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ABSTRACT 

 

In many areas globally, groundwater serves as the sole source of drinking water in rural and 

urban communities. However, the increased industrial and agricultural activities have resulted 

in significant contamination of geoenvironment with severe effects on human life and 

ecosystems. Heavy metals, such as hexavalent chromium [Cr(VI)], and other inorganics, such as 

phosphate and nitrate, are typically among those contaminants.  

 

Approximately 170,000 tonnes of chromium are released annually to the geoenvironment as a 

result of anthropogenic activities causing contamination of surface water, groundwater and 

soils. Nitrate and phosphate are contaminants of major concern on a global scale since they 

are recognized that controls eutrophication in surface water bodies. Thus their transport and 

fate in geoenvironment must be well understood to better evaluate their environmental 

impacts. However, the occurrence of chromium in the geoenvironment can also be related to 

geogenic origin due to the occurrence of specific geological background like ultramafic rocks 

and ophiolitic complexes. Thus intensive agricultural activities combined with the presence of 

ophiolitic complexes can lead to groundwater contamination with hexavalent chromium, and 

phosphates and nitrates.  

 

The Greek geological background is highly consisted of ultramafic rocks and ophiolitic 

complexes and thus hexavalent chromium is often detected in groundwater. The aim of this 

study was to identify such an area in Greece and investigate the geochemistry of hexavalent 

chromium and simulate its adsorption efficiency on such type of soils. The selected area was 

close to Vergina town in northern Greece and exhibited such geological background. 

Agricultural activities were the only anthropogenic pressure in the area. The selection of the 

study area was based on an extensive groundwater monitoring data base created by the Greek 

Institute of Geology & Mineral Exploration. In addition, a new well was constructed in order to 

be used exclusively for research needs. Groundwater and soils sampling was performed along 

100 m depth. Soil mineralogical analysis showed that the collected samples exhibited the 

typical ultramafic origin containing “ultramafic minerals” such as chrysotile and chromite as 

well as their weathering products (vermiculite), mixed with minerals typical of a mafic 

assemblage (chlorite, quartz, albite, hematite). Physicochemical analysis of soil samples 

showed that pH increased with depth probably as a result of the more intensive presence of 

organic matter and nitrification process in the upper soil layers and due to the effect of 

weathering processes in greater depths. Elemental analysis showed that the tested soil was 

poorer in iron and aluminum, richer in silicon and about average in magnesium, compared 

with serpentine soils of other areas worldwide. However, the relative abundance of 

magnesium versus aluminum strongly indicated the relative contribution of ultramafic versus 

mafic materials in the soil sample.  

 

Regarding the presence of chromium the following results were obtained. Total chromium 

(Crtot) concentration did not exhibit a uniform trend with depth exhibiting firstly a decrease 

until the first meters, followed by a slight increase for depths down to 10.5 m and a general 

increasing trend for depths higher than 43 meters. These results are in accordance with other 
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presented in the literature mentioning that weathering processes that occur usually in the 

shallow unsaturated zone favor leaching of elements such as magnesium and accumulation of 

others like iron, aluminum and chromium while in higher depths the presence of unweathered 

serpentinitic phases is more intensive. Contrary to Crtot, Cr(VI) concentration exhibited an 

almost continuous decrease with increasing depth. Regarding the presence of chromium in 

groundwater concentrations of Crtot up to 91 μg/L and hexavalent chromium up to 64 μg/L 

detected. These values are of the highest reported globally in aquifers with similar geological 

background. Both Crtot and Cr(VI) concentrations in groundwater decreased almost linearly 

with depth. A high correlation between Cr(VI) and Crtot observed with the Cr(VI)/Crtot ratio 

being higher than 83%. In addition, the intense agricultural activities in the tested area 

resulted in high nitrate concentrations. 

 

Taking into account that the main processes that regulate the fate of hexavalent chromium 

produced by oxidation of trivalent in aquifers, are sorption and reduction the occurrence of 

these processes in the case of ophiolitic soil were investigated. In ophiolitic soils there is a 

mixture of hexavalent and trivalent chromium, both naturally occurring. Hexavalent, but not 

trivalent chromium, can be leached out of the soil and enter groundwater. As hexavalent 

chromium is leached from the soil, the remaining trivalent can slowly oxidize to hexavalent in 

order to reestablish the equilibrium of the soil. The leached hexavalent chromium can be 

adsorbed or reduced by the solid phase. As regarding reduction minerals that contain divalent 

iron like magnetite or (magnesio)chromite can act as reductants for hexavalent chromium. 

Sorption is strongly affected by the occurrence of iron (oxy-hydro)oxides, which are the most 

common sorbents for Cr(VI). In addition, iron (oxy-hydro)oxides can efficiently act as 

adsorbents and for other inorganic contaminants like phosphates and nitrates.  

 

In order to determine the processes responsible for hexavalent chromium removal from 

groundwater batch experiments were performed investigating the effect of several 

parameters like pH, mineralogy, soil’s particle size, initial concentration of hexavalent 

chromium, ionic strength of the solution and the presence of other inorganic contaminants. 

The results showed that both adsorption and reduction processes affected hexavalent 

chromium removal from the soil solution. For both processes removal decreased with 

increasing pH values but their contribution to the total removal depends on pH. Reduction was 

attributed to the presence of a magnetic fraction in the soil sample which includes magnetite 

and magnesio-chromite as primary minerals. Regarding adsorption is probably attributed to 

the presence of amorphous iron oxy-hydroxides in the soil. Adsorption was found to be semi-

reversible since only a fraction of the adsorbed amount was found to be desorbed in the soil 

solution. This is probably a result of the formation of inner sphere complexes which are 

sufficiently stable, including exclusively ionic and/or covalent bonds. However, both processes 

are surface-driven with reduction being influenced by adsorption since partitioning of 

hexavalent chromium onto the solid surface is required before reduction occurs. In addition, 

evaluation of sorption as a function of particle size showed that the finer fraction of the soil, 

which exhibited and the higher value of specific surface area, dominated the adsorption 

behavior of the soil. The effect of initial concentration of hexavalent chromium was tested for 

higher concentrations than these occur due to geogenic origin. Langmuir and Freundlich 

isotherms fitted very well the experimental data, indicating thus the simultaneous 
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heterogenity of the surface sites on the serpentinitic soils and possibly the formation of a 

monolayer for hexavalent chromium adsorption. Finally, significant effects observed due to the 

alteration of ionic strength. Adsorption efficiency was decreased with increasing ionic strength 

value suggesting thus the formation of outer sphere complexes for the adsorption of 

hexavalent chromium.  

 

In addition, the adsorption capacity of the ophiolitic soil was tested for the inorganic 

contaminants phosphates and nitrates that are commonly observed in areas with intense 

agricultural activities and any possible competitive effects between them and hexavalent 

chromium. The ophiolitic soil exhibited high adsorption capacity for phosphates with the 

adsorption process being affected by the pH of the solution. More specifically, the increase of 

pH decreases the adsorption of phosphates, almost linearly. No competitive effects on 

phosphates adsorption were observed during the presence of hexavalent chromium. On the 

other hand hexavalent chromium adsorption was strongly affected by the presence of 

phosphate in the solution. This is probably due to the formation of exclusively inner sphere 

complexes between phosphate and the ophiolitic surface, creating competition with 

chromates which also form inner sphere complexes. Regarding nitrates their adsorption on the 

ophiolitic soil was very low up and almost zeroed at pH values commonly occur in aquifers. The 

effect of hexavalent chromium on nitrate adsorption was almost negligible and vice versa. This 

is probably due to different type of surface complexation of nitrates and chromate, since 

nitrate form exclusively weak outer sphere complexes contrary to chromate which form both 

inner and outer sphere complexes.  

