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Populärvetenskaplig sammanfattning 
 
Syftet med denna avhandling är att beskriva ytkemin hos ett manganmineral med namnet 

manganit ( -MnOOH). Ytkemin beskrivs med avseende på det rena mineralets* syra-bas 

egenskaper* och dess upplösning i sur miljö. Dessutom beskrivs hur manganit reagerar med 

kadmiumjoner och glyfosat. Glyfosat och kadmium är båda intressanta ämnen i ett 

miljöperspektiv, glyfosat eftersom det är en aktiv ingrediens i vissa växtbekämpningsmedel 

och kadmium pga att det är en giftig tungmetall som förekommer i vår miljö. 

 

Fördelningen i naturen av till expempel tungmetaller och näringsämnen påverkas av ett flertal 

processer, bland annat kan de adsorberas* på ytan av mikroskopiskt små mineralkorn. I 

vattendrag följer i sådana fall dessa kemikalier med mineralerna när de sedimenterar eller 

transporteras iväg i vattenströmmar. I naturliga vattendrag finns ofta stora mängder av dessa 

mineralpartiklar och de kan därför i stor grad påverka olika kemiska processer i vattnet. Ute i 

naturen är mineraler som innehåller aluminium, järn och mangan vanliga. Därför valde vi att 

studera ytkemin hos manganit som kan bildas i sjövatten och i jordar.  

 

För att studera manganits beteende och egenskaper användes ett flertal metoder. 

Spektroskopiska metoder ger information om ett provs sammansättning med avseende på 

mängd och struktur på molekylnivå. Mikroskopi beskriver den yttre formen hos 

manganitkristallerna och våtkemiska metoder användes för att undersöka kemiska 

förändringar i lösningarna och på ytan av manganit.  

 

I avhandlingen visas att manganitpartiklar får en negativ ytladdning vid alkaliska pH-värden. 

Ytans negativa laddning minskar då pH sjunker och vid pH 8.2 är ytan oladdad. Under detta 

pH-värde är ytan positivt laddad och under pH 6 löser manganit upp sig och omvandlas till ett 

mineral med namnet pyrolusit (β-MnO2).  

 

Vid alkaliska pH-värden adsorberar manganit gärna metalljoner men i närvaro av glyfosat 

minskar denna adsorption. Däremot ökar glyfosat metalljonadsorptionen vid neutrala pH 

värden. Adsorptionen av glyfosat ökade både vid neutrala och alkaliska pH-värden. I ett 

                                                 
* mineral ~  sten- eller lermaterial 
   syra-bas egenskaper ~ ett materials egenskaper vid olika pH 
   adsorbera ~ fastna på ytan 
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naturligt vatten med pH 6-7, skulle detta till exempel kunna betyda att manganit adsorberar 

mer metalljoner om föreningar som glyfosat finns närvarande. Tidigare undersökningar har 

visat att nedbrytningen av glyfosat blir långsammare hos adsorberade molekyler. Våra resultat 

kan därför tyda på att glyfosatmolekylerna troligen kommer att brytas ner långsammare i 

närvaro av manganit. Dessutom, om även kadmiumjoner finns närvarade, kan nedbrytningen 

minska ännu mer eftersom kadmiumjoner binder upp den del av molekylen där nedbrytningen 

börjar. Däremot kommer adsorptionen att leda till en minskad rörlighet av både glyfosat och 

kadmiumjoner i jordar som innehåller manganit.  
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Introduction 

 

The chemistry of mineral surfaces is of great importance in many different areas including 

natural processes occurring in rivers, lakes and soils. Metal ions and other compounds can 

adsorb onto mineral surfaces and, thus, the fate of these substances can be greatly influenced 

by the surface chemistry of the mineral. In water, mineral particles can settle to the bottom of 

e.g. a lake, or be transported with water currents. In soils the adsorption onto stationary 

mineral surfaces can reduce the transport of different substances and also affect the 

bioavailability and degradation of these substances. Minerals can also dissolve and thereby 

release environmental contaminants or nutrients that previously were part of their structure or 

adsorbed onto the mineral surface.1,2,3  

 

The scavenging of metal ions and other substances by mineral surfaces can proceed by 

surface complexation, surface precipitation, and formation of solid solutions. In surface 

complexation processes, adsorbents can form bonds to specific sites on the surface or be 

electrostatically attracted to the surface. Surface precipitation can be preceded by formation of 

surface complexes, and as the coverage of adsorbents is increased, the species at the particle 

surface polymerise to form a surface coating. The formation of solid solutions involves an 

exchange or insertion of substances into the crystal lattice of a mineral, thereby altering the 

composition of the solid.2,4  

 

The dissolution of minerals also affects the content and distribution of different compounds in 

water solutions. This process can be beneficial if the dissolved ions are nutrients but harmful 

if they are environmentally hazardous substances. Many minerals dissolve through redox 

processes, such as the reductive dissolution of iron and manganese (hydr)oxides by the 

degradation of organic material.5,6,7  

 

Fe, Al and Mn are abundant elements in the Earth’s crust and readily form (hydr)oxide 

minerals. Consequently, minerals such as iron(II, III), manganese(II, III, IV) and 

aluminium(III) (hydr)oxides form one important group in all of the processes mentioned 

above1. Although manganese is the least abundant of these three, it is reported to be the most 

mobile in some areas of the world8. This mobility leads to relatively high concentrations of 
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Mn(II) in surface waters9. The oxidation of Mn(II) and the formation of different 

manganese(hydr)oxides can effect the distribution of other substances. For example, in 

ferromanganese nodules, some heavy metals are enriched within the manganese fraction of 

the nodule instead of the iron fraction, indicating that these metals have a stronger affinity for 

manganese (hydr)oxides8. Thus, knowledge of the chemistry of manganese (hydr)oxides is 

essential to an understanding of different processes occurring in the environment.  

 

Manganese (hydr)oxides are a large and heterogeneous group of minerals with manganese 

oxidation states ranging from +II to +IV under natural conditions8. The oxidation state 

depends on the ambient conditions, and the chemical characteristics of the different 

manganese valences are reflected in the chemistry of the manganese (hydr)oxides. The ability 

to change oxidation state gives manganese (hydr)oxides the possibility to interact with other 

redox sensitive substances and participate in processes such as degradation of organic 

material6,7.  

 

The most stable of the trivalent manganese hydroxides, manganite (γ-MnOOH), is also a 

naturally occurring mineral8. Due to its composition, it can function both as an oxidising and a 

reducing agent, making it an interesting mineral in geochemical processes.  

 

 

Aim of the Thesis 

 

The objective of this thesis was to investigate the surface characteristics and reactivity of 

synthetically prepared manganite with respect to acid-base properties and metal/ligand 

adsorption reactions. Glyphosate (N-(phosphonomethyl)glycine) and cadmium(II) were 

chosen as model substances to investigate the reactivity of the manganite surface with small 

organic ligands and heavy metals, respectively. The two model substances are interesting 

from an environmental perspective and, furthermore, the molecular structure of glyphosate 

allows for the study of surface and metal ion interactions of different functional groups within 

the same molecule.  
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The experimental strategy employed here was to combine a range of different techniques to 

obtain a more complete understanding of the system studied. Various spectroscopic methods 

were used, together with x-ray diffraction, microscopy techniques, potentiometry, 

electrophoresis measurements, and batch adsorption experiments. From these techniques, 

information about the molecular structure of adsorbates, morphological structure of the 

mineral particles, and quantitative thermodynamic data were acquired and used to describe the 

chemical processes at the water-manganite interface. 

 

 

Manganese - General Chemistry  

 

Manganese is a 3d transition metal with an electronic configuration of [Ar] 3d5 4s2. In nature 

the oxidation states of (II), (III) and (IV) predominate10,11, but Mn can display any oxidation 

state from -III to +VII10. Mn shows typical behaviour of the 3d transition metals10, which is 

partly explained by the crystal field theory, with splitting of the d orbitals to form non-

generate energy levels10. The high spin species of Mn(IV) and Mn(II) predominate in nature 

and have electron configurations (d3 and d5 respectively) that give Mn(IV) but not Mn(II) a 

large stabilisation energy. Mn(III) generally displays Jahn-Teller distorted octahedra with two 

long apical distances and four short axial distances due to its d4 valence electron 

configuration10.  

 

Mn(II) is the most stable oxidation state of manganese in solution and it can form a number of 

different metal complexes with ligands12. Mn(III) ions hydrolyse readily according to 

(eq. 1-2)13 and are thermodynamically unstable in aqueous solutions (eq. 3)10, unless 

stabilised by a strong complexing ligand10 such as pyrophosphate14, EDTA or citrate15. 

Mn(III) can also be stabilised in the form of trivalent hydroxides at higher pH. Mn(IV) mainly 

occurs in the form of solid manganese oxides11.  

 

Mn3+ + H2O  MnOH2+ + H+   log K = 0.4  (1) 

Mn3+ + 2H2O  Mn(OH)2
+ + 2H+  log β =  0.1  (2) 
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2Mn3+ + 2H2O  Mn2+ + MnO2(s) + 4H+  log K = 9.5  (3) 

 

The thermodynamic stability of the different manganese (hydr)oxides is determined by 

oxygen partial pressure, redox conditions (pe), pH and temperature. Figure 1a shows the 

distribution of predominant oxidation states and compositions with pH and redox 

conditions1,11 and Figure 1b shows the disproportionation of manganite at low pH.  
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Figure 1. a) pe – pH diagram for the Mn-H2O-CO2 system at 25 °C. Mntot = 10-5 M, Ctot = 10-3 M, the 

dashed line represents the equilibrium: H2O �  ½ O2 + 2H+ + 2e-
 (modified from Stumm and Morgan1). 

b) Distribution of Mn species with pH showing the disproportionation of manganite forming β-MnO2 
and Mn2+ at low pH 11 (paper 3).  

 

The oxidation of Mn(II) is complex and the final product is dependent on the prevailing 

conditions during the oxidation process. Extensive efforts have been made to describe the 

oxidation from Mn(II) to Mn(IV) 16,17,18,19,20. These studies show that under most laboratory 

conditions, manganese does not form Mn(IV), but more often the end product is one of the 

Mn(III) hydroxide polymorphs11,21,22. In lake water, a mixture of hausmannite (Mn3O4) and 

feitknechite (β-MnOOH) has been reported to precipitate, which with time transforms into 

manganite 20,21,16,19,22. This indicates that also in natural waters the oxidation of Mn(II) forms 

MnOOH instead of MnO2. However, at low manganese concentrations and in the presence of 

bacteria, amorphous Mn(IV) oxides have also been reported to form30,18,23.  
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The Mn(II) oxidation process is also affected by different ligands. In the presence of weak 

complexing ligands, such as nitrate or chloride, a mixture of hausmannite and feitknechite has 

been shown to form with pyrochroite (Mn(OH)2) as a precursor, but if sulphate was present, 

the precipitate consisted of manganite16. To explain this phenomena, it was suggested that the 

ion pair MnSO4
0 inhibits the formation of hexagonal Mn(OH)6 plates and, in this manner, 

prevents β-MnOOH from being formed16. In contrast, oxalate has not been shown to influence 

the solid phase speciation, although it slows down the oxidation process due to the strong 

complex formation22. High concentrations of oxalate were also shown to decrease the 

transformation of hausmannite and feitknechite into manganite22.  

 

 

Manganese - Geochemistry 

 

One of  the reasons for the environmental interest in manganese (hydr)oxides is that they act 

as scavengers for heavy metals and other substances in natural waters and soils1,8,24,25. 

Furthermore, Mn can form oxide coatings on other minerals and bacteria and in this manner 

form reactive surfaces24. It has been reported that heavy metals, such as Cd or Co, have a 

higher affinity for manganese oxides compared to iron- and aluminium oxides26,27,28. Also, 

accumulated amounts of heavy metals have been reported in ferromanganese nodules, where 

some metals in particular, Ni, Co, Pb and Mo, seem to be concentrated within the manganese 

fraction of the nodules8. These findings emphasise the importance of studies of metal 

adsorption onto the different types of manganese (hydr)oxides.  

 

Manganese occurs mainly in sedimentary-, metamorphic- and igneous rock, but Mn is also 

present in the form of colloidal manganese oxides in most soils and waters. The average rock 

contains about 0.1 % manganese which makes manganese the tenth most abundant element in 

the Earth’s crust24,25. Although it is less abundant than both iron and aluminium (1/50 and 

1/25 respectively), it is the most mobile of the three8. The mobility can partly be explained by 

the higher solubility of the Mn (hydr)oxides compared to Al or Fe (hydr)oxides under ambient 

conditions10, but also by the slower oxidation rate for Mn(II) compared to Fe(II)1,8. This 

mobility is highest in sub-arctic and temperate soils, which have high organic content and 

acidity8. In these regions, Mn leaches from the soil and is transported in dissolved forms or as 
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small colloids in lakes and rivers9. Tropical or arid soils are generally more alkaline and have 

a lower relative content of organic material. Thus, in these regions, Mn(II) oxidises within the 

soil or forms immobile coatings on rock surfaces on top of the soil, which results in low 

mobility of Mn8. 

