of 85.7 wt.% chloro-hydrocalumite (hexagonal phase, ~86%) and 10.66 wt.% chlorocarboaluminate hydrocalumite (monoclinic phases, ~11%), respectively. Calcite and vaterite were
the minor phases (0.98 and 1.49 %, respectively). Vaterite belongs to the hexagonal crystal system,
whereas calcite is trigonal.
1MR_COP MN C FREE 1 Main Solid.raw_1

Hydrocalumite 51980 R-3H
Calcite
Quartz low
Hydrocalumite 63251 P2/c
Halite
Vaterite P63/mmc 130016
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Figure 47 QXRD plot of the modified unaged-FS sample prepared with the constant-pH co-precipitation
under complete nitrogen purging method. (Blue pattern: the experimental pattern, and detected phases in order;
orange pattern: chloro-hydrocalumite (hexagonal phase), black pattern: calcite, green pattern: quartz, pink pattern:
chloro-carboaluminate hydrocalumite (monoclinic phase), dark red pattern: halite, purple pattern: vaterite. Gray line:
the difference between the experimental pattern and the detected phases.

203

80

Appendix E Reproducibility of L/S experiments in aging studies
Table 32 shows the reproducibility of six aging experiment at L/S 20, pH 8.0, 65 °C and 7 days.
The average Ca and Al dissolution at L/S 20 was 3.10% (2.37-3.60%) and 2.37% (0.66-4.13%),
respectively.
Table 32 Reproducibility data for FS dissolution in an aging test at L/S 20 (experimental condition: pH 8.0, 65 °C
and 7 days)
Test
number
1
2
3
4
5
6
Average

Ca.LB %

Al.LB %

2.79

0.66

3.25
3.32
3.60
3.28
2.37
3.10

2.42
2.76
4.13
1.25
2.97
2.37
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Appendix F Ultrasound application on aged-FS and unaged-FS particles
Table 33 shows the particle size change of aged-FS and unaged-FS samples (for one sample each)
with ultrasound application for one and two minutes. For example, after one- minute ultrasound
application on aged-FS, the d(0.9) value of aged-FS was reduced from 73.2 to 52.6 m. The
ultrasound was breaking the agglomerate particles of aged-FS. The longer application of
ultrasound for two minutes did not change the size of particles significantly. The d(0.9) value for
aged-FS was 52.6 and 49.2 m for one and two minutes, respectively.
Table 33 The particle size distribution of unaged-FS and aged-FS (selected aging: initial pH 12.0, L/S 20, 65 °C and
7 days) with and without ultrasound. Reference values are bolded for clarity.

d(0.1)
d(0.5)
d(0.8)
d(0.9)

Unaged-FS (m)
No
1-minute
2 minutes
ultrasound
ultrasound
ultrasound
4.1
3.7
3.6
19.9
17.2
16.7

Aged-FS (m)
No
1-minute
2 minutes
ultrasound
ultrasound
ultrasound
3.8
3.3
3.1
26.4
18.8
17.0

37.4

31.1

30.5

55.0

40.3

37.5

50.6

40.3

39.5

73.2

52.6

49.2

The d(0.9) aged-FS value at one minute (52.6 m) was close to the original d(0.9) of unagedFS (50.6 m). This showed that the coarse agglomerates formed through the aging process were
broken by the application of ultrasound. In addition, as an indication of agglomeration during the
72-h synthesis process, the d(0.9) unaged-FS value was reduced from 50.6 to 40.3m by the oneminute ultrasound application. The longer application of ultrasound for two minutes did not change
the size of particles significantly. The d(0.9) value for unaged-FS was 40.3 and 39.5 m for one and
two minutes, respectively.
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Appendix G Phase transformations in literature
Table 34, summarizes the phase transformation of this study alongside with other phase
transformations of Friedel’s salt and carbonated Friedel’s salt observed in the literature. The
synthesis method, chemicals used for each synthesis procedure, the washing and drying methods,
the crystalline phase and the phase transformations are described for each study. In this thesis,
aged-FS with a chemical composition of [Ca4.02Al2.03(OH)12.1]·[Cl1.30(CO3)0.33·8.40H2O] was
synthesized by co-precipitation method at constant pH under partial nitrogen purging method
followed by an aging process. As shown in Table 34, the solid sample before aging was mainly
composed of hexagonal phase and monoclinic phase was a minor phase (𝑅3̅ >>P2/c). Over the
aging process most of the hexagonal phase transformed into the monoclinic phase (P2/c>> 𝑅3̅).
During the aging process, more CO2(g) from the air was dissolved in solution and therefore the
intercalated carbonate proportion was increased.
As shown in this thesis, the higher carbonate content favors the formation of monoclinic
crystal phase. The phase transformation from rhombohedral to the monoclinic phase by increasing
the intercalated-carbonate content of the chloro-carboaluminate phase was also reported by
Mesbah [53]. In Mesbah’s study, a series of [Ca2Al(OH)6]·[Cl1-x (CO3)x/2·~2.25H2O], with x=0.25,
0.5, and 0.75 were prepared with the co-precipitation method. From powder X-ray diffraction
studies, the chloro-carboaluminate phase with lowest carbonate content was crystallized in a
rhombohedral phase (x=0.25, 𝑅3̅-c). A phase transformation from rhombohedral to monoclinic
phase was reported as the carbonate content of hydrocalumite was increased. The chlorocarboaluminate