 

The following step of this thesis was to compare the adsorption behavior of the ophiolitic soil 

with that of a pure ferric oxide. The selected ferric oxide was goethite since it is considered as 

the most abundant iron oxide in the geoenvironment and the most common oxide in ophiolitic 

soils. Goethite was tested for its adsorption capacity for hexavalent chromium, phosphate and 

nitrate. The possible competitive effects between the tested anions were also investigated. 

The experimental results showed that goethite is an efficient adsorbent for chromate and 

phosphate ions but not for nitrates. The pH increase caused decrease of the adsorption 

capacity of goethite for hexavalent chromium, phosphates and nitrate ions. For high pH values 

the goethite surface becomes negatively charged and thus repulsions of chromates and the 

inorganic anions with the surface occur. In addition, the effect of ionic strength on chromate 

adsorption was investigated as a way of revealing the type of adsorption. The increase of ionic 

strength resulted in noticeable decrease of the adsorption of hexavalent chromium, suggesting 

the formation of outer sphere complexes, which are based on weak electrostatic forces. The 

investigation of any competitive effects between chromate and phosphate for adsorption on 

goethite surface showed that phosphates adsorption is not affected by the presence of 

chromates. On the contrary, an important effect on the adsorption of chromates, was 

observed in the simultaneous presence of phosphates. This is probably attributed to the fact 

that chromates, during the presence of phosphates, are mainly adsorbed via outer sphere 

complexes since phosphate are adsorbed only via inner sphere complexation. Regarding any 

competition between chromate and nitrate the results showed that adsorption of chromates 

was decreased under the presence of nitrates. This is probably due to the significant difference 

on their concentrations. The significant higher concentration of nitrate probably creates 
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electrostatic repulsions which may affect the complexation of chromates, especially the 

formation outer sphere complexes. Regarding nitrates the already low adsorption efficiency 

was not affected by the presence of chromate in the solution.  

 

Taking into account the experimental results obtained from the batch experiments the next 

aim of this thesis was to simulate the adsorption process applying surface complexation 

models. The behavior, transport, and generally the fate of heavy metals and inorganic 

contaminants in the geoenvironment depends largely on their sorption reactions with soil 

particles and so it is of high importance to investigate such reactions. Different empirical 

approaches have been used for studying the adsorption behavior of natural soils, but several 

limitations have been observed since these approaches cannot account for changes in 

groundwater chemistry. Thus, in the last twenty years extensive studies have been performed 

using surface complexation models for describing the adsorption of heavy metals and 

inorganic contaminants with quite promising results. Surface complexation models are 

generally based on providing a thermodynamic description of the reactions between the 

surface groups and the adsorbed ions, based on charge and mass balances. However, most of 

these studies have used pure minerals and especially pure hydrous oxide solid surfaces, and 

only few studies refer to natural materials and particularly to soils like in the present study. 

Additionally, since each surface complexation model is based on different specific assumptions 

regarding the solid–solution interface, which are expressed by different surface complexation 

reactions and thus different adsorption constants the obtained values cannot be used in 

different models.  

 

In this study, three of the most common surface complexation models the triple layer model, 

the diffuse-layer model and the constant capacitance model were used for simulation. 

Databases with the corresponding surface complexation reactions were created and inserted 

in the Visual Minteq software. The application of the aforementioned models was based on 

the general composite approach for adsorption simulation. This approach considers that the 

soil composition is too complex in order to distinguish and quantify the several individual 

phases and thus it is assumed that a general type of active sites exists on the soil surface. This 

assumption creates the need for using stoichiometry and formation constants which are 

obtained by fitting experimental data. Thus the created databases with the surface 

complexation reactions can be used only by altering the adsorption constants in order to fit 

the experimental data. Among the parameters required in each model a general parameter 

required for all models in order to perform simulation is the concentration of the solid in the 

solution. Despite in the case of goethite the solid concentration used in the batch experiments 

was applied for adsorption simulation this was the scenario in the case of using ophiolitic soil. 

Taking into account that not all the minerals contained in the ophiolitic soil contribute to 

contaminants adsorption it was assumed that adsorption is mainly controlled by the presence 

of iron and maybe of the aluminum oxides. Their concentration was calculated using the mass 

balance as determined by X-Ray fluorescence and via quantitative X-Ray diffraction analysis. 

Three different scenarios taking into account the contribution of either a) iron and aluminum 

oxides, b) only iron oxides and c) only the amorphous iron oxides were used for adsorption 

simulation using each of the three aforementioned surface complexation models.  
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The application of triple layer model led to satisfactory description of the adsorption process 

for all the anions tested. The adsorption simulation was effective for any parameters tested 

like effect of pH, ionic strength and any competitive effects when assuming that adsorption is 

controlled by either the presence of iron and aluminum oxides or only by the iron oxides. 

Simulation was not effective when using the concentration of only amorphous iron oxides in 

the soil sample indicating thus that this solid phase does not correspond to the concentration 

of the solid phase that contributes to adsorption. Simulating the effect of ionic strength it was 

revealed that at low ionic strength values adsorption of chromates can be described by the 

formation of inner sphere, either monodentate or bidentate, and outer sphere complexes. 

However, the increase of ionic strength showed that adsorption chromate can be efficiently 

described only by the formation of bidentate complexes. The formation of bidentate 

complexes of chromates with the soil surface can also describe the competitive effects under 

the presence of phosphates and nitrates. In addition, satisfactory simulation was achieved for 

phosphate and nitrate adsorption and their competition with chromates in the soil solution. 

Thus, Triple Layer Model can in general describe efficiently the adsorption of chromates and 

the inorganic contaminants on the ophiolitic soil. On the other hand, simulation of 

experimental data using the diffuse layer model showed that the application of this model is 

not suitable for describing the adsorption process on the ophiolitic soil. The Diffuse Layer 

Model was not capable to simulate neither the adsorption of chromates nor of the other 

inorganic contaminants. A possible explanation is the assumption of monodentate complexes 

of chromates and phosphates by applying the diffuse layer model and the absence of any 

outer sphere complexes in the case of chromates and nitrates. Similarly, the constant 

capacitance model was not capable of simulating the adsorption of neither chromate nor the 

inorganic contaminants on the ophiolitic soil.  

 

Finally, the application of surface complexation models for describing the adsorption behavior 

of goethite leads to similar observations as in the case of the ophiolitic soil. The triple layer 

model described satisfactorily the adsorption of hexavalent chromium and inorganic 

contaminants, as well as their competition on the goethite surface. Simulation showed that 

chromates are adsorbed via inner and outer sphere complexation. This fact was verified by the 

decrease of the adsorption efficiency due to ionic strength increase. Chromates complexation 

is considered to be governed by the formation of bidentate complexes with the solid surface. 

The adsorption of phosphate and nitrate was also satisfactorily simulated. The competitive 

effects occurred between chromates and each inorganic contaminant, were also simulated 

with high accuracy. On the contrary, simulation of the adsorption of chromates and inorganic 

contaminants using the diffuse layer model was not effective, as in the case of the ophiolitic 

soil. As mentioned above, a possible explanation is the assumption of formation exclusively 

inner sphere monodentate complexes by applying the diffuse layer model and the absence of 

any outer sphere complexes. In closing, the application of constant capacitance model for 

simulating adsorption of chromate and phosphate on single anion solutions could efficiently 

describe the adsorption of chromate and phosphate but not adsorption of nitrate. However, it 

could not describe the competitive effects created between chromate and inorganic 

contaminants. 
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ΠΕΡΙΛΗΨΗ 

 

Σε πολλζσ περιοχζσ παγκοςμίωσ, τα υπόγεια φδατα λειτουργοφν ωσ μοναδικι πθγι πόςιμου 

νεροφ για αςτικζσ και αγροτικζσ κοινότθτεσ. Ωςτόςο, οι αυξθμζνεσ βιομθχανικζσ και 

γεωργικζσ δραςτθριότθτεσ ζχουν οδθγιςει ςε ςθμαντικι ρφπανςθ του γεωπεριβάλλοντοσ με 

ςοβαρζσ επιπτϊςεισ ςτθν ανκρϊπινθ ηωι και ςτα οικοςυςτιματα. Τα βαρζα μζταλλα, όπωσ 

το εξαςκενζσ χρϊμιο αλλά και άλλοι ανόργανοι ρφποι, όπωσ τα φωςφορικά και νιτρικά ιόντα, 

αποτελοφν ςυνικεισ ρφπουσ των υπόγειων νερϊν. 