 

Apart from weathering of Mn containing rock, Mn also originates from anthropogenic or 

biogenic sources, although to a much smaller extent. The metal industry and combustion of 

fossil fuel are the main anthropogenic sources25, while the biogenic sources are mainly 

decomposed plants and animals8,25. The manganese content in plants is due to its catalytic 

position in photo system II where it oxidises water to form oxygen during the 

photosynthesis29. For animals, manganese is an essential nutrient25 since it forms reactive sites 

in different enzymes29, e.g. in superoxide dismutas that react with oxygen radicals in the 

body1.  

 

Manganese - Geochemical Cycle  

In the geochemical cycle of manganese, dissolved Mn(II) is produced mainly from weathering 

of metamorphic and igneous rock24,25. Mn(II) ions are transported in water where they form 

complexes with different ligands, adsorb onto particle surfaces, or become oxidised to 

different manganese oxides or hydroxides8,25 (Figure 2). The oxidation process can be 

autocatalytic, but most commonly the oxidation of manganese is mediated by different 

microbes8,25,30. When the particles grow in water they eventually settle to the bottom of the 

lake and become part of the sediments. However, if the redox conditions are altered, e.g. in 

the presence of a redoxcline, the manganese particles are reduced back into Mn(II) ions. 

These ions will diffuse along the redox gradient until they reach oxidising conditions where 

they will be reoxidised and form (hydr)oxide particles8. This cycling around the redox 

boundary leads to an enrichment of Mn at specific depths, which can be detected in natural 

lakes25. The redox boundary is usually found close to or within the sediments in shallow lakes 

while, in deeper stratified lakes or lakes with high concentration of organic matter, it is 

present within the water column25. In rivers, where the water is well oxygenated and 

constantly moving, these redox boundaries are rare and the manganese is mainly present in 

the form of colloidal (hydr)oxide particles, although, dissolved Mn(II)† can also be present 

depending on season9,31. In the Kalix river in northern Sweden dissolved Mn(II) dominated 
                                                 
† filtered through 45µm filter 
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during winter and particulate Mn during summer9,31. The manganese (hydr)oxides settle to 

become part of the sediments, and with time they form metamorphic or igneous rock as a 

consequence of sediment compression, which completes the geochemical cycle for Mn. 

 
Figure 2. The fate of manganese in natural water where manganese can form aqueous complexes 

(MnL(aq)) or solid phases(MnL(s)) with different ligands, adsorb onto particulate matter (X:Mn2+), 

oxidise to form different manganese (hydr)oxides (MnOx), or be consumed by biota. The solids formed 

slowly settle and end up in the sediment.  

 

 

Manganese Oxides - Structures  

 

Manganese oxides and hydroxides are among the most common manganese containing 

minerals32. More than 30 manganese oxides are known, although not all of their structures 

have been determined24. The oxidation of Mn results in precipitation of different oxides 

depending on surrounding conditions, and often an intergrowth of two or more oxides are 

found in natural deposits24. The variety of different structures in the manganese oxides is 

illustrated in Figure 3. Most manganese minerals have a framework constructed of MnO6 

octahedra sharing corners or edges8. From these different architectures, two large groups can 
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be formed that include most of the structures i.e. tunnel and chain structures and layered 

structures (Figure 3 and Table 1)24. 

 
 

 
 

 

 

 

 
 
 

 
Figure 3. The arrangement of MnO6 octahedra in a few selected manganese oxides; a) pyrolusite,  

b) ramsdellite, c) hollandite, d) romanechite, e) birnessite (layers of MnO2 with metal ions in the 

interspace), f) lithophorite (layers of (Al,Li)(OH)2 and MnO2 alternating in the structure). In c) and d) 

counter ions and water have been omitted for clarity. 

a 

c 

b 

d 

e 
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The structure with the smallest tunnel size is found in pyrolusite (Figure 3a), which is the 

most thermodynamically stable Mn(IV) oxide under ambient conditions11. Pyrolusite has a 

rutile (TiO2) type structure with rows of MnIVO6 octahedra sharing edges and corners. 

Manganite has a similar structure.  However, the MnIIIO6 octahedra are Jahn-Teller 

distorted8,24, and half of the oxygen atoms are replaced by OH-groups38,33,34. Ramsdellite is 

isostructural with groutite (α-MnOOH), goethite (α-FeOOH) and diaspore (AlOOH) and 

displays tunnels which are slightly larger compared to pyrolusite (Figure 3b)24. An 

intergrowth between the pyrolusite and ramsdellite structures is found in the nsutite mineral, 

which has single and double chains randomly alternating in the structure, forming a mixture 

of small tunnel sizes35. Larger tunnels are found in e.g. todorokite, romanechite and the 

minerals in the hollandite group (e.g. hollandite, cryptomelane, coronadite, manjiroite) 

(Figure 3c & d). In these latter minerals, the tunnels are built from Mn octahedra with a 

mixture of Mn valences and, thus, the tunnels have cations present inside the tunnels to 

balance the charge from the manganese framework24.   

 

Lithophorite, chalcophanite and the minerals in the birnessite group are examples of 

manganese minerals that have a layered structure (Fig 3e & f). They are all constructed from 

charged layers of manganese octahedra and have different counterions in the interspace 

between the layers. Pyrochroite also has a layered structure but without cations in the 

interspace and with sheets constructed from MnII(OH)6 octahedra.  It has not been possible to 

determine the crystal structure of several of these layered minerals by the analysis of natural 

samples24.  Instead, the existing structures have been determined using synthetic analogues. 

For example, birnessite, which is present in most soils, has been structurally determined in the 

form of a synthetic potassium rich birnessite.  

 

There also exist Mn oxides that have different structures from the ones discussed above. The 

most common, hausmannite, has a spinel type structure. This structure consists of oxygen 

atoms in cubic close packed arrangement, Mn(III) in ½ of the octahedral holes, and Mn(II) in 

¼ of the tetrahedral holes. Apart from the layered pyrochroite, two Mn(II) structures are 

included in Table 1. Manganosite has a halite (NaCl) type structure. It is a mineral that can be 

found in metamorphic ore and can be produced by heating rhodochrosite. Rhodocrosite has a 

calcite (CaCO3) type structure36, and although it is not a manganese oxide, it is included here 

since it is commonly present in sediments and rearranges to form manganese (hydr)oxides11.  
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Table 1. Some manganese minerals with chemical composition and structure24,8. 
Mineral name Chemical formula Alternative name Mn valence Str 
Manganosite MnO  +II  
Pyrochroite Mn(OH)2  +II L 
Rhodocrosite MnCO3  +II  
Hausmannite Mn3O4  +II, +III  
Groutite α-MnOOH  +III T 
Feitknechite# β-MnOOH  +III L? 
Manganite γ-MnOOH  +III T 
Birnessite (Na,K,Ca)4Mn7O14 ×2.8 H2O δ-MnO2,  

7Å manganate 
+II, +III  +IV L 

Vernadite*  # MnO2 ×nH2O   L? 
Lithophorite (Al,Li)(OH)2 × MnO2   +III, +IV L 
Chalcophanite (Zn, Mn, Fe)Mn3O7 × 3H2O  +II, +IV L 
Todorokite (H2O,…)2-xMn8(O,OH)16 10Å manganate +III, +IV T 
Romanechite (Ba,Mn2+,…)3(O,OH)6Mn8O16 Psilomelane +III, +IV T 
Hollandite Ba2-xMn8O16   +III, +IV T 
Cryptomelane K2-xMn8O16 α-MnO2 +III, +IV T 
Coronadite Pb 2-xMn8O16  +III, +IV T 
Manjiroite Na 2-xMn8O16  +III, +IV T 
Nsutite Mn(O,OH)2 × H2O, 

(Mn4+
1-xMn2+

xO2-2x(OH)2x) 
γ-MnO2 +IV (+II, +III, 

+IV)35  
T 

Ramsdellite MnO2  +IV  T 
Pyrolusite β-MnO2  +IV T 
*) Synthetic δ-MnO2 analogue24. 
#) no crystal structure has been determined for this mineral. 
Str = structure, T = tunnel structure, L = layered structure, L?=layered structure is suggested in the literature 

 

Manganite (γ-MnOOH) 
 

Manganite (γ-MnOOH), is the most stable of the trivalent manganese hydroxides8 and is the 

hydroxide most likely to be present in lakes and rivers with high manganese concentrations 

and/or high sulphate concentrations22. It occurs in the form of colloidal particles in water and 

sediments.  However, due to the difficulties of sampling colloidal particles, it has been 

suggested that the presence of manganite has been overlooked in many routine samplings37. In 

sediments, manganite is commonly found as a layer between the anoxic MnCO3 phase and the 

fully oxidised pyrolusite (β-MnO2) layer8. Careful studies of the manganite and pyrolusite 

boundary show that the manganite is pseudomorphously replaced by pyrolusite during 

oxidation8,11. A similar process can be observed when manganite is heated in air and oxidises 

to pyrolusite. The only morphological change observed from this heat induced process is a 
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decrease in the unit cell length38 corresponding to the contraction of the elongated MnIIIO6 

octahedra.  

 

Proton promoted dissolution of manganite at low pH has been observed by several 

authors5,39,40. The dissolution occurs through disproportionation of Mn(III) into Mn(II) ions in 

solution and one of the solid Mn(IV) oxide polymorphs (eq. 4).  

 

2 MnOOH(s) + 2 H+  MnO2(s) + Mn2+ + 2 H2O log K~ 7.0-8.6 (4) 

 

 To our knowledge only two studies have been performed to understand this proton promoted 

dissolution11,41 and in many low pH adsorption studies onto manganite the dissolution has not 

been addressed although the adsorption experiments have been conducted in a pH region 

where dissolution is significant.  

 

Surface Structure 

The adsorption of different substances onto a mineral surface is often interpreted using the 

structure and composition of the surface. The structure of the mineral surface in aqueous 

solution is often not known in detail but a fairly good assumption is that it resembles the bulk 

structure42. Since the three dimensional framework in the bulk is lost at the surface, metal ions 

will be under-saturated with respect to bond formation2. Thus, oxygen atoms positioned at the 

metal hydroxide surface can be pictured as having fractional charges according to Pauling’s 

valence bond theory43. According to this theory, the metal ion displays a fraction of its charge 

at each coordinating atom or group.  For example, a trivalent metal ion within an octahedron 

of oxygen atoms would have a formal charge of +½ at each bond. Due to the presence of 

water, the surface of a hydroxide or oxide mineral will not be coordinatively unsaturated but 

will be covered by hydroxyl groups once immersed into a pure aqueous environment. At the 

surface this results in hydroxyl groups, displaying a charge of -½ and doubly protonated 

oxygen atoms with a charge of +½ (since OH2 is neutral). If the hydroxyl groups are 

coordinated to two metal centres instead of one (i.e. doubly coordinated) they will display a 

charge of 0 or, when protonated, +1. The net charge of the surface will be positive when the 

number of protonated groups is higher than the number of deprotonated groups, and vice 

versa. The pH at which the total positive charge is equal to the negative charge is called pHpzc 
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(pzc = point of zero charge). Thus, the change in charge at the surface can be seen as a result 

of protonation and deprotonation of hydroxyl groups. 

 

Assuming that the surface displays the same structure as the bulk, a theoretical number of 

adsorption sites can be estimated for specific planes of the crystals. The dominating planes for 

small manganite crystals have not been determined and may differ compared to larger 

crystals44.  However, since the (010) plane has been shown to be predominant in large 

manganite crystals and since it also constitutes a plane of cleavage34,45, we have assumed that 

the small manganite crystals of this work are dominated by the (010) plane.  

 

On the (010) plane, the surface will display singly coordinated oxygen (=O-3/2) or hydroxide 

groups (=OH-½) (Figure 4). In water suspensions these groups will be protonated44 to form 

=OH-½ or =OH2
+½, depending on surrounding pH (paper 2). The singly coordinated oxygen 

atoms can be assumed to be responsible for the reactivity at the (010) plane42 since the doubly 

coordinated oxygens display lower charge. The triply coordinated oxygens are positioned 

further down in the structure, and are here assumed to be less reactive than the singly 

coordinated oxygens. The (010) plane hosts 7.9 singly coordinated oxygens /nm2  

(13 µmol/m2). 

 

 

(010)  (001)  
 
 
  

Figure 4. The manganite structure34 with the (010) plane visualised by dotted lines. The plane of the 

paper is (010) in the left structure and (001) in the right structure. The arrows show singly-, doubly- 

and triply coordinated oxygen atoms at the surface. 

 

singly  
doubly 

triply 
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This density of crystallographic sites on the manganite surface was used in the work presented 

here due to the difficulties and absence of good methods for experimentally determining site 

densities. In the literature there is, to our knowledge, only one previously reported study on 

manganite site density. This was a fluoride adsorption study, which yielded 5 sites /nm2 or  

8.3 µmol sites /m2 of manganite5.  

 

Mineral Synthesis 

The manganite used in this thesis work was synthesised according to Giovanoli and 

Leuenberger46, by adding 300 cm3 of 0.2 M NH3 (Merck p.a.) to a solution of 20.4 cm3 30 % 

H2O2 (JT Baker p.a.) and 1 dm3 0.06 M MnSO4 (BDH). The mixture was rapidly heated and 

thereafter kept at a temperature of 95 °C for six hours with constant stirring. The formed 

suspension was filtered, still hot, through a G4 glass filter, washed with equal amounts (with 

respect to the initial solution) of hot deionised water, collected on watch glass and dried under 

reduced pressure in presence of P2O5 (Riedel-de Haën). The dried manganite was ground to a 

powder, the presence of crystalline phases checked using X-ray powder diffraction and the 

crystallinity with High Resolution Transmission Electron Microscopy (HRTEM) (Figure 5).  