with

a

chemical

formula

of

[Ca2Al(OH)6]·[Cl1/2(CO3)1/4]

and

[Ca2Al(OH)6]·[Cl1/4(CO3)3/8], x=0.5 and 0.75, respectivley, were composed of almost equal
proportions of rhombohedral and monoclinic phases [53]. In an agreement, with Mesbah’s study,
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in this work, a higher monoclinic phase proportion was favored by the aging process in which a
higher carbonate content was available in solution. The difference between this study and
Mesbah’s study was the source of carbonate for hydrocalumite material. In this work, it was shown
that the carbon dioxide gas from air dissolved in alkaline solution was adsorbed as carbonate in
the interlayered composition. In Mesbah’s study, carbonate was added deliberately to the sinteringprecipitation process in various proportions.
A pure single crystal of Friedel’s salt were prepared using the hydrothermal method [47].
The XRD data at low temperature (0 °C) showed that Friedel’s salt crystallizes in the monoclinic
phase (LT-phase). From the temperature variation results, a phase transformation from monoclinic
(LT-phase) to rhombohedral phase (HT-phase) was recorded over a temperature range from 0 to
40 °C. The high-temperature structure (HT-phase) of the Friedel’s salt was determined from Xray single crystal diffraction intensities measured at elevated temperature (+37 °C). The
rhombohedral phase with 𝑅3̅-c space group was the only stable phase at high temperature +37 °C.
The phase transformation in pure single crystal was triggered by temperature change.
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Table 34 The chloro-carboaluminate and chloro-hydrocalumite phases; chemical formula, synthesis methods, crystal phase, and phase transformations
Crystal phase

Phase
transformation/
cause

Reference

Washing with
cold water and
drying in the oven
at 100 °C

Two main
phases
(𝑅3̅ & P2/c)*

From 𝑅3̅ >>P2/c
to P2/c>> 𝑅3̅/
carbonate
intercalation in
aging process**

This work

Washing with
iso-propanol and
drying over
potassium acetate

x=0.25 single
phase (𝑅3̅-c)*,
x=0.5 & 0.75
two phases
(𝑅3̅-c & P2/c)

From 𝑅3̅-c to
(𝑅3̅-c + P2/c)/
carbonate
intercalation

Mesbah
[53]

Single phase
𝑅3̅-c
(at 37 °C)

P2/c to 𝑅3̅-c/
temperature
change

Renaudin
[47]

Material form/
Chemical formula

Synthesis
method/Chemicals used

Washing/Drying
conditions

Powder XRD
Aged-FS
[Ca4.02Al2.03(OH)12.1]·[Cl1.30(CO3)0.33·8.40H2O]

Co-precipitation method
under partial nitrogen
purging followed by aging
process/
CaCl2·6H2O,
AlCl3·6H2O, NaOH
(partial N2 purging)

Powder XRD
Chloro-carboaluminate phase
[Ca2Al(OH)6]·[Cl1-x(CO3)x/2·2.25H2O]
x=0.25, 0.5, and 0.75

Sintering-precipitation
C3A, CaCl2·6H2O, and
CaCO3

Friedel’s salt
Hydrothermal
single crystal
synthesis/Ca(OH)2,
[Ca4Al2(OH)12]·[Cl2·4H2O]
Al(OH)3, and CaCl2·6H2O
*𝑅3̅, P2/c, and R3̅-c: hexagonal, monoclinic and rhombohedral phases, respectively

-

** aging at initial pH 12.0, L/S 20, 65 °C, and 7 days
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Appendix H Comparisons of Ca.LB and Al.LB dissolutions using pure FS and aged-FS (carbonated-FS) molar masses (561.34
and 639.61 g/mole, respectively) in initial pH studies of adsorption tests
Figure 48 shows the mass loss differences between two methods using pure FS and aged-FS molar masses for initial pH studies of
adsorption tests. As seen, at selected initial pH of 12.0, the mass loss data calculated by two methods are close (e.g., 13.5 and 11.9 %
Ca.LB using aged-FS and pure FS, respectively).