 

Ρερίπου 170.000 τόνοι χρωμίου απελευκερϊνονται ετθςίωσ ςτο γεωπεριβάλλον ωσ 

αποτζλεςμα ανκρωπογενϊν δραςτθριοτιτων προκαλϊντασ ρφπανςθ των επιφανειακϊν και 

των υπόγειων υδάτων αλλά και των εδαφϊν. Τα νιτρικά και τα φωςφορικά άλατα αποτελοφν 

ρυπαντικζσ ουςίεσ που προκαλοφν μεγάλθ ανθςυχία ςε παγκόςμια κλίμακα, δεδομζνου ότι 

ζχουν αναγνωριςτεί ωσ ρφποι υπεφκυνοι για τον ευτροφιςμό ςτα ςυςτιματα επιφανειακϊν 

υδάτων. Συνεπϊσ, οι διεργαςίεσ μεταφοράσ τουσ και θ γεωχθμικι τφχθ τουσ ςτο 

γεωπεριβάλλον πρζπει να είναι καλά κατανοθτζσ ϊςτε να αξιολογοφν όςο το δυνατόν 

καλφτερα τισ πικανζσ περιβαλλοντικζσ επιπτϊςεισ που μπορεί να προκαλζςει θ παρουςία 

τουσ. Στθν περίπτωςθ του χρωμίου θ εμφάνιςι του ςτο γεωπεριβάλλον μπορεί επίςθσ να 

ςχετίηεται με τθ γθγενι του προζλευςθ λόγω τθσ παρουςίασ ςυγκεκριμζνου γεωλογικοφ 

υποβάκρου όπωσ τα υπερμαφικά πετρϊματα και τα οφιολικικά ςυμπλζγματα. Συνεπϊσ, οι 

ζντονεσ και εντατικζσ γεωργικζσ δραςτθριότθτεσ ςε ςυνδυαςμό με τθν παρουςία οφιολικικϊν 

ςυμπλεγμάτων μποροφν να οδθγιςουν ςε ρφπανςθ υπόγειων υδάτων με ταυτόχρονθ 

παρουςία ρφπων όπωσ το εξαςκενζσ χρϊμιο και τα φωςφορικά και νιτρικά ιόντα. 

 

Στο γεωλογικό υπόβακρο τθσ Ελλάδασ είναι ζντονθ θ παρουςία υπερμαφικϊν πετρωμάτων 

και οφιολικικϊν ςυμπλεγμάτων με αποτζλεςμα το εξαςκενζσ χρϊμιο να ανιχνεφεται ςτα 

υπόγεια φδατα αρκετϊν περιοχϊν. Σκοπόσ αυτισ τθσ διατριβισ ιταν ο εντοπιςμόσ μιασ 

τζτοιασ περιοχισ ςτθν Ελλάδα, θ διερεφνθςθ τθσ γεωχθμείασ του εξαςκενοφσ χρωμίου και θ 

προςομοίωςθ τθσ προςρόφθςισ του ςε τζτοιου τφπου εδάφθ. Η περιοχι που επιλζχκθκε 

προσ εξζταςθ βρίςκεται κοντά  ςτθν πόλθ τθσ Βεργίνασ ςτθ βόρεια Ελλάδα και χαρακτθρίηεται 

από αντίςτοιχο γεωλογικό υπόβακρο. Επίςθσ, οι γεωργικζσ δραςτθριότθτεσ είναι θ μόνθ 

ανκρωπογενισ πίεςθ ςτθν περιοχι. Η επιλογι τθσ περιοχισ μελζτθσ βαςίςτθκε ςε εκτεταμζνθ 

βάςθ δεδομζνων παρακολοφκθςθσ υπόγειων υδάτων που δθμιουργικθκε από το Ελλθνικό 

Ινςτιτοφτο Γεωλογικϊν και Μεταλλευτικϊν Ερευνϊν. Στθν περιοχι μελζτθσ, καταςκευάςτθκε 

νζα γεϊτρθςθ ςυνολικοφ βάκουσ 100 μζτρων με ςκοπό να χρθςιμοποιθκεί αποκλειςτικά για 

τθν κάλυψθ των ερευνθτικϊν αναγκϊν και ςυγκεκριμζνα για τθ δειγματολθψία υπόγειου 

νεροφ και εδάφουσ. Η ορυκτολογικι ανάλυςθ των εδαφικϊν δειγμάτων που ςυλλζχκθκαν 

φανζρωςε τα τυπικά χαρακτθριςτικά των υπερμαφικϊν πετρωμάτων κακϊσ περιείχαν ορυκτά 

όπωσ χρυςοτίλθ και χρωμίτθ, κακϊσ και ορυκτά που ςυνδζονται με αυτά, ωσ αποτζλεςμα 

διάβρωςθσ των πρϊτων, όπωσ ο βερμικουλίτθσ, αναμεμιγμζνα με μαφικά ορυκτά όπωσ 

χλωρίτθ, χαλαηία, αλβίτθ, αιματίτθ κ.α. Πςον αφορά ςτθ φυςικοχθμικι ανάλυςθ των 

εδαφικϊν δειγμάτων διαπιςτϊκθκε αφξθςθ των τιμϊν pH με το βάκοσ δειγματολθψίασ  

αποτζλεςμα που πικανϊσ ςυνδζεται με τθν εντατικότερθ παρουςία τθσ οργανικισ φλθσ και 

των διαδικαςιϊν νιτροποίθςθσ οι οποίεσ είναι εντονότερεσ ςτα ανϊτερα εδαφικά ςτρϊματα 
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ςε ςυνδυαςμό με τθν λιγότερο ζντονθ παρουςία φαινομζνων διάβρωςθσ ςε μεγαλφτερα 

βάκθ. Η ςτοιχειακι ανάλυςθ των εδαφικϊν δειγμάτων ζδειξε ότι το εξεταηόμενο ζδαφοσ ιταν 

φτωχότερο ςε ςίδθρο και αλουμίνιο, πλουςιότερο ςε πυρίτιο και περίπου ςτο μζςο όρο ςε 

μαγνιςιο, ςε ςφγκριςθ με άλλα εδάφθ αντίςτοιχου τφπου, παγκοςμίωσ. Ωςτόςο, θ ςχετικι 

αφκονία του μαγνθςίου ζναντι του αλουμινίου ζδειξε ζντονα τθ ςυμβολι των υπερμαφικϊν 

υλικϊν ζναντι των μαφικϊν ςτο εξεταηόμενο ζδαφοσ.  