 

 
Figure 5. Transmission electron microscopy image of part of a manganite crystal showing the inner 

crystalline structure. The scale bar in the upper left corner represents 4 nm. The width of the needle in 

this picture is ~20 nm (paper 1). 

 

4 nm 
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XRD of the synthesised manganite gives the typical d-spacings for manganite, at 3.41, 2.64, 

2.52, 2.41, 2.20, 1.78, 1.70, 1.67, 1.50, 1.44 and 1.32 Å. The synthesis usually yielded only 

pure manganite but, at a few occasions, a trace of hausmannite was found in the diffraction 

patterns. When this happened, the specific batches were discarded and not used further. The 

manganite was stored as a powder, from which suspensions with known amounts of solid 

were prepared.  Suspensions were placed in an ultrasonic bath for a few minutes where they 

were shaken from time to time to avoid over heating and to keep the particles from settling.  

The suspensions were thoroughly bubbled with Ar(g) at the time of preparation and were 

stored with Ar atmosphere in the bottles. Typically 10 g of manganite was used per dm3 

suspension. The manganite crystals seem to disperse well in suspensions, although they form 

aggregates when dried as seen in microscopy images (Figure 6). During the work of this 

thesis it was found that the potentiometric titrations were reproducible if the suspensions were 

allowed to age for a few months, which most likely is due to Oswald ripening processes i.e. 

the growth of larger crystals on the expense of smaller ones.   

 

 

 
Figure 6. Scanning electron microscopy images of dried manganite crystals. The scale bars represent 

3µm in image a and 750 nm in image b. Length of scale bar: 

  

The surface area of manganite was experimentally determined after synthesis using the BET 

N2 adsorption method47 at 70 °C. This temperature was chosen in order to prevent phase 

transformations40. It was discovered that heating manganite under a nitrogen atmosphere 

converts it into hausmannite.  However, if heated in air, then pyrolusite is formed, which 

supports the findings of e.g. Giovanoli and Leuenberger46. Since the tests did not show any 

changes in XRD patterns below 100 °C, a temperature of 70 °C was chosen as the degassing 

a) b) 
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temperature to ensure that no phase transformation occurred. The BET area varied between 30 

and 51 m2/g for the manganite synthesised in this work, and the difference in surface area 

between the batches is ascribed to the size difference between the manganite crystals46. The 

synthetic manganite is crystalline and needle-shaped with an average length of approximately 

500 nm and a width of about 20 - 40 nm (Figure 5 & 6).  

 

 

Methods 
 

In this study, chemical processes at the manganite surface were investigated using a number 

of different analysis methods. This was done in order to have a broader understanding of the 

manganite surface and reactions occurring at the manganite-water interface. Spectroscopy, 

x-ray diffraction, microscopy and wet chemical techniques were used to examine the different 

properties of the material and to interpret the chemical processes at the surface both 

quantitatively and at a molecular level. The combination of different techniques gives the 

possibility to validate data and also a better understanding of the surface processes can be 

obtained. 

 

Spectroscopy and Diffraction  

Different spectroscopic and diffraction techniques can be used to obtain molecular level 

information about a sample. The common theme in most spectroscopic methods is that 

electromagnetic radiation is used and the effect from the interaction between the 

electromagnetic radiation and the sample is recorded48. Three different types of spectroscopic 

techniques were used in this thesis, X-ray Photoelectron Spectroscopy (XPS), X-ray 

Absorption Spectroscopy (XAS) and Fourier Transform Infrared (FTIR) Spectroscopy. From 

these three techniques, quantitative and qualitative information about the composition of 

surface species, the molecular structure and coordination around a specific atom, and the 

molecular structure and identity of compounds can be obtained. Furthermore, X-ray 

diffraction (XRD) was used to identify and characterise the structure of the crystalline phases. 
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X-ray Photoelectron Spectroscopy (XPS) 

XPS is used to determine and quantify the chemical composition of a sample surface.   

 

Theory 

When X-rays strike a surface, high energy photons cause ejection of electrons from the atoms 

in the sample. By measuring the kinetic energy of the emitted electrons and knowing the 

energy of the incident beam, the electron binding energy can be calculated using eq. 5.  

 

EB = hν - EK - φ    (5) 

 

where EB is the binding energy in eV 

hν is the energy of the incoming photon 

EK is the kinetic energy in eV and 

φ is the spectrometer work function, determined in separate measurements. 

 

The binding energy for core level electrons is specific for each element and orbital. This 

makes it possible to elucidate the elemental composition of a surface from the binding 

energies obtained in XPS. In addition, the binding energy of an element is influenced by the 

chemical surroundings and oxidation state of the atom, making it possible to distinguish 

between different chemical forms of an element e.g. between protonated and deprotonated 

amine groups (Figure 7). All elements except H and He can be directly detected using XPS. 

However, this does not mean that no information about H can be obtained, since the presence 

of H will shift the binding energy of atoms bound to H (Figure 7). The quantitative estimate 

of the different surface components are given in atomic % of the surface (< ± 10 %) and the 

detection limit is approximately 0.1 atomic %49. 
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Figure 7. Nitrogen 1s spectrum of aqueous glyphosate at pH 9 showing the chemical shifts as a result 
of the protonation (paper 4). 

 

XPS spectra are created by electrons emitted from the top atomic layers of a sample, making 

it a surface sensitive technique. Electrons ejected from atoms deeper down in the sample 

collide with atoms or electrons on their way to the surface and loose some of their specific 

kinetic energy. These electrons form the background intensity in XPS spectra. The analysis 

depth (or information depth) is dependent on the kinetic energy of the measured photo-

electron together with the sample density and the type of elements present. For an electron 

with a kinetic energy around that of O 1s, the analysis depth would be roughly 4.5 nm for a 

mineral such as manganite, 3 nm for Mn metal and 6.5 nm for an organic substance such as 

glyphosate‡,50. However, since the likelihood of electrons escaping the surface falls off 

exponentially to the depth, the major part (63 %) of the signal originates from a layer about 

1/3 of the analysis depth51.  

 

                                                 
‡ Estimated as 3 × attenuation length for an electron with KE=650 eV in the material in question. Attenuation 
length calculated using NIST database50  
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Figure 8. Wide spectrum for a sample of manganite with glyphosate adsorbed at the surface. The 
arrows show the broader Auger lines from Mn and O atoms. The narrow lines represent photoelectron 
lines from the different elements present in the sample. 

 

In addition to the specific photoelectron lines in the spectra, Auger lines can be seen  

(Figure 8). These lines originate from rearrangements of electrons within the atoms. When an 

electron is ejected from a core level, a vacancy is created, which can be filled by a relaxation 

process. An electron from a higher orbital moves to fill the empty site (Figure 9), and energy 

is released either in the form of X-rays or as another ejected electron, i.e. an Auger electron. 

The Auger lines are usually broader and have a more complex substructure, compared to 

photoelectron lines. From Auger lines information about oxidation state of elements can be 

extracted.  

 

Mn 

O 
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h  

(a) 
h  

(b) 

 

 

Figure 9. Schematic drawing of an oxygen atom exposed to X-rays (h� ). (a) shows the photo-ejection 

of an electron from the O 1s orbital. (b) shows a subsequent reorganisation resulting in emission of  
X-rays or an Auger electron. The sequence of the processes is shown by the numbers 1-4. 
 

Instrument 

For this work, monochromatic Al Kα X-rays (h  = 1486.6 eV) have been used as incident 

radiation, but it is also common to use non monochromatic Mg Kα or Al Kα radiation for 

XPS analyses. The non monochromatic X-rays have a higher intensity, but can contain other 

X-ray lines apart from Kα, which can give rise to additional peaks in the spectra. 

Furthermore, a monochromatic X-ray beam gives better energy resolution. In this work, the 

monochromator used for the Al Kα X-rays consists of a set of quartz crystals positioned to 

reflect the beam so that only a specific wavelength of the beam reaches the sample surface. 

 

If the surface is not electrically conductive, it will build up a positive charge as a consequence 

of the ejection of electrons. This charge will influence the electrons leaving the surface and to 

prevent this, charge neutralising equipment is used.  In this work, one of the most common 

techniques for charge neutralisation was used, which is to flood the surface with low energy 

electrons (< 20 eV). Despite this treatment, there are differences in charging between samples, 

and to be able to compare data, the binding energy scale has to be calibrated. Most surfaces 

analysed with XPS display an amount of hydrocarbons due to surface contamination. This 

adventitious carbon can be used as an internal standard, and the difference in measured EB for 

the aliphatic carbon component and the literature value (285.0 eV) is used to shift all the 

3 

2 

4 4 
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spectra to obtain a more accurate scale. This approach assumes that the surface contamination 

exhibits the same charging behaviour as the rest of the sample and that it does not interact 

with sample surface. This is not always the case and suggestions to deposit a small gold dot 

on the surface, or to use a well characterised component from the sample matrix as internal 

standard have been made51,52. The first suggestion requires a gold evaporator and careful 

control of the thickness of the gold since different thickness of gold films have been proven to 

influence the BE for the Au lines. The second of these suggestions requires that the reference 

component always has the same BE independent of the surrounding conditions in the sample. 

In this thesis, the approach with the adventitious carbon has been used. The absence of 

interactions between the aliphatic carbon and the manganite cannot be guaranteed, but should 

be more or less identical in all samples. Thus, this internal calibration enables comparisons to 

be made between samples. Furthermore, the low concentration of carbon at the surface 

indicates that the manganite does not have a strong affinity for hydrocarbons.   

 

XPS measurements take place under ultra-high vacuum conditions, i.e. at pressures below  

10-8 Torr. There are several reasons for this; one is to prevent the electrons leaving the sample 

surface from colliding with gaseous atoms and molecules. These collisions would result in 

loss of the specific kinetic energy of the electrons and, thus, loss of signal intensity. Another 

reason is that the high vacuum keeps the sample and the analyzer (f-i in Figure 10) clean from 

surface contaminations. Unfortunately, the vacuum conditions result in “disappearence”  of 

volatile substances at room temperature. However, this disadvantage can often be overcome 

by freezing the samples using N2(l) in order to reduce the evaporation process.  
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Figure 10. Schematic picture of the pathway of the electrons leaving the sample in XPS 
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b) Magnetic lens 
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In this work, the kinetic energy of the electrons is detected in a concentric hemispherical 

analyser (Figure 10h). The analyser consists of two hemispheres, one positive and one 

negative, concentrically located on an insulating pedestal. On one end there is an entrance slit 

and a retarding grid, and on the other there is an exit slit and an electron multiplier. By 

changing the potential between the two hemispheres, a path between them is created which 

only allows electrons with a specific kinetic energy (EK) to reach the electron multiplier, 

while electrons with different EK will collide with surfaces on either side of the path. The 

energy an electron must have in order to pass through the analyser is called the pass energy, 

and this energy is proportional to the voltage difference between the two hemispheres. The 

number of electrons passing through the path is, thus, decided by the pass energy. Using a low 

pass energy, e.g. 20 eV, results in lower intensity of the output signal but better spectral 

resolution. The retarding grid serves to maintain constant analyser energy, by accelerating 
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electrons in the beginning of a scan, when the electrons have low energy, and decelerating 

electrons in the end of the scan. 

 

The electron multiplier consists (for the work presented here) of a set of 8 channeltrons 

(channel electron multipliers). The channeltrons are constructed of glass tubes coated on the 

inside with a resistive material that has a high secondary emission coefficient. Thus, an 

electron entering a tube generates many more electrons when colliding with the tube walls. 

The secondary electrons produced continue to multiply in a cascade manner, and at the end of 

the channeltron the resulting electrical current is measured and fed to software where it is 

displayed as intensity in a spectrum.   

 

To control the analysis area, different apertures (e in Figure 10) are used. For the work 

presented here, a slot was employed that gives an analysis area of 0.3 × 0.7 mm. The energy 

resolution for the spectra is estimated from the width of the Ag 3d5/2 line measured on a Ag 

standard sample. At 20 eV pass energy and with the above slot, this line had a FWHM (full 

width at half maximum) of 0.63 eV for the instrument used in this study.   

 

For more information about the XPS technique, the reader is suggested to consult reviews by 

Hochella51 Paterson & Swaffield53 and Ratner & Castner49. 

 

Experimental procedure 

For the XPS analyses, a relatively thin layer of the wet paste, or a small drop of solution, was 

applied onto a sample holder and directly placed on the pre-cooled stage (-170 °C) in the 

sample introduction chamber of the spectrometer. The samples visibly froze within 

approximately 5 - 10 seconds and, subsequently, the pressure in the sample compartment was 

reduced (while maintaining the sample at approximately -170 °C). When required pressure 

was obtained (~5 × 10-7 Torr), the sample was introduced into the analysis chamber, placed 

onto the pre-cooled stage and the measurements started. The temperature of the sample 

manipulator was kept at approximately -155 °C or below throughout the entire measurement. 

This treatment maintained water in the sample and kept the pressure in the analysis chamber 

below 10-8 Torr. Next, the frozen paste was left overnight inside the spectrometer, with the 

main valve open (to increase pumping capacity) and high voltage switches off (for safety).  

After reaching room temperature, the sample was remeasured the following day in the exact 

same spot (Figure 11). 
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Figure 11. O 1s XPS spectra of a) frozen manganite paste and b) room temperature paste the 
subsequent day, showing that water is maintained at the interface in the frozen samples (paper 1). 
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Figure 12. Spectrum showing the changes in N 1s with loss of water. The solid line represents 
glyphosate adsorbed onto goethite analysed as a frozen paste. The dotted line represent the same 
sample but at room temperature (paper 4). 
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This approach enables observations of changes caused by the disappearance of water (Figure 

11 & 12) and the ability to estimate the water layer thickness. Typically this water layer was 

estimated to 0.6 nm for the manganite paste. 

 

The rough estimate of the water layer thickness on manganite was made by using an equation 

for calculating the thickness of SiO2 on Si54, shown in eq. 6.  

 

Ipaste = Iwarmed sample × e-d(aq)/(λ sinθ)    (6) 

 

Ipaste is the intensity of the Mn 2p peaks in the frozen paste, Iwarmed sample is the intensity of the 

same peaks when the water layer is removed, d(aq) is the thickness of the water layer, λ is the 

attenuation length of Mn 2p electrons in water and θ the take-off angle (θ = 90 and, 

consequently, sin θ =1). The attenuation length, λ, was calculated using the NIST standard 

database50. However, this thickness is only a rough approximation since eq. 6 assumes a flat 

surface, but the samples used in this thesis are in the form of powders.  

 

In XPS analyses of frozen droplets of solution, a large concentration effect was observed in 

relation to the actual concentration of the solution. In an aqueous solution containing 1 mM 

glyphosate, NaOH (for pH adjustment) and H2O, the ratio between the area of the water peak 

(~55 M) and the components of the glyphosate molecule (1 mM) should be very large 

(55/0.001=55000). However, XPS spectra displayed a much lower ratio between water and 

glyphosate suggesting that the glyphosate was concentrated through the freezing procedure 

and/or analysis procedure. A third option could be that the solution-air interface displays a 

different composition than the bulk of the droplet.  

 

The concentration effect might arise through the evaporation of water from the frozen sample 

droplet. This would leave a higher percentage of glyphosate at the surface than originally was 

present. XPS spectra supported this hypothesis. It was observed that an increase in the 

analysis time decreased the O/N ratio, which indicates that water molecules leave the sample 

in the vacuum even at these low temperatures (-155 °C). This evaporation could also be 

detected as a slight increase of pressure in the analysis chamber from ~5×10-10 to  

~5× 10-9 Torr.  
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In spectra of frozen pastes, a contribution from the small amounts of remaining bulk solution 

in the paste is possible. This has been observed for the ionic medium and raises the question if 

non-adsorbed ligands in solution can contribute to the XPS spectra. The problem with NaCl 

originating from the solution can be quite easily removed by subtracting e.g. the Na+ 

concentration by the Cl- concentration, if Na+ is in excess in the sample and Cl- does not 

interact with the surface this would give the excess of Na+ at the surface. However, since the 

concentration of adsorbing ligands is much lower than the concentration of ionic media, 

(usually 100 mM ionic medium compared to < 5 mM ligand), the contribution in spectra from 

non-adsorbed ligands should be much smaller smaller.  

 

In paper 4, the concentration of protonated and deprotonated glyphosate was investigated as a 

function of pH using XPS. It was observed that at higher surface loadings the concentration of 

protonated glyphosate at the manganite surface increased, while the concentration of 

deprotonated glyphosate stayed at the same level (Figure 13). This was suggested to be an 

effect from surface saturation with respect to the deprotonated species, similar to previous 

observations of glyphosate adsorption onto goethite at neutral pH values94 (paper 4). 

However, this increase could also be due to an increased amount of protonated glyphosate in 

the solution that contributed to the XPS spectra.  
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Figure 13. Atomic ratio of N 1s components in glyphosate adsorbed to manganite. The amount of 

protonated ( � ) and deprotonated ( � ) amine at the surface of: manganite with 14.6 µmol glyphosate 

(empty symbols), 9.8 µmol glyphosate (shaded symbols) and 2.4 µmol glyphosate (filled symbols) 
added per m2 of manganite (paper 4). 
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To check this, closer examinations were made of the glyphosate-MnOOH system. Throughout 

the pH range, the XPS spectra indicated the presence of both protonated and deprotonated 

amine groups (Figure 13). This could also be observed in FTIR spectra (in the form of two 

types of vibrations for the carboxylic group and the amine group). Since the contribution of 

solutes in FTIR can be removed, these infrared data represent only the glyphosate adsorbed 

onto the manganite surface. The difference in the concentration of protonated amine groups 

observed in the XPS spectra should also be seen by subtracting infared spectra of different 

surface loadings of glyphosate at the same pH (Figure 14). If the intensity due to protonated 

glyphosate is greater in one spectrum, then this would give rise to a subtraction spectrum 

identical to the spectrum of the protonated glyphosate (Figure 14c). However, no difference 

was found in the regions for the two carboxylate-amine vibrations (~1600 & ~1400 cm-1). 

Thus, the increase in protonated amine detected in the XPS spectra can also be explained by a 

contribution from remaining solution in the paste. This solution effect is increased since 

solutes are concentrated by the vacuum (as described above).  

 

 

   

1700 1600 1500   1400   1300   1200 
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Figure 14. Difference between FTIR spectra of different surface loadings of glyphosate onto 
manganite at pH 6.4. Vibrations indicating the protonation of the glyphosate should be observed 

around 1600 cm-1 and 1400 cm-1. Spectrum (a) represents 14.6 µmoles glyphosate/m2 manganite, 

spectrum (b) 9.8 µmoles glyphosate/m2 manganite and (c) the difference between spectra a and b. 

 

The contribution from solution should increase in importance as the concentration of free 

ligand is increased in solution. In paper 6, the Cd(II)-glyphosate-manganite system was 

a) 

b) 

c) 
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studied using XPS. The concentration of free protonated glyphosate was 0.5 mM in these 

experiments, but no contribution from the solution could be detected in XPS spectra. For the 

pure glyphosate-manganite system, the concentrations of free ligand were similar to this for 

the lowest surface loading reported in paper 4 but increased to 1.5 mM for the higher surface 

loading. In these latter spectra, the contribution from solution was seen, which indicates that 

samples should be prepared so that the concentration of free ligand in solution is � 0.5 mM.  

 

Despite the above mentioned problems, the low temperature XPS method can be used 

successfully when using mineral systems with low concentration of ligand in solution. This is 

clear from data for the Cd-glyphosate-manganite system presented in paper 6. By comparing 

solution data with XPS data of the adsorbing species, it can be seen that these two methods 

are in good agreement (Figure 42). 

 

 

X-ray Absorption Spectroscopy  

Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy and X-ray Absorption 

Near Edge Structure (XANES) spectroscopy can be used to characterise the local chemical 

structure and geometry of a compound. A great advantage with these techniques over XRD 

(described below) is that they can be used to determine the local structure in non crystalline 

samples, as was done for the different Cd-glyphosate complexes in papers 5 and 6. XANES is 

sensitive to changes in oxidation state of atoms and coordination geometry around the atom, 

but this method has not been used in this thesis.  

 

In both XANES and EXAFS, information about local structure is obtained from the fine 

structure at the high energy side of the so called absorption edge. When atoms are irradiated 

by high energy x-ray photons, electrons are ejected out of the inner orbitals. If a range of x-

ray energies are scanned and the absorbance plotted vs. energy, this ejection is seen as an 

absorption edge at the binding energy of the electron (Figure 15). On the high energy side of 

the edge, an oscillating fine structure can be seen in the absorption curve. This fine structure, 

extending from ~50 eV up to as much as ~1000 eV, is used in EXAFS. It is a result of 

interactions between the ejected electron wave and atoms present around the absorbing atom. 

By analyzing the oscillations in the spectrum, the local structure around the absorbing atom 

can be determined in the form of number of coordinating atoms around the absorber and 
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distances (up to ~5 Å) between the absorbing atom and its neighbours. XANES, on the other 

hand, uses the first region around the absorption edge, i.e. from < 10 eV below the absorption 

edge to ~50 eV after the edge55.  

 

 
 

Figure 15. Graph showing the absorption edge and the regions used in XANES and EXAFS 
spectroscopies (modified from Brown et al.55). 

 

Since the fine structure in XANES and EXAFS is fairly weak, intense x-ray radiation is 

needed to obtain a good signal-to-noise ratio and, thus, synchrotron radiation is used. 

Synchrotron radiation is emitted by electrons (or positrons) that travel close to the speed of 

light in a curved pathway. It has a high degree of collimation and is very intense over a broad 

and continuous energy range. Synchrotron x-rays are monochromated and the intensity of the 

beam is measured before and after passage through a sample, which enables the amount of 

absorption to be determined.  
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Figure 16. EXAFS data after different steps of the data treatment process. a) Absorption edge fitted 
with a spline, b) normalisation of step height, c) isolated EXAFS oscillations, d) data in r-space 
(modified from Brown et al.55). 
 

The data treatment in EXAFS starts by extracting the weak EXAFS oscillations, which only 

represent a few percentage of the total absorption. It is done by fitting the absorption edge 

with a spline and normalising the intensity of the step height (Figure 16). This isolates the fine 

structure oscillations at the high energy side of the edge. The pure oscillations can be seen as 

a sum of several sinusoidal signals, and to make the data more illustrative the signals are often 

Fourier transformed into r-space. This transformation results in a graph (radial distribution 

function), and the peaks in this graph represent the different atomic shells surrounding the 

absorbing atom (Figure 16d). The approximate distance from an atomic shell to the absorbing 

atom is shown on the x-axis and the height of the peak represents the number of absorbing 

atoms in that shell. When this graph is constructed, corrections for phase shift are not done 

and this results in a slight error in the distances showed on the x-axis of the graph. The data 

are analysed by curve fitting procedures and information about average coordination number  

(± 0.2 - 0.5 atoms), distance to the absorbing atom (± 0.01 Å), and internal structural disorder 

(Debye-Waller factor) is obtained55. In this fitting procedure the phase shift is taken into 

account and, thus, the fitting gives a correct determination of the distances. Theoretical 

a) 

b) 

c) 

d) 
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scattering paths, calculated using the FEFF program code56, form the basis of the algorithm 

used to fit of the data. These paths are calculated for a presumed model structure, e.g. a 

fragment of a crystal structure.  

 

 Further reading about XAS can be found in the reviews by Jalilevhand57 and Brown et al.55. 

 

Infrared Spectroscopy  

Infrared (IR) light is used to study molecular vibrations and from these, deduce information 

about bonds within molecules. Different molecular vibrations absorb different wavelengths of 

light and, furthermore, the mass of the atoms participating in bonds and the strength of the 

bonds will influence the wavelength absorbed. IR spectroscopy can be used qualitatively to 

obtain a “ fingerprint”  of a substance48. Measured spectra are then compared to a library of 

previously obtained spectra and the substance identified. IR can also be used to monitor 

specific functional groups in a substance and how the structure of these groups changes as a 

consequence of different chemical environments, as was done for the glyphosate molecule in 

papers 5 and 6.  

 

For small simple molecules the molecular vibrations and resulting IR-spectra can be 

interpreted based on the molecular structure and symmetry. For more complex molecules this 

is difficult to do, instead the experimental data can be evaluated by comparing them to 

frequencies from ab initio calculations. But even without these calculations, structural 

information can be derived from the spectra. When a part of a molecule forms bonds to a 

surface or metal ion, the molecular vibrations will be affected and the changes are often 

visible in the IR spectra. By monitoring these changes, information about structure can be 

obtained. 

 

Attenuated Total Reflectance - Fourier Transformed Infrared spectroscopy (ATR-FTIR) was 

used in this thesis. The FTIR technique is applied in order to speed up the process of 

collecting spectra and to obtain a better signal to noise ratio compared to conventional IR 

spectroscopy. The ATR-cell is used since it allows spectra to be collected from strongly 

absorbing samples or compounds in a strongly absorbing matrix such as aqueous solutions 

and aqueous pastes. 

 



 

33 

 

 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

 

 

 

Figure 17. Schematic diagram over a Michelson Interferometer 
(a) = fixed mirror 
(b) = moving mirror 
(c) = beam splitting mirror 

(d) = monochromatic IR source 
(e) = sample 
(f) = detector 

 

 

The FTIR-instrument uses a device known as a Michelson Interferometer (Figure 17). The 

incident IR beam is collimated by a concave mirror and divided into two beams at the 

beamsplitter. One of these beams is reflected by a stationary mirror while the other is directed 

to a mirror moving at constant speed. Reflections from the two beams are recombined at the 

beamsplitter and the difference in path length between them will result in constructive and 

destructive interference. In this manner a sinusoidal modulation in radiation intensity is 

obtained that is passed through the sample and focused onto a detector. The detector records 

intensity as a function of mirror position and this information is subsequently mathematically 

converted, by the use of Fourier transformation, to intensity as a function of wavenumber.   
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To detector Sample 

Crystal 
 

 

Figure 18. Schematic drawing showing the function of the ATR cell used in FTIR measurements. The 
arrows represent the IR light, which is reflected several times within the diamond crystal on its way to 
the detector. 

 

The ATR cell used, in the present study, consists of a diamond crystal positioned horizontally 

in the sample compartment and the sample is applied on top of the crystal (Figure 18). The 

diamond crystal has a high refractive index, which enables IR light to be reflected at the 

interface between the crystal and the sample (as long as the sample has a lower refractive 

index). The geometry and size of the ATR crystal result in multiple reflections of the IR light 

within the crystal. At each reflection, an evanescent field penetrates a few microns into the 

sample. If the sample absorbs this evanescent wave, the intensity of the radiation is decreased 

at the absorbing wavelengths giving IR spectra similar to that of transmission measurements 

but from a path length that is only a few microns.  

 

X-ray Diffraction  

The structure and identity of crystalline samples can be determined using X-ray diffraction 

(XRD). The X-ray wavelength is of the same order of magnitude as the bond distances 

between atoms. As a result, the crystal array scatters the X-rays, and this scattering pattern is 

unique for the particular atomic arrangement in a sample. In this work, X-ray powder 

diffraction has mainly been used to check the outcome of the manganite synthesis but also to 

identify phase transformations at low pH (paper 3). Furthermore, single crystal X-ray 

diffraction was used in paper 5 to determine the crystal structure of a Cd(II)-glyphosate 

compound, (Cd9(PMG)6(H2O)12 × 6 H2O, colour Figure on p 68).  

 

The diffraction by crystalline material can be explained by the model by Bragg. In this model 

the crystal structure is pictured as consisting of planes that reflect X-rays. The diffraction is 

dependent on the angle of incidence of the X-rays and the distance between planes in the 

crystal according to eq. 7. 

IR light 
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2 d sinθ =n λ  Bragg’s law   (7) 

 

where d is the distance between imaginary planes within the crystal,  

θ the angle of the incident radiation,  
�
 the wavelength of the X-ray radiation and  

n the order of the reflection, commonly n is set to 1. 

 

Powder diffraction is often used to identify crystalline substances. Apart from identification of 

crystalline phases, the one-dimensional powder diffraction pattern can give additional 

information about the sample, e.g. small crystals can cause broadening of peaks, and the 

presence of amorphous material can result in very broad peaks, so called halos. Unfortunately, 

the identity of the amorphous phase can not be determined from the one dimensional 

diffraction patterns and the presence of amorphous material frequently cause diffuse features 

in the diffraction pattern.  

 

To obtain a complete range of reflections during powder diffraction analysis, the angle θ 

(theta) is altered stepwise or continuously. The sample is presented as a powder, which ideally 

will expose all possible orientations (and planes) of crystals in the sample. The obtained one 

dimensional diffraction pattern can be compared to reference patterns in databases and the 

identity of the sample determined. In some cases the crystal structure can also be derived from 

these patterns although single crystal diffraction is often preferred for structural 

determinations. 

 

In single crystal diffraction, a single crystal is synthesized and exposed to X-rays from 

different angles. The diffraction pattern is recorded in a sphere around the crystal and from 

this three dimensional pattern, the positions of different atoms within the crystal can be 

determined.  

 

Detailed descriptions of single crystal diffraction can be found in the books by Giacovazzo58 

and Hammond59 and about powder diffraction in the book edited by Bish and Post60. 
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Microscopy  

Images of a sample or a sample surface can be obtained using different microscopy 

techniques. In conventional optical microscopy, the image is constructed by reflected or 

transmitted light, which the eye interprets as an image. Thus, what we see is reflected light, 

and the resolution is limited by the wavelength of light. Consequently, objects in the nm range 

cannot be imaged using visible light. However, an image of these objects can be constructed 

by using e.g. scattering of electrons. The three microscopic techniques described below are all 

used to image particles in the nanometre or sub nanometre range. In this work, Scanning 

Electron Microscopy (SEM) was used to determine morphological changes and formation of 

new phases during the dissolution of manganite (paper 3). High Resolution - Transmission 

Electron Microscopy (HR-TEM) was used to characterize the manganite crystals (Figure 5) 

for morphology and crystallinity (paper 1). Atomic Force Microscopy (AFM) was used to 

study morphological changes in dissolving manganite crystal in real-time (paper 3). 

 

In Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) the 

images are constructed from scattered or transmitted electrons. The image in SEM is obtained 

by sweeping the surface with a finely focused beam of electrons. This focusing is obtained by 

a set of magnetic lenses to form a small spot size. For the highest resolution, a special source 

of electrons (field emission source) is used, resulting in a very small spot size and, thus, better 

resolution (1 - 5 nm vs. 10 - 50 nm) 61. The scanning is obtained using electromagnetic coils 

that deflect the beam in x and y directions. The detected image is a result of backscattered and 

secondary electrons from the sample. In TEM, on the other hand, the image originates from 

electrons transmitted through the sample and, as a consequence, the inner crystal array and 

any structural defects will be visible in TEM images62.  

 

By using an energy dispersive spectrometer (EDS) the elemental composition of the sample 

can be determined from x-rays emitted from the sample. When the sample surface is subjected 

to an electron beam, x-rays with characteristic energies are emitted from the sample, and these 

x-rays are used to determine the elemental composition of the sample.  

 

In AFM, images are obtained by scanning a sharp tip over a surface and recording the 

deflection of the cantilever (in “contact mode” ). The tip is typically constructed from Si or 

Si3N4 and typically has a radius63 of 2 - 20 nm. The lower resolution limit is determined by 
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the radius of the tip and objects smaller than the tip will only show the geometry and structure 

of the tip. The software of the instrument controls the movement and the force of the tip 

against the surface. In order to obtain high resolution images, piezoelectric scanners are used, 

which give very accurate movements along the x-y axis of the surface. Height changes in the 

sample will cause deflection of the cantilever as the tip scans the surface. Consequently, 

height information can be obtained by measuring this deflection. This is done by focusing a 

laser beam on the back of the cantilever and as the cantilever moves up and down, the 

reflection of the laser beam will be altered. These changes are measured by a photodiode 

detector. Through a feedback loop the software maintains a constant deflection by increasing 

or decreasing the force of tip at the surface. Accordingly, the used force will be directly 

proportional to the height of the surface and plotting the force at the different points will 

produce a topographic image of the surface.  

 

Tapping Mode is another commonly used method of operation in AFM. In this mode the tip is 

oscillated near the cantilevers resonance frequency, and as the tip approaches the surface it 

will start to “ tap”  the surface. Height changes at the surface cause a decrease or increase in the 

amplitude of the oscillations and through a feedback loop constant amplitude of the 

oscillations is maintained. This enables the amplitude to be used as a measure for the 

topography of the surface, similar to contact mode. Tapping Mode causes less damage to the 

sample surface compared to contact mode and accordingly, it is often used for softer samples 

or samples that are easily moved out of place by the tip.  

 

SEM and AFM are two techniques that can give very similar information although the spatial 

resolution is often better with AFM. However, they both have drawbacks and thus are often 

used complementary to each other to obtain more information and for validation.  

 

An advantage with AFM is that morphological changes can be monitored in real time, but in 

SEM, a larger area can be imaged at once. Furthermore, a deeper field of view is obtained on 

rough surfaces using SEM. AFM, on the other hand, can give additional physical information 

of the surface, such as adhesion, friction, viscoelasticity and surface forces present. Also 

sometimes the height is more easily obtained from AFM than from SEM. A slope in SEM 

gives an increase of electrons but it might be difficult to say if the slope is directed upwards or 

downwards. Furthermore, in SEM, non conductive samples will build up charge at the surface 

due to the surface bombardment of electrons. This charge decreases the resolution in the 
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image and to obtain good electric conductivity, the surface is often covered with a thin carbon 

or metal film (e.g. gold or iridium) prior to the measurements.  

 

Equilibrium Analysis 

In order to describe and predict the outcome of a chemical reaction, the equilibrium constant 

for this particular reaction is important (together with knowledge of kinetic effects if such 

information is available). From thermodynamic models, knowledge about solution 

composition and concentrations at equilibrium can be obtained. Correspondingly, the exact 

composition of a solution before and after a reaction enables determination of equilibrium 

models64.  

 

Potentiometric Titrations 

The experimental setup for precise potentiometric titrations was designed and built at our 

department and is thoroughly described in the literature65,66,67. In short, it consists of a titration 

vessel immersed in a thermostated oil bath in order to maintain constant temperature 

throughout the titration. The titration vessel is purged with Ar gas, to exclude interference 

from CO2 and O2, and the addition of acid/base is accomplished  by an automated burette. The 

potential is measured using a glass electrode, a “Wilhelm” type bridge and a Ag/AgCl 

reference electrode. Solutions are stirred with a magnetic stirrer and suspensions by the use of 

a small propeller. The use of propellers avoids possible grinding of the solid material by the 

stirrer. 

 

  The potential of the cell; 

- Ag, AgCl(s) | ionic medium || equilibrium solution | glass electrode + 

 

is measured and the concentration of H+ is calculated using Nernst equation (eq. 8); 

 

[ ] jEHgEE ++= +log0      (8) 

 

where E is the potential in mV, E0 an apparatus constant determined separately, 

g=RTln10/nF=59.16 mV at 25°C and n=1, Ej is the liquid potential which occurs at the 

interface between the “Wilhelm” bridge and the equilibrium solution.  
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Batch Adsorption Experiments  

Batch experiments for equilibrium analyses were performed in test tubes, an appropriate 

amount of ligand and/or metal ions were added to the manganite suspension and pH adjusted. 

Care had to be taken not to lower the pH into the region of manganite dissolution. A 

combination electrode was used that was filled with 3 M KCl solution. This electrode was 

calibrated according to a concentration scale, obtaining -log[H+] instead of pH. A similar 

approach as in the potentiometric titrations was used for the calibration, but E0 was 

determined from the potential in two diluted H+ solutions with ionic medium. The test tubes 

were left on an end-over-end-rotator to equilibrate. Thereafter -log[H+] was measured, the 

solution and solid separated through centrifugation and filtration (0.22 µm filter), and 

analyses were performed on the solid and the solution.  

 

For adsorption and dissolution experiments, the concentration of metal ions or ligand in the 

solution was measured using Atomic Absorption Spectroscopy or scintillation counting as 

described in paper 6. The solid, in the form of wet paste, was analysed using the different 

spectroscopic and microscopic techniques, described earlier, to obtain information about 

quantities and molecular structures of the substances at the surface of the manganite.  

 

Electrophoretic Mobility Measurements 

The charge displayed at the surface of particles is important for their behaviour and 

adsorption properties. Unfortunately, the surface charge is very difficult to measure 

experimentally but it can be indirectly estimated using electrophoretic mobility techniques.  

 

In the electrophoretic mobility measurements, movement of the particles are measured and 

recalculated into a potential (zeta-potential) at the shear plane. In aqueous solutions, mineral 

surfaces are covered by water molecules. These molecules are electrostatically attracted 

towards the surface and exhibit somewhat different structural arrangement compared to the 

bulk. In-between this layer and the bulk solution, a shear plane develops. The potential at this 

plane reflects the surface charge and potential, but will usually have a smaller numeric value. 

However, the change of this potential with pH can be used to determine the iso electric point 

of a surface (pHiep), as was done for manganite in paper 2.  
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The potential at the shear plane was determined using the AcoustoSizer method developed by 

O’Brian et al.68. This method uses the electroacoustic effect to determine electrophoretic 

mobility of particles. When an alternating electric field is applied to a suspension of charged 

particles, the particles start to oscillate and thereby creating sound waves. The oscillation is 

influenced by the charge and size of the particles together with the frequency of the applied 

electric field. The sound is detected as pressure waves at the electrodes in the AcoustoSizer 

and recalculated into mobility, size and zeta potentials by the software68.  

 

The experimental setup is explained in O’Brian et al68. In short, it consists of a container 

equipped with a combination electrode for measuring pH, a probe for measuring conductivity, 

four ceramic rods for maintaining temperature, and a glass propeller. The electrodes that 

create the electric field are built into the container walls and are connected to two glass rods 

extending on either side of the container. The suspension can be titrated with acid or base to 

study changes in zeta potentials with pH.  

 

Modelling 

Different theoretical surface complexation models exist that aims to explain surface-ligand 

interactions. The most simple model for surface complexation is the constant capacitance 

model (CCM) 69 with the 1-pKa approach70,71, which also was the model used to describe the 

acid-base properties of manganite in paper 2. The CCM treats the mineral-solution interface 

as a parallel plate capacitor where the plates consist, on one side, of ionised surface groups 

and, on the other, of counter ions from the electrolyte. The capacitance between the plates is 

kept constant, and the model is valid for systems with small total charges or for systems with 

high concentrations of the electrolyte3 i.e. where the double layer is compressed. In this 

model, adsorbed ions are placed directly at the surface as inner sphere complexes (Figure 19).   

 

. 
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Figure 19, Schematic picture of a metal ion in a) inner sphere coordination and b) outer sphere 
coordination. Outer sphere complexes are usually due to electrostatic attraction between the surface 
and the adsorbate while covalent bonds between the ligand and different surface sites are formed in 
inner sphere complexes.  

 
The 1-pKa approach involves one deprotonation step at the surface according to eq. 9, where 

Me represents a metal centre at the metal hydroxide surface. 

 

MeOH2
+½    MeOH-½ + H+     (9) 

 

An advantage of the 1-pKa model is that the logarithm of the equilibrium constant can be 

directly related to experimental data since it corresponds to the pHpzc of the surface. This also 

reduces the number of adjustable parameters in the modelling. If the surface species display 

similar behaviour as corresponding aqueous groups, a second deprotonation step (resulting in 

MeO-1½) should be approximately 10 pH units from the first72. Consequently, the second 

deprotonation reaction should be of very little importance in most modelling scenarios.  

 

There also exist more complex models that allow ionic strength effects to be modelled and 

counter ions to be placed further away from the surface. These models also enable placement 

of different charges of the adsorbate (if e.g. zwitterionic molecules or large organic molecules 

are modelled) at different distances from the surface depending on expected interactions. 

However, these models introduce more parameters that have to be adjusted to fit the data. 

Thus, although the chemical description of the system might be more illustrative with a more 

complex model, the use of a simple model with few parameters is often be preferred in many 

a 

b 

surface 

water molecule 
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systems. For more reading about surface complexation models, the paper by Lützenkirchen et 

al.72 is suggested. 

 

Experimental data were evaluated using the computer codes; LAKE73 and a modified version 

of Fiteql 2.074. The modified Fiteql version correctly accounts for dilution factors on solid 

concentrations and allow up to 9 surfaces to coexist in a system (J. Lützenkirchen pers. 

comm.). The computer codes minimise the error sum of squares, U= (Hcalculated-Hexperimental)
2, 

to provide the best fit to the experimental data (H represent the total concentration of H+). 

Diagrams showing the distribution of different species were calculated and plotted using 

WinSGW75, a program package based on the SOLGASWATER algorithm76.   

 

 
 

Manganite Surface Processes 

 

The first part of the thesis work concerns the pure manganite mineral, its acid base and 

surface charge properties at circum neutral and alkaline pH together with its dissolution at 

acidic pH. The second part focuses on the surface complexation of manganite in the presence 

of glyphosate and Cd(II).  

 

Surface Charge and Acid-base Properties 

When manganite is suspended in an aqueous ionic medium, an initial pH of approximately 6 

is obtained. Since this pH is below the isoelectric point (pHiep) at pH 8.2 (see below), the 

surface is positively charged and anions will be present at the surface to balance this charge. 

In the synthesis MnSO4 is used as starting material and, consequently, sulphate is the most 

likely anion at the surface. By analysing the sulphate concentration in the suspensions an 

estimate for the positive charge, i.e. the protonation of the surface, could be made and resulted 

in 0.55 µmol H+ /m2 manganite (4 % of crystallographic site concentration).  

 

The charge of the manganite surface was investigated in paper 2 using the AcoustoSizer 

technique and is illustrated in Figure 20 in the form of zeta potentials.  
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Figure 20. Experimentally determined potentials at the shear plane of manganite at three different 

ionic strengths,  = 10 mM NaCl,  = 30 mM NaCl and � = 100 mM NaCl (paper 2). 
 
No significant ionic strength dependence could be observed in the pH range 6 - 8. In other 

words, the data at the three ionic strengths more or less overlapped within the experimental 

uncertainties (Figure 20). The pHiep was recorded at pH 8.2 ± 0.1 in 10 mM NaCl with a small 

shift to higher pH at the higher ionic strengths. In the pH range above the pHiep, more 

pronounced ionic strength dependence was indicated suggesting surface interaction with Na+ 

from the ionic medium. This was supported by XPS data (paper 1 & 2), which confirmed the 

presence of Na+ at the surface at high pH (Figure 21). 
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Figure 21. The excess of Na+ at the manganite 
surface versus pH as determined by XPS. The 
Na present as NaCl is removed through the 
Na-Cl subtraction. Na+ and Cl- concentrations 
are normalised to Mn. I = 10 mM NaCl. Error 
bars represent a 10 % error49 in atomic 
concentrations of the components (paper 1 & 
2).  

0.8

1.2

1.6

2

5 6 7 8 9 10 11

 

Figure 22. The ratio of OH/O at the manganite 
surface versus pH  as determined by XPS. 
I = 10 mM NaCl. Error bars represent a 10 % 
error49 in atomic concentrations of the 
components (paper 1).   
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Furthermore, XPS data showed a slight increase in the ratio between hydroxide (OH) and 

oxide (O) components with increasing pH (Figure 22). This was interpreted as due to the 

deprotonation of surface OH2
+½-groups forming OH-½ according to eq. 10 (paper 1).  

 

=MnOH2
+½   =MnOH-½ + H+     (10) 

 

Potentiometric titrations of manganite suspensions (paper 2) also indicate a low buffer 

capacity (� 10-5 M g-1 pH-1) at pH < 7.5 (Figure 23). Furthermore, no or very little ionic 

strength dependence was observed in accordance to the zeta-potential measurements. At 

higher pH, the buffer capacity increased with increasing ionic strength, which, again, could be 

explained as Na+ interactions with the surface. 
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Figure 23. Potentiometric titration data for manganite suspensions (10 g/l, 51 m2/g) with 100 mM NaCl 

(♦) and 30 mM NaCl (� ) ionic medium. The solid lines represent the fit to the measured data by the 
acid-base model presented in eq. 10 & 11 (paper 2). 

 

The knowledge of the above mentioned surface characteristics enabled the acid-base 

properties for the manganite to be modelled. Potentiometric data were modelled considering a 

surface complex between Na+ and the negatively charged sites on the surface. The 1-pK 

Model introduced by Bolt and van Riemsdijk70,71 was used, and the proton affinity constant 

was set equal to the pHiep obtained from the electroacoustic measurements at 10 mM NaCl. 
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This low ionic strength was chosen to avoid the slight Na+ effect seen in pHiep. The constant 

capacitance model applied contains only two adjustable parameters, the capacitance C and the 

affinity constant for the interaction between Na+ and singly coordinated oxygen atoms at the 

surface. The fit between the model and the data is shown in Figure 23 and the established 

equilibria in eq. 10 and 11, (C = 0.39 F/m2). 

 

=MnOH2
+½   =MnOH-½ + H+   log β0 (intr.) = -8.20 (10) 

=MnOH2
+½ + Na+ =MnOHNa+½ + H+   log β0 (intr.) = -9.64 (11) 

 

As expected, the Na+ complex is weak as indicated by the formation constant for 

=MnOHNa+½ from =MnOH-½ , which is: logK0 (intr.) = -1.44. The distribution of surface 

sites with pH can be seen in Figure 24. It can be noted that some 10 % of the surface site 

concentration is found as the Na+ - surface complex at pH 10 in 100 mM NaCl. This model is 

also supported by the XPS data showing a low affinity for Na+ at the surface. At pH =10 the 

Nasurface/Mn ratio is approximately 5 in 10 mM NaCl (Figure 21), which is fairly close to the 

percentage in the model (paper 2).  
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Figure 24. The distribution of surface sites at the manganite surface in 100 mM NaCl and 10 mM NaCl 
acquired from the acid-base model described in the text. The broken lines illustrate an extrapolation of 
the model (paper 2). 
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To our knowledge, only one previous publication has been made describing the acid-base 

characteristics of the manganite surface5. In that study the acid base properties were explained 

using a 2-pKa model§ with a capacitance of 1.02 ± 0.1 F/m2 in 10 mM ionic medium. The 

intrinsic protolysis constants were found to be pKa1 = 5.72 and pKa2  = 6.66, which resulted in 

pHpzc at pH 6.2. This is much lower than the pHpzc found for the manganite material used in 

this thesis.  

 

Additionally, a small number of studies exist describing the location of pHpzc/iep of the 

manganite surface (Table 2).  

 

Table 2. Reported values for pHpzc or pHiep  

 pHpzc/ iep method MnOOH origin 

Weaver et al.77 5.4 titration natural 

Shaughnessy et al.78  7.4 titration natural 

Xyla et al.5  6.2 titration synthetic 

Matocha et al.79 6.3 electrophoretic mobility synthetic  

This work, paper 2  8.2 electrophoretic mobility synthetic  

 

The previous data in Table 2 or the acid base model could not be supported by the new work 

presented in this thesis, perhaps due to surface contaminations (e.g. sulphate) and differences 

in origin of manganite material. However, the agreement between the different techniques 

used in paper 2 gives us reason to believe that pHiep is situated at pH 8.2.  

 

                                                 
§ A model assuming the deprotonation of the surface to occur in two steps with the surface groups=OH2

+,  =OH 
and =O-.  
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Dissolution at Low pH 

Below pH 6, the dissolution of manganite becomes significant (Figure 25). During the 

dissolution, manganite is proposed to disproportionate to form Mn(II) ions in solution and a 

Mn(IV) oxide in the solid phase41 according to eq. 12.  

 

2MnOOH(s) + 2H+   MnO2(s) + Mn2+ + 2H2O   (12) 
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Figure 25. The dissolution of manganite at low pH, illustrated by the aqueous concentration of Mn(II) 

after 24 h of reaction time (paper 1).  

 

In paper 1, the remaining solid after the dissolution process was examined using XPS. It was 

very difficult to distinguish Mn(IV) in spectra that contained large quantities of Mn(III). 

However, in a manganite suspension at pH 1.5 (three days reaction time), the presence of 

Mn(IV) could be detected. Mn(IV) was observed as a change in peak shape of the Mn 2p 

peak, as well as an altered ratio between the hydroxide and oxide components of the O 1s 

spectra. Comparing the XPS spectra at pH 1.5 with a mixture of MnOOH and β-MnO2 

(~50/50 % by volume), a similar change is observed in Mn 2p and O 1s spectra (Figure 26 & 

27), which supports the formation of a Mn(IV) phase in manganite suspensions at low pH.    
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Figure 26. Mn 2p XPS spectra of a) manganite, b) pyrolusite, c) 50/50 mixture manganite/pyrolusite 
and d) manganite paste at pH 1.5, showing the changes in peak shape as a consequence of MnO2 
formation (paper 1). 
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Figure 27. O 1s XPS spectra of a) dry manganite, b) pyrolusite, c) mixture 50/50 manganite/pyrolusite 
and d) manganite paste at pH 1.5, showing the altered OH/O ratio as a consequence of formation of 
MnO2 (paper 1). 

 

In paper 3, the dissolution of manganite at low pH was examined further. Using literature 

equilibrium constants11 and the WinSGW computer code75,76, the pH dependency of the 

dissolution of manganite was calculated (Figure 1b). It was found that for a suspension with 

10 g of manganite/dm3, the phase transformation should be completed below pH 4.8. 

Experiments were performed in the pH range 5.0 – 6.8 and although the 

dissolution/disproportionation proved to be a slow process, equilibrium seemed to be reached 

after one year. From solution data an equilibrium constant for eq. 12 was obtained  

(Figure 28).    

 
Figure 28. Plot of log Mn vs –log[H+] showing the alignment of experimental data to a theoretical line 
with a slope of 2. The line crosses the x-axis at 7.40, which represents the log K for eq. 12 in 100 mM 
ionic strength (paper 3). 
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The formation of pyrolusite (β-MnO2) was after nine months observed in XRD patterns of a 

sample at pH = 2.6, which suggests that eq. 12 can be written as: 

 

2 γ-MnOOH  + 2H+    β-MnO2 + Mn2+ + 2H2O log K0 = 7.61  ± 0.10 (13) 

where log K has been recalculated to zero ionic strength using the Davies equation. With 

time, this phase transformation resulted in a colour change from brown to black, and as a 

consequence, a colour gradient could be seen in the suspensions. The gradient represented the 

ratio between the brown manganite and the black pyrolusite and appeared to be relative to the 

initial amount of H+ added.  

 

The morphological changes as the crystals dissolve were investigated using AFM. In real-time 

AFM measurements, it was observed that the dissolution starts at the short edges of the 

manganite crystals (Figure 29). Over a period of 2 hours, this results in a shortening of the 

manganite crystals while their width is maintained. 

 

  

Figure 29. Real-time AFM images of dissolving manganite crystals, showing the shortening of the 
crystals while their width is maintained. The left picture shows a manganite crystal just before the 
addition of acid, and the right picture after 120 minutes of reaction time (paper 3). 

 

XRD patterns of partly dissolved manganite samples between pH 3.8 and 1.6 (reaction times 

of one week) displayed a small peak at ~4.10 Å, suggesting the presence of ramsdellite 

(MnO2) (Figure 30a & c). In SEM images of corresponding samples, needle shaped crystals 

with smaller dimensions compared to the manganite crystals (Figure 30b & d) appeared, 
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which probably represent ramsdellite. In samples at pH < 1.6, the presence of pyrolusite was 

indicated by an increasing reflection at 3.10 Å (Figure 30c & e).  
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Figure 30. XRD patterns and SEM images of samples at pH=3.8 (a & b), pH=1.6 (c, d & f) and pH=0.9  
(e). The presence of manganite is indicated with lines in all XRD patterns and seen as the larger 
needles in the SEM images. b) and d) show ramsdellite as small needles, f) shows manganese 

chloride in the form of hexagons. Scale bar: 1.20 µm in b), 600 nm in d) 1.50 µm and in f) (paper 3). 
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However, the pyrolusite could not be seen in SEM images. The only “new” phase at pH 1.6 

had a morphology similar to that of MnCl2 × 4H2O crystals (Figure 30f). This phase was 

considered to be a precipitate that fell out of solution during the drying procedure. Small 

amounts of MnCl2 were also seen in the XRD patterns (5.65 and 4.40 Å) at pH 0.9 

(Figure 30e), which supports this hypothesis. The difficulties in recognising a pyrolusite 

phase in the SEM images can suggest that the pyrolusite phase is formed through a 

rearrangement of the ramsdellite or manganite phases. This hypothesis is supported by the 

complete rearrangement into pyrolusite in the pH = 2.6 sample described above, and is in 

agreement with previous observations38,80.   

 
 

Surface Complexes with Glyphosate and Cd(II)  

At pH < pHpzc, the manganite surface displays a net positive charge. In this pH range, 

manganite has an increased possibility to attract negatively charged ligands such as oxalate5, 

ascorbic acid7, phenolic compounds81, aminocarboxylates82 and arsenate83. The research 

presented in papers 4 and 6 shows that glyphosate forms bonds to the manganite surface in 

this pH region. 

 

Manganite-Glyphosate  

N-(phosphonomethyl)glycine (PMG, H3L) with the trivial name glyphosate is one of the most 

commonly used organophosphorus herbicides in the world today due to its low toxicity to 

mammals, fast degradation, and inactivation in soils84,85,86,87. In solid phase and in solution, 

glyphosate molecules display a zwitterionic structure so that a proton is dislocated from the 

phosphonate group to the amine group88,89 (Figure 31). The presence of three donor groups; 

the carboxylate, the amine and the phosphonate group, leads to interesting complexation 

behaviour with metal ions and mineral surfaces. 
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Figure 31. Protonated glyphosate molecule showing the zwitterionic structure and the three 
deprotonation constants (I=0.1M)90. From the left the structure represents; HO3P-CH2-NH2-CH2-CO2H 
(colour version on p 68, modified from Sheals et al91).  

 

The inactivation of glyphosate in soils is mainly through adsorption onto mineral surfaces. 

Although this adsorption decreases the toxicity to plants and the mobility of the herbicide, the 

interactions can also affect the degradation of the glyphosate92,93,84. This can result in 

accumulated amounts of glyphosate in soils and perhaps also in ground waters over time. 

 

Previous studies show that the glyphosate mainly adsorbs through the phosphonate 

group84,94,95. Due to the preferred interactions between hard acids and hard bases it is not 

surprising that high affinities for Fe-94,95 and Al-minerals96 have been observed, since 

phosphonate is a relatively hard base. As a consequence of the phosphonate interactions, 

phosphate ions compete with glyphosate for binding sites in phosphate rich soils and thereby 

increase the mobility of glyphosate 84,97. 

 

Very little research has been performed concerning the adsorption of glyphosate onto 

manganese (hydr)oxides, even though they are a common component in natural soils24.  Mn2+ 

ions added to soil have been reported to increase the degradation of glyphosate, while Fe3+ 

and Al3+-ions added to soil decrease the degradation92. An explanation for this was suggested 

to be due to changes in the bioavailability of glyphosate to micro-organisms. The difference 

between these ions raises the question about possible differences in the reactivity of 

glyphosate with the surfaces of FeOOH, AlOOH and MnOOH minerals. 

 

In paper 4 and 6, the adsorption of glyphosate onto manganite was examined and compared to 

the adsorption onto goethite. It was found that glyphosate adsorbed to the manganite surface 

over the entire pH range studied (Figure 32) but that the concentration of glyphosate 

decreased at the surface with increasing pH (paper 4 & 6). The glyphosate molecule displays 

a net negative charge above pH ~2 (pKa(H3L) = 2.22) 90 and, thus, is expected to be more 

H3L 

+ 
- 

pKa1 = 2.22 pKa2 = 5.44 

pKa3 = 10.1 
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attracted to a positively charged surface. The continued adsorption at high pH to the net 

negatively charged surface could be a result of formation of covalent bonds between the 

ligand and the surface, and/or electrostatic effects due to the zwitterionic properties of the 

molecule, which remain until pH~10 (pKa(HL2-) =10.1)90.  
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Figure 32. Amount of adsorbed glyphosate on the surface of manganite. 2.4 µmol glyphosate were 
added per m2 of manganite.  Data points represent XPS N 1s spectra normalised against Mn 2p. 

 

From the infrared spectra of glyphosate at the surface of manganite (Figure 33), it can be seen 

that the carboxylate and amine groups do not form bonds to the surface since they display 

spectra similar to aqueous glyphosate complexes. Thus glyphosate is likely bonded to the 

manganite surface through the phosphonate group.  For glyphosate adsorbed onto goethite, 

the main information about the mineral – glyphosate interaction was derived from the 

phosphonate bands 94. Unfortunately, these bands overlap with strong manganite peaks. Thus, 

no direct evidence of bond formation between the phosphonate group and the surface could be 

extracted from infrared measurements. However, the structure of glyphosate at the manganite 

surface is here assumed to be similar to the structure of glyphosate at the surface of goethite. 
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Figure 33. FTIR spectra of glyphosate; a) glyphosate at the surface of manganite, (pH 7.1 and 

[PMG]tot= 9.8 µmol/m2 manganite), b) aqueous glyphosate in the form of HL2- and c) fully deprotonated 
aqueous glyphosate (L3-). The lines illustrate the presence and absence of carboxylate hydrogen 
bonded to the amine group of the glyphosate. In spectrum a) the vibrations below ~1200 cm-1 were 
excluded due to the strong overlapping manganite peaks.   

 

From XPS and FTIR measurements, the presence of both protonated and deprotonated 

glyphosate was observed at the manganite surface throughout the pH range (Figure 33 and 34) 

studied. However, compared with the goethite surface, a higher percentage of the glyphosate 

was protonated when bound to manganite, as shown in Figure 34.  
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Figure 34. XPS data showing the amount of protonated ( � ) and deprotonated ( � ) glyphosate at the 

surface of: a) manganite with 2.4 µmol glyphosate added per m2 of manganite, b) goethite with 2.3 

µmol glyphosate added per m2 of goethite (paper 4)94. 

 

Furthermore, the manganite surface did not adsorb glyphosate from the solution as efficiently 

as the goethite surface at similar surface loadings. At pH 7, only ~50 % of the glyphosate was 
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adsorbed at the surface in the manganite-glyphosate system (unpublished data) compared to 

~65 % in the goethite-glyphosate system (paper 4)94. 

 

Manganite-Glyphosate-Cadmium(II) 

In order to understand the chemistry at the mineral-water interface, it is very important to also 

have an understanding of the processes occurring in the bulk solution. All the reactions 

occurring at the interface are coupled with those in solution.  Thus, the chemistry of the 

surface species will be influenced by the chemistry in solution, and vice versa.  

 

The speciation and equilibria of different Cd(II)-glyphosate complexes in solution are 

presented in paper 5. Stability constants were determined and agree well with previous 

formation constants in other ionic media98. The equilibrium analysis showed that Cd(II) exists 

in solution in the form of 1:1 and 1:2 Cd(II)-glyphosate complexes at pH > 3.0 (Figure 35).  
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Figure 35. Distribution of Cd(II) in the glyphosate-Cd(II)-H+ system (4 mM glyphosate, 2 mM Cd(II), 
paper 5). 

 

FTIR spectra of the two dominating complexes (CdL- & CdL2
4-) show an increased separation 

between the symmetric and asymmetric carboxylate stretching vibrations of the glyphosate, 

which has been shown to indicate monodentate coordination to a metal ion99 (Figure 36). 

Furthermore, no broadening was observed in the asymmetric carboxylate peak 

(at ~1600 cm-1), which is interpreted as a lack of hydrogen bonding between the carboxylate 

and amine groups (Figure 36a). The changes in the phosphonate bands also indicate altered 

bond structure, suggesting that the phosphonate group is coordinated to the Cd(II) ion. 
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Figure 36. FTIR spectra of a) partly protonated glyphosate HL2- b) fully deprotonated glyphosate, L3- c) 
CdL- d) CdL2

4-. Showing the increased split between carboxylate stretching vibrations and the changes 
in phosphonate vibration in the Cd(II)-glyphosate complexes (paper 5). 

 

EXAFS data show that the coordination environment around the Cd(II) ion is very similar for 

the two dominating aqueous complexes (Figure 37). EXAFS data for both complexes could 

be fitted with a model including single scattering paths from Cd-O/N, Cd-C and Cd-P together 

with a multiple scattering path from Cd-C-O. In this model, the first shell consists of five 

oxygen atoms and one nitrogen atom, the second shell consists of three Cd-C and one Cd-P, 

and the third shell consists of a multiple scattering path corresponding to Cd-C-Odistal (Figure 

38). In the Cd(II):glyphosate 1:2 complex, the second shell grew in magnitude due to the 

presence of the two glyphosate molecules in the complex. Furthermore, an increased disorder 

was observed in this complex, which is most probably caused by the large number of isomers 

expected in these types of complexes100.  
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Figure. 37. Fourier transforms of EXAFS data 
for CdL- (grey) and CdL2

4- (black) complexes. 
The fit to the data is represented by the 
broken lines (paper 5). 
 

 

 

 

 

 
 
 

Figure 38. CdL- complex. (paper 5)101. (colour 

version on p 68)  

 

 

Thus, it was found that the structure of the 1:1 complex displays two chelating rings formed 

between the Cd(II) and the carboxylate, amine, and phosphonate groups in the glyphosate 

(Figure 38). The 1:2 complex had a similar chelating structure, but with two glyphosate 

molecules per Cd(II).  

 

This chelating-ring structure is the most common way in which glyphosate coordinates to 

metal ions (Cu(II)91,102, Pt(II)103, Co(III)100, Cr(III)104, La(III), Ce(III), Nd(III), Er(III)105, 

Pt(IV)106, V(IV)107, U(VI)108). However, glyphosate coordinates to some metals through a 

bidentate chelating structure where one of the functional groups in glyphosate does not 

interact with the metal. This has been described for crystallised complexes with Fe(III)109,  

Ba (II), Sr(II)110 or Na(I)111 where the amine group is uncoordinated, in alkaline solutions 

with Pt(II) where the carboxylate group is not complexed, and in acidic solutions with Pt(II) 

where the phosphonate group is free103. A third coordination mode, is where the metal ions 

form bonds only through  the phosphonate group, as for complexes with Fe(III) in solution109 

or Ca(II)112,113 in the solid phase. Eu(III)114 and Ag(I)111 display polymeric structures with 

glyphosate, where glyphosate molecules form bridges between metal ions through the 

phosphonate group on one side and the carboxylate group on the other.  

 

R / Å 

Cd-O/N 

Cd-C 
Cd-P 

Cd-C-O F
T

 m
ag

ni
tu

de
 

Odistal 

C

N

P

Cd(II) 

C

C



 

59 

In paper 6, the co-adsorption of Cd(II) and glyphosate was studied at pH 6 -10 and compared 

to adsorption in the corresponding binary systems (Cd(II)-manganite and glyphosate-

manganite). In the binary Cd(II)-manganite system, Cd(II) adsorption increases with pH, and 

an adsorption edge is found at pH 8 - 9 (Figure 39a). This agrees well with previous 

adsorption studies of metals such as, Pb(II)79, Cd(II) 115, Zn(II)116,117 and Pu(VI)78 onto 

manganite where the metal ions display an increased adsorption at neutral to alkaline pH 

values. The increased adsorption also corresponds well with the development of a net 

negative charge at the surface above the pHpzc = 8.2. 

 

In the glyphosate-manganite system, glyphosate is adsorbed throughout the pH range studied 

(as was discussed earlier), and this is shown in Figure 39a.  

 

  
 

 

Figure 39. Adsorption of glyphosate and Cd(II) on the surface of manganite as a function of pH. 

[PMG]tot and/or [Cd(II)]tot = 14.6 µmol per m2 of manganite. Note the different scales on the y-axis 
(paper 6). 

 

In the presence of glyphosate, Cd(II) adsorption was increased at pH < pHpzc (Figure 39b). 

This could be a consequence of several processes: i) an increased electrostatic attraction for 

the surface due to the presence of adsorbed negatively charged glyphosate, ii) the formation of 

ternary surface complexes and/or iii) the formation of a Cd(II) containing precipitate. In the 

region pH > pHpzc, the adsorption of Cd(II) in the ternary system was less than the adsorption 

observed in the binary system. This can be explained by the competing formation of 

negatively charged Cd(II):glyphosate complexes in solution that display a decreased affinity 

for the surface.  The presence of Cd(II) increased the adsorption of glyphosate over the entire 

pH range studied (Figure 39c), which also can be explained by the corresponding processes i) 

- iii) described above.  
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Using FTIR and XPS, the speciation of the glyphosate at the surface of manganite could be 

studied with respect to protonation and Cd(II) interactions. FTIR data have shown that both 

the formation of aqueous Cd(II)-glyphosate complexes and the protonation of glyphosate 

affect the glyphosate carboxylate frequencies. In XPS, the nitrogen spectra can indicate 

whether the amine group is protonated or not. In the binary glyphosate-manganite system, 

XPS results showed that the main part of the glyphosate was protonated throughout the pH 

range investigated (Figure 34). Thus, the complete absence of such protonation of glyphosate 

at the manganite surface indirectly suggests a Cd(II) interaction.   

 

FTIR spectra of the Cd(II)-glyphosate-manganite system at high pH have a similar 

appearance  to the spectra of aqueous CdL- complex, indicating that glyphosate is coordinated 

to Cd(II) in these surface species (Figure 40a & f). In the low pH samples, the carboxylate 

bands were broadened compared to these bands at high pH (Figure 40a & c), which was also 

observed in the spectra of the aqueous manganite-glyphosate complexes. Subtraction of the 

spectrum of  the binary glyphosate-manganite system (d) from the spectrum of the ternary 

Cd(II)-glyphosate-manganite system at a similar pH (c) reveals the presence of a glyphosate 

species coordinated to Cd(II) (Figure 40e & a). These results suggest the presence of a ternary 

Cd(II)-glyphosate-manganite complex at high pH and two coexisting complexes at low pH, 

which are believed to be a ternary Cd(II)-glyphosate-manganite and a binary glyphosate-

manganite complex.  
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Figure 41. (above) The speciation of the amine 
group obtained from XPS analyses. The filled 
triangles represent the protonated amine group 
(>NH2

+) and the empty triangles represent the 
deprotonated amine group (>NH). The atomic 
percentages for N are normalised to the atomic 
percentage of Mn (paper 6). 
 
Figure 40. (left) FTIR spectra of  
a) Cd(II)-glyphosate-manganite at pH 10,  
b) Cd(II)-glyphosate-manganite at pH 8.0,  
c) Cd(II)-glyphosate-manganite at pH 6.7,  
d) glyphosate-manganite at pH 6.5.  
e) subtraction c-d,  
f) aqueous CdL- (paper 5 & 6).  

 

An XPS study was conducted to determine the protonation of the amine group of surface 

bound glyphosate in the ternary Cd(II)-glyphosate-manganite system, and the results are 

shown in Figure 41. At high pH, XPS spectra only showed the presence of deprotonated 

amine, which indirectly indicates glyphosate coordination to Cd(II). At pH < 8 the protonated 

form is detectable in the XPS spectra. This indicates that a fraction (~30 - 40 %) of the 

glyphosate is present in the form of a protonated surface species at low pH but not at high pH. 

These results support the FTIR results discussed above.  

 

XPS and batch adsorption experiments were performed to quantify the amount of Cd(II) and 

glyphosate at the surface of the manganite. The total Cd(II) adsorbed is shown in Figure 42, 

calculated both from solution and from XPS atomic ratios at the surface. These results show 

that at pH 6.7 the ratio between Cd(II) and glyphosate adsorbed is 1:1, but with increasing pH 

this ratio increases to about 2:1. 
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Figure 42. The concentration of Cd(II) and glyphosate at the surface of manganite.  represent Cd 

concentration from XPS (normalised as Cd/Mn), × represent adsorbed Cd from solution data, 

  represent N concentrations from XPS i.e. the glyphosate concentration (normalised as N/Mn) and  
�

 represent adsorbed glyphosate from solution data. A error < 10% can exist in XPS atomic 

concentrations49. A total concentration 4.8 µmol of both glyphosate and Cd(II) was added per m2 of 
manganite, which represents 37 % of the crystallographic site density (paper 6). 

 

From batch adsorption, XPS and FTIR data, the presence of a Cd(II)-glyphosate complex was 

observed at the surface of manganite throughout the pH range studied.  An additional 

protonated glyphosate complex was detected at low pH. Considering the 1:1 Cd(II)-

glyphosate ratio at low pH and the 2:1 ratio at high pH, the presence of a third surface 

complex must be assumed. At low pH, the concentration of this third complex would be 

similar to the concentration of the protonated glyphosate complex (~30 - 40 % of the Cd(II)) 

in order to generate the 1:1 Cd(II):glyphosate ratio at the surface. 

 

To resolve this, the speciation from the perspective of Cd(II) was studied using EXAFS 

spectroscopy. EXAFS data for the surface species in the ternary Cd(II)-glyphosate-manganite 

system were compared with EXAFS data for the aqueous Cd(II)-glyphosate complexes 

described above (and in paper 5). The general appearance of these datasets was very similar 

but with a significantly decreased second shell in the surface species (Figure 43).  
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Figure 43. Fourier transforms of a) Cd(II)-glyphosate-manganite at pH 6.7, b) Cd(II)-glyphosate-
manganite at pH 8.0, c) Cd(II)-glyphosate-manganite at pH 10, and d) CdL- (aq). The broken lines are 
the results from the R-space fits. 

 

The above hypothesis of the coexistence of Cd(II) containing ternary and binary surface 

complexes implies that on average less than one glyphosate  per cadmium is available for 

coordination. This explains the decreased amplitude for the second shell compared to solution 

data. The structure of the complexes was modelled assuming six O/N in the first shell and a 

second shell with a combination of Cd-Mn back-scattering and Cd-C + Cd-P back-scattering. 

The best fit to data was obtained for a scenario where 40 % of the Cd(II) was in the form of a 

binary Cd(II)-manganite surface complex, and the remaining 60 % was in the form of a 

ternary Cd(II)-glyphosate-manganite complex in which the Cd(II) is not directly bound to the 

surface. The absence of a direct interaction between Cd(II) and the surface suggests that the 

ternary complex is of type B (surface-glyphosate-Cd(II)) rather than of type A (surface-

Cd(II)-glyphosate). Furthermore, the presence of P in the second coordination shell indicates 

that the ternary complex displays a structure similar to the aqueous Cd(II)-glyphosate 

complexes in that the two chelating rings between Cd(II) and glyphosate are intact.  This 

mode of surface coordination is also observed in Cu(II)-glyphosate-surface complexes on 

aluminium (hydr)oxides118. The EXAFS results were also in good agreement with XPS data, 

which indicated the presence of 30 - 40 % of the binary glyphosate-manganite complex. The 

absence of Cd-Cd distances rule out the possibility of surface precipitation and the Cd-Mn 
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distances obtained suggest edge sharing between Cd and Mn octahedral in the binary Cd(II)-

surface complex, similar to what has been observed in previous studies115.  

 

From the combined solution-, XPS-, FTIR- and EXAFS data, the presence of three different 

surface complexes was established. At low pH approximately 60 % of glyphosate and Cd(II) 

is present at the surface in the form of a ternary surface complex and 40 % in the form of 

binary surface complexes (Figure 44). Calculations of the solution composition showed that a 

1:1 ratio between Cd(II) and glyphosate exists both at the surface and in solution in the lower 

pH range. 

 

 
Figure 44. Possible structures for the identified surface complexes at the manganite surface (not to 
scale); a) type B Cd(II)-glyphosate-manganite ternary surface complex, b) binary Cd(II)-surface 
complex and c) binary glyphosate-surface complex (with a structure similar to the one described on 
goethite by Sheals et al94). Hydrogen atoms have been omitted for clarity (paper 6).   

 

With increasing pH the binary glyphosate-manganite complex desorbs from the surface 

(complex c in Figure 44) while the concentration of e.g. the CdL2
4- complex in solution 
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increases. Apart from electrostatic effects between the complexes in solution and the surface, 

these solution complexes successfully compete with the surface for the glyphosate, resulting 

in a Cd(II):glyphosate ratio of 2:1 at the surface and 1:2 in solution.    

 

The structure of the ternary complex can be compared to results from previous studies, e.g. 

Cu(II)-glyphosate at the surface of goethite90, gibbsite and bayerite118. In the Cu(II)-

glyphosate-goethite system, the structure of the ternary complex changed with pH. At low pH, 

a type B ternary complex was formed and at high pH it changed into to a type A ternary 

complex90. The coordination around the metal ion was similar to the aqueous 1:1 Cu(II)-

glyphosate complex in that the bonds between the amine and carboxylate group were kept 

intact at the surface of goethite. However, the chelating ring formed by bonds to the amine 

and the phosphonate opened due to the phosphonate interaction with the surface. In the 

Cu(II)-glyphosate-gibbsite and Cu(II)-glyphosate-bayerite systems, the structure of the 

ternary complex was of type B and did not change with pH. Both of the chelating rings were 

kept intact despite the phosphonate interaction with the surface118 similar to Cd(II)-glyphosate 

complexes on manganite.   

 

 

Summary 

 
By combining XPS, potentiometry and electrophoretic mobility measurements, a simple 

1-pKa acid-base model for the manganite surface was established that accounts for a weak 

Na+-surface interaction. Furthermore, this acid-base model explains the low proton buffering 

capacity of manganite at pH > 6, the net positive charge at pH < 8.2, and the net negative 

charge at pH > 8.2 (pHiep = 8.2).  

 

The dissolution of manganite at pH < 6 was studied at equilibrium (after one year) and in non-

equilibrated samples. After one year of equilibration, stable [H+] readings were obtained. 

Together with XRD data, this enabled an equilibrium constant for the manganite 

disproportion into pyrolusite (β-MnO2) and Mn(II)-ions to be established. Non-equilibrium 

microscopy measurements indicated that the dissolution initially starts at the apices of the 

crystals. Furthermore, XRD measurements indicated that ramsdellite (MnO2) can be formed 

in non-equilibrium processes, but that it rearranges into pyrolusite with time.  
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Increased Cd(II) adsorption at a net negative manganite surface (pH > 8.2) was observed in 

wet chemical adsorption studies. EXAFS revealed that this adsorbed Cd(II) formed an inner 

sphere complex by edge sharing between Mn and Cd octahedra. The adsorption of glyphosate, 

which displays an overall negative charge at pH > 2, took place over the entire pH range 

although it decreased with increasing pH. This can be explained by the strong interaction 

between the phosphonate group and the surface, in combination with the zwitterionic 

properties of the molecule. The structure of this binary complex was explained using FTIR 

and XPS data. It was described as an inner sphere complex where the phosphonate group in 

glyphosate forms bonds to the surface. This shows a preference for an interaction between the 

surface and the phosphonate group, instead of the carboxylate or amine groups. From XPS 

data it was observed that the largest fraction of the glyphosate-manganite surface complexes 

displayed a protonated amine group up to pH 10.  

 

 In the presence of both Cd(II) and glyphosate, the overall adsorption at the manganite surface 

was increased. At low pH, Cd(II) adsorption was increased in the presence of glyphosate. This 

was explained by the formation of a ternary surface complex and altered electrostatics at the 

mineral interface. At high pH, Cd(II) adsorption was decreased in the presence of glyphosate. 

This is thought to be due to electrostatic repulsion between negatively charged species in 

solution and a net negatively charged surface, as well as the formation of aqueous complexes 

in solution that compete with the surface for Cd(II) (and glyphosate). The presence of Cd(II) 

increased the concentration of surface-bound glyphosate throughout the pH range which was 

explained by formation of ternary surface complexes and altered electrostatics at the interface. 

By combining several techniques, the structure of the formed complexes was derived. XPS 

and FTIR were used to study changes in the glyphosate, and EXAFS to study the Cd(II) 

coordination environment. The data indicated the formation of a ternary type B surface-

glyphosate-Cd(II) complex throughout the pH range studied. EXAFS studies showed that the 

chelating structure between Cd(II) and glyphosate, as seen in aqueous Cd(II)-glyphosate 

complexes, was maintained at the surface. This structure involves the carboxylate, amine and 

phosphonate groups coordinating to the Cd(II)-ion. The Cd(II)-glyphosate complex was 

bound to the surface through the phosphonate group of the glyphosate molecule.  

 

This research shows the importance of understanding both the chemistry in solution and at the 

mineral surface in order to describe surface processes. Furthermore, it seems likely that not 
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only aluminium (hydr)oxides and iron (hydr)oxides, but also manganese (hydr)oxides have 

the possibility to influence glyphosate mobility and degradation.  

 

Future Research  

 
• Development of thermodynamic surface complexation models that give a more 

complete understanding of the interactions between the manganite surface, glyphosate 

and Cd(II).  

• Preliminary experiments have shown that although glyphosate inhibited Cu(II)-

hydroxide precipitation on the goethite surface, it did not do so at the manganite 

surface. The nature of this precipitate (polymerisation) would be interesting to study 

and compare with Cu(II)-glyphosate-goethite complexes. Also, can this precipitation 

be avoided under different experimental conditions?  

• Further development of the low temperature XPS measurements, with respect to 

sample pre-treatment, to avoid contributions from the solution in XPS spectra and to 

minimise evaporation. 
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Figure 31 (page 53 in the thesis). Protonated 
glyphosate molecule showing the zwitterionic 
structure. Red atoms are oxygen, blue 
nitrogen, black carbon, white hydrogen and 
pink phosphorous  
(modified from Sheals et al91).  

 
 
 
 
 
 
 

 
Figure 38 (page 58 in the thesis). CdL- 
complex. Red atoms represent oxygen, blue 
nitrogen, black carbon, pink phosphorous and 
grey cadmium(II), hydrogens have been 
omitted (also Figure 4 in paper 5). 

 
 
 

 
 
 
 
 
 
 
 

 
 
Figure 6 (in paper 5). The molecular structure 
of Cd9(PMG)6(H2O)12 × 6H2O. The coordination 
geometries of the cadmium ions and the 
phosphonate groups are represented by grey 
octahedra and pink tetrahedra, respectively. 
Hydrogens have been omitted for clarity. The 
remaining atoms were colour coded; blue for 
N, red for O and black for C.  
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