Figure 48 The mass loss differences in initial pH studies of adsorption tests using the molar mass of pure FS and aged-FS (Se 134 ppm, L/S 200, 150
RPM, 24 h, and 30 °C)
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Appendix I Comparisons of Ca.LB and Al.LB dissolutions using FS and aged-FS (carbonated-FS) molar masses (561.34 and
639.61 g/mole, respectively) in L/S studies of adsorption tests
Figure 49 shows the mass loss differences between two methods using pure FS and aged-FS molar masses in L/S studies of adsorption
tests. As seen, at selected L/S of 200, the mass loss data calculated by two methods are close (e.g., 13.5 and 12.1 % Ca.LB using agedFS and pure FS, respectively).

Figure 49 The mass loss differences in L/S studies of adsorption tests using the molar mass of pure FS and aged-FS (460 ppb Se, initial pH 12.0,
150 RPM, 24 h, and 30 °C)
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Appendix J Adsorption experiment summary for initial pH experiments (experimental condition: L/S 200, 150 RPM, 24 h, and
30 °C)
Se feed: 847 ppb

Initial pH

Se.L%

8.0

45.5

8.0
11.7
12.2

49.9
53.9
61.0

Se.L/Ca.LB

Se.L/Al.LB

Qe
(mg Se/g)
0.10

Qe
(mg Se/g)
0.09

0.10
0.10
0.11

0.10
0.10
0.11

Se.L/Ca.LB

Se.L/Al.LB

Se.S

Qe (mmol/g)

Qe (mmol/g)

Qe (mg/g)

Ca.LB%

Al.LB%

SBM%

1.21X10-3

1.19X10-3

-

16.5

15.4

20.3

Final
pH
11.30

1.32X10

-3

1.31X10

-3

-

16.4

15.4

18.4

11.21

-

1.28X10

-3

1.21X10

-3

-

12.8

8.31

19.5

11.50

-

1.40X10

-3

1.40X10

-3

-

9.01

8.90

10.6

11.81

-

-3

1.22X10

-3

-

3.60

6.01

5.60

12.60

-

MB*
-

13.2

54.6

0.090

0.10

1.19X10

8.0

42.8

0.05

0.05

5.95X10-4

6.01X10-4

0.034

16.5

17.3

16.1

12.20

105

0.06

8.02X10

-4

8.05X10

-4

0.035

18.5

18.8

19.1

12.21

99

1.09X10

-3

1.09X10

-3

0.050

13.6

13.8

10.7

12.20

92

1.03X10

-3

1.03X10

-3

0.043

13.0

13.0

12.9

12.51

96

1.10X10

-3

1.09X10

-3

0.042

11.7

11.6

9.50

12.50

108

-3

1.03X10

-3

0.047

11.8

12.1

9.40

12.50

-

Se feed: 460 ppb
8.0
12.0
12.0
12.0

56.2
80.6
77.1
83.2

0.06
0.09
0.08
0.09

0.09
0.08
0.09

12.0

78.1

0.08

0.08

1.03X10

8.0

95.3

31.4

31.2

0.40

0.39

-

17.9

17.4

-

10.50

-

11.0

95.0

31.3

30.8

0.40

0.39

-

18.2

17.1

-

11.51

-

11.0

96.4

31.2

30.8

0.40

0.39

-

-

-

-

11.53

-

11.7

97.4

30.8

30.4

0.39

0.38

-

15.0

13.9

-

11.68

-

11.7

97.5

30.7

30.3

0.39

0.38

-

-

-

-

11.70

-

12.0

98.0

30.3

29.9

0.38

0.38

-

12.1

11.1

-

12.20

-

12.0

97.7

29.2

28.8

0.37

0.37

-

11.9

12.0

-

12.61

-

13.2

91.7

25.9

26.3

0.33

0.33

-

4.30

5.70

-

12.75

-

14.0
11.2
3.17
3.39
0.040
0.040
2.30
8.40
Se.L: from solution analysis, Se.S: from solid digestion, *MB: mass balance from Se.L and LBM (average of Al.LB and Ca.LB)

-

13.20

-

Se feed: 134 ppm
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Appendix K Adsorption experiment summary for L/S experiments (experimental condition: 460 ppb Se, initial pH 12.0, 150
RPM, 24 h and 30 °C)
L/S

20
50
100
200
400

Se.L%

Se.L/Ca.LB

96.8

Qe
(mg Se/g)
0.009

94.0
89.0
78.7
35.0

0.022
0.044
0.082
0.082

Se.L/Al.LB

Se.L/Ca.LB

Se.L/Al.LB

Qe (mg Se/g)

Qe (mmol/g)

Qe (mmol/g)

0.009

1.15X10-4

1.14X10-4

0.022

2.84X10

-4

2.83X10

-4

5.51X10

-4

5.50X10

-4

1.04X10

-3

1.03X10

-3

9.41X10

-4

0.043
0.082
0.081

1.04 X10

-3

1.04X10

-3
-4

Se.S
Qe (mg
Se/g)
0.009

Ca.LB%

Al.LB%

SBM%

1.93

1.09

0.16

Final
pH
12.1

0.024

3.70

3.53

1.05

12.1

110

0.032

6.25

6.06

6.21

12.2

76

0.068

12.1

11.8

14.7

12.3

107

0.069

21.5

21.2

27.9

12.3

92

MB*
101

800

18.5

0.072

0.074

9.16X10

0.058

29.5

31.4

36.9

12.3

91

1200

13.2

0.073

0.076

9.29X10-4

9.65X10-4

0.074

34.1

36.6

43.3

12.4

94

200 (repeat #1)

77.1

-

-

-

-

0.07

-

-

-

-

-

200 (repeat #2)

80.6

-

-

-

-

0.09

-

-

-

-

-

200 (repeat #3)

83.2

-

-

-

-

0.08

-

-

-

-

-

200 (repeat #4)

78.1

-

-

-

-

0.07

-

-

-

-

-

200 (repeat #5)

75.7

-

-

-

0.08

-

-

-

-

-

-

36.2

-

93

400 (repeat #1)
31.5
0.08
Se.L: from solution analysis, Se.S: from solid digestion *MB: mass balance from Se.S and LBM (average of Al.LB and Ca.LB)
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Appendix L Adsorption experiment summary for time experiments (experimental condition: 637 ppb Se, initial pH 12.0, L/S
200, 150 RPM, and 30 °C)
Time

Se.L%

Se.L/Ca.LB

Se.L/Al.LB

27.8

Qe
(mg Se/g)
0.037

Qe
(mg Se/g)
0.037

Se.L/Ca.LB

Se.L/Al.LB

Qe (mmol/g)

Qe (mmol/g)

4.66X10-4

4.72X10-4

8.06X10

-4

8.15X10

-4

8.75X10

-4

8.82X10

-4

1.07X10

-3

1.06X10

-3

1.30X10

-3

1.29X10

-3

-3

1.51X10

-3

1.62X10-3

Se.S
Qe
(mg Se/g)
0.017

Ca.LB%

Al.LB%

SBM%

MB*

3.66

4.94

-

85

0.027

4.38

5.39

0.16

72

0.029

5.00

5.71

8.53

70

0.042

6.13

5.67

6.26

69

0.061

10.5

9.86

3.84

71

0.071

9.87

9.33

11.2

65

0.071

13.0

12.4

12.0

119

48 h
91.7
0.137
0.137
1.74X10-3
1.74X10-3
0.082
Se.L: from solution analysis, Se.S: from solid digestion, *MB: mass balance from Se.L and SBM

14.8

14.8

6.80

63

20 min
45 min
2h
3h
6h

47.8
51.5
62.4
72.3

0.064
0.069
0.084
0.103

0.064
0.070
0.084
0.102

12 h

85.2

0.120

0.120

1.52X10

24 h

88.0

0.129

0.128

1.63X10-3
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Appendix M Adsorption experiment summary for temperature experiments (experimental condition: 468 ppb Se, initial pH
12.0, L/S 200, 150 RPM, and 24 h)
Temperature
(°C)

60
60
60

Se.L%

98.6
99.1
99.5

Se.L/Ca.LB

Se.L/Al.LB

Se.L/Ca.LB

Se.L/Al.LB

Qe (mg/g)

Qe (mg/g)

Qe (mmol/g)

Qe (mmol/g)

Ca.LB%

Al.LB%

SBM%

Final
pH

0.105

0.097

1.33X10-3

1.23X10-3

12.4

5.18

21.6

-

0.097

1.34X10

-3

1.22X10

-3

12.4

4.29

22.9

-

1.34X10

-3

1.22X10

-3

12.4

3.83

20.9

-

-3

1.17X10

-3

0.106
0.106

0.096

85

96.7

0.100

0.092

1.27X10

9.95

2.44

27.0

11.33

85

97.5

0.101

0.093

1.27X10-3

1.18X10-3

10.1

2.82

24.4

11.38

-3

-3

10.4

3.34

22.8

11.38

85
96.8
0.100
0.093
Se.L: from solution analysis, Se.S: from solid digestion

1.27X10

1.18X10
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Appendix N Adsorption experiment summary for concentration experiments (experimental
condition: initial pH 12.0, L/S 100, 24 h, and 150 RPM)
Se concentration
(ppm)

LBM
(%)

SBM%

Qe
(mmol/g)
0.00

0.64

-

0.00

0.00

5.49

-

0.48

0.01

0.01

4.05

5.49

1.00

1.01

0.01

0.01

4.52

4.05

97.2

2.00

2.01

0.03

0.03

2.62

4.52

Se.L%

Se.L/SBM

Se.L/LBM

Se.L/SBM

Se.L/LBM

0.5

89.0

Qe
(mg Se/g)
0.0450

Qe
(mg Se/g)
0.0500

Qe
(mmol/g)
0.00

2

91.1

0.200

0.200

5

92.5

0.487

10

95.2

20
50

98.5

5.12

5.05

0.06

0.06

3.64

2.62

100

99.1

10.3

10.3

0.13

0.13

3.83

3.64

200

99.2

20.5

20.7

0.26

0.26

2.58

3.83

514

95.3

50.6

50.3

0.64

0.64

3.42

2.58

870

73.3

64.4

64.3

0.82

0.81

1.16

3.29

1258

53.9

70.7

70.2

0.90

0.89

4.21

1.16

1539

43.9

71.2

71.2

0.90

0.90

2.24

4.21

Se.L: from solution analysis
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Appendix O Structural and properties relationship of FS samples
Table 35 shows the structural and properties relationship of all FS materials prepared in this thesis with respect to aged-FS.
Table 35 Structural and properties relationship of all FS samples prepared in this thesis
Unaged-FS

Calcined
aged-FS
at 300 °C

Aged-FS

Modified
unaged-FS
Co-precipitation
(complete
nitrogen
purging)

Co-precipitation
(partial nitrogen purging)

Synthesis

Aging

No aging

Phase
analysis

Chloro-hydrocalumite (74 wt.%),
Chloro-carboaluminate hydrocalumite (24 wt.%) and
Al(OH)3
(2 wt.%)

Chloro-hydrocalumite
(28 wt.%),
Chloro-carboaluminate hydrocalumite
(70 wt.%) and Ca3Al2(OH)12
(2 wt.%)

[Ca3.88Al2.09(OH)12.1]·[Cl1.73(CO3)0.10·5.27H2O]

[Ca4.02Al2.03(OH)12.1]·[Cl1.30(CO3)0.33·8.40H2O]

Crystalline/ broken plates

Selenate
loading
Dissolution
during
adsorption

Experimental
chemical
formula
QXRD/ SEM
studies

Calcined
aged-FS
at 800 °C

Aged*

No aging
Chlorohydrocalumite
(86 wt.%),
Chlorocarboaluminate
hydrocalumite
(11 wt.%) and
CaCO3 (2 wt.%),
and NaCl (1
wt.%)

DehydratedFS

Mayenite,
CaO and
chloride
containing
phase

Crystalline/ well- shaped hexagonal
particles

Crystalline/-

-

Crystalline/-

Similar to
aged-FS

79% to 98% **

Higher than
aged-FS

Much
higher than
aged-FS

-

Higher than aged-FS

11.0%***

Similar to
aged-FS

Similar to
aged-FS

-

*aging at initial pH 12.0, L/S 20, 65 °C and 7 days **depending on feed concentration *** average LBM dissolution

216