 

Ριο ςυγκεκριμζνα, αναφορικά με τθν παρουςία χρωμίου, προζκυψαν τα ακόλουκα 

αποτελζςματα. Η ςυγκζντρωςθ του χρωμίου (ολικοφ) δεν παρουςίαςε ομοιόμορφθ κατανομι 

ωσ προσ το βάκοσ εμφανίηοντασ αρχικά μείωςθ κατά τα πρϊτα μζτρα, ακολουκοφμενθ από 

ελαφρά αφξθςθ για βάκθ ζωσ 10,5 μζτρα και γενικι τάςθ αφξθςθσ για βάκθ μεγαλφτερα από 

43 μζτρα. Τα αποτελζςματα βρίςκονται ςε ςυμφωνία με αντίςτοιχα που παρουςιάηονται ςτθ 

βιβλιογραφία υποδθλϊνοντασ ότι οι διεργαςίεσ διάβρωςθσ οι οποίεσ λαμβάνουν χϊρα 

ςυνικωσ ςτθ ρθχι ακόρεςτθ ηϊνθ ευνοοφν τθν ζκπλυςθ ςτοιχείων όπωσ το μαγνιςιο, και τθ 

ςυςςϊρευςθ άλλων όπωσ ο ςίδθροσ, το αλουμίνιο και το χρϊμιο ςτα υψθλότερα βάκθ ενϊ 

παράλλθλα είναι και πιο ζντονθ θ παρουςία μθ διαβρωμζνων ςερπεντινικϊν φάςεων. Σε 

αντίκεςθ με τθ ςυγκζντρωςθ του ολικοφ χρωμίου, θ ςυγκζντρωςθ του εξαςκενοφσ 

παρουςίαςε ςχεδόν ςυνεχι μείωςθ αυξανομζνου του βάκουσ δειγματολθψίασ του εδάφουσ. 

Πςον αφορά τθν παρουςία χρωμίου ςτο υπόγειο νερό οι ςυγκεντρϊςεισ που μετρικθκαν 

ανιλκαν μζχρι 91 μg/L ολικό χρϊμιο και ζωσ 64 μg/L εξαςκενζσ χρϊμιο. Οι τιμζσ αυτζσ είναι 

εκ των υψθλότερων οι οποίεσ ζχουν ανιχνευκεί παγκοςμίωσ ςε υδροφορείσ με παρόμοιο 

γεωλογικό υπόβακρο. Και ςτισ δυο περιπτϊςεισ, ολικοφ και εξαςκενοφσ χρωμίου, οι 

ςυγκεντρϊςεισ ςτο υπόγειο νερό μειϊκθκαν ςχεδόν γραμμικά αυξανομζνου του βάκουσ 

δειγματολθψίασ. Επίςθσ, διαπιςτϊκθκε υψθλι τιμι ςυςχζτιςθσ μεγαλφτερθ του 83% μεταξφ 

των ςυγκεντρϊςεων εξαςκενοφσ και ολικοφ χρωμίου. Επιπλζον, οι ζντονεσ γεωργικζσ 

δραςτθριότθτεσ ςτθν εξεταηόμενθ περιοχι είχαν ωσ αποτζλεςμα ςχετικά υψθλζσ 

ςυγκεντρϊςεισ νιτρικϊν ιόντων. 

 

Λαμβάνοντασ υπόψθ ότι οι κφριεσ διεργαςίεσ που κακορίηουν τθν τφχθ του εξαςκενοφσ 

χρωμίου ςτουσ υδροφόρουσ, το οποίο παράγεται ωσ αποτζλεςμα τθσ οξείδωςθσ του 

τριςκενοφσ, είναι θ προςρόφθςθ και θ αναγωγι διερευνικθκε θ παρουςία των διεργαςιϊν 

αυτϊν και ςτθν περίπτωςθ του εξεταηόμενου οφιολικικοφ εδάφουσ. Η διερεφνθςθ αυτι 

βαςίςτθκε ςτο γεγονόσ πωσ ςτα οφιολικικά εδάφθ εμφανίηεται μια μίξθ εξαςκενοφσ και 

τριςκενοφσ χρωμίου. Ωςτόςο μόνο το εξαςκενζσ μπορεί να εκχυλιςτεί από το ζδαφοσ και να 

ειςζλκει ςτα υπόγεια φδατα. Κακϊσ όμωσ το εξαςκενζσ χρϊμιο απομακρφνεται από το 

ζδαφοσ, το εναπομείνον τριςκενζσ μπορεί να οξειδωκεί βραδζωσ ςε εξαςκενζσ ϊςτε να 

αποκαταςτακεί θ ιςορροπία του εδάφουσ. Με τθ ςειρά του το εκχυλιςμζνο εξαςκενζσ χρϊμιο 

μπορεί να προςροφθκεί ι να αναχκεί ξανά από τθ ςτερεά φάςθ. Πςον αφορά τθν αναγωγικι 

διαδικαςία ορυκτά που περιζχουν διςκενι ςίδθρο, όπωσ ο μαγνθτίτθσ ι ο (μαγνθςιο) 

χρωμίτθσ, μποροφν να δρουν ωσ αναγωγικά μζςα για το εξαςκενζσ χρϊμιο. Η διεργαςία τθσ 

προςρόφθςθσ, επθρεάηεται ζντονα από τθν εμφάνιςθ των (οξυ-υδρο)οξειδίων του ςιδιρου, 

τα οποία είναι οι ςυνθκζςτεροι φυςικοί προςροφθτζσ του εξαςκενοφσ χρωμίου. 

Επιπροςκζτωσ, τα οξείδια του ςιδιρου δρουν αποτελεςματικά ωσ προςροφθτζσ και για 

άλλουσ ανόργανουσ ρφπουσ όπωσ τα φωςφορικά και τα νιτρικά ιόντα. 
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Ρροκειμζνου λοιπόν να προςδιοριςτοφν οι διαδικαςίεσ που είναι υπεφκυνεσ για τθν 

απομάκρυνςθ του εξαςκενοφσ χρωμίου από τα υπόγεια φδατα, διεξιχκθςαν πειράματα 

διαλείποντοσ ζργου (παρτίδασ) με ςκοπό τθ διερεφνθςθ τθσ επίδραςθσ διαφόρων 

παραμζτρων όπωσ το pH, θ ορυκτολογία, θ κοκκομετρία του εδάφουσ, θ αρχικι ςυγκζντρωςθ 

του εξαςκενοφσ χρωμίου, θ ιοντικι ιςχφσ του διαλφματοσ και θ παρουςία άλλων ανόργανων 

ρφπων. Τα αποτελζςματα τθσ παροφςασ διατριβισ ζδειξαν ότι τόςο θ προςρόφθςθ όςο και θ 

αναγωγι επθρζαςαν τθν απομάκρυνςθ του εξαςκενοφσ χρωμίου από το εδαφικό διάλυμα. 

Και ςτισ δφο διεργαςίεσ θ απομάκρυνςθ του εξαςκενοφσ χρωμίου μειϊκθκε αυξανομζνθσ τθσ 

τιμισ pH. Επίςθσ, ςτθν περίπτωςθ τθσ αναγωγισ θ απομάκρυνςθ του εξαςκενοφσ χρωμίου 

αποδόκθκε ςτθν παρουςία ενόσ εδαφικοφ κλάςματοσ με μαγνθτικζσ ιδιότθτεσ το οποίο 

περιλαμβάνει μαγνθτίτθ και μαγνθςιο-χρωμίτθ ωσ κφρια ορυκτά. Πςον αφορά ςτθν 

προςρόφθςθ αυτι πικανϊσ αποδίδεται ςτθν παρουςία άμορφων οξυ-υδροξειδίων του 

ςιδιρου ςτο ζδαφοσ. Η προςρόφθςθ βρζκθκε να είναι μερικϊσ αντιςτρεπτι αφοφ μόνο ζνα 

κλάςμα τθσ προςροφθμζνθσ ποςότθτασ βρζκθκε να εκροφάται ςτο εδαφικό διάλυμα. Το 

γεγονόσ αυτό οφείλεται πικανότατα ςτο ςχθματιςμό ςυμπλόκων εςωτερικισ ςτοιβάδασ τα 

οποία είναι αρκετά ςτακερά, ςυμπεριλαμβανομζνων αποκλειςτικά ιοντικϊν ι/και 

ομοιοπολικϊν δεςμϊν. Ωςτόςο, κακϊσ και οι δφο διεργαςίεσ είναι επιφανειακά 

επθρεαηόμενεσ, ιδιαίτερα ςτθν περίπτωςθ τθσ αναγωγισ θ επίδραςθ τθσ προςρόφθςθσ είναι 

ςθμαντικι κακϊσ προαπαιτείται ωσ διαδικαςία ϊςτε να πραγματοποιθκεί θ αναγωγι του 

εξαςκενοφσ χρωμίου επί τθσ ςτερεάσ επιφάνειασ. Επιπλζον, θ αξιολόγθςθ τθσ προςρόφθςθσ 

ωσ ςυνάρτθςθ του μεγζκουσ των ςωματιδίων (κοκκομετρίασ) ζδειξε ότι το λεπτότερο κλάςμα 

του εδάφουσ, το οποίο χαρακτθριηόταν και από υψθλότερθ τιμι ειδικισ επιφάνειασ, ιταν το 

κακοριςτικό κλάςμα όςον αφοροφςε ςτθν προςρόφθςθ. Η επίδραςθ τθσ αρχικισ 

ςυγκζντρωςθσ του εξαςκενοφσ χρωμίου διερευνικθκε και για υψθλότερεσ ςυγκεντρϊςεισ 

από αυτζσ που ζχουν μετρθκεί ωσ αποτζλεςμα γθγενοφσ προζλευςθσ. Οι ιςόκερμεσ Langmuir 

και Freundlich προςομοίωςαν με ςθμαντικι ακρίβεια τα πειραματικά δεδομζνα, 

υποδεικνφοντασ ζτςι τθν ταυτόχρονθ ετερογζνεια των επιφανειακϊν κζςεων των του 

οφιολικικοφ εδάφουσ και ενδεχομζνωσ τον ςχθματιςμό μονοςτρωματικισ προςρόφθςθσ του 

εξαςκενοφσ χρωμίου. Τζλοσ, διαπιςτϊκθκε θ ςθμαντικι επίδραςθ τθσ ιοντικισ ιςχφοσ του 

εδαφικοφ διαλφματοσ ςτθν προςρόφθςθ. Η αποτελεςματικότθτα τθσ προςρόφθςθσ μειϊκθκε 

με τθν αφξθςθ τθσ τιμισ τθσ ιοντικισ ιςχφοσ υποδθλϊνοντασ τον ςχθματιςμό ςυμπλόκων 

εξωτερικισ ςτοιβάδασ για τθν προςρόφθςθ του εξαςκενοφσ χρωμίου. 

 

Επιπλζον, θ προςροφθτικι ικανότθτα του οφιολικικοφ εδάφουσ διερευνικθκε για τουσ 

ανόργανουσ ρφπουσ, φωςφορικά και νιτρικά ιόντα, που παρατθροφνται ςυνικωσ ςε περιοχζσ 

με ζντονεσ γεωργικζσ δραςτθριότθτεσ. Διερευνικθκαν επίςθσ και πικανζσ ανταγωνιςτικζσ 

αλλθλεπιδράςεισ μεταξφ αυτϊν και του εξαςκενοφσ χρωμίου. Από τα αποτελζςματα 

προζκυψε πωσ το οφιολικικό ζδαφοσ παρουςίαςε υψθλι ικανότθτα προςρόφθςθσ για τα 

φωςφορικά ιόντα, με τθ διαδικαςία τθσ προςρόφθςθσ να επθρεάηεται ςθμαντικά από το pH 

του διαλφματοσ. Ειδικότερα, θ αφξθςθ του pH μειϊνει τθν προςρόφθςθ των φωςφορικϊν, 

ςχεδόν γραμμικά. Επίςθσ, δεν παρατθρικθκαν ανταγωνιςτικζσ αλλθλεπιδράςεισ ςτθν 

προςρόφθςθ των φωςφορικϊν ιόντων κατά τθν ταυτόχρονθ παρουςία εξαςκενοφσ χρωμίου 

ςτο εδαφικό διάλυμα. Αντικζτωσ, θ προςρόφθςθ του εξαςκενοφσ χρωμίου επθρεάςτθκε 

ζντονα από τθν παρουςία φωςφορικϊν ςτο διάλυμα. Μια πικανι εξιγθςθ είναι ο 

ςχθματιςμόσ αποκλειςτικά ςυμπλόκων εςωτερικισ ςτοιβάδασ μεταξφ των φωςφορικϊν και 
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τθσ οφιολικικισ επιφάνειασ, δθμιουργϊντασ ανταγωνιςμό με χρωμικά ιόντα τα οποία 

ςχθματίηουν επίςθσ ςφμπλοκα εςωτερικισ ςτοιβάδασ. Για τθν περίπτωςθ των νιτρικϊν 

ιόντων, θ προςρόφθςθ τουσ ςτο οφιολικικό ζδαφοσ ιταν πολφ χαμθλι και ςχεδόν μθδενικι 

ςε τιμζσ pH που ςυνικωσ απαντϊνται ςτουσ υδροφορείσ. Η επίδραςθ του εξαςκενοφσ 

χρωμίου ςτθν προςρόφθςθ νιτρικϊν, και αντιςτρόφωσ, ιταν ςχεδόν αμελθτζα. Αυτό 

πικανότατα οφείλεται ςε διαφορετικό τφπο επιφανειακισ ςυμπλοκοποίθςθσ νιτρικϊν και 

χρωμικϊν ιόντων, κακϊσ τα νιτρικά ςχθματίηουν ςφμπλοκα εξωτερικισ ςτοιβάδασ ςε 

αντίκεςθ με τα χρωμικά τα οποία ςχθματίηουν τόςο ςφμπλοκα εςωτερικισ όςο και  

εξωτερικισ ςτοιβάδασ. 

 

Το επόμενο βιμα τθσ παροφςασ διατριβισ αφοροφςε ςτθ ςφγκριςθ τθσ προςροφθτικισ 

ςυμπεριφοράσ του οφιολικικοφ εδάφουσ με εκείνθ ενόσ κακαροφ οξειδίου του ςιδιρου. Το 

οξείδιο του τριςκενοφσ ςιδιρου που επιλζχτθκε ιταν ο γκαιτίτθσ αφοφ κεωρείται από τα 

πλζον άφκονα οξείδια του ςιδιρου ςτο γεωπεριβάλλον και ζνα από το πιο ςυνθκιςμζνα ςτα 

οφιολικικά εδάφθ. Ο γκαιτίτθσ εξετάςτθκε ωσ προσ τθν προςροφθτικι του ικανότθτα για 

εξαςκενζσ χρϊμιο, φωςφορικά και νιτρικά ιόντα. Διερευνικθκαν επίςθσ οι πικανζσ 

ανταγωνιςτικζσ αλλθλεπιδράςεισ μεταξφ των εξεταηόμενων ανιόντων. Τα πειραματικά 

αποτελζςματα ζδειξαν ότι ο γκαιτίτθσ είναι ζνασ αποτελεςματικόσ προςροφθτισ για τα 

χρωμικά και τα φωςφορικά ιόντα αλλά όχι για τα νιτρικά. Η αφξθςθ του pH του διαλφματοσ 

οδιγθςε ςε μείωςθ τθσ προςροφθτικισ ικανότθτασ του γκαιτίτθ για όλουσ τουσ 

εξεταηόμενουσ ρφπουσ ωσ ςυνζπεια τθσ αρνθτικισ φόρτιςθσ τθσ επιφάνειασ του γκαιτίτθ για 

υψθλζσ τιμζσ pH προκαλϊντασ απωςτικζσ δυνάμεισ μεταξφ των ανιόντων των ρφπων και τθσ 

επιφάνειασ. Επιπλζον, θ επίδραςθ τθσ παραμζτρου τθσ ιοντικισ ιςχφοσ ςτθ προςρόφθςθ του 

εξαςκενοφσ χρωμίου διερευνικθκε ωσ ζνασ τρόποσ αποκάλυψθσ του είδουσ τθσ 

προςρόφθςθσ ωσ προσ τθ δθμιουργία ςυμπλόκων. Η αφξθςθ τθσ ιοντικισ ιςχφοσ οδιγθςε ςε 

αιςκθτι μείωςθ τθσ προςρόφθςθσ του εξαςκενοφσ χρωμίου, υποδεικνφοντασ ζτςι το 

ςχθματιςμό ςυμπλόκων εξωτερικισ ςτοιβάδασ, τα οποία βαςίηονται ςε αςκενείσ 

θλεκτροςτατικζσ δυνάμεισ. Η διερεφνθςθ πικανϊν ανταγωνιςτικϊν αλλθλεπιδράςεων μεταξφ 

χρωμικϊν και φωςφορικϊν ιόντων κατά τθν προςρόφθςι τουσ ςτθν επιφάνεια του γκαιτίτθ 

ζδειξε ότι θ προςρόφθςθ των φωςφορικϊν δεν επθρεάηεται από τθν παρουςία χρωμικϊν. 

Αντίκετα, παρατθρικθκε ςθμαντικι επίδραςθ ςτθ προςρόφθςθ των χρωμικϊν υπό τθν 

ταυτόχρονθ παρουςία φωςφορικϊν ιόντων ςτο διάλυμα. Το γεγονόσ αυτό πικανϊσ οφείλεται 

ςτο γεγονόσ ότι τα χρωμικά, προςροφϊνται και μζςω ςυμπλόκων εξωτερικισ ςτοιβάδασ ενϊ 

τα φωςφορικά προςροφϊνται μόνο μζςω ςυμπλόκων εςωτερικισ ςτοιβάδασ. Πςον αφορά 

ςτον ανταγωνιςμό μεταξφ χρωμικϊν και νιτρικϊν ιόντων, τα αποτελζςματα ζδειξαν ότι θ 

προςρόφθςθ των χρωμικϊν ελαττϊκθκε υπό τθν παρουςία νιτρικϊν. Το γεγονόσ αυτό 

πικανϊσ οφείλεται ςτθ ςθμαντικι διαφορά των ςυγκεντρϊςεων που χρθςιμοποιικθκαν ςτθν 

παροφςα διατριβι. Η ςθμαντικά υψθλότερθ ςυγκζντρωςθ νιτρικϊν ιόντων δθμιουργεί 

πικανϊσ απωςτικζσ θλεκτροςτατικζσ δυνάμεισ οι οποίεσ μπορεί να επθρεάςουν τθν 

ςυμπλοκοποίθςθ των χρωμικϊν, ιδιαίτερα των ςυμπλόκων εξωτερικισ ςτοιβάδασ. Στθν 

περίπτωςθ των νιτρικϊν, θ ιδθ χαμθλι απόδοςθ προςρόφθςθσ δεν επθρεάςτθκε από τθν 

παρουςία χρωμικϊν ιόντων ςτο διάλυμα. 

 

Λαμβάνοντασ υπόψθ τα πειραματικά αποτελζςματα που προζκυψαν από τα πειράματα 

διαλείποντοσ ζργου, ο επόμενοσ ςτόχοσ αυτισ τθσ διατριβισ ιταν θ προςομοίωςθ τθσ 



ΠΕΡΙΛΗΨΗ           Athanasios S. Bouras 

 

 
GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 

ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

xii 

διαδικαςίασ τθσ προςρόφθςθσ εφαρμόηοντασ μοντζλα επιφανειακισ ςυμπλοκοποίθςθσ. Η 

ςυμπεριφορά, θ μεταφορά και γενικότερα θ τφχθ των βαρζων μετάλλων και των ανόργανων 

ρφπων ςτο γεωπεριβάλλον, εξαρτάται ςε μεγάλο βακμό από τισ αντιδράςεισ προςρόφθςθσ με 

τα εδαφικά ςυςτατικά και επομζνωσ είναι πολφ ςθμαντικό να διερευνθκοφν τζτοιεσ 

αντιδράςεισ. Ραρότι διαφορετικζσ εμπειρικζσ προςεγγίςεισ ζχουν χρθςιμοποιθκεί για τθ 

μελζτθ τθσ προςροφθτικισ ςυμπεριφοράσ των εδαφϊν, ζχουν παρατθρθκεί αρκετοί 

περιοριςμοί, κακϊσ αυτζσ οι προςεγγίςεισ δεν μποροφν να λάβουν υπόψθ τισ αλλαγζσ ςτισ 

φυςικοχθμικζσ ιδιότθτεσ των υπόγειων υδάτων. Τισ δυο τελευταίεσ δεκαετίεσ διεξιχκθςαν 

εκτεταμζνεσ μελζτεσ χρθςιμοποιϊντασ μοντζλα επιφανειακισ ςυμπλοκοποίθςθσ για τθν 

περιγραφι τθσ προςρόφθςθσ βαρζων μετάλλων και ανόργανων ρφπων με αρκετά 

υποςχόμενα αποτελζςματα. Τα μοντζλα επιφανειακισ ςυμπλοκοποίθςθσ βαςίηονται γενικά 

ςτθν παροχι μιασ κερμοδυναμικισ περιγραφισ των αντιδράςεων μεταξφ των επιφανειακϊν 

ομάδων και των προςροφθμζνων ιόντων, με βάςθ ιςοηφγια φορτίου και μάηασ. Ωςτόςο, ςτισ 

περιςςότερεσ μελζτεσ ζχουν χρθςιμοποιθκεί κακαρά ορυκτά και μόνο λίγεσ εξ αυτϊν 

αναφζρονται ςε φυςικά υλικά και ιδιαίτερα ςε εδάφθ όπωσ ςτθν παροφςα διατριβι. 

Επιπρόςκετα, ζνασ ακόμθ περιοριςμόσ που υπάρχει ζγκειται ςτο γεγονόσ πωσ κάκε μοντζλο 

επιφανειακισ ςυμπλοκοποίθςθσ βαςίηεται ςε διαφορετικζσ ςυγκεκριμζνεσ παραδοχζσ 

ςχετικά με τθ διεπιφάνεια ςτερεοφ-υγροφ, οι οποίεσ εκφράηονται με διαφορετικζσ 

αντιδράςεισ επιφανειακισ ςυμπλοκοποίθςθσ και ςυνεπϊσ διαφορετικζσ ςτακερζσ 

προςρόφθςθσ ςτισ αντιδράςεισ που χρθςιμοποιοφνται. Συνεπϊσ, οι τιμζσ που λαμβάνονται 

δεν μποροφν να χρθςιμοποιθκοφν ςε διαφορετικά μοντζλα. 

 

Στθν παροφςα διατριβι, τρία από τα πιο κοινά μοντζλα επιφανειακισ ςυμπλοκοποίθςθσ 

χρθςιμοποιικθκαν για τθν προςομοίωςθ των πειραματικϊν δεδομζνων. Αυτά ιταν το 

μοντζλο τριπλισ ςτοιβάδασ (Triple Layer Model, TLM), το μοντζλο ςτοιβάδασ διάχυςθσ 

(Diffuse Layer Model, DLM) και το μοντζλο ςτακερισ χωρθτικότθτασ (Constant Capacitance 

Model, CCM). Για τθν εφαρμογι των μοντζλων δθμιουργικθκαν οι αντίςτοιχεσ βάςεισ 

αντιδράςεων επιφανειακισ ςυμπλοκοποίθςθσ οι οποίεσ ειςιχκθςαν ςτο λογιςμικό Visual 

Minteq. Η εφαρμογι των προαναφερκζντων μοντζλων βαςίςτθκε ςτθν προςζγγιςθ κατά τθν 

οποία θ επιφάνεια του εδάφουσ κεωρείται ενιαία και με ίδια χαρακτθριςτικά (general 

composite approach, GC) παρά τθν παρουςία διαφορετικϊν ορυκτϊν. Ριο ςυγκεκριμζνα θ 

προςζγγιςθ κεωρεί ότι θ ςφνκεςθ του εδάφουσ είναι ιδιαίτερα περίπλοκθ ϊςτε να καταςτεί 

δυνατι θ διάκριςθ και θ ποςοτικοποίθςθ των μεμονωμζνων φάςεων/ορυκτϊν και ςυνεπϊσ 

αποδζχεται ζνα γενικό τφπο ενεργϊν κζςεων ςτθν επιφάνεια του εδάφουσ ςτισ οποίεσ 

πραγματοποιείται θ προςρόφθςθ. Αυτι θ υπόκεςθ απαιτεί τθ χριςθ ςυγκεκριμζνων 

αντιδράςεων με τισ αντίςτοιχεσ ςτακερζσ τουσ (ςυντελεςτζσ Κ) οι οποίεσ κα προκφψουν 

ζμμεςα από τθν προςομοίωςθ αποτελεςμάτων τα οποία βαςίηονται ςε πειραματικά 

δεδομζνα. Ζτςι, οι δθμιουργοφμενεσ βάςεισ αντιδράςεων επιφανειακισ ςυμπλοκοποίθςθσ κα 

μποροφν να χρθςιμοποιθκοφν μεταβάλλοντασ μόνο τισ τιμζσ των ςτακερϊν των αντιδράςεων 

ςυμπλοκοποίθςθσ ϊςτε για να ταιριάηουν με τα πειραματικά δεδομζνα. Επίςθσ, μεταξφ των 

παραμζτρων που απαιτοφνται ςε κάκε μοντζλο, μια παράμετροσ που απαιτείται ςε όλα τα 

μοντζλα προκειμζνου να πραγματοποιθκεί θ προςομοίωςθ είναι θ ςυγκζντρωςθ του ςτερεοφ 

ςτο διάλυμα. Στθν περίπτωςθ που χρθςιμοποιικθκε ο γκαιτίτθσ ωσ προςροφθτικό υλικό, θ 

τιμι ςυγκζντρωςθσ που χρθςιμοποιικθκε ιταν ίδια με τθν τιμι που χρθςιμοποιικθκε ςτα 

πειράματα διαλείποντοσ ζργου. Ωςτόςο, ςτθν περίπτωςθ προςομοίωςθσ των πειραματικϊν 
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αποτελεςμάτων που προζκυψαν από τα πειράματα του οφιολικικοφ εδάφουσ εξετάςτθκαν 

τρεισ διαφορετικζσ περιπτϊςεισ όςον αφορά τθν τιμι τθσ ςυγκζντρωςθσ του προςροφθτι. 

Με δεδομζνο ότι δεν ςυμμετζχουν όλα τα εδαφικά ορυκτά του οφιολικικοφ εδάφουσ ςτθ 

διαδικαςία τθσ προςρόφθςθσ και με τθν υπόκεςθ ότι θ προςρόφθςθ ελζγχεται κυρίωσ από 

τθν παρουςία οξειδίων του ςιδιρου και αργιλίου υπολογίςτθκαν τρεισ διαφορετικζσ τιμζσ 

ςυγκεντρϊςεων προςροφθτι. Για τον υπολογιςμό τουσ χρθςιμοποιικθκε το ιςοηφγιο μάηασ 

βαςιςμζνο ςτισ μετριςεισ ςτοιχειακϊν αναλφςεων με φκοριςμό ακτίνων Χ (XRF) και τθσ 

ποςοτικισ ανάλυςθσ με περίκλαςθ ακτίνων Χ (XRD). Τα τρία διαφορετικά ςενάρια 

ςυγκεντρϊςεων ςτερεοφ περιλάμβαναν τθ ςυμβολι ςτθν προςρόφθςθ είτε α) των οξειδίων 

ςιδιρου και αλουμινίου, είτε β) μόνο των οξειδίων του ςιδιρου είτε γ) μόνο των άμορφων 

οξειδίων του ςιδιρου, χρθςιμοποιϊντασ τισ τρεισ αυτζσ τιμζσ ςυγκεντρϊςεων ςε κακζνα από 

τα τρία προαναφερκζντα μοντζλα επιφανειακισ ςυμπλοκοποίθςθσ. 

 

Η εφαρμογι του μοντζλου TLM για τθν περιγραφι τθσ διαδικαςίασ τθσ προςρόφθςθσ ςτο 

οφιολικικό ζδαφοσ οδιγθςε ςε ικανοποιθτικά αποτελζςματα για όλα τα ανιόντα που 

εξετάςτθκαν. Η προςομοίωςθ τθσ προςρόφθςθσ ιταν αποτελεςματικι κατά τθ μεταβολι 

όλων των εξεταηόμενων παραμζτρων όπωσ το pH, θ ιοντικι ιςχφσ και οι ανταγωνιςτικζσ 

αλλθλεπιδράςεισ μεταξφ των ιόντων, ςτισ περιπτϊςεισ  κατά τισ οποίεσ κεωρικθκε πωσ θ 

προςρόφθςθ ελζγχεται είτε από τθν παρουςία οξειδίων ςιδιρου και αργιλίου, είτε μόνο από 

τα οξείδια του ςιδιρου. Αντικζτωσ, θ προςομοίωςθ δεν ιταν αποτελεςματικι όταν 

χρθςιμοποιικθκε θ ςυγκζντρωςθ μόνο των άμορφων οξειδίων του ςιδιρου ωσ τιμι 

ςυγκζντρωςθσ προςροφθτι υποδεικνφοντασ ζτςι ότι αυτι θ ςτερει φάςθ δεν αντιςτοιχεί ςτθ 

ςυγκζντρωςθ τθσ ςτερεάσ φάςθσ που ςυμβάλλει ςτθν προςρόφθςθ. Ρροςομοιϊντασ τθν 

επίδραςθ τθσ ιοντικισ ιςχφοσ διαπιςτϊκθκε ότι ςε χαμθλζσ τιμζσ θ προςρόφθςθ των 

χρωμικϊν ιόντων μπορεί να περιγραφεί με το ςχθματιςμό ςυμπλόκων εςωτερικισ ςτοιβάδασ, 

είτε με ςφμπλοκα ενόσ δεςμοφ (monodentate), είτε δυο δεςμϊν (bidentate), κακϊσ και με 

ςφμπλοκα εξωτερικισ ςτοιβάδασ. Εντοφτοισ, θ αφξθςθ τθσ ιοντικισ ιςχφοσ ζδειξε ότι θ 

προςρόφθςθ του εξαςκενοφσ χρωμίου μπορεί να περιγραφεί αποτελεςματικά μόνο με το 

ςχθματιςμό bidentate ςυμπλόκων. Ο ςχθματιςμόσ bidentate ςυμπλόκων των χρωμικϊν 

ιόντων με τθν επιφάνεια του εδάφουσ μπορεί επίςθσ να περιγράψει τισ ανταγωνιςτικζσ 

αλλθλεπιδράςεισ υπό τθν παρουςία φωςφορικϊν και νιτρικϊν ιόντων. Επιπρόςκετα, 

επιτυγχάνεται ικανοποιθτικι προςομοίωςθ τθσ προςρόφθςθσ φωςφορικϊν και νιτρικϊν 

ιόντων εξαιτίασ του πικανοφ ανταγωνιςμοφ τουσ με χρωμικά ιόντα ςτο εδαφικό διάλυμα. 

Συνεπϊσ, όπωσ προαναφζρκθκε, το TLM είναι ικανό να περιγράψει αποτελεςματικά τθν 

προςρόφθςθ του εξαςκενοφσ χρωμίου και των ανόργανων ρφπων ςτο οφιολικικό ζδαφοσ. Σε 

αντίκεςθ με τα αποτελζςματα που προζκυψαν από το TLM, θ προςομοίωςθ πειραματικϊν 

δεδομζνων χρθςιμοποιϊντασ το μοντζλο DLM ζδειξε ότι θ εφαρμογι αυτοφ του μοντζλου δεν 

είναι κατάλλθλθ για τθν ακριβι περιγραφι τθσ διαδικαςίασ προςρόφθςθσ ςτο οφιολικικό 

ζδαφοσ. Ραρά το γεγονόσ πωσ το μοντζλο DLM ιταν ικανό να προςομοιϊςει τθν προςρόφθςθ 

των χρωμικϊν και νιτρικϊν ιόντων, παρατθρικθκε μικρι ακρίβεια ςτθν περίπτωςθ 

προςομοίωςθσ προςρόφθςθσ των φωςφορικϊν. Επιπλζον, το DLM δεν μπόρεςε να 

προβλζψει τον ανταγωνιςμό ςτθν προςρόφθςθ μεταξφ του εξαςκενοφσ  χρωμίου και των 

ανόργανων ρφπων. Μια πικανι εξιγθςθ είναι θ παραδοχι κατά τθν εφαρμογι του DLM βάςθ 

τθσ οποίασ λαμβάνεται υπόψθ ο ςχθματιςμόσ ςυμπλόκων μόνο ςτθν εςωτερικι ςτοιβάδα και 

μόνο monodentate τφπου. Δεν είναι εφικτι λοιπόν θ προςομοίωςθ ςχθματιςμοφ ςυμπλόκων 
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εξωτερικισ ςτοιβάδασ όπωσ αναμζνεται για τισ περιπτϊςεισ των χρωμικϊν και νιτρικϊν 

ιόντων. Αυτό επαλθκεφει περαιτζρω τα αποτελζςματα που ελιφκθςαν κατά τθν εφαρμογι 

του TLM το οποίο περιλαμβάνει τον ςχθματιςμό ςυμπλόκων εξωτερικισ ςτοιβάδασ. Για τθν 

περίπτωςθ εφαρμογισ του μοντζλου CCM διαπιςτϊκθκε πωσ είναι ικανό να προςομοιϊςει 

τθν προςρόφθςθ του κάκε ρφπου χωριςτά ωςτόςο εμφάνιςε πολφ μικρι ακρίβεια ςτθν 

περίπτωςθ ανταγωνιςτικισ προςρόφθςθσ μεταξφ των χρωμικϊν  και των φωςφορικϊν 

ιόντων. Η καλφτερθ προςομοίωςθ τθσ προςρόφθςθσ του εξαςκενοφσ χρωμίου θ οποία 

επετεφχκθ ςε ςφγκριςθ με το DLM οφείλεται πικανϊσ ςτο ςχθματιςμό ςυμπλόκων bidentate 

αναδεικνφοντασ ζτςι τθ ςθμαςία τουσ ςτθν προςρόφθςθ του εξαςκενοφσ χρωμίου. 

 

Τζλοσ, θ εφαρμογι μοντζλων επιφανειακισ ςυμπλοκοποίθςθσ για τθν περιγραφι τθσ 

προςροφθτικισ ςυμπεριφοράσ του γκαιτίτθ οδιγθςε ςε παρόμοιεσ διαπιςτϊςεισ με αυτζσ 

του οφιολικικοφ εδάφουσ. Το μοντζλο TLM περιζγραψε ικανοποιθτικά τθν προςρόφθςθ του 

εξαςκενοφσ χρωμίου και των ανόργανων ρφπων, κακϊσ και τον ανταγωνιςμό τουσ ςτθν 

επιφάνεια του γκαιτίτθ. Η προςομοίωςθ ζδειξε ότι τα χρωμικά ιόντα προςροφϊνται μζςω 

ςυμπλόκων εςωτερικισ και εξωτερικισ ςτοιβάδασ. Το γεγονόσ αυτό επαλθκεφτθκε από τθ 

μείωςθ τθσ αποτελεςματικότθτασ τθσ προςρόφθςθσ λόγω τθσ αφξθςθσ τθσ ιοντικισ ιςχφοσ. Η 

ςυμπλοκοποίθςθ των χρωμικϊν ιόντων κεωρείται ότι διζπεται από το ςχθματιςμό bidentate 

ςυμπλόκων με τθ ςτερεά επιφάνεια. Η προςρόφθςθ φωςφορικϊν και νιτρικϊν ιόντων αλλά 

και οι ανταγωνιςτικζσ αλλθλεπιδράςεισ τουσ με το εξαςκενζσ χρϊμιο προςομοιϊνονται 

επίςθσ με μεγάλθ ακρίβεια. Αντικζτωσ, θ προςομοίωςθ τθσ προςρόφθςθσ του εξαςκενοφσ 

χρωμίου και των ανόργανων ρφπων χρθςιμοποιϊντασ το μοντζλο DLM δεν ιταν εξίςου 

αποτελεςματικι. Μια πικανι εξιγθςθ είναι θ υπόκεςθ ςτθν οποία βαςίηεται θ εφαρμογι του 

κατά τθν οποία είναι δυνατόσ ο αποκλειςτικόσ ςχθματιςμόσ monodentate ςυμπλόκων 

εςωτερικισ ςτοιβάδασ  αγνοϊντασ τθν πικανι παρουςία ςυμπλόκων εξωτερικισ ςτοιβάδασ. 

Κλείνοντασ, θ εφαρμογι μοντζλου CCM για προςομοίωςθ προςρόφθςθσ του εξαςκενοφσ 

χρωμίου και των ανόργανων ρφπων απεδείχκθ ικανι να προςομοιϊςει αποτελεςματικά τθν 

προςρόφθςθ του ζκαςτου ρφπου ωςτόςο δεν μποροφςε να περιγράψει τισ ανταγωνιςτικζσ 

αλλθλεπιδράςεισ που δθμιουργικθκαν μεταξφ των εξεταηόμενων ιόντων. 
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1 INTRODUCTION 

 

1.1 Aim of the thesis 

 

Groundwater contamination with heavy metals and inorganic contaminants is one of the most 

important environmental issues. Chromium [Cr] is a heavy metal that is among the most 

common contaminants observed in aquifers. The main Cr species in the geoenvironment are 

the trivalent [Cr(III)] and the hexavalent [Cr(VI)] forms. Under the physicochemical conditions 

prevailing in geoenvironment, Cr(III) mainly occurs in the minerals of the geological 

background of the aquifer. Such minerals, rich in chromium are usually found in 

ultramafic/serpentinitic rocks and ophiolitic complexes. Cr(VI) is generated via the oxidation of 

geogenic Cr(VI). Therefore, the occurrence of Cr(VI) in aquifers can be either of geogenic or 

anthropogenic origin. In Greece there are various areas with ophiolitic complexes, located on 

the Mirdita Sub-Pelagonian and Pelagonian geotectonic zones of the Balkan Peninsula. The 

ophiolite-rich zone extends from Albania to Northern and Central Greece and into the 

Anatolides zone of western Turkey. Several studies have been published on the properties of 

ophiolites and associated metal mobility in Central Greece, where anthropogenic 

contamination is also of concern. However, there is relatively little data on chromium release 

from chromium-rich rocks and soils in Northern Greece, where agricultural activity is the main 

anthropogenic influence.  

 

The present thesis aims at investigating the geochemical behavior of Cr(VI) in ophiolitic soils 

and quantify those processes (mainly adsorption) able to retard its transport in 

geoenvironment. Adsorption simulation was performed applying surface complexation 

modeling. For achieving this goal three general stages were followed. Firstly, