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Abstract 

 

Solid-state 23Na, 31P and 29Si NMR were employed to study different types of bentonite 

(“Milos”, “Wyoming”, “Dash-Salakhly” and “Ashapura”) and processes in various complex 

mineral mixtures: (1) ion-exchange kinetics of dominant cations (Na+, Ca2+ and Mg2+) in 

bentonites; (2) adsorption of phosphates on Ca-montmorillonite and (3) bentonite–waterglass 

interactions. 
23Na MAS NMR was used to characterize Na-bentonites and Na-enriched Ca-bentonites in 

terms of sodium quantities and the chemical environment around Na-ions. It was found that ion-

exchange of sodium in aqueous suspensions of bentonites is a fast process, which takes place during 

the first minutes of equilibrating of bentonites in aqueous solutions of metal ions. Depending on the 

relative concentration of calcium ions in the suspension, Na-enriched bentonites can exchange up to 

50 % of sodium already after the first 20 minutes.  
31P solid-state NMR was employed to study sorption of phosphate on montmorillonite. It 

was shown, that at pH below 7 relatively little of phosphate adsorbs on montmorillonite, most 

probably through a combination of inner-sphere complexation and surface precipitation of calcium 

phosphate complexes. Above pH 8 the amount of phosphate that is sorbed increases drastically 

through precipitation as a calcium phosphate phase. The precipitate may form in the interlayer 

spacing of the montmorillonite crystals, thereby decreasing the interlayer spacing and changing the 

morphology of the montmorillonite crystals.  
29Si MAS NMR experiments on samples of “Milos” bentonite with water-glass (WG) 

incubated in aqueous suspensions at the same concentrations as in the process water have shown 

that: (1) 29Si NMR is very sensitive to local chemical environments in silicates (different silicon Qn-

sites) and, thereby, different types of silicates can be distinguished, as well as different Si-sites in a 

specific silicate mineral; (2) one can follow polymerization of WG in solutions by 29Si NMR; (3) 

WG polymerizes on surfaces of bentonite already after 1 h of incubation. 

Keywords: bentonite, montmorillonite, 23Na, 31P, 29Si NMR, interaction, ion exchange, sorption. 
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Introduction 

Background 

Bentonite is an aluminosilicate clay mineral, which consists of ca 80-90 % montmorillonite 

with a sheet-type structure. Bentonite has a number of unique properties, such as ability to absorb 

large quantities of water and metal ions, high cation exchange capacity, large surface area, etc. All 

these properties make bentonite a very useful mineral 

in a variety of applications. One of them is bentonite 

use as the main external binder (up to 0.5 - 0.7 wt % 

[2] in agglomeration of magnetite pellets (figure 1), 

the principal product of LKAB, Sweden.  

Silicate sheets in natural bentonites are 

negatively charged and they are kept together by 

electrostatic interactions mainly by Na+, Ca2+ or other 

cations. Water enters the inter-sheet space leading to 

swelling of the mineral, which becomes viscous and glue-like and acquires good binding and water-

regulating properties when mixed with suspensions of other minerals. Swelling and other properties 

of bentonites strongly depend on the type and charge of metal ions in the inter-sheet space. 

Recirculating process waters at iron mining plants contain high concentrations of metal ions, such 

as Ca2+, Na+, Mg2+ and K+. These ions may exchange Na+ ions in a Na-enriched bentonite used as a 

binder in iron-oxide pellets and change bentonite’s swelling properties. Thus, studies on kinetics of 

ion-exchange processes in bentonites are of importance for practical applications, in general, and 

for production of iron ore pellets with a high mechanical strength and integrity, in particular.  

Production of magnetite pellets with a controlled content of phosphorus (< 0.025 %) is a 

complex process, which involves reverse flotation of fluorapatite from magnetite concentrate, 

which initially contains ca 1-2 wt % of phosphorus after the magnetic separation of magnetite from 

gangue minerals. Later, the wet concentrate is mixed with different additives, including the binder 

(bentonite), and pellets are produced in balling drums. Phosphate and Ca2+ ions, which are present 

in moisture (process water) in measurable quantities, can co-precipitate on surfaces of bentonite and 

magnetite particles and form different Ca-phosphate species. These precipitated Ca-phosphates can 

have a negative effect on the mechanical strength of pellets and their integrity. 

 

Figure 1. LKAB’s iron-oxide pellets 
with a mean diameter ca 1 cm.  
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Moreover, such silicates as waterglass (a deflocculating agent) and olivine (a flux additive) 

involved in pelletizing processes may interact with bentonite and, therefore, also change its binding 

properties in pellets. 

Scope of the present work 

In this project, solid-state Nuclear Magnetic Resonance (ssNMR) techniques, particularly, 

solid-state 23Na, 31P and 29Si NMR were employed to study different types of bentonite, ‘Milos’, 

‘Wyoming’, ‘Dash-Salakhly’ and ‘Ashapura’, and their interactions with process water or in some 

complex colloidal mixtures (like phosphate(aq)/bentonite and silicate(aq)/bentonite) relevant to 

processes of iron oxide pellets. In order to investigate bentonite/phosphate(aq) interaction, different 

calcium phosphate phases were either synthesized or purchased and studied by 31P NMR. The 

present work reports our results on the following processes in these systems: (1) ion-exchange 

kinetics of dominant cations (Ca2+, Na+ and Mg2+) in bentonites studied by 23Na ssNMR; (2) 

adsorption of phosphate species on Ca-montmorillonite investigated by 31P ssNMR and (3) 

bentonite-waterglass interactions probed by 29Si ssNMR. 

Possible magnetic isotopes available for ssNMR studies of bentonite systems are shown in 

figure 2. 

 

Figure 2. X-ray structure of Ca/Na montmorillonite, which is a secondary 2:1 aluminosilicate 
mineral. Also shown are magnetic isotopes available for NMR studies on this system. Adapted from 
[1]. 
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Part I: Literature survey  

1 Bentonite overview 

1.1 Definition, structure and classification of bentonites 

Bentonite is a complex clay mineral. Bentonite was discovered in 1890 in the Benton 

Formation in the USA. The principal swelling mineral component of bentonite is montmorillonite. 

Montmorillonite was discovered in 1847 and named after the Montmorillon place in France. Since 

bentonites contain approximately 80-90 % of montmorillonite, in most cases these two definitions 

are about the same mineral. In addition to montmorillonite, bentonite may contain small quantities 

of feldspar, calcite, cristobalite, gypsum and crystalline quartz [3].  

According to classification given by Karnland et al. [4], montmorillonite is a member of 

smectite family. All smectites have an articulated1 layer structure. Each layer of montmorillonite is 

built up of two silica sheets on the edges and one alumina sheet in the middle. As a result, the 

structure of montmorillonite layer can be imagined as a molecular “nano-sandwich”. The thickness 

of this “nano-sandwich” is about 7 Å [5]. 

In the silica sheet, the silicon atoms are located in the centre of tetrahedron and oxygen 

atoms are placed on the corners. Three of the four oxygen atoms are common between three 

neighboring tetrahedra and form an infinite surface. The fourth oxygen is turned inside the layer and 

is shared with an aluminum atom. In the alumina sheet, the aluminum atoms are located in the 

centre of octahedron and oxygen atoms (or hydroxyl groups) are located on the corners of 

octahedron [5-8].  

In bentonite layers atoms having high valences can be substituted by atoms with lower 

valences. For example, Si4+ can be replaced by Al3+ in the tetrahedral sheets. The distribution of Si 

and Al atoms in the tetrahedral sheet follows the Loewenstein’s rule [9]. According to this rule, 

AlO4 tetrahedra do not share oxygen atoms with other AlO4 tetrahedra next to them. This 

phenomenon is called “Al-O-Al avoidance principle” [10]. By-turn, Al3+ can be substituted by 

Mg2+, Fe3+, Fe2+, Cr3+, Zn2+, Li+ in the octahedral sheets (see figure 3). The isomorphous 

substitution of Si4+ by Al3+ and Al3+ by cations with +2 and +1 charges may lead to an excess of the 

negative charge on the surfaces of montmorillonite platelets. Negatively charged platelets are 

balanced and kept together by either Na+, Ca2+ or other cations solvated by water molecules. 

Depending on the dominant exchangeable cation in the inter-layer space of the montmorillonite 

                                                           
1
 Articulated (from Oxford dictionary) – “having two or more sections connected by a flexible joint”. 
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component, bentonites are usually divided into two classes: (i) sodium bentonites and (ii) calcium 

bentonites. 

 

Figure 3. Crystal structure of Ca-montmorillonite [11] in CrystalMaker® software.  

The type of the exchangeable cation and, thereby, the amount of intercalated water 

determine swelling properties of montmorillonite. Sodium montmorillonite swells when immersed 

in water, and is the main mineral of the material known as sodium bentonite, swelling bentonite. 

Calcium montmorillonite, a clay mineral called nonswelling bentonite, is also known as calcium 

bentonite in the United States, and as Fuller's Earth in the United Kingdom [6, 12]. 

A typical exchangeable ion composition in sodium bentonites or sodium-enriched Ca-

bentonites is given in table 1. 

Table 1. Typical exchangeable ion composition in commercial sodium or sodium-enriched 

bentonites. Adapted from [13]. 

Na+ Ca2+ Mg2+ K+ Fe2+ Al3+ 

50-90 % 5-25 % 3-15 % 0.1-0.8 % < 0.5 % < 0.5 % 

A precise chemical composition of bentonites can be derived from a powder X-ray 

diffraction analysis or from an elemental analysis. But some sources suggest the following chemical 

formulae for bentonites: 

(Na,Ca)0,33(Al,Mg)2Si4O10(OH)2•n(H2O) [14] 

(1/2 Ca, Na)0.7(Al,Mg,Fe)4[(Si,Al)8O20](OH)4.nH2O [15] 
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Bentonite is a widespread mineral all over the Earth. It can be easily spread by air or by 

flowing water. Typical ways of bentonite formation are weathering of volcanic tuff and ash and 

alteration of basalt and granite rocks [6].  

1.2 General properties of bentonites 

Interaction with water 

When montmorillonite interacts with water, molecules of water penetrate between the 

platelets that lead to the interlayer swelling. Montmorillonite layers may retain a stable ordered 

configuration, when up to four monomolecular layers of water fill the space between the platelets. 

The volume of the hydrated clay may be up to 15 times larger than its dry bulk volume [6, 7]. 

Swelling of bentonites is realized in two ways. First way is based on the hydration of 

interlayer cations. The energy of hydration of interlayer cations is higher than that of the attractive 

forces between platelets and interlayer unhydrated cations. Second way is connected with 

penetration of water molecules between platelets and formation of hydrogen bonds between water 

molecules and surface oxygen atoms in silicate layers [5].  

The capacity of bentonite to swell is characterized by the Enslin value [12]. The latter shows 

how much water bentonite can absorb during a certain time. The Enslin value may be as large as 

580 weight % after 2h [16]. The ability of montmorillonites to swell upon interaction with water 

determines its rheological and ion exchange properties of these minerals.  

Rheological properties 

In aqueous suspensions, montmorillonite platelets are evenly dispersed forming a viscous 

colloidal solution. Platelets have a total negative charge on their surfaces and positive charges on 

their edges. Platelets orient themselves in the negative-to-positive conformations and form a 

jellylike structure with inter-platelet space filled by the electrolyte solution of cations. This 

phenomenon gives rise to a variety of useful characteristics of the bentonite suspension including 

the ability to swell up to about fifteen times the original dry bulk volume, to develop and to 

maintain both a large viscosity and a high suspending power, and to be thixotropic2 with a good 

gelling strength [6].  

 

 

                                                           
2 Thixotropy (Greek “thixis” – a touch and “trope” – a change) is the property of some fluids to become viscous under 
normal conditions and flow over time when shaken, stressed or agitated. 
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Sorptive Properties 

Bentonite clays have a high adsorption (the ability to attract and hold ions or molecules of 

gas or liquid) and absorption (the ability to assimilate or incorporate material) propensity. When 

calcined, all clays have both a large pore volume and a high surface area. Large external and 

internal “channel” surface areas of bentonite are the highest of any naturally-occurring minerals 

known. Additional factors, which can affect sorption processes in bentonites, are pH, temperature, 

charge per unit area of platelets and a composition of ions in the interlayer space [6].  

Surface area 

A large surface area of bentonites allows them to be used as catalysts, or as a carrier for 

catalysts. For example, an aluminum and silicon catalyst used in petroleum refining is produced 

from clay by treatment with sulfuric or hydrochloric acids to remove adsorbed ions like alkaline and 

alkaline-earth metals, and iron, as well as some of the magnesium and aluminum from the smectite 

lattice. The specific surface area of finely milled bentonites can be as large as 300 m2/g [6].  

1.3 Main applications of bentonites 

Much of bentonite's usefulness in the drilling (vertical and horizontal) and geotechnical 

engineering industry comes from its rheological properties [3, 8, 17].  

The second important application of bentonite is in steelmaking industry as a binder and 

pelletizing agent [2]. This application of bentonite clay is particularly important for our research 

project and it will be described in detail in chapter 2.4. 

Sorptive properties are used for oil and paper pulp purification, refining and clarifying wine, 

beer, honey and treatments of wastewaters. Bentonite is also widely used in cement, ceramic bodies, 

cat litters and adhesives [3, 8, 17].  

A low permeability of thick bentonite layers for water is used in civil engineering such as 

landfill caps, slurry trench cutoff walls, diaphragm wall construction, and pond linings [3, 8, 17]. 

Impermeable clay liners are also used in underground storage of radioactive nuclear wastes [18]. 

The inertness of bentonite underlies its application as filler in pharmaceuticals, animal feed 

and cosmetics.  

A combination of a number of unique properties, world-wide distribution and a reasonably 

low price makes bentonite one of the most used minerals in the world [6, 19].  
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2 Iron oxide pellet production 

2.1 General description of LKAB pelletizing process 

Iron is the most used metal in the world. More than 95 % of the metallurgical industry has 

iron as the main product. Luossavaara-Kiirunavaara AB (LKAB) is one of the world’s leading 

suppliers of high-quality iron ore products. 

Production of iron oxide pellets is a complex process involving several technological steps 

(see figure 4). First, iron ore has to be grinded and enriched to satisfy a certain mineral composition 

and a particle size distribution. Iron ore goes to a primary wet-grinding mill and, further, to a 

magnetic separator. Preliminary crushed and separated iron ore containing less gangue goes to a 

secondary grinding mill. Slurry of fine grinded particles of ore is then transported to the flotation 

plant, where the pulp is treated with different reagents, such as a deflocculating agent (e.g. water 

glass) and a collector reagent (Atrac) that is specific for apatite flotation. Flotation (including the 

reverse froth flotation as in the case of magnetite ores) reduces the amount of unwanted trace 

elements (such as phosphorus, silicon and sulfur) in the concentrate [20]. Additional purification 

can be done by gravity and magnetic separation. 

 

 

Figure 4. Flow-sheet for LKAB pelletizing plant KK3. The place where bentonite is added is 

shown in the red box. Adapted from [21]. 
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Concentrated and purified iron oxide particles are then treated in a pelletizing plant, where 

the magnetite concentrate is mixed with additives, like olivine and dolomite. These additives retard 

the oxidation process, decrease the melting point and remove impurities during the blast furnace 

reduction of iron from iron oxide. In the pelletizing plant, the balling of magnetite particles to green 

pellets is done in large balling drums using water (internal binder) together with an external binder 

(either a mineral or an organic polymer). The most common external binder is bentonite. Bentonite 

binder is added in small quantities (0.5-0.7 wt %) and it improves the green pellets strength and 

their plasticity by absorbing of an excess of water in the magnetite concentrate [2]. 

Green pellets are then dried, oxidized to hematite, sintered, cooled and transported as ready-

made pellets to the steelmaking plants [21]. 

2.2 Process water 

Large amounts of recirculated process water (PW) are used in the iron ore processing at 

LKAB plant in Kiruna. The chemical composition of the process water may have an importance for 

such processes as flotation, agglomeration and balling [22].  

The total amount of dissolved ions and small colloid particles in the process water varies 

from 1000 to 1900 mg/L [23]. The ICP-MS analysis of the process water is shown in table 2 [24]. 

The major elements Ca, S, Na and Cl are confined in 80 % of all compounds present in PW [24]. 

Together with Mg, K, Si and N, which are also present in the process water but in smaller 

quantities, all these elements form 90 % of substances dissolved in PW [24]. Such a quantity and 

composition of ions can have a negative effect on the processing of iron oxide ore and on the final 

quality of green pellets. It has been reported that divalent ions (mostly Ca2+ and Mg2+) reduce 

dispersion and may lead to coagulation of the magnetite particles and, thus, deteriorate both quality 

of green pellets and their mechanical strength [22]. 

Moreover, the amount of the process water (internal binder) is ca 10 wt % in the iron oxide 

concentrate after flotation. The concentrate is delivered into the balling drum, where magnetite 

particles mix together with additives (olivine, dolomite) and the external binder (bentonite). 

Table 2. Mean amounts of selected elements present in a process water (mg/L). Adapted from [25]. 
 

 

 

Exchangeable ions in bentonite can be substituted by metal cations accumulated in the 

process water. Since the principal element found in PW is Ca (ca 260 mg/L), it can exchange Na+ in 

Na-montmorillonites and Na-modified Ca-bentonites. As it was already mentioned earlier, Ca-

Ca S Na Cl Mg K Si N 

262 278 153 220 43 65 12.6 27 
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montmorillonite has worse both swelling and binding properties. Therefore, Na+/Ca2+ ion-exchange 

in bentonite exposed to PW may change both structure and swelling properties of bentonite and, 

thus, it may impair the mechanical strength of the final product, green pellets.  

The process of ion-exchange in bentonites is described in detail in chapter 3 of this thesis. 

2.3 Associated compounds in the pelletizing process 

2.3.1 Phosphate gangue minerals in the magnetite ore 

Phosphorus and phosphate minerals are detrimental for blast-furnace technology. The iron 

oxide ore contains in average 1 wt % of phosphorus, while the acceptable level is ≤ 0.025 wt % of 

phosphorus in sintered pellets. The dephosphorization of the iron oxide ore is reached by reverse 

froth flotation following after the magnetic separation [20] (see figure 4). 

Phosphate minerals are present in the iron oxide ore as apatites, i.e. fluorapatite, 

hydroxyapatite or chlorapatite. The chemical formula of these compounds can be written as 

Ca5(PO4)3(F,OH,Cl). An efficient removal of these phosphate minerals by the reverse flotation is 

sensitive to the collector type, its concentration and pH of the suspension. It has been shown that 

depending on the nature of the phosphate mineral, different collectors, like sodium oleate or other 

fatty acid collectors and a deflocculator, sodium silicate, perform best at alkaline pH [20]. It has 

been also reported that for the apatite flotation at LKAB, an optimal pH is about 8.5-9.0, when a 

modified fatty acid (Atrac) is used as collector [26]. 

At alkaline pH > 7.0, apatites and some other phosphate phases can precipitate from a 

saturated solution of Ca2+(aq) and PO4
3-(aq) ions, while at pH < 7.0 other phosphate phases can be 

formed. For example, a pH range 2.0-6.0 is optimal for precipitation of brushite, CaHPO4·2H2O, 

while the near neutral pH range 5.5-7.0 is more appropriate for formation of octacalcium phosphate, 

Ca8(PO4)4(HPO4)2·5H2O. Both minerals can slowly transform into apatites at alkaline pH [27]. 

Since pH of the process water is around 8.5-9.0, most probably, all calcium phosphates exist only in 

the apatite phases. 

2.3.2 Waterglass 

Sodium silicate, also known as water glass (WG), is widely used in the froth flotation as a 

depressant or/and a dispersant agent [28]. Small amounts3 of WG enhance the flotation selectivity 

of apatite, calcite and fluorite from admixtures of oxides and sulfides [29, 30]. 

The general chemical formula of sodium silicate can be written as Na2SiO3, a salt, which 

dissociates into Na+(aq) and SiO3
2-(aq) in aqueous solutions. During drying of WG it has a tendency 

                                                           
3 Most of WG is adsorbed to Fe3O4 surfaces, therefore, only traces of WG are found in the process water 
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to form polymeric anionic chains, which build two and three dimensional networks composed of 

corner shared [SiO4] tetrahedra, and not discrete SiO3
2− ions (see figure 5) [31].  

 

Figure 5. Ionic silicate species formed upon polymerization of sodium metasilicate, Na2SiO3: (a) 
dimeric species, Q(1) Si-sites; (b) a polymeric one-dimensional silicate chain, Q(2) Si-sites; (c) a 
polymeric two-dimensional network, Q(3) Si-sites and (d) a fully polymerized, “quartz”-like phase, 
Q(4) Si-sites [10, 31].  

Additional information about the Q(n) notation can be found in section 4.4.4. 

2.3.3 Atrac 

An anionic collector Atrac-1563 (product of Akzo Nobel, Sweden) is used to float apatite. 

The dosage of Atrac varies between 30 and 70 g/ton depending on the phosphate content in the 

magnetite ore [26].  

Atrac-1563 is a complex mixture containing an anionic collector and a foam regulator. 

Atrac-1563 is a yellow, high-viscose liquid, consisting of 95-98 % of surface-active compounds and 

2-5 % of organic additives such as protonated carboxylic acid and glycol derivatives [26]. 

2.3.4 Dolomite and olivine 

LKAB’s blast furnace pellets contain olivine and dolomite as additives. A continued use of 

dolomite and olivine in iron oxide pellets provides lowering of the melting point of pellets and a 

reduction of impurities in steel [32]. 

Dolomite is a mixed mineral, calcium magnesium carbonate, CaMg(CO3)2, containing 

magnesite, MgCO3, and calcite, CaCO3. Dolomite is used as a flux for the smelting of iron.  

Olivine, (MgFe)2SiO4, is a mineral, which is used in iron oxide pellets as a source of MgO. 

MgO improves the metallurgical properties of sintered pellets [32]. However, olivine is a source of 



LITERATURE SURVEY 

11 

silicon. High amounts of silicon are not desired for a high quality steels. Therefore, amounts of 

added olivine must be controlled.  

2.4 Bentonite as a binder in pelletizing of iron ores  

Bentonite is used primarily for improving both plasticity and the compressive strength of 

iron ore pellets so that they will not break during handling on the traveling grate from the balling 

drum to the kiln, drying, and firing in the kiln (see figure 4) [2, 16, 33-35].  

The dosage of bentonite needs to be kept as low as possible, in particular, in the low-silica 

market type of pellets. Thus, bentonites have to be used in ways that provide adequate strengths of 

pellets at low dosages of the binder. Usually, the amount of bentonite used for pelletizing is ca 0.5-

0.7 wt %, i.e. 5-7 kg per ton of the wet magnetite concentrate [5].  

Clay minerals have two principal characteristics, which make them to perform well as 

binders: (i) They can easily and homogeneously be dispersed in the concentrate and (ii) they have a 

high capacity for absorbing moisture in the balling feed. That’s why clay-type (bentonite) binders 

are most commonly used in iron ore pelletizing processes [2].  

It is also well-known that bentonite binding properties are affected by water chemistry [22, 

36, 37]. Negatively charged montmorillonite platelets are balanced by exchangeable cations, 

predominantly calcium and sodium ions. For industrial applications sodium montmorillonite is 

widely used due to its high water absorption ability. In contrast, divalent cations (such as Ca2+) hold 

platelets in montmorillonite more strongly and allow less amount of water to intercalate between 

particles, as opposed to monovalent sodium cations. The ratio of concentrations of Ca2+ and Na+ 

ions in PW is particularly important, because the high-swelling sodium montmorillonite can be 

transformed into low-swelling calcium montmorillonite as a result of Na+/Ca2+ ion-exchange (figure 

6) [35].  
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Figure 6. Effect of Ca2+ ions in water on the expansion of sodium bentonite. (A) Water contains no 
ions, bentonite expands freely. (B) Calcium ions in the process water displace sodium ions that 
leads to a stronger electrostatic interaction between these ions and negatively charged bentonite 
platelets so that absorption of water is reduced. Adapted from [35].  

However, figure 6 is not quite correct. Na+ (also Ca2+ and Mg2+) ions are solvated by water 

molecules even in dry montmorillonite (a dry sample may contain up to ~10 wt % of water). Each 

Na+ ion is solvated with ~10-12 H2O molecules, while each Ca2+ (Mg2+) ion is solvated with ~6-8 

H2O molecules only. Therefore, Na-montmorillonite and Ca-montmorillonite have different spacing 

between the platelets (d-spacing). Drying of bentonite at ~100-200 °C will remove most of this 

water, while calcination at > 550 °C will lead to a complete dehydration of bentonite and to 

formation of aluminosilicate ceramics. 

Both swelling and expansion of bentonites, when they come in contact with water have 

several effects, which are of importance for pelletization of iron oxide ores:  

(i) The principal property of bentonites to absorb water is valuable for controlling the 

water content (moisture) in the green pellets.  

(ii) Montmorillonite increases the plasticity of green pellets, which is important for both 

adjusting a size of pellets and for their appropriate mechanical strength needed for 

safe transporting from balling drums to kilns (see figure 4). 

Bentonite may increase the mechanical strength of iron ore pellets in two possible ways: (i) 

As a source of the colloidal material that fills the inter-particle space and, thus, bentonite is a binder 

with interparticle interactions originating from both electrostatic and van der Waals forces. (ii) 

Bentonite particles form solid bridges of hardened gel that strengthens particle-particle contact 

points. 

At low-moisture conditions, the clay grains expand into a stack of lubricated platelets that 

can slide relative to one another under shear to form “strands”, as shown in figure 7 [2].  
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Figure 7. A model of interactions in bentonite grains that are not completely dispersed in water. A 
grain expands when moistened and the platelets are lubricated by the interplatelet water. Under 
shear stress, the grain can then spread into a long fiber in an effect similar to spreading a deck of 
cards across a table [2]. 

The edges of the platelets have a positive electrostatic charge, while a negative charge is 

spread on the faces of the platelets. Therefore, in well-swollen sodium montmorillonite discrete 

platelets can easily intercalate between magnetite particles, forming bonds and keeping together all 

fines during drying and sintering of pellets. A high mechanical strength in dry pellets is one of the 

most important quality parameters of a binder. Without this property the pellet will break apart after 

drying and sintering. A model of how bentonite platelets bind together grains of a mineral in pellets 

during both drying and sintering processes is illustrated in figure 8 [2]. 
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Figure 8. A model of how bentonite platelets bind mineral grains in a pellet. Platelets are initially 
dispersed in the liquid, and the platelets bind to the mineral grains and each other as the liquid dries. 
Binding is enhanced by the electrostatic attraction between the platelet faces (which have a total 
negative charge) and the platelet edges (which are positively charged) [2]. 

Sodium and calcium ions in bentonites can also act as flux agents in pellets, alongside with 

olivine and dolomite. Flux agents reduce melting points of some minerals in the pellet. Therefore, 

some parts of the pellet may melt before reaching sintering temperatures in the kiln. This effect 

increases the mechanical strength of pellets during the preheating step that minimizes both dusting 

and breakage of pellets during their transportation to the final firing step. 
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3 Ion-exchange process in bentonite minerals 

3.1 Short description of ion-exchange processes 

One of definitions given by Zagorodni describes an ion exchange process as “a process, 

where ions are exchanged between an electrolyte solution and an insoluble solid material or 

between two electrolytes” [38]. Ion exchangers are insoluble materials carrying reversibly 

exchangeable ions. Those ions can be stoichiometrically exchanged for other ions of the same 

charge, when the exchanger is in contact with an electrolyte solution.  

Ion exchangers are classified into cation, anion and amphoteric4 exchangers. The process of 

ion-exchange is reversible in many cases and it is possible to regenerate or to load the ion-

exchanger with desirable ions by washing with an excess of these ions in solution. A cation 

exchange can be represented by the following reaction: 

 

R
-
X

+ + K+ ↔ R-
K

+ + X+        (1) 

 

where R- is ion-exchanger, X+ and K+ are cations. 

Ion exchangers can be nonselective or they can have binding preferences for a certain type 

or a group of ions depending on their charge, size and structure. 

Ion exchange materials (like ion exchange resins, zeolites, clays) can be widely used in 

chemical, biochemical, nuclear, paper, food industries, metallurgy, pharmacy, medicine, 

biotechnology, etc. They can be applied for water treatment, separation, purification, removal and 

recovery of different substances [38]. 

3.2 Characteristics of ion exchange in smectites. Definitions 

In smectites, which contain the majority of exchangeable ions between the platelets, ion 

exchange processes take place when the clay is moistened. Bulk cations (Ca2+, Mg2+) present in the 

solution may adsorb on the surface of platelets, diffuse between platelets of montmorillonite and 

substitute Na+ ions, which have a smaller charge. Ca2+, Mg2+ cations may later form a surface 

precipitate of carbonate or hydroxide depending on the exchanging cation, pH and CO2(aq) 

concentration [39]. The adsorption of ions is often considered to be a fast process (up to several 

minutes), while the precipitate formation is much slower (up to several days) [40].  

 

                                                           
4
 Amphoterism (Greek “amphoteroi” – “both”) – is a property of exchanger to be able to exchange anions and cations 
simultaneously.  
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Ion exchange capacity 

Ion exchange capacity5 is one of the principal characteristics of an ion exchanger. A 

simplified model is to consider an ion-exchanger as a “container” having exchangeable counterions. 

The counterion content in a certain amount of an ion exchanger is defined basically by the amount 

of fixed charges, which have to be compensated by the counterions. For example, in the 

montmorillonite phase of bentonite the ion exchange capacity is essentially constant and depends on 

the origin of a bentonite mineral. Due to this fact, ion exchangers can be quantitatively 

characterized by their ion exchange capacity. With regard to a bentonite system, it is more 

appropriate to use a term cation exchange capacity (CEC) [7], which is usually calculated from the 

total exchangeable cations of an ion-exchanger (bentonite). The capacity for the ion exchange in 

most bentonites varies between 60 and 150 milli-equivalents per 100 g [6]. These large CEC of 

bentonites allow the mineral to absorb not only inorganic cations, such as alkaline and alkaline earth 

cations, but also large cationic organic and bioorganic compounds. Variations in the nature of 

exchangeable cations in smectites affect their swelling and the maximum amount of water uptake. 

These are largest for sodium and smallest for potassium and magnesium cations. 

 

Exchangeable sodium percentage 

The amount of exchangeable sodium in bentonite system is characterized by the 

exchangeable sodium percentage (ESP), which is one of the main characteristics for industrial 

bentonites. It is defined as follows: 

%100×=
+

CEC

NaleExchangeab
ESP          (2) 

 

The precise ESP value can be calculated from the chemical analysis of the bentonite sample. 

According to table 1 (chapter 1), the ESP value can be up to 90 % in sodium-enriched bentonites. 

The cation exchange capacity (CEC) and the exchangeable sodium percentage (ESP) have a 

significant influence on the Vanselow selectivity coefficient (see below) and on ion-exchange 

processes in general. 

 

                                                           
5 “Ion-exchange capacity is a measure of the ability of an insoluble material to undergo displacement of ions previously 
attached and loosely incorporated into its structure by oppositely charged ions present in the surrounding solution. High 
cation-exchange capacities are characteristic of clay minerals and numerous other natural and synthetic substances 
possessing ion-exchanging properties” [41].  
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Vanselow selectivity coefficient 

Ion exchange processes are kinetic processes leading to an equilibrium state. Selectivity 

coefficients show a preference of bentonites for different exchangeable ions (Ca2+, Mg2+, K+ and 

Na+). One of the most popular mathematical expressions for a binary ion-exchange reaction has 

been derived by Vanselow [42]: 

[ ] [ ]
exZij

Z

aqji

Z

aqij
ex

Zji i

ji

j
XMzMzMzXMz +⇔+ ++       (3) 

where Mi and Mj are the exchangeable cations, X represents a functional group of the exchanger, zi 

and zj are the electrical charges of the exchangeable cations, and aq and ex refer to the aqueous 

solution and the exchanger phases, respectively.  

The Vanselow selectivity coefficient, KV, is defined as 
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where 
iMa  and 

jMa  stand for aqueous activities of cations i and j, and 
iMN  and 

jMN are mole 

fractions of the cations iM  and jM  in the exchanger, respectively [43].  

The physical meaning of the Vanselow selectivity coefficient can be described on the 

following example. If we have an ion exchange process: 

B-Ion J + Ion I + ↔ B-Ion I + Ion J +,       (5) 

where B is ion-exchanger, Ion I+ and Ion J+ – are two competing counterions “I” and “J”.  

The Vanselow selectively coefficient for this process is: 

IJ

JI
V

I

J
Na

Na
K

⋅

⋅
=          (6) 

In that process the exchange reaction Ion J /Ion I takes place. If the Vanselow selectivity 

coefficient is larger than one ( 1>V

I

J K ), this means that at equal activities of ions in the solution a 

fraction of Ion-I on the exchanger is larger than that of Ion-J and the exchanger has a tendency to 

have higher affinity for ion “I” than for ion “J”. 
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3.3 Previous studies of ion exchange processes in bentonites 

Sodium bentonites have usually considerably better swelling and ion-exchange abilities 

compared to other types of bentonites. Therefore, to gain good swelling properties characteristic for 

sodium bentonites, natural calcium bentonites are often activated with soda (sodium carbonate) in 

order to replace calcium ions by sodium ions. Such a modified mineral is called ‘sodium-modified 

bentonite’. 

It has been shown that ionic compositions of process waters may affect quality of pellets 

produced from iron ore concentrate; elevated concentrations of both Ca2+ and Mg2+ ions in process 

waters from a pelletizing plant may have a negative influence on magnetite agglomeration [22, 36]. 

Ion exchange of Na+ in bentonites, used as binders in iron oxide pellets, by ions present in the 

process water, may impair both rheological and swelling properties of bentonite and, therefore, 

reduce both strength and integrity of the iron oxide pellets.  

The interlayer spacing is reduced when monovalent sodium ions are exchanged by bivalent 

calcium or magnesium ions. This is explained as follows: The hydrated double layer of sodium ions 

is replaced by a single hydrated layer of calcium (or magnesium) ions (see figure 9). Moreover, 

sodium ions may have up to twelve water molecules in the hydration shell, while calcium ions are 

hydrated only by up to eight water molecules. 

 

Figure 9. A change in the interlayer spacing in the course of sodium to calcium (magnesium) ion 
exchange in smectites. Adapted from [13]. 

Ion-exchange reactions of bentonites in aqueous solutions, and their effect on properties of 

bentonite, have been extensively studied by a variety of methods, such as potentiometric titrations 

[44], thermal analyses [45-47], X-ray diffraction [39, 40, 48-52], scanning electron microscopy [49, 

53] and infrared spectroscopy [54] and other techniques. Ion-exchange processes are affected by 

many factors, e.g. montmorillonite content [49] in bentonite, type of bentonite [48, 51], type of 

exchangeable cations [43, 50, 55], concentration of exterior cations, pH, temperature and time of 

interaction of bentonite with solution [40] and other factors.  

Huertas et al. [43, 50] have shown that exchange isotherms and Vanselow selectivity 

coefficients indicate larger affinities of bentonites for K+, Mg2+ and Ca2+ ions compared with Na+ 
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ions in binary cation-exchange processes (Na+/K+, Na+/Mg2+, and Na+/Ca2+). The ion affinity 

sequence for bentonites obeys the following row: Na+ < K+ < Mg2+ < Ca2+. On the other hand, in a 

study on calcium-magnesium exchange in Wyoming bentonites by Sposito et al. [55], the mineral 

exhibited similar affinities for Ca2+ and Mg2+ regardless of the amount of sodium present in 

bentonite. 

Studies on kinetics of ion-exchange processes in bentonites with estimations of time needed 

to establish the chemical equilibrium in these processes, have been also reported [40, 56]. Alvarez-

Ayuso and Garcia-Sanchez [40] have shown that ion exchange processes in aqueous suspensions of 

bentonites are fast; > 95 % of the Na+/Ca2+ exchange reaction is completed already in ca 30 min. In 

these experiments initial concentrations of metal ions in aqueous solutions were in the range of 10-

150 mg/L and dosages of bentonites in bentonite suspensions under investigation were in the range 

2.5-10 g/L. 

To the best of our knowledge solid-state 23Na magic-angle-spinning nuclear magnetic 

resonance (23Na MAS NMR) spectroscopy was not employed to study Na+/Ca2+, Na+/Mg2+, Na+/K+ 

and Na+/(ions in process water) ion exchange processes in aqueous suspensions of different types of 

bentonites.  
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4 Solid-State Nuclear Magnetic Resonance Spectroscopy 

4.1 Introduction to NMR spectroscopy 

“Nuclear Magnetic Resonance (NMR) spectroscopy is a technique used for investigation the 

molecular properties of matter and based on irradiating atomic nuclei in a magnetic field with radio 

waves” [57]. 

First successful detection of an NMR signal was performed by Felix Bloch (Stanford) [58] 

and Edward Purcell (Harvard) [59] in 1945. In 1952 Purcell and Bloch shared the Nobel Prize in 

physics "for their development of new methods for nuclear magnetic precision measurements and 

discoveries in connection therewith" [60]. 

During last decades NMR spectroscopy has been significantly developed and it is already a 

widely used technique in chemistry, physics, biochemistry, material sciences and medicine. As a 

result, already four Nobel Prizes have been awarded for NMR in Physics (1952), Chemistry (1991, 

2002) and for Magnetic Resonance Imaging (MRI) in Medicine/Physiology (2003). 

There are several features that have made the NMR technique so popular. First, NMR 

measurements can be performed without destructing or contaminating of samples. Second, it has a 

wide range of applications, from small inorganic molecules up to complex biomolecular structures. 

NMR and MRI techniques can be applied to study dynamic processes, like diffusion or fluid 

transport. Nowadays, NMR is used for medical diagnostics, such as a magnetic resonance imaging 

and in vivo magnetic resonance spectroscopy. 

Theoretical basics, experimental techniques and practical applications of NMR can be found 

in several textbooks and encyclopedia [57, 61-68]. 

NMR spectroscopy can be applied to any nuclei, which possess spin. In general, spin is a 

quantum mechanical property of magnetic nuclei. Atomic nuclei are build up from protons and 

neutrons possessing spin ½ and may have a resulting spin I ≠ 0 characterized by a vector p = ħI, 

where ħ = h/2π, h – is the Planck’s constant. The spin quantum number I of a nucleus depends on 

its charge and mass number. There are several cases: 

1) When a charge and a mass number are even, then I = 0. Some common nuclei like 16O, 
12C, 32S, etc. have spin I = 0 and are not useful for NMR studies.  

2) Elements with odd mass number and any charge (for instance, 1H, 11B, 13C, 17O, 19F, 

27Al, 31P, etc.) have a half-integer spin I= 1/2, 
3/2, 

5/2, … 

3) Some isotopes having even mass number and odd charge, such as 2H, 10B, 14N, etc., 

possess an integer spin I = 1, 2, 3, … . 
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Nuclei with spin I ≠ 0 also possess a nuclear magnetic moment µ that is related to the spin 

by the following equation: 

µ = γI           (7) 

where γ is a constant called gyromagnetic ratio. This constant is specific for each nucleus. 

The gyromagnetic ratios and other characteristics of some selected NMR nuclei are given in table 3. 

4.2 NMR related interactions in solids 

Nuclear spins in solids (liquids, gases) interact with internal and external environment. 

Different NMR related interactions can be described by the nuclear spin Hamiltonian ℋ, which is a 

sum of the external and the internal Hamiltonians: 

ℋ = ℋEXT + ℋINT         (8) 

The external Hamiltonian represents the spin interactions with externally applied magnetic 

fields. 

ℋEXT = ℋZ + ℋRF ,         (9) 

where  ℋZ – Zeeman interaction, ℋRF  – radiofrequency interaction.  

The internal Hamiltonian represents the local spin interactions: 

ℋINT  = ℋCS + ℋDD + ℋJ + ℋQ,        (10) 

where ℋCS – the chemical shift interaction, ℋDD – the dipole-dipole interaction, ℋJ  – the 

spin-spin interaction, ℋQ, – the quadrupolar interaction. 

Zeeman interaction  

The magnetic moments of the nuclear spins are randomly oriented in space in the absence of 

a magnetic field. When an external magnetic field is applied to the spins (or the nuclear spins are 

placed in the static external magnetic field), their magnetic moments will interact with the external 

magnetic field. 

If the nucleus is placed in the external static magnetic field B0, the magnetic moment µ will 

precess at a constant angle about the external magnetic field with the angular velocity equal to ω0 

and called the Larmor frequency (see figure 10). 
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Figure 10. A schematic representation of the precession of a nuclear moment µ in a static magnetic 

field B0. Adapted from [66].  

 

Spin (or the intrinsic angular momentum) of a nucleus with the spin quantum number I (I = 

0, 1/2, 1, 
3/2, 2, … ) has the following properties: 

1. An angular momentum of magnitude ( )[ ] h
21

1+II . 

2. A component (projection) of the angular momentum mIħ quantized along an arbitrary 

axis, where mI = I, I - 1, I - 2, ..., -I. Therefore, the total number of the basic magnetic 

quantum states for a nucleus with spin I is 2I + 1. Consequently, a nucleus with I = 1/2 in 

the external magnetic field has only two basic spin states, characterized by mI = ± 
1/2 

(Zeeman splitting) (see figure 11). 

The potential energy E of the nuclear magnetic dipole with the magnetic moment µ in an 

external magnetic field B0 is determined by the following equations: 

( )0,BE
rr

µ−=           (11) 

hγµ Im=           (12) 

 

Therefore, for different basic spin states mI, energy level can be found as 

0BmE ImI
hγ−=          (13) 

This equation can be rewritten as  

0νhmE ImI
−= ,      (14) 

where 
π

ω
π

γ
ν

22
00

0 ==
B  and ω0 is the same Larmor frequency, but here it is a specific 

frequency of electromagnetic radiation emitted pending energy levels transition.  
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For nuclei with spin I = ½ the energy difference (Zeeman splitting) between two basic states 

is defined as follows: 

0000
2

1

2

1
νγγγ hBBBE ==







−−=∆ hhh       (15) 

 

Figure 11. Zeeman energy levels for a spin ½ and γ > 0. 

If the nucleus is exposed to radiation with frequency ν, the transition between the energy 

states mI and mI+1 takes place when the frequency satisfies the resonance condition: 

00 νγν hBEh ==∆= h ,        (16) 

i.e. when ν is equal (or close to) the Larmor frequency of nuclei spins under study. 

Radiofrequency interaction with spins 

In addition to the static B0 field, a second oscillating magnetic field (with strength B1) may 

be applied perpendicularly to this static B0 field. The oscillating B1 field can be decomposed in two 

circularly polarized components, one of which (the resonant one) is oscillating with the frequency 

ω' close to the Larmor frequency in the same direction as the precessing magnetization vector. The 

effective field in a so-called rotating reference frame (where axes are labeled as x’, y’ and z’) is 

defined by equation (17) given below and illustrated in figure 12. 
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'
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++=

γ
ω

          (17) 
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Figure 12. A schematic representation of the effective field in a rotating frame. Adapted from [61]. 

If the frequency ω1 of the oscillating B1 field is not equal to ω0, the magnetization will 

precess about the Beff  vector (see figure 13a). In case if the frequency ω’ of the oscillating B1 field 

is equal to the Larmor frequency ω0, the effective field Beff in the rotating frame will be equal to B1, 

since the two vectors, 0B  and γω '  will have the same value but an opposite orientation (see figure 

12). 

11
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0 BBBBeff
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vr
=++=
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ω

         (18) 

Also, the effective field lies along the x’-axis in the rotating frame, which rotates at the 

precession frequency around the z’-axis and the magnetization precesses around the x’-axis with a 

frequency ω1 = - γB1 (see figure 13b). 

 

Figure 13. A schematic representation of precession of the magnetization in the rotating frame 

about the effective field: “off” (a) and “on” (b) resonance. Adapted from [61]. 

If a radiofrequency (RF) field with the strength B1 is applied as a short-time pulse, the 

magnetization, M, will precess in the rotating frame during only time t of the pulse duration and 

inclines from axis z’ on the angle Θ (see Fig. 13b): 

Θ tBt ⋅⋅=⋅= 11 γω          (19) 
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There are special cases when the RF radiation is applied in the form of short pulses: 

- 90° (or ππππ/2) pulse of phase x: Magnetization vector is rotated through the angle Θ = 90°. 

This pulse along the x-axis rotates the spin magnetization along the –y-axis (see figure 14). 

This pulse equalizes the population of the energy levels and creates the largest possible 

magnitude of the magnetization in the xy-plane. 

 

 

Figure 14. A schematic representation of a (90°)x RF-pulse. Adapted from [66]. 

- 180° (or ππππ) pulse: Magnetization vector is rotated through the angle Θ = 180°. M
r
is flipped 

onto the –z’ axis. This pulse inverts the population of the energy levels. 

Spin relaxation 

After the application of a single radiofrequency pulse or a sequence of pulses, the excited 

system will return back from this non-equilibrium state towards the equilibrium (initial conditions). 

This process is known as relaxation. There are two different relaxation processes, the spin-lattice 

relaxation and the spin-spin relaxation. The spin-lattice (longitudinal) relaxation characterizes the 

restoration of magnetization along the z-axis (see figure 15b) with a characteristic time T1. A 

practical importance of T1 relaxation time is that one needs to wait for a time not less than five 

times T1, while the spin system will reach its thermal equilibrium (by > 99 %) and pulse sequences 

can be applied again to the equilibrium state of the system (M is oriented along B0). 

The spin-spin (transverse) relaxation characterizes the irreversible randomization of 

magnetization in the xy-plane (see figure 15a) with a characteristic time T2. A practical importance 

of T2 is that the NMR signal registered as a Free Induction Decay (FID) is decaying as exp(-t/T2) 

(figure 16). The FID signal will further be Fourier tramsformed and displayed as a spectrum in 

frequency (or ppm) units. Linewidths of the resonance lines depend on T2 by following: Shorter T2 

corresponds to broader lines and thus poorer resolution in the spectra. 
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Figure 15. Relaxation processes of magnetization: a) T2 process, b) T1 process. Adapted from [67]. 

 

Figure 16. The free induction decay (FID) signal.  

 

Chemical shift interaction  

The chemical shift interaction appears from the orbital (induced by the external magnetic 

field B0) motions of electrons that surround the nuclei and result in an additional local shielding 

magnetic field at the site of nucleus. The local shielding magnetic field depends on the distribution 

of electrons around the nucleus that depends on both nature and geometry of chemical bonds in 

different chemical groups of a molecule in solid, liquid or gas phases. 

The local magnetic field can be expressed by the equation Blocal = B0·(1-σ), where σ is the 

shielding constant.  

Due to this type of shielding of nuclei by electrons, the resonance frequency, ω, is defined 

as: 

( ) 01 BBlocal ⋅⋅−=⋅= γσγω         (20) 

From equation (20) it is obvious that the resonance frequencies of different spin sites depend 

on the external magnetic field. To make the analysis of NMR spectra practically more convenient, 

these are reported using the so-called deshielding scale (or chemical shift scale), where the 
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frequency of a compound is compared to the frequency of a reference sample. The chemical shift 

(δ) of a nucleus is defined by the normalized difference in resonance frequencies (usually given in 

ppm – parts per million) between the nucleus of interest, ωsample, and a reference nucleus, ωref, 

according to the following equation: 

( )
( )

610⋅
−

=
ref

refsample

sample ppm
ω

ωω
δ        (21) 

Typical references for nuclear spins in this study are TMS (tetramethylsilane) or TMP 

(sodium trimethylsilylpropionate) for 1H, 13C and 29Si [10], 85 % H3PO4(aq) for 
31P [69] and 0.1 M 

NaCl(aq) for 23Na [70]. 

The most important NMR characteristics of nuclides in this study are given in table 3.  

Table 3. Nuclear spin quantum numbers (I), gyromagnetic ratios, NMR frequencies (in 8.46 T 
external magnetic field) and natural abundances of some selected nuclides. 

Nuclide I γ/107 / rad s-1T-1 
ν / MHz Natural abundance / % 

1H 1/2 26.752 359.917 99.985 

13C 1/2 6.7283 90.459 1.108 
15N 1/2 -2.712 36.479 0.37 

23Na 3/2 7.08013 95.142 100 

27Al 5/2 6.976 93.786 100 
29Si 1/2 -5.3188 71.500 4.70 
31P 1/2 10.841 145.697 100 

 

The chemical shift interaction has a three-dimensional nature. The orientation of the 

molecule in the magnetic field affects the magnitude of the chemical shielding (so called Chemical 

Shift Anisotropy). The chemical shielding tensor σ describes the orientation of the chemical shift 

interaction in the magnetic field according to the Cartesian axis symmetry of the molecule. The 

chemical shielding tensor can be diagonalized giving rise to the three principal components (σxx, σyy 

and σzz). These principal components describe the chemical shift interaction in its own principal axis 

system that, in general, doesn’t match the laboratory frame. 

( )zzyyxxiso σσσσ ++=
3

1
 is the isotropic chemical shielding    (22) 
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isozz σσ −=∆  is the shielding anisotropy       (23) 

isozz

xxyy

σσ

σσ
η

−

−
=  is the asymmetry parameter       (24) 

The parameters of the shielding tensor show the local symmetry around the nucleus: 

- Spherical (or cubic) symmetry:    σxx = σyy = σzz = σiso,   η=0 

- Axial symmetry:  σxx = σyy ≠ σzz or σxx ≠ σyy = σzz,    η=0 

- Non-axial symmetry:     σxx ≠ σyy ≠ σzz,   η≠0 

Since the chemical shift tensor δ is related to the shielding tensor σ by the equation δ = - σ, 

the equations above for the shielding tensor can be rewritten for the chemical shift tensor: 

( )
zzyyxxiso δδδδ ++=

3

1
        (25) 

isozzaniso δδδ −=           (26) 

isozz

xxyy

CS δδ

δδ
η

−

−
=           (27) 

In these equations δxx, δyy and δzz – are the principal values of the chemical shift tensor, δiso, 

δaniso and ηCS – are the chemical shift tensor parameters. δaniso shows the deviation from the 

spherical symmetry and ηCS shows the deviation from the axial symmetry. Figure 17 shows the 

principal values of the CSA in a static powder pattern for a spin I = 1/2 and an asymmetric tensor. 

 

Figure 17. The principal values of the chemical shift tensor (the asymmetry parameter η = 0.45) in 

a static NMR spectrum (powder pattern) for a nucleus with spin I = 1/2.  



LITERATURE SURVEY 

30 

Dipole-dipole interaction 

This interaction appears between the magnetic moments of two nuclei. The strength of this 

interaction is directly proportional to the product of the gyromagnetic ratios of each nucleus, and 

inversely proportional to the cube of the distance between them. It also depends on the orientation 

of the inter-nuclear vector with respect to B0 [71]. 

Spin-spin interaction 

The spin-spin interaction involves bonding electrons. This interaction is characterized by a 

coupling constant, J, which gave another name for this interaction – J-coupling. J-coupling causes 

multiplet structure in the spectra. In solid materials, J-coupling is usually much smaller than the 

dipole-dipole interaction.  

Quadrupolar interaction 

This kind of interaction arises from an asymmetric distribution of the nuclear charge in 

nuclei with spin I ≥ 1 (so called “quadrupolar” nuclei). The number of stationary states for these 

spins is (2I+1) and, thus, more than two when I > 1/2. If such nucleus is placed inside a static 

magnetic field, the Zeeman splitting into more than two levels is possible. Since a quadrupolar 

nucleus has an asymmetric charge distribution, it also has a non-zero nuclear electric quadrupole 

moment, eQ, where e is the elemental charge and Q is the nuclear quadrupole moment. The result of 

the interaction between the electric quadrupole moment and the electric field gradient across the 

nucleus is known as the quadrupolar interaction. This anisotropic interaction, as well as the 

chemical shift and the dipole-dipole coupling, leads to an additional line broadening in NMR 

spectra. The quadrupolar constant hQqeCq

2= , which determines the width and the shape of 

quadrupolar powder patterns, is proportional to the product of eQ and the magnitude of the electric 

field gradient (EFG), eq, along its principal axis. When the electric field gradient is small (for 

systems with a high symmetry, i. e. cubic, as for NaCl(s)), NMR resonance lines could be rather 

narrow (for example, 23Na NMR resonance lines of polycrystalline NaCl(s)). 23Na nuclei in 

NaCl(s), therefore, behave as an effective spin ½ and, due to absence of quadrupolar broadening, 

show a sharp line in 23Na MAS NMR spectra. On the other hand, 23Na sites in bentonite do not have 

the cubic symmetry (EFG ≠ 0), and hence, the resonance lines are additionally broadened by the 

second order quadrupolar coupling, which is not completely averaged out by Magic-Angle-

Spinning (MAS), which will be discussed below in subsection 4.3.2.  

Also, for 23Na, which has spin I = 3/2 (see table 3), the ‘central’ transition, -½ → ½, has 

features of an ‘effective’ spin-½ nuclear spin but with the nutation frequency, which is twice larger 

than for spin-½ nuclei: 
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Therefore, an effective 90° pulse has half the duration compared with that for a ‘pure’ spin–

½ system (or for qudrupolar nuclei in a liquid solution, or which are placed in a cubic symmetry 

that avarages out the effect of the quadrupolar coupling (as in NaCl(s), for which the excitation 

pulse of 90° gives a maximum 23Na NMR signal). This property is also used in so-called 

‘quadrupolar’ echo experiments, in which 45° and 90° pulses are used for I = 3/2 nuclei instead of 

90° and 180° pulses, respectively, as for spin-1/2 systems (30° and 60° pulses, respectively, for I = 
5/2 systems, as, for example, 27Al) [72]. 

The quadrupolar interaction can also provide additional useful structural information (bond 

strengths, bond angles and site symmetry) in solid materials. 

4.3 Experimental techniques in high-resolution solid-state NMR  

4.3.1 NMR hardware  

Modern spectrometers usually contain such major parts as a permanent (superconducting) 

magnet, a RF-generator, a transmitter, a receiver and a computer, which facilitates the control over 

NMR experiments and used for storing of acquired data (figure 18). 

 

Figure 18. Schematics of a Fourier transform NMR spectrometer. 
Abbreviations: RF – radiofrequency, AF – audiofrequency, ADC – 
analogue-to-digital converter. Adapted from [64]. 

A central part of the spectrometer is a superconducting magnet 

(8.46 T at LTU, see figure 19) that generates a strong, homogenous 

and stable B0 field required for high resolution NMR spectroscopy. Shim coils, which are placed 

inside the bore of the magnet, are needed for the fine adjustment of the B0 homogeneity. 

Figure 19. Supercon-
ducting magnet with a 
MAS probe and cables 
mounted at the bottom. 
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Radiofrequency (RF) pulses are produced by the pulse generator and sent to the NMR probe, which 

RF coils produce a pulse of oscillating magnetic field (B1-field). RF coils inside the probe also 

detect the signal from nuclear spins in the sample after excitation of the spin system by RF pulses. 

This signal is amplified and then transferred to the receiver unit, digitized, acquired as Free 

Induction Decay (FID) and stored in the memory of an in-built internal and an external computers. 

The external computer controls all of the components of the spectrometer. Computer usually 

has specific in-built software (like “Spinsight” for Chemagnetics/Varian spectrometer at LTU) that 

is used for tuning procedures, setting of pulse programs and processing the spectra.  

In order to remove broadening of resonance lines in NMR spectra caused by undesirable 

anisotropic interactions in solids and, therefore, to improve the spectral resolution, some special 

techniques are used in solid-state NMR. 

4.3.2 Magic Angle Spinning 

Some line broadening due to the anisotropic interactions discussed above can be removed by 

fast spinning under so-called magic angle θ = 54.74° 














−

3

1
cos 1  with respect to B0 (see figure 

20). The rotation speed (frequency) can be about 6 kHz 

for a 7.5 mm (outer diameter) rotor and about 15 kHz for a 

4.0 mm rotor. If the MAS rate is significantly higher than 

the width of the powder NMR spectrum (in Hz), the 

chemical shift anisotropy, the dipole-dipole interactions 

and the first order quadrupolar interactions will be 

averaged out, and only narrow resonance lines at the 

isotropic chemical shifts (δiso) will be detected in MAS 

NMR spectra. At lower spinning speeds comparable to the 

named anisotropic interactions additional satellite 

resonance lines (called spinning sidebands) will appear in 

MAS NMR spectra. However, the second order 

quadrupolar interactions cannot be completely removed by MAS, therefore, residual quadrupolar 

line broadening will be still observed for nuclei with spins I > ½.  

To further improve sensitivity and resolution of NMR spectra, MAS can be combined with 

cross-polarization and proton decoupling techniques, which will be described below.  

 

Figure 20. A rotor in the probe under 
magic angle spinning [73]. 
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4.3.3 A single-pulse sequence 

This sequence (figure 21) is probably the simplest and most used NMR experiment. A 90° 

pulse of duration pw (pulse width) excites the spin system. After the rd (receiver delay) time the 

receiver turns on. Then, there is the ad (acquisition delay) time, which is preceded the acquisition of 

the FID. The length of the acquisition depends on the al (acquisition length, number of data points 

during the acquisition) and on the dw (dwell time, time between digitized data points). An excited 

spin system needs to return back to its equilibrium that is achieved by waiting during time delay pd 

(pulse delay, usually made five times longer than T1) time. After time pd the same experiment can 

be repeated again and signal transients added together in order to improve signal-to-noise ratio in 

NMR spectra. In some cases the single pulse sequence can be combined with a continuous RF-pulse 

applied at the resonance frequency of protons in a separate RF-channel (proton decoupling). 

 

 

Figure 21. A “single-pulse” NMR pulse sequence. Adapted from [66].  

4.3.4 The Ernst angle 

Because of a weak interaction between spins and the lattice, in some solids T1 could be very 

long, minutes or even hours. Recommended pulse delays should be at least five times longer than T1 

relaxation time. Ernst and co-workers has proposed to use a short excitation pulse with a flip angle 

Θ < 90°, which can be calculated from the following equation: 

1expcos T

pd
−

=Θ          (29) 

where pd - pulse delay, T1 – spin-lattice relaxation time and Θ –  the “Ernst” angle of the excitation 

pulse. 

In this equation, T1 is known from the inversion-recovery or saturation-recovery 

experiments. At a given ‘pd’, the Ernst flip angle Θ will guarantee the best signal-to-noise ratio in 

the single pulse experiment. From the other hand, at a given Ernst angle Θ, ‘pd’ can be calculated to 

provide the best signal-to-noise in NMR spectra, obtained at a given experimental times.  
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4.3.5 Experiments to measure spin-lattice relaxation time T1 

An excited spin system will relax towards its equilibrium spin state driven by the system’s 

interaction with surroundings (lattice). 

The spin-lattice relaxation time, T1, can be measured by performing the inversion recovery 

experiment [61] that uses the 180°–τ–90°–acq pulse sequence. In this experiment the spin 

magnetization is inverted after the first 180° pulse, then it is left to evolve (during the time delay τ) 

towards its equilibrium and the final 90° pulse brings the magnetization in the xy plane for 

detection. The NMR signal intensity in this experiment is a function of τ and measurements are 

performed in a series of experiments, where τ is arrayed. T1 can be calculated from the following 

equation:  
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Another technique for measuring of T1 is the saturation recovery experiment [61] that uses a 

number of 90° pulses spaced by short time intervals instead of the first 180° pulse in the inversion 

recovery experiment. Such sequence causes saturation of the spin magnetization before the time 

interval τ. One of equations used for calculation of T1 in this experiment is given below: 
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From the practical point of view, it is important that the magnetization have reached its 

equilibrium state before a new pulse sequence is applied. Otherwise, it causes a “saturation” of the 

NMR signal and, therefore, leads to an incorrect data interpretation. This is a reason, why one needs 

to wait a time (pulse delay, pd), which is at least five times longer than T1 between NMR signal 

acquisitions, pd ≥ 5T1, in the inversion recovery experiment. Also, one can save the experimental 

time using a saturation recovery sequence since the magnetization is recovered at shorter pd.  

4.3.6 “Spin-echo” experiment to measure spin-spin relaxation time T2 

In the excited spin system some nuclei in the sample are precessing faster than others, 

because of differences in resonance frequencies caused by magnetic field inhomogeneity, chemical 

shift anisotropy (these can be reversed by a simple spin-echo experiment) or due to different spin-

spin interactions (irreversible processes). Therefore, microscopic nuclear magnetic moments of 

different spin sites in a macroscopic sample will spread out in the xy-plane after some time right 

after the 90° excitation pulse (see Fig. 15). The T2 relaxation time is a characteristic parameter of 
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the irreversible de-phasing of the precessing magnetic moment in the xy-plane. The T2 relaxation 

time can be determinated by performing a “spin echo” experiment [74]. A typical sequence is 90°–

τ–180°–τ–acq. The whole experiment is repeated several times with different τ value. T2 can be 

evaluated from the equation given below: 

( ) ( ) 
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In solid-state NMR, T1 relaxation time is usually long and T2 relaxation time is reasonably 

short. But T1 and T2 are short for quadrupolar nuclei and in paramagnetic systems. 

4.3.7 Cross Polarization experiment with Proton Decoupling 

Cross polarization techniques are applied to enhance the sensitivity of NMR of a nucleus 

with a low gyromagnetic ratio, a low natural abundance and a long relaxation time T1. Protons, 

which have nuclear magnetic moment (I = 1/2) with a high gyromagnetic ratio, a high natural 

abundance (99.985 %) and relax fast (T1 ~ 100 ms – a few seconds in organic solids), are used to 

transfer magnetization to other nuclei and, therefore, to increase intensity in their NMR signals. A 

pulse sequence of a typical cross polarization experiment is illustrated in figure 22.  

 

 

Figure 22. 1H-NX cross polarization pulse sequence with proton decoupling. NX is a nucleus with a 
low gyromagnetic ratio and a low natural abundance, e.g. 13C, 29Si or 15N. Adapted from [75]. 

In CP experiments a 90° pulse is applied only to excite protons (or other abundant nuclei), 

from which the spin magnetization can be cross-polarized. During the spin locking period (contact 

time, tct) the polarization is transferred from protons to the nuclei with a low gyromagnetic ratio. 

The level of the signal enhancement is dependent on tcp and roughly proportional to the XH γγ  

ratio. A successful CP experiment can be performed when the Hartmann-Hahn condition on the 

nutation frequencies of spins X, ω1X = γX·B1X, and spins H, ω1H = γH·B1H, are satisfied [76]: 

HHXX BB 11 γγ =           (33) 
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The driving force of the CP process is a strong heteronuclear 1H-NX dipole-dipole coupling. 

This also causes a severe line broadening, which can be averaged out if the CP is combined with a 

proton decoupling. Proton decoupling is reached when the sample is irradiated with high power RF 

pulses at the 1H carrier frequency during NMR signal acquisition in the X-channel (see figure 22). 

4.4 NMR studies of bentonites and related minerals 

4.4.1 Literature overview 

In this thesis NMR spectroscopy was employed as the main technique for studies of 

bentonites. A literature search revealed that most of NMR studies on bentonites are devoted to 

solid-state 27Al and 29Si MAS NMR, because smectites are aluminosilicates [77-81]. NMR can also 

provide a useful information on both structure and dynamics of water molecules [82, 83] and 

cations intercalated in the interlayer spacing in clays [78, 84-87]. Lipsicas et al. [83] have found 

two types of water, with different mobility, intercalated in kaolinite. Billingham et al. [84] have 

studied adsorption of polycations on clays using liquid-state 133Cs and 23Na NMR. Laperche et al. 

[86] have employed solid-state 23Na, 111Cd and 133Cs NMR to distinguish the hydration states of 

selected exchangeable metal ions in a swelling mica, and Ohkubo et al. [87] have used 23Na 3Q-

MAS NMR to study hydration behavior of sodium Na+ cations in montmorillonite. Liang and 

Sherriff have studied adsorption of lead(II) ions into montmorillonite and other clay minerals using 

solid-state 23Na, 27Al, and 29Si MAS NMR [78]. They have found that it took less than 5 minutes for 

Na+/Pb2+ ion exchange process to reach its equilibrium in montmorillonite and hectorite [78]. 

4.4.2 Application of Sodium-23 NMR 

Process water, which is present in the wet magnetite concentrate, is contacting with 

bentonite, when it is added as a binder during pelletizing process. Since process water contains 

significant amounts of metal cations and bentonite also has movable cations in the interlayer 

spacing, an ion exchange reaction occurs between bentonite and process water. In this work we 

aimed to study ion-exchange processes in different bentonites suspended in Na+, Ca2+ and Mg2+ 

aqueous solutions and in the process water from a pelletizing plant using quantitative solid-state 
23Na NMR spectroscopy: ion exchange kinetics of binary Na+/Ca2+ and Na+/Mg2+ (model systems) 

and multi-component (process water) systems were evaluated. 

Our preference of solid-state 23Na NMR instead of, for example, 41Ca (or 25Mg) NMR is 

based on several reasons. First of all, the quality of bentonite in many cases is determined by its 

sodium content. From an NMR point of view, a high natural abundance of 23Na isotopes (100 %), 

their high gyromagnetic ratio (γ/2π = 11.262 MHz/T) and a relatively low quadrupolar moment of 
23Na nuclei (Q = 0.1006 ± 0.0020) make 23Na NMR advantageous in terms of both sensitivity and 
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resolution [88]. In turn, 41Ca (and 25Mg) are challenging magnetic isotopes for NMR studies, 

because of low natural abundances, low gyromagnetic ratios and large quadrupolar moments, all of 

which lead to both a low sensitivity and a poor resolution in 41Ca (and 25Mg) solid-state NMR. 

4.4.3 Application of Phosphorus-31 NMR 

Process water in the pelletizing plant contains soluble ortho-phosphate ions, because the 

magnetite ore contains 1-2 % of phosphate gangue minerals. Besides that the process water also 

contains high amounts of Ca2+ ions (~180-190 mg/L). Therefore, a Ca-phosphate precipitate may 

form on the surfaces of magnetite particles or even on bentonite platelets since ~10 % of the process 

water is passed with the magnetite concentrate (after the reversed froth flotation and filtration) to 

the balling units, where a dry bentonite is added to the wet magnetite/olivine concentrate. In turn, 

precipitated or/and intercalated Ca-phosphate phase(s) may change rheology of bentonites and 

adhesive forces between magnetite, olivine and bentonite particles.  

In this work formation of phosphate phases on Ca-enriched montmorillonite (‘SWy-2’) is 

investigated by 31P solid-state NMR spectroscopy. 

4.4.4 Application of Silicon-29 NMR 

Process water also contains small amounts of waterglass (sodium silicates) that is used as a 

deflocculating agent in clay mining processes. Therefore, traces of waterglass present in PW may 

come in contact with a bentonite binder, which is added at the final step in the pelletizing process.  

The structure of silicate sites is usually represented by Q(n) notation. Different types of Q(n)-

sites are shown in figure 5. Each local site has a specific 29Si NMR chemical shift range (see table 

4). 

Table 4. Q(n)-notation for Si atoms. Adapted from [10]. 

 

In the present work we used solid state 29Si MAS NMR and 1H-29Si CP/MAS NMR in order 

to investigate ‘Milos’ bentonite interactions with waterglass in aqueous suspensions. Here it is also 

demonstrated how 29Si MAS NMR can be applied to distinguish different Si-sites in minerals. 

Notation Description Local site δ(
29
Si) / ppm 

Q(0) Monomer orthosilicate anion [SiO4]
4- -66 to -74 

Q(1) End groups of chains [SiO3(OSi)]3- -78 to -83 

Q(2) Central groups in chains or rings [SiO2(OSi)2]
2- -86 to -88 

Q(3) Chain branching sites [SiO(OSi)3]
- -91 to -99 

Q(4) Three-dimensional cross-linked groups [Si(OSi)4] -107 to -110 
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Part II: Experimental 

5 Materials and sample preparation 

Most of experiments in the current study were performed using five types of bentonite: Na-

rich Ca-bentonites ‘Milos’ (Greece), ‘Ashapura’ (India) and‘Dash-Salakhly’ (Azerbaijan Republic), 

Na-bentonite ‘Wyoming, MX-80’ (USA) and Ca-exchanged Na-montmorillonite ‘SWy-2’ (USA).  

The chemical composition of four of the bentonites is given in table 5 (data provided by the 

official suppliers). 

Table 5. Elemental composition of selected samples expressed as wt % oxide. 

                 Sample 
Composition 

‘Milos’ ‘Wyoming’ 
(MX-80) 

‘Dash-
Salakhly’ 

‘Ashapura’  

SiO2 59.6 58.5 58.6 51.0 
Al2O3 21.9 19.1 13.4 13.5 
Fe2O3 4.6 3.8 4.7 11.0 
FeO - - 0.18 - 
CaO 0.1 1.4 2.05 1.3 
Na2O 3.1 2.1 2.3 2.7 
MgO 3.1 2.4 2.3 1.5 
TiO2 0.8 0.2 0.39 1.8 
K2O 0.5 0.5 0.39 0.2 
P2O5 - - 0.11 - 
Total S - 0.3 0.25 - 
LOI* 6.3 11.9 15.33 12.3 

*LOI: loss on ignition at 1000 °C. 

Milli-Q® reagent water (Millipore Corp. Bedford. MA) was used in the preparation of all 

solutions and for cleaning glassware. 

5.1 Ion exchange studies 

Three types of bentonite (‘Milos’, ‘Wyoming’ and ‘Dash-Salakhly’) were used in the study 

of ion exchange processes. Most of experiments were performed with ‘Milos’ bentonite. 

Solutions of sodium chloride (NaCl; > 99.5 %), calcium chloride dihydrate (CaCl2·2H2O; 

> 99.5 %) and magnesium chloride hexahydrate (MgCl2·6H2O, > 99.5 %) (all supplied by Merck, 

Germany) were prepared using Milli-Q® water. 

Process water was sampled in the pelletizing plant (chemical composition of process water 

is shown in table 2, chapter 2.2). 
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Sample preparation for NMR studies of ion exchange consists of several consequent steps. 

First (step ‘A’), bentonite samples were incubated in salt solutions: 5 g of bentonite were mixed 

with 100 mL of sodium, calcium or magnesium chloride solutions (with concentrations of metal 

ions representative of the annual mean in process waters from a pelletizing plant (see table 2)), or 

with 100 mL of an actual process water. Additional experiments were performed with high 

concentrations (0.1 mol/L) of sodium and calcium chloride aqueous solutions.  

A weight ratio between dry bentonites and aqueous solutions (~1:20) was chosen to be close 

to that used in iron pellets production (ca 0.5 and 10 wt % of bentonite and water content in green 

pellets, respectively). The mixture was stirred from 4 minutes to 7 days in a magnetic stirrer.  

Second step (step ‘B’) is centrifugation of a bentonite suspension at 2500 rpm during 15 

minutes and decanting a supernatant solution.  

Third step (step ‘C’) is drying the samples at 95 ºC during 24 hours. Then dried samples 

were crushed in an agate mortar with a pestle and stored in plastic containers for future NMR 

studies. 

We assume that ion exchange processes take place predominantly during steps ‘A’ and ‘B’. 

Therefore, only times of steps ‘A’ and ‘B’ are taken into account in the analysis of kinetics of ion 

exchange in bentonites under study.  

All experiments were performed at 20 °C and pH was naturally 8 in saturated bentonite 

suspensions under study. 

5.2 Phosphate adsorption on Ca-montmorillonite and calcium phosphates  

All sample preparations and sample characterization (apart from NMR) described in 

appended Paper II were performed by van Emmerik and Johnson, La Trobe University, Australia. 

For sorption experiments, suspensions of Ca-exchanged Na-montmorillonite ‘SWy-2’ with 

normalized surface area were prepared. An aliquot of phosphate stock solution was added to the 

suspension of Na-montmorillonite to give a required concentration. The pH of prepared suspensions 

was adjusted in the range from 3 to 12. Suspensions were mixed during 24 hours, then centrifuged 

and dried. The dried samples were powdered and stored in plastic containers for future 31P NMR 

measurements. More detailed information about phosphate sorption experiments on SWy-2 

bentonite can be found in Paper II. For assignment of calcium phosphate phases formed in Ca-

montmorillonite/phosphate systems, different calcium phosphate species have been purchased (α- 

and β-TCP (tricalcium phosphate), chlorapatite, DCPD (dicalcium phosphate dihydrate, brushite) or 

synthesized (HAP (hydroxyapatite), Fe-doped HAP, OCP (octacalcium phosphate), Fe-doped OCP, 
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TTCP (tetracalcium phosphate). Properties of pure calcium orthophosphates are summarized in 

table 8 (chapter 8).  

Synthesis of hydroxyapatite 

The pure hydroxyapatite, Ca5(PO4)3(OH), was obtained by the dropwise addition of 50 mL 

of calcium nitrate (Ca(NO3)2·4H2O, > 98 %, Prolabo) solution to 50 mL of sodium phosphate 

(Na3PO4·12H2O, > 98 %, Aldrich). The pH of the solution was adjusted to 10 using NaOH (Merck). 

The solution was then stirred for 1 h, and the resulting gel was filtered, rinsed with water, and 

finally dried at 80 ºC for 15 h. The dried samples were crushed in an agate mortar and pestle and 

stored in plastic containers [89]. 

Synthesis of iron-doped hydroxyapatite 

Samples of hydroxyapatite of various compositions doped with Fe were prepared by co-

precipitation. Milli-Q® water was used in the preparation of solutions. A 100 mL of solution 

containing a mixture of calcium nitrate and ammonium-iron (II) sulfate ((NH4)2Fe(SO4)2·6H2O, 

> 99 %, Merck) was added dropwise to 50 mL of sodium phosphate solution (Na3PO4·12H2O, > 98 

%, Aldrich). The pH of the solution was adjusted to 10 using NaOH(aq) (Merck). The resulting 

suspension was then stirred for 1 h. The gel was filtered, rinsed with water, and dried at 80 ºC for 

15 h. The dried samples were crushed in an agate mortar and pestle and stored in plastic containers.  

Synthesis of octacalcium phosphate 

OCP was synthesized by drop-wise addition of 250 mL of 0.04 M calcium acetate 

(Ca(C2H3O2)2·H2O, Mallinckrodt chemical works, > 99.5 %) solution into 750 mL of phosphates 

mixture solution (5 mmol Na2HPO4 (Merck, > 99 %) and 5 mmol NaH2PO4·H2O (J.T. Baker 

Chemical, 99.9 %) [90]. The sample was continuously stirred at the constant temperature 60 °C and 

pH 4.8 (acetic acid was used for adjusting) during 16 h. Then the precipitate was filtered, rinsed 

with Milli-Q® water and dried in the oven at 40 °C. Dry white powder of octacalcium phosphate 

was stored in glass containers for further experiments. 

Synthesis of iron doped octacalcium phosphate 

Iron-doped OCP samples with various iron content (0.5, 1 and 2 wt % Fe) were prepared by 

co-precipitation. Iron (II) chloride powder (FeCl2·4H2O, Merck, > 99 %) was mixed with 0.04 mol 

of calcium acetate, dissolved in 250 mL of Milli-Q® water and dropped to 750 mL of eqimolar 

sodium hydrogen phosphate and dihydrogen phosphate solution. Nitrogen gas flow was used to 

avoid oxidation. The sample was continuously stirred at constant temperature 60 °C and pH 4.8 

(acetic acid was used for adjusting pH) during 16 h. Then the precipitate was filtered, rinsed with 
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Milli-Q® water and dried in the oven at 40 °C. Dry yellowish powder of iron-doped octacalcium 

phosphate was stored in glass containers for further experiments. 

5.3 Bentonite-waterglass systems 

Sodium silicate powder (Riedel-de Haёn AG) with SiO2/Na2O ratio of 3.5 was used for 

preparation of waterglass solutions. Most of experiments were performed on ‘Milos’ bentonite, 

which contains 85 % of montmorillonite and ca 5 % of quartz.  

In 29Si NMR studies four types of bentonites (‘Milos’, ‘MX-80’, ‘SWy-2’ and ‘Ashapura’) 

were used as received, additionally ‘Milos’-bentonite was suspended in Milli-Q® water, centrifuged 

and then dried at 95 ºC. To investigate interactions between bentonite and waterglass, the following 

procedure was applied: Two types of solution of waterglass, 0.1 M and 0.49 mM, were prepared by 

dissolving of the sodium silicate powder into Milli-Q® water. 5 g of bentonite powder (‘Milos’) was 

added to 100 mL of this freshly prepared sodium silicate solution and stirred from 4 minutes to 3 

days. After that, samples were centrifuged, dried in oven at 95 ºC during 24 hours and placed in 

plastic containers. 
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6 Methods 

6.1 NMR measurements 

All NMR measurements were performed on an Agilent/Varian/Chemagnetics InfinityPlus 

CMX-360 NMR spectrometer (B0 = 8.46 T). 

6.1.1 
23

Na MAS NMR 

23Na MAS NMR spectra were recorded at 95.213 MHz using the direct excitation 

experiment without proton decoupling. The excitation pulse (with pulse width of 2.1 µs) giving 

maximum signal intensity was optimized on bentonite samples. For each sample, 2500 signal 

transients with 100 ms repetition delay, were accumulated. The MAS frequency was 10000 ± 1 Hz 

stabilized by an in-built spinning speed controller. Approximately 80 mg of powdered samples were 

packed and weighted in standard ZrO2 4 mm rotors. 23Na NMR spectra were externally referenced 

to 0.1 M NaCl (0 ppm) [70]. For each sample, after an appropriate phasing and the in-built 

“Spinsight” polynomial baseline correction procedure, the centerbands in 23Na MAS NMR spectra 

were integrated between 55 and -80 ppm. These integrals were normalized to the sample weight and 

then to both the integral intensity and the sample weight of the initial (not ion exchanged) dried 

sample of a bentonite under study. These normalized integral intensities of 23Na NMR signals were 

then plotted as a function of the equilibration time. Integration of the whole spectral window 

(including spinning sidebands) gave large errors, because of residual baseline distortions in the 

spectra after polynomial baseline corrections. However, kinetic data on integrated centerbands only 

were quantitative since these integrals were ca 70-90 % of the whole 23Na NMR signal of 

bentonites and relative ratios of the centerband-to-sideband intensity did not change significantly in 

the course of ion-exchange. 

6.1.2 
31

P MAS and 
1
H-

31
P CP/MAS NMR  

Solid-state 31P NMR experiments were recorded at the 31P operating frequency 145.709 

MHz using standard ZrO2 either 4 or 7.5 mm rotors. 31P isotropic chemical shift data (in the de-

shielding, δ-scale) are given with respect to 85 % H3PO4 (here 0 ppm, externally referenced) [69], 

which was mounted in a short 1 mm glass capillary and placed in a 4 or 7.5 mm rotor. Samples 

were spun at different spinning frequencies (3, 4.2 or 8 kHz) in 4 mm ZrO2 rotors for obtaining 

spectra with different spinning sideband patterns. Approximately 100 mg of powdered samples 

(mostly phosphates) were packed in 7.5 mm ZrO2 rotors and spun at 1 or 3 kHz. Larger amounts of 

the samples in 7.5 mm rotors caused problems in tuning the 1H channel of the probe.  
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The spin-lattice relaxation time of phosphorus-31 sites, T1(
31P), was measured using the 

standard “inversion recovery” pulse sequence, 180° – τ – 90° – acq. 90° and 180° pulse widths were 

equal to 3.6 and 7.9 µs, respectively, and the repetition time (pulse delay) was 30 s between signal 

transients. 60 signal transients at each τ were collected. The crossing point τ0 (at which the NMR 

signal passes zero intensity) was approximately the same for the whole line-shape. T1(
31P) was 

estimated from the standard “inversion recovery” equation, T1 = τ0/ln2. For Fe-doped phosphates 

packed in 7.5 mm MAS rotors 90° and 180° pulse widths were equal to 5.4 and 10.9 µs, 

respectively, the repetition times were 180 s (for pure phosphates) or 1 s (for Fe-doped phosphates). 

4 signal transients at each τ were collected (an array of experiments with different τ was 40 with a 

finer increment at τ close to the crossing point τ0). 

In the 4 mm MAS probe the single-pulse (SP) experiments with proton decoupling were 

performed with 90° pulse width equal to 3.8 µs and with a pulse delay of 2 s. For most 

montmorillonite samples, 360 or 720 signal transients were collected for experiments performed at 

8 and 3 kHz spinning frequencies, respectively. The nutation frequency of protons during 

decoupling was ωnut/2π = 54 kHz. Deconvolution of the central band for quantitative analysis was 

performed for MAS NMR spectra obtained at a spinning frequency of 8 kHz. At such sample 

spinning, integral intensities of ± 1 and ± 2 spinning sidebands, which all had roughly the same line 

shape, were less than 10 – 15 and 2 – 3 %, respectively, of the total signal and they were omitted 

from the analysis of relative amounts of different species adsorbed on montmorillonite. 
1H-31P cross-polarization (CP) together with proton decoupling amplifies signals from 

phosphorus sites in a close vicinity to protons. In our 31P CP/MAS NMR experiments in the 4 mm 

MAS probe the proton 90° pulse width was 5.0 µs. CP contact time (ct) giving the maximum cross-

polarization efficiency was 3 ms and the nutation frequency of protons during decoupling was 

ωnut/2π = 80 kHz. The 1H and 31P CP amplitudes during ct were 50 and 54 kHz respectively, to 

fulfill the Hartmann-Hahn condition. The rotation frequency of the sample was 8 kHz. 4800 signal 

transients spaced by a relaxation delay of 3 s were accumulated. In the case of the 7.5 mm MAS 

probe, cross-polarization parameters were different: the proton 90° pulse width was 6.0 µs, ct was 1 

ms, pd was 3 s, the nutation frequency of protons during decoupling was ωnut/2π = 38 kHz. The 1H 

and 31P CP amplitudes during ct were 42 and 33 kHz, respectively. 

The 31P CSA parameters, δaniso and η, were obtained using a computer program in 

Mathematica front end [91]. To perform calculations one needs to input in the program relative 

integral intensities of spinning sidebands, the experimental Larmor frequency, spinning frequency 

and the noise integral intensity (integrated over the same interval as the width of integrated 

resonance lines). For accurate measurements it is required to take into account intensities of many 
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(ca ten) sidebands in NMR spectra usually obtained at low or moderate spinning speeds. The result 

of calculations is displayed as a chi-square statistics χ2 as a function of two CSA parameters δaniso 

and η [92].  

6.1.3 
29

Si MAS and 
1
H-

29
Si CP/MAS NMR  

Solid-state 29Si MAS and 1H-29Si CP/MAS NMR spectra were recorded at the 29Si operation 

frequency 71.51 MHz. 29Si isotropic chemical shift is given with respect to deuterated sodium 

trimethylsilylpropionate (TMP) (least shielded peak at 1.7 ppm with respect to TMS (0 ppm)) [10], 

which was also used for setting up 1H-29Si cross-polariziation conditions.  

About 400 mg of the powdered sample was packed in standard ZrO2 7.5 mm rotor and spun 

at 3.5 kHz. For each sample 10000 signal transients with 2 s repetition delay were accumulated.  
1H-29Si cross-polarization (CP) with proton decoupling amplifies signal from silicon sites, 

which are in a close spatial vicinity to protons. In the 7.5 mm MAS probe the proton 90° pulse 

width was 5.2 µs, ct was 1.5 ms, pd was 2 s.  

Besides NMR, additional methods were used to characterize bentonite. A short description of these 

methods is given below. 

6.2 Elemental analysis 

Three types of bentonite samples, ‘Milos’, ‘Wyoming’ and ‘Dash-Salakhly’, were analyzed 

by ICP-MS (G2 method, ALS Scandinavia AB). In the G2 method, the sample was dried at 105 °C 

according to Swedish Standard SS 028113. 0.125 g of dried sample was then fused with 0.375 g 

LiBO2 and dissolved in HNO3 (digestion according to ASTM D3682 modified). LOI (loss on 

ignition) was performed at 1000 °C. Analysis has been carried out according to the EPA method 

(modified) 200.7 (ICP-AES) and 200.8 (ICP-SFMS). Results of this analysis are summarized in 

table 6. 

Table 6. The ICP-MS elemental analysis of the main elements in three different types of bentonites 

used in this study before equilibration in aqueous solutions. 

Parameter ‘Milos’ ‘Wyoming’ ‘Dash-Salakhly’ Unit 
Ca 49400 8810 14400 mg/kg 
Na 22500 15800 16400 mg/kg 
Mg 24100 15000 23000 mg/kg 
K 4750 4350 3860 mg/kg 
Fe 36000 26700 42200 mg/kg 
Si 231000 287000 284000 mg/kg 
Al 85900 104000 89800 mg/kg 
LOI* 11.1 6.3 6.8 % 

*LOI: loss on ignition at 1000°C. 
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6.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) images of Ca-exchanged Na-montmorillonite ‘SWy-

2’ used in this study were collected by van Emmerik and Johnson, La Trobe University, Australia, 

using a JEOL JSM 6340F instrument operating with a cold field-emission electron gun. A 500 m2/L 

suspension of montmorillonite with, or without, 1 mM phosphate was equilibrated for 1 day. Two 

sample preparation techniques were used to examine the montmorillonite crystals. In the first 

method, two drops of the suspension were diluted to 50 mL with Milli-Q® water. One drop of the 

resulting dilute suspension was then placed onto a polished Al stub and the water evaporated at 

room temperature while covered. The sample was then coated with approximately 10-20 nm of 

platinum. In the second method, the suspension was centrifuged and the solid collected and air 

dried. About 1 g of the resulting substrate was placed in a stainless steel anvil and pressed at 6000 

psi for two minutes. The resulting pellet was then fractured and a fragment attached to a specimen 

stub with adhesive tape. The fragment was orientated so that the fractured surface was 

approximately perpendicular to the electron beam. Finally the samples were given a 20 nm coating 

of platinum. 

6.4 X-ray diffraction 

X-ray diffraction measurements on Ca-exchanged Na-montmorillonite ‘SWy-2’ were 

performed by van Emmerik and Johnson, La Trobe University, Australia, using a Phillips PW 1710 

and Siemens D 5000 X-ray diffractometers run in the Bragg-Brentano geometry, fitted with a Cu 

target and a (001) graphite monochromator. Powdered samples were transferred to an aluminum (or 

plastic) sample cup and compressed with a hand press. The goniometer was calibrated with the 

(101) quartz line in the diffraction pattern at 26.67° 2Θ (Kα(average) = 1.5418 Å). Samples were 

scanned from 3 to 30° 2Θ at a step size of 0.025°, and a scan rate of 2 s per increment. 

6.5 Specific surface area measurements 

The specific surface area of bentonite samples was determined by Mouzon, Luleå University 

of Technology, Sweden, using BET (Brunauer, Emmett and Teller) nitrogen adsorption/desorption 

method on a dried powder sample (before coating) with a surface area analyzer from Micrometrics 

ASAP 2000. The results of BET measurements are tabulated in table 7. 
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Table 7. BET surface area measurements 

Bentonite sample BET surface area, 

(m2/g) 

‘Milos’ 49.8 

‘Wyoming’ 43.0 

‘Dash-Salakhly’ 108.2 

‘SWy-2’* 31.8 
*Data for ‘SWy-2’ are provided by the Clay Minerals Society. 
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Part III: Results and Discussion 

7 Quantification of Sodium Ion Exchange in Bentonites by Solid-

State 
23
Na MAS NMR (Summary of Paper I) 

In this chapter most of results (especially, ion exchange curves and NMR spectra) are shown 

for ‘Milos’ bentonite that is used in a pelletizing plant. However, the results for ‘Wyoming’ and 

‘Dash-Salakhly’ can be also found in appended Paper I.  

In present studies solid-state 23Na MAS NMR was used for characterization of sodium 

content in ‘Milos’, ‘Wyoming’ and ‘Dash-Salakhly’ bentonites. Both positions of resonance lines 

(determined by 23Na chemical shifts and the second order quadrupolar shifts) and their integral 

intensities are different, which point towards variations in quantities of sodium ions in these 

systems and at differences in electronic environments around sodium sites, or/and to a degree of 

their hydration (figure 23). These variations in the chemical environment also lead to the 

inhomogeneous line broadening. Since 23Na is a quadrupolar isotope (I = 3/2), the second order 

quadrupolar interactions lead to an additional quadrupolar line broadening, which is not averaged 

out by MAS. 

Presence of paramagnetic iron ions in the structure of these bentonites causes both an 

additional broadening of the central band and higher intensities of spinning sidebands, in particular, 

for ‘Dash-Salakhy’ bentonite with the largest content of Fe (compare figure 23c with figures 23b 

and 23a and corresponding data for Fe in table 6).   
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Figure 23. 95.213 MHz 23Na MAS NMR spectra of three different bentonites: ‘Milos’ (a); 
‘Wyoming’ (b) and ‘Dash-Salakhly’ (c). Number of signal transients was 2500. The spinning 
frequency was 10 kHz. “s” denotes spinning sidebands. Adapted from appended Paper I. 

Ion exchange experiments with ‘Milos’ bentonite equilibrated in model sodium, calcium and 

magnesium chloride (0.1 M) solutions during 24 hours were performed to investigate the effect of 

different ions on swelling properties of this type of bentonite and to evaluate whether solid-state 
23Na MAS NMR is an appropriate technique for studies of ion-exchange processes in bentonites. 

Bivalent ions (calcium and magnesium) change the swelling properties of bentonite samples (see 

figure 24). Samples that were equilibrated with either 0.1 M CaCl2 (Fig. 24b) or MgCl2 (figure 24c) 

solutions have easily formed sediments after centrifugation of the bentonite suspensions at 2500 

rpm during 15 minutes. The sample of ‘Milos’ bentonite equilibrated with 0.1 M NaCl solution has 

formed sediment to a lesser extent (figure 24a). 
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Figure 24. Centrifuged (2500 rpm, 15 minutes) samples of ‘Milos’ bentonite after equilibrating in 
0.1 M aqueous solutions of NaCl (a), CaCl2 (b) and MgCl2 (c). Adapted from appended Paper I. 

A possible explanation for this difference in a sedimentation rate could be a various number 

of water molecules in the hydration shell of mono- and bivalent cations (see chapter 3.3).  

Figure 25 shows solid-state 23Na MAS NMR spectra of ‘Milos’ bentonite before and after 

equilibrating in 0.1 M CaCl2 or NaCl aqueous solutions at liquid:solid weight ratio equal to 20:1. A 

central broad resonance line at ca -20 ppm was assigned to sodium ions intercalated between 

montmorillonite platelets. The shape of this resonance line and its intensity did not change 

significantly after equilibrating of bentonite in 0.1 M sodium chloride solutions (compare figure 25a 

with figures 25b and 25c). This means that both amount of sodium and the chemical environment of 

sodium ions in ‘Milos’ bentonite have remained unchanged. This fact confirms that ‘Milos’ is fully 

activated Na-bentonite.  

 

Figure 25. 95.213 MHz 23Na MAS NMR spectra of ‘Milos’ bentonite: a dry powder before 
equilibration (a) and bentonite samples equilibrated in 0.1 M NaCl(aq) during ca 20 minutes (b) or 
1 day (c); equilibrated in 0.1 M CaCl2(aq) during ca 20 minutes (d) or 1 day (e). Number of signal 
transients was 10000. The sample spinning frequency was 10 kHz. A sharp peak in b) and c) 
marked as “*” is assigned to NaCl(s). “s” denotes spinning sidebands. Adapted from appended 
Paper I. 
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The integral intensity of the 23Na NMR signal decreases dramatically and is reaching a 

plateau already after ca 20 minutes of equilibrating bentonite in a 0.1 M calcium chloride solution 

(see figures 25d and 25e; note that samples prepared with shorter equilibrating times are 

impractical, because bentonite suspensions should be thoroughly homogenized in a magnetic 

mixer).  

Moreover, the resonance line position has shifted (from -20 to -30 ppm) that can be 

explained by a change in the chemical environment around sodium cations, which are yet left in 

not-fully calcium exchanged ‘Milos’ bentonite.  

An additional sharp peak at 7.3 ppm (see figures 25b and 25c) corresponds to sodium in 

NaCl crystals, which were also formed upon drying of the centrifuged bentonite sample.  

Integral intensities of the central band in 23Na MAS NMR of ‘Milos’ bentonite samples as a 

function of equilibrating time in NaCl and CaCl2 aqueous solutions are presented in figure 26. A 

sample of dry powder ‘Milos’ bentonite was used as a reference, in which the integral intensity of 

the central band (initial sodium content) was set as ‘100 %’. 

‘Milos’ bentonite exchanges approximately 75 % of sodium after ca 20 minutes of 

equilibrating in 0.1 M CaCl2 solution (see figures 25d and 26). Samples of ‘Milos’ bentonite after 

equilibrating in 0.1 M NaCl solution did not show any significant change in sodium content during 

the whole ion-exchange period studied here (up to one week) (figures 25a – 25c and 26). This fact 

confirms that ‘Milos’ is a fully sodium activated bentonite. Note that significant quantities of 

calcium, magnesium and potassium were detected by the ICP-MS elemental analysis in all three 

bentonites studied here (see table 6). However, these elements are most probably present in other 

(not mobile) forms, i.e. trapped in the aluminosilicate platelets or other insoluble phases present in 

these clay minerals. Therefore, one of the advantages of the 23Na MAS NMR technique in studies of 

ion-exchange processes in bentonites is its specific sensitivity to the mobile phase (intercalated 

mobile sodium ions). 
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Figure 26. Integral intensity of the centreband in 23Na MAS NMR spectra of ‘Milos’ bentonite 
powder as a function of the equilibrating time in CaCl2(aq) (squares) or NaCl(aq) (circles) solutions 
with concentration of ions 0.1 M. Lines are guides for the eye. Adapted from appended Paper I. 

Figure 27 shows solid-state 23Na MAS NMR spectra of ‘Milos’ bentonite before (figure 27a) 

and after equilibrating in the process water during 20 minutes (figure 27b) and 1 day (figure 27c). 

The process water used in this study contains high quantities of calcium and magnesium cations 

(see table 2), which can replace sodium ions in bentonite. As can be observed, the integral intensity 

of 23Na NMR resonance lines decreases, because Na+ ions in ‘Milos’ bentonite are exchanging for 

Ca2+ or Mg2+ ions present in the process water. A shift in the position of the resonance line in 23Na 

NMR spectra of ion-exchanged samples compared to the original ‘Milos’ bentonite sample 

indicates that the coordination of residual sodium ions and the structure of the montmorillonite 

component have changed after equilibration of this clay mineral in aqueous solutions containing a 

mixture of bivalent (Ca2+, Mg2+) and monovalent (K+) cations. 
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Figure 27. 95.213 MHz 23Na MAS NMR spectra of ‘Milos’ bentonite: dry powder before 
equilibration (a) and bentonite equilibrated in the process water during 20 minutes (b) and 1 day 
(c). Number of signal transients was 2500. The sample spinning frequency was 10 kHz. “s” denotes 
spinning sidebands. Adapted from appended Paper I. 

Figure 28 demonstrates solid-state 23Na MAS NMR spectra of ‘Milos’ bentonite equilibrated 

in the model calcium or magnesium solutions, with concentrations as mean annual concentrations of 

these ions in the process water, i.e. 6.5 mM CaCl2(aq) or 1.7 mM MgCl2(aq) (see table 2). Note that 

both line shape and resonance line position in the 23Na MAS NMR spectrum of bentonite 

equilibrated in the pure calcium chloride solution (figure 28c) is similar to those in spectra of 

bentonite equilibrated with process water (figure 27c). In turn, the NMR spectrum of bentonite after 

equilibrating with pure magnesium chloride solution did show only a ca 20 % decrease in the 

integral intensity, because a smaller fraction of the sodium cations in the montmorillonite 

component of the mineral is replaced by Mg2+ ions.  

To quantify the ion-exchange kinetics, integral intensities of the center band in 23Na MAS 

NMR of ‘Milos’ bentonite samples after equilibrating in either process water or in model (6.5 mM 

CaCl2(aq) or 1.7 mM MgCl2(aq) ) solutions are represented as a function of the sample incubation 

time (see Fig. 29). 
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Figure 28. 95.213 MHz 23Na MAS NMR spectra of ‘Milos’ bentonite: a dry powder before 
equilibration (a) and bentonite equilibrated in 1.7 mM MgCl2(aq) (b), or in 6.5 mM CaCl2(aq) (c). 
Sample incubation time was 1 day. Concentrations of metal ions are the same as in the process 
water. Number of signal transients was 2500. The sample spinning frequency was 10 kHz. “s” 
denotes spinning sidebands. Adapted from appended Paper I. 

Already after 20 min of equilibration ‘Milos’ bentonite has exchanged ca 17 % of sodium in 

the magnesium chloride solution and more than 56 % of sodium in the calcium chloride solution 

with the same concentration of these ions (Ca2+ and Mg2+) as in the process water of the pelletizing 

plant (see figure 29). After equilibrating in the process water, ‘Milos’ bentonite exchanges ca 50 % 

of sodium (see figure 29). Thus, ion-exchange properties of ‘Milos’ bentonite equilibrated in the 

process water are similar to these in calcium chloride solutions, since calcium is the dominant ion in 

the process water (see table 2). Note, however, that the process water also contains substantial 

amounts of Na+(aq) ions, which also participate in ion-exchange processes (153 mg/mL, see 

table 2). Therefore, the total amount of sodium exchanged for calcium, magnesium and potassium 

in bentonite/process water systems is somewhat smaller than in the bentonite/CaCl2(aq) model 

system (see figure 29). 

The affinity of bentonite for calcium and magnesium ions in binary Na+/Mg2+ and Na+/Ca2+ 

ion exchange reactions is larger than for sodium ions (Vanselow selectivity coefficients are larger 

than one) [43, 50]. The affinity of most bentonites follows the row Na+ < K+ < Mg2+ < Ca2+ and 

depends on the effective ionic radii and corresponding hydration energies [43, 50, 55]. Other factors 

that affect on the affinity of smectites for certain ions are concentration of these ions in the solution 

and the weight ratio between dry bentonite and ion solution. This is in accord with the data shown 

in figure 29: The amount of sodium exchanged by ‘Milos’ bentonite in 6.5 mM CaCl2(aq) (ca 56 

%) is approximately 3.3 times larger than in 1.7 mM MgCl2(aq) solution (ca 17 %) after 20 min of 
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equilibration, i.e. at the very beginning of the ion exchange kinetics. Note that the quotient of 

concentrations of CaCl2(aq) and MgCl2(aq) solutions under study is equal to [6.5 mM]/[1.7 mM] ≈ 

3.8, which is close to the quotient of sodium exchanged percentage in these two solutions (3.3) after 

an equilibration time of 20 min.  

 

 

Figure 29. Integral intensity of the centreband in 23Na MAS NMR spectra of ‘Milos’ bentonite 
powder as a function of the equilibrating time in 6.5 mM CaCl2(aq) (circles), 1.7 mM MgCl2(aq) 
(squares) solutions or in the process water (triangles). Lines are guides for the eye. Adapted from 
appended Paper I. 

To prove that 23Na MAS NMR is a quantitative method, the sample of ‘Milos’ bentonite 

after incubation in the process water for one day was divided into two parts. The first part was 

analyzed by 23Na MAS NMR, while ICP-MS elemental analysis was performed on the second part 

of the sample. The results of the two methods were then compared. 23Na MAS NMR showed that 

64.6 % of sodium ions were exchanged by other metal ions from the process water. The elemental 

analysis revealed 60.9 % of sodium exchange. The difference of 3.7 % is satisfactory taking into 

account systematic errors of both methods (errors caused by baseline correction and integration of 

NMR spectra and LOI in ICP-MS). These results indicate that 23Na MAS NMR is indeed a 

quantitative method in studies of sodium exchange in bentonites. 

Two other types of bentonites, ‘Wyoming’ (USA) and ‘Dash-Salakhly’ (Azerbaijan), were 

also studied here and they show similar trends as ‘Milos’ bentonite in their ion exchange kinetics 

after incubation in calcium and magnesium chloride solutions and in the process water. Note that it 

is not practical to create one ‘universal’ reference for all bentonites due to significant differences in 

their chemical composition (differences in Fe content) and various environments (hydration states) 
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around sodium ions in bentonites under study. However, as in the previous experiments with 

‘Milos’ bentonite, dry powder of ‘Wyoming’ or ‘Dash-Salakhly’ bentonites were chosen as 

references for corresponding experimental series used to construct sodium exchange curves.  

 

It was found that all three bentonites demonstrate similar affinities for sodium exchange in 

different salt solutions (see Paper I). Additionally, calcium-sodium exchange in the ‘model’ system 

and in the process water can be characterized as very rapid, because bentonites have exchanged 55-

60 % of the sodium amount already after only the first twenty minutes of interaction. Such loss can 

be significant for swelling and later for binding performance of bentonites. The rate of ion-

exchange can be further evaluated for different ion-pairs (like Na/Ca, Na/Mg, etc.) in different 

bentonites, i.e. ‘Milos’, ‘Wyoming’ and ‘Dash-Salakhly’ as a function of time for systems with 

different solid/liquid ratios and concentrations of ions. 

These results are from experiments in suspensions. In the real multi-component mineral 

system (wet iron ore concentrate: ~90 wt % magnetite with olivine/dolomite, 10 wt % process 

water, 0.5 wt % bentonite) there are different types of water (surface adsorbed, capillary and free 

water) and, therefore, diffusion of ions and adsorption/desorption processes are slowed down 

compared with these in suspensions of bentonites in the process water. This phenomenon has to be 

further investigated in detail. 
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8 
31
P Solid-State Nuclear Magnetic Resonance Study of the Sorption 

of Phosphate on Montmorillonite (Summary of Paper II) 

It can be concluded from the previous chapter that Na-enriched bentonite, which is used in 

the pelletizing process, is rapidly (≤ 20 min) transforming into Ca-bentonite, when it is suspended 

in the process water with a high concentration of calcium ions and phosphates leached from 

fluorapatite present in the magnetite ore. This chapter is devoted to studies of sorption of ortho-

phosphate on Ca-enriched montmorillonite (‘SWy-2’) by 31P solid-state NMR spectroscopy. 

The pH dependence of the sorption of phosphate ions onto Ca-enriched montmorillonite 

with different normalized surface area is shown in figure 30a. As can be seen, sorption behavior 

significantly changes when pH is more than 6. Maximum of sorption of phosphate is observed 

when pH 11: ca 100 % onto 500 m2/L of montmorillonite and > 80 % onto 100 m2/L of 

montmorillonite.   

 

Figure 30. (a) Sorption edge of 1 mM phosphate on (▲) 100 m2/L, or (●) 500 m2/L SWy-2 
montmorillonite. Background electrolyte: 10 mM NaCl. (b) Single-pulse/MAS (i) (ii), (iii) and 
CP/MAS (iv) 31P NMR spectra of 1 mM phosphate sorbed to 100 m2/L Ca-montmorillonite at pH 
11.41 (sample shown in a red circle on the left figure). Background electrolyte: 10 mM NaCl. The 
MAS frequencies were 8 (i, iv), 4.2 (ii) and 3 kHz (iii). The number of signal transients were 360 
(i), 756 (ii), 796 (iii) and 4800 (iv). Adapted from appended Paper II. 

Nature of the precipitated phosphate phase(s) can be explored by 31P NMR. Figure 30b 

shows 31P single-pulse MAS (i, ii, iii) and CP/MAS (iv) NMR spectra for sample precipitated at pH 

11.41. The integral intensity of the CP/MAS NMR spectrum was about 100 times less than that for 

single-pulse/MAS NMR. This fact suggests that the precipitated phosphate phase is not protonated. 
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Spinning side-band intensities in the single pulse MAS 31P NMR spectra obtained at two slow 

spinning frequencies (3 and 4.2 kHz, see Figs. 30b(ii) and 30b(iii)) were used in the simulation of 

the 31P chemical shift anisotropy parameters: δaniso= 68.4 ± 2 ppm; η = 0.74 ± 0.09. 

Figure 31 shows the effect of phosphate concentration (figure 31a) and the effect of pH 

(figure 31b) on the 31P single-pulse MAS NMR spectra. The shapes of 31P MAS NMR spectra are 

very similar, only intensities are different. Therefore, the same calcium phosphate compound(s) 

is(are) formed at different concentrations of ortho-phosphate used or at different pH. 

 

Figure 31. (a) Effect of concentration on 31P single-pulse MAS NMR spectra of samples containing 
1, 3, and 10 mM phosphate on 500 m2/L SWy-2 montmorillonite at about pH 8.2. Background 
electrolyte: 10 mM NaCl. The MAS frequency was 8 kHz and the number of signal transients was 
1000. (b) Effect of pH on 31P single-pulse MAS NMR spectra of samples containing 10 mM 
phosphate on 500 m2/L montmorillonite at pH 7.9, 9.3 and 11.5. Background electrolyte: 10 mM 
NaCl. The MAS frequency was 8 kHz and the number of signal transients was 1000. Adapted from 
appended Paper II. 

The 31P MAS NMR spectra measured for phosphate/montmorillonite system are different 

from previously reported phosphate/aluminum oxides and phosphate/kaolinite systems in the 

resonance line positions, chemical shift anisotropy (see figure 32a) and spin-lattice relaxation time 

(not shown). Since the phosphate precipitate formed on montmorillonite is likely a phase of calcium 

phosphate due to a presence of calcium ions in the structure of montmorillonite, single-pulse 31P 

NMR spectra were run for the following pure calcium phosphate phases: α-Ca3(PO4)2, β-Ca3(PO4)2, 

hydroxyapatite, chlorapatite and CaHPO4, which can be formed at pH > 6. These spectra are 

presented in figure 32b. It is obvious that the hydroxyapatite and chlorapatite 31P NMR spectra have 

centrebands at 31P chemical shifts that are very similar to those found for phosphate adsorbed to 

montmorillonite (i.e. at ca +3 ppm).  
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Figure 32. (a) 31P single-pulse spectra for 10 mM phosphate sorbed on gibbsite and 
montmorillonite with spinning speed 8 kHz, showing the difference in the intensities of spinning 
sidebands. Background electrolyte: 10 mM NaCl. (b) 31P single-pulse NMR spectra of various 
calcium phosphate phases; spinning speed 3 kHz. Adapted from appended Paper II. 

According to table 8, hydroxy- and chlorapatite are stable at alkaline pH. Other phosphates 

presented in figure 32b either cannot be precipitated from aqueous solutions (α-Ca3(PO4)2 and β-

Ca3(PO4)2) or can only be obtained at temperatures above 100 °C (CaHPO4) that makes them out of 

interest in the precipitation studies.  

The resonance lines in the precipitated phosphate phase, nevertheless, are significantly 

broader compared to those in pure hydroxyapatite and chlorapatite. Also, the spinning sidebands in 
31P spectra obtained at the same spinning frequency (3 kHz) for hydroxyapatite and chlorapatite 

have considerably smaller integral intensities than those found for the precipitated phosphate phase 

(compare figures 30b(iii) and 32b). 

These differences in the 31P NMR line width, sideband intensities and in spin-lattice 

relaxation times between pure calcium phosphates (chlorapatite and hydroxyapatite) and 

precipitated on montmorillonite calcium phosphate phase(s) can be, for example, explained by a 

presence of significant amounts of paramagnetic iron in the Wyoming-montmorillonite (Fe2O3 

3.35 %; FeO 0.32 %). Since the process water also contains small amounts of Fe2+/Fe3+(aq), iron 

phosphate phase may, in principle, co-precipitate with calcium phosphate phase(s) onto 

montmorillonite, because of a low solubility of iron and calcium phosphates at pH ≥ 7. Therefore, a 

series of iron-calcium phosphates (hydroxyapatites) with different Fe/Ca molar ratios was prepared 
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in order to test a hypothesis about the influence of paramagnetic iron on the 31P NMR spectra of Ca-

phosphate phases formed in Ca-montmorillonite samples.  

 

Table 8. Properties of calcium orthophosphates. Adapted from [27].  
 
Ca/P 

molar 

ratio 

Compound Formula Solubility at 

25°C,  

-log(Ks) 

pH stability 

range in 

aqueous 

solutions at 

25°C 

31P 

chemical 

shift, ppm 

0.5 Monocalcium phosphate 
monohydrate (MCPM) 

Ca(H2PO4)2·H2O 1.14 0.0–2.0 -0.1, -4.6 
[93] 

0.5 Monocalcium phosphate 
anhydrous (MCPA) 

Ca(H2PO4)2 1.14 [c] 0.5, -0.5 
[93] 

1.0 Dicalcium phosphate 
dihydrate (DCPD), mineral 
brushite 

CaHPO4·2H2O 6.59 2.0–6.0 1.7 [93] 

1.0 Dicalcium phosphate 
anhydrous (DCPA), 
mineral monetite 

CaHPO4 6.90 [c] 0.0, -1.5 
[93] 
 

1.33 Octacalcium phosphate 
(OCP) 

Ca8(HPO4)2(PO4)4·H2O 96.6 5.5–7.0 3.7, 3.3, 
2.0, -0.2 
[94] 

1.5 α-Tricalcium phosphate (α-
TCP) 

α-Ca3(PO4)2 25.5 [a] 3.3, 2.2, 
0.5, 1.8 
[95] 

1.5 β-Tricalcium phosphate (β-
TCP) 

β-Ca3(PO4)2 28.9 [a] 9.2, 5.2, 4.2 
[93] 

1.2–
2.2 

Amorphous calcium 
phosphate (ACP) 

CaxHy(PO4)z·nH2O, n = 3–4.5; 
15–20 % H2O 

[b] ~5–12 [d] 1.7 [93] 

1.5–
1.67 

Calcium-deficient 
hydroxyapatite (CDHA) 

Ca10-x(HPO4)x(PO4)6 – x(OH)2 – x  
(0 < x < 1) 

~85.1 6.5–9.5 3.0 [96] 

1.67 Hydroxyapatite (HA or 
OHAp) 

Ca10(PO4)6(OH)2 116.8 9.5–12 2.8 [93] 

1.67 Fluorapatite (FA or FAp) Ca10(PO4)6F2 120.0 7–12 2.8 [93] 
2.0 Tetracalcium phosphate 

(TTCP or TetCP), mineral 
hilgenstockite 

Ca4(PO4)2O 38–44 [a] 4.1, 3.1, 3.2 
[95] 

[a] These compounds cannot be precipitated from aqueous solutions. 
[b] Cannot be measured precisely. 
[c] Stable at temperatures above 100 °C. 
[d] Always metastable. 

 

The single-pulse 31P MAS NMR spectra of these iron-calcium phosphates are shown in 

figure 33a. As can be seen from these spectra, the increase of the paramagnetic iron content in the 

samples leads to the following changes: broadening of the resonance lines, an increase in the 

intensity of side-bands and decreasing of the spin-lattice relaxation time.  

However, presence of paramagnetic iron in the structure of calcium phosphate cannot be 

invoked to explain all of the spectral features of the phosphate phase precipitated onto 

montmorillonite. First, 31P CSA parameters for iron-doped phosphates and for precipitated phase(s) 
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are different (η ≈ 1 and η = 0.74, respectively). Second, in order to achieve the same spectral 

features (spectral line width and side-band intensities) it is necessary to have a sufficiently large 

quantity of iron ions in solution, while the Fe/Ca ratio in the process water is below 1 %. Therefore, 

further search of other calcium phosphate phases for assignment was needed.   

 

Figure 33. (a) 31P single-pulse MAS NMR spectra of hydroxyapatite precipitates with 0, 0.9, 1.9, 
5.8, 9.8, 20 and 34 mol % Fe; spinning speed 3 kHz. Also shown is the spectrum of 10 mM 
phosphate on 500 m2/L montmorillonite at pH 8.3 with spinning speed 3 kHz. (b) 31P CP/MAS 
spectra of octacalcium phosphate (OCP) precipitates with 0, 0.5 and 2.0 wt % Fe. The MAS 
frequency was 3 kHz. Adapted from appended Paper II. 

 

Among phosphates having different Ca/P ratios and precipitated from aqueous solutions (see 

table 8) we considered octacalcium phosphate (OCP), which has a bit lower Ca/P ratio 1.33 (instead 

1.67 for apatites) and this compound is stable at pHs close to neutral (pH stability range is 5.5 – 

7.0). Note that the adsorption edge of orthophosphate in calcium montmorillonite begins at pH 6 

(see figure 30a). The idea of the influence of paramagnetic iron was also applied here, and 

therefore, pure OCP and some Fe-doped OCP with 0.5, 1 and 2 wt % of iron were synthesized. Pure 

OCP has four peaks at -0.48, 1.68, 3.02 and 3.5 ppm (see figure 33b). However, spinning sidebands 

were much smaller compared to those in phosphate phases precipitated on montmorillonite. 

Samples of OCP doped with 0.5 and 2 wt % of Fe have lineshapes of the centrebands similar to that 

of pure OCP. These also have four resonance peaks almost at the same positions as 31P isotropic 

shifts of OCP. However, intensities of the spinning sideband were rising up with increasing Fe 

amount in the doped OCP samples.  
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The OCP sample with 1 wt % of Fe (later, 1 wt % Fe-phosphate) has one peak at 1.4 ppm 

and quite large sidebands (see figure 34a). Generally, the shape of spinning side-bands in 31P 

spectra of 1 wt % Fe-phosphate was similar to the spectral shape of the precipitated on Ca-

montmorillonite calcium phosphate phase that points at similar 31P CSA parameters for phosphorus 

sites in these two systems: (δaniso, η) = (61.3 ± 0.6 ppm, 0.87 ± 0.02) and (68.4 ± 2 ppm, 0.74 ± 

0.09), respectively, as simulated using spinning sideband intensities. There are, however, substantial 

differences between 31P spectra of the above two samples: (i) 31P CP/MAS spectrum of the latter 

sample (Ca-montmorillonite/phosphate) is very weak compared to that for 1 wt % Fe phosphate. (ii) 
31P isotropic chemical shifts are different (see table 8) and (iii) spin-lattice relaxation times are 

substantially different. 

 

 

Figure 34. (a) 31P CP/MAS spectrum of 1 % Fe-phosphate. The MAS frequency was 3 kHz. (b) 31P 
single pulse MAS spectra of (i) 1 wt % Fe-doped phosphate and (ii) Ca-montmorillonite/phosphate 
(10 mM, pH = 11.41) sample. The MAS frequencies were 3 kHz. The number of signal transients 
were 16 (i) and 256 (ii).  

The elemental analysis of 1 wt % Fe-phosphate showed that this compound has the lowest 

Ca/P ratio equal to 1.29. This sample also could not be assigned as a doped OCP. According to 

table 8, a ‘1 wt % Fe-doped OCP’ compound could be, likely, an Amorphous Calcium Phosphate 

(ACP) (Ca/P=1.2-2.2, pH stability 5-12). But NMR spectra of ACP have different spectral shape 

and NMR parameters from those of the precipitated in Ca-montmorillonite Ca-phosphate phase (see 

table 8) [97]. 
31P and 1H MAS NMR studies performed by Hinedi et al. on phosphate sorption at calcium 

carbonate exposed to high phosphate concentration have shown the presence of two calcium 

phosphate phases, an apatite-like phase and crystalline brushite (CaHPO4·2H2O) [98]. It has been 
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suggested that surface sorbed phosphates occur as nonprotonated surface complexes since no 

resonance peaks corresponding to the phosphate protons were present in 1H NMR spectra. 

Surprisingly, Hinedi et al. have found that brushite can be formed at calcium carbonate surfaces and 

be stable even at pH > 7, while according to table 8 brushite is supposed to be stable only in acidic 

solutions, i.e. at pH = 2.0-6.0.  

Moreover, in some references it has been described that brushite can be obtained from the 

same chemicals that are used for the synthesis of OCP (drop-wise addition of a calcium salt into a 

mixture of disodium hydrophosphate and sodium dihydrophosphate at pH = 5 and temperature 60 

°C [90]). The ‘OCP’ compound with 1 wt % Fe and Ca/P=1.29 ratio can possibly be brushite (δ=1.7 

ppm) formed instead of the expected iron-doped octacalcium phosphate.  

According to webmineral database, brushite (also known as DiCalcium Phosphate Dihydrate 

(DCPD), CaHPO4·2H2O) forms at low pH by reacting of phosphate-rich solutions with calcite and 

clay [99]. 

Rothwell et al. have reported that brushite has the 31P isotropic chemical shift at 1.7 ppm. 
31P CSA parameters of phosphorus sites in brushite are δaniso = 68 ppm and η = 0.6, which are close 

to those obtained for 1 wt % Fe-doped phosphate in our experiments [93]. T1 spin-lattice relaxation 

time of phosphorus sites in a natural brushite reported by Kaflak et al. was ca 200 s (T1ρ is ca 64 

ms) [100]. The only experimental fact against assignment of the Ca-montmorillonite/phosphate 

phase to brushite is a very weak 1H-31P cross-polarization signal in the former sample, while it is 

expected to be even stronger than 31P single-pulse MAS signals because of the presence of protons 

(as HPO4
2- and H2O) in the structure of brushite. 

Thus, it can be suggested that calcium phosphate adsorbed to/precipitated on Ca-

montmorillonite surfaces could be tentatively assigned to a ‘brushite-like’ phase (compare figures 

34b(i) and 34b(ii)). Shorter spin-lattice relaxation times and extra line broadening in 31P NMR 

spectra of sorbed phosphate can putatively be explained by the presence of paramagnetic ions (Fe2+, 

Fe3+) in the structure of montmorillonite and in the process water.  
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9 A 
29
Si Nuclear Magnetic Resonance Study on Bentonite-

Waterglass system (Summary of Paper III) 

Determination of different silicate sites in the structure of bentonite and bentonite-waterglass 

system were studied by solid-state 29Si NMR. An advantage of NMR technique is that in 29Si NMR 

spectra different Si-sites may be identified and quantified, while the elemental analysis does not 

distinguish between different silicate phases inside such a complex mineral as bentonite. 

Assignment of 29Si NMR resonance lines in bentonites is rather straightforward: Solid-state 29Si 

MAS NMR spectra of four various bentonites are presented in figure 35a. A broad resonance line in 

all samples at –92.7 ppm was assigned to Q(3) Si sites in 2:1 sheets of montmorillonite. An 

additional sharp resonance line at –107.6 ppm is assigned to Q(4) Si sites in quartz (see figure 35a). 

Among bentonites presented in the current study, bentonite ‘SWy-2’ has the highest quartz quantity 

(figure 35a(ii)), while ‘Milos’ bentonite has almost no quartz impurities (see figure 35a(i)).  

There are three main factors that can contribute to the linewidth in 29Si MAS NMR spectra 

of silicates: (i) A very common case of so called inhomogeneous broadening in the NMR spectra is 

dispersion of chemical shifts, which may be determined by a structural disorder, distortion, or 

amorphization of the silicate framework. Lattice imperfections, crystallographic nonequivalence, or 

local distributions of second-nearest and further tetrahedral neighboring atoms impact to small 

distortions of bond angles and bond lengths between silicon atoms. (ii) Residual dipolar interactions 

of the 29Si nucleus with 1H, 27Al, or other NMR active nuclei. In aluminosilicates, such line 

broadening occurs due to dipolar interactions between 29Si and the quadrupolar 27Al nuclei and 

cannot be eliminated by MAS, though this broadening decreases at higher magnetic field strengths. 

(iii) The presence of paramagnetic centers with unpaired electrons (impurities or constituent parts of 

the structure) that causes a strong hyperfine interaction between nuclear and electron spins and 

results in an additional line broadening and shortening of both spin-spin (T2) and spin-lattice (T1) 

relaxation times, which can make the spectrum undetectable. Moreover, integral intensities of 

spinning sidebands are also affected by paramagnetic ions, i.e. by Fe2+, Mn2+, etc. For example, 

‘Ashapura’ bentonite has a pattern of spinning sidebands with much larger integral intensities 

compared to other bentonites (see figure 35a(iv)), because magnetic and paramagnetic phases (iron 

oxides) and Fe2+ impurities are present in ‘Ashapura’ bentonite in larger quantities (11 %) 

compared to other bentonites used in this study (3.8 – 4.9 % of FexOy) (see table 5).  
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Figure 35. (a) 71.51 MHz single-pulse 29Si MAS NMR spectra of dry bentonites: (i) ‘Milos’, (ii) 
Wyoming ‘SWy-2’, (iii) Wyoming ‘MX-80’ and (iv) ‘Ashapura’. The spinning frequency was 3.5 
kHz. “s” denotes spinning sidebands. “*” denotes quartz peak. (b) 71.51 MHz 29Si MAS NMR 
spectra of “Milos” bentonite: (i) single pulse spectrum of a dry sample, (ii) 1H-29Si cross 
polarization spectrum of the dry sample, (iii) single pulse spectrum of a wet sample, 80/30 % of 
bentonite/water. The spinning frequency was 3.5 kHz. The number of signal transients was 5000, 
41008 and 10000 in i), ii) and iii), respectively. “s” denotes spinning sidebands. Adapted from 
appended Paper III. 

The hydration state of bentonites can be studied by performing experiments on only slightly 

wet samples, because too much water added to a dry sample of bentonite results in a high mobility 

of metal ions between platelets and, thus, to a high conductivity causing a poor tuning of NMR 

probes. Figures 35b(i) and 35b(iii) show solid-state single-pulse 29Si MAS NMR spectra of dry (i) 

and wet (iii) “Milos” bentonite. Spinning sidebands of wet bentonite are smaller, which can be 

explained by a different degree of hydration of Si-sites in bentonite platelets in these samples. This 

conclusion is supported by 1H-29Si CP/MAS of dry “Milos” bentonite: Note smaller spinning 

sidebands in figure 35b(ii), in which only Si sites in Si-OH groups at the boarders of platelets and 

Q(3) Si sites in a close vicinity to protons in the hydrated shells of intercalated cations are excited, 

while in the single-pulse 29Si MAS experiment all Si-atoms are excited. 

Generally, in silicates the most likely candidates for CP are protons directly bonded to Si 

OH moiety of SiOH groups, but under certain conditions (strongly adsorbed H2O to surfaces of 

platelets) also protons of immobile water may, in principle, give an effective CP enhancement of 
29Si NMR signals. 
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In montmorillonite, in the silica tetrahedral sheet, the silicon atoms are coordinated with four 

oxygen atoms (no direct Si-OH bonds), while in the alumina octahedral sheet, the aluminum 

(magnesium, iron) atoms are coordinated with six oxygen atoms, some of which may belong to OH 

groups.  

Another source of protons is interlayer water that forms a relatively immobile hydration 

shell around Na+ or Ca2+ ions in the interlayer spacing. Note that a high mobility of water molecules 

will cause a highly inefficient 1H-29Si cross polarization, which is driven by the 1H-29Si dipole-

dipole interaction substantially averaged out by the rotational motion in liquids or in aqueous 

suspensions of bentonites. 

Polymerization of waterglass and its interaction with bentonite can also be followed by 29Si 

NMR spectroscopy. Figure 36 illustrates liquid WG and different polymerization states of 

waterglass upon drying. Resonance lines of liquid WG (see figure 36a) at more negative ppm are 

assigned to dimers, tetramers and longer polymers of WG. Fully polymerized waterglass (after 

drying of a solid sample at 100 °C) is giving rise to Si (a broad resonance line at -85 ppm) Q(2) and 

silica gel Q(3) and Q(4) sites (at -100 and -110 ppm, respectively) (figures 36c and 36d). In 1H-29Si 

cross-polarization experiments with water-glass samples (figure 36d), Q(2) 29Si-OH sites (ca -85 

ppm) have larger intensities compared to these assigned to Q(3) 29Si-OH sites (at ca -100 ppm) 

(compare figures 36d and 36c) because of a more efficient polarization transfer from protons in 

OH-groups to nearby silicon sites.  

Process water contains some quantities of WG (used as a dispergent for magnetite and 

fluorapatite particles), which may interact with bentonite during the pelletization process, leading to 

a co-agglomeration of bentonite and WG on particles. Figure 36b shows changes in the 29Si MAS 

NMR spectrum of centrifuged and dried “Milis” bentonite after its co-incubation together with WG 

in an aqueous solution (1:1 weight ratio of bentonite : WG). 29Si Q(3) resonance line at -95 ppm of 

raw “Milos” bentonite (figure 36b (bottom)) is getting broader already after only one hour (figure 

36b (middle)) and more broader after one day of equilibrating in WG solution (figure 36b (top)). 

Line broadening is a result of polymerization of WG on surfaces of bentonite in a WG/bentonite 

suspension. It was found that Q(2) Si-sites are dominating species in the polymerized WG. Most 

probably, 2:1 layers of bentonite with weakly bound Na+ and Ca2+ ions catalyze the polymerization 

reaction of WG. Putatively, this is a charge-induced mechanism since bentonite layers are positively 

charged at edges and negatively charged at the surfaces, which will attract Na+ ions copolymerized 

with silica. 
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Figure 36. 71.51 MHz single-pulse 29Si MAS NMR spectra of: (a) liquid WG, (b) dry “Milos” 
bentonite (bottom) and that equilibrated with WG for 1 hour (middle) and 1 day (top), (c) dried 
solid WG, and (d) 1H-29Si CP/MAS of dried solid WG. Adapted from appended Paper III. 

 

To summarize, 29Si MAS NMR is a useful method to study a mineral composition and Fe 

content in different types of bentonites and to investigate different processes in bentonite/waterglass 

suspension. We anticipate that co-polymerization of waterglass on bentonite platelets may influence 

swelling and rheological properties of bentonite binders. 
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Conclusions 

In this work 23Na MAS NMR was validated as a successful quantitative method for studies 

of exchanging sodium in bentonites useful, in particular, for studies of ion-exchange kinetics. Na-

enriched bentonites equilibrated in a re-circulated process water at iron-oxide pelletizing plants may 

acquire properties of Ca-bentonites after already 20 minutes of the equilibration time, since > 50 % 

of sodium ions will be exchanged by calcium ions during first minutes of bentonite placed in 

contact with the process water. It was shown that all sodium activated bentonites used in this study 

exchange > 50 % of sodium in Na+/Ca2+ and ca 20 % of sodium in binary Na+/Mg2+ systems with 

the same bentonite/solution ratio and same concentrations of these ions in aqueous solutions as in 

the process water at a pelletizing plant. In total, approximately 50 % of the exchangeable sodium in 

original bentonites was exchanged after equilibrating of bentonites in the process water already 

after 20 minutes. Experimental Na+/Ca2+ exchange curves for ‘model’ Ca2+(aq) solutions and for 

process water are very similar as Ca2+ is the dominant constituent in the process water. Since 

bivalent ions (Ca2+ and Mg2+) that present in the process water readily replace Na+ ions, Na-

bentonite transforms into Ca- or Mg- bentonite, which have worse rheological, swelling and, 

therefore, binding properties. This ion-exchange process can influence the binder performance in 

the pelletizing process.   

 

Taking into account that fluorapatite is one of the components present in a blend of minerals 

processed, possible interactions between orthophosphate (the principal anionic component of 

apatites) and bentonites in aqueous suspensions are considered. It was found that sorption of 

orthophosphate on Ca-montmorillonite follows a different pattern from sorption of orthophosphate 

on aluminum oxides and kaolinite. While there is a small amount of sorption below pH 7, which 

may involve inner-sphere complexation and precipitation of AlPO4 to Al-OH edge sites on the 

montmorillonite crystals, most sorption of orthophosphate occurs at higher pH. Both macroscopic 

sorption measurements and solid-state 31P MAS NMR suggest that above pH 7 there is precipitation 

of proton depleted calcium phosphate phases. Based on both 31P chemical shifts and 31P chemical 

shift anisotropies it was concluded that the principal precipitated phased are most likely ‘brushite-

like’ phases. Very short spin-lattice T2(
31P) relaxation times (≤ 100 µs) for the 

orthophosphate/bentonite systems can possibly be explained by the presence of paramagnetic Fe in 

bentonites. Since there are insufficient concentrations of soluble Fe species in the supernatant 

solution that may give rise to the observed effects, it is likely that orthophosphate is precipitated as 

thin layers on the surfaces of montmorillonite crystals, where phosphorus may interact with Fe 
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atoms present in the crystal lattice. PO4-tetrahedra in sorbed species can be also distorted giving rise 

to a larger 31P CSA than for pure ‘apatite-like phases’.  
 

29Si MAS and 1H-29Si CP/MAS NMR experiments on bentonite samples also performed in 

this work provide information about impurities of quartz in bentonites, a level of substitution of 

aluminum by iron atoms in the structure of montmorillonite and about the degree of hydration of 

montmorillonite. 29Si NMR experiments on bentonite incubated with waterglass in aqueous 

suspensions at concentrations of sodium silicates as in the process water demonstrated that one can 

follow the process of polymerization of waterglass in solutions and also detect sodium silicates 

polymerized on surfaces of bentonites already after 1 hour of incubation. Polymerized waterglass 

sorbed on bentonite surfaces may also alter rheological, swelling and, therefore, binding properties 

of sodium-activated bentonites used in pelletization of iron-oxide ores. 
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Future plans 

Following future work can be performed based on the results already obtained in this study. 

Correlations between changes on the molecular level with rheology and other macroscopic 

properties of Na+/Ca2+ and Na+/Mg2+ exchanged bentonites can be a topic for future work. 

Additional rheological tests on ion-exchanged bentonites can be performed at R&D of a pelletizing 

plant.  

Ion exchange studies using 23Na NMR spectroscopy could be accomplished by performing 

Na+/K+ ion exchange that is known as ‘illitization process’ [7]. Potassium cations are also present in 

the process water in significant amounts. Since montmorillonite show preference for potassium 

rather than for sodium, potassium may readily replace sodium in the interlayer spacing. 

Montmorillonite, therefore, may acquire properties of another clay mineral ‘illite’ with a poor water 

swelling ability. This poorly-swelling bentonite is less suitable for the pelletizing process.  

Another interesting issue is a study of ion diffusion mechanisms in different original and 

exchanged bentonites.  

Interactions of bentonite with other additives involved in pelletizing process can be 

characterized by NMR spectroscopy, such as 13C for the floatation reagent Atrac and additive 

dolomite, and 29Si for olivine and waterglass. To extend our knowledge on the montmorillonite 

structure and coordination states of hydrated metal ions, multinuclear 1H-27Al-29Si NMR can be also 

invoked in the future studies of this important mineral.  
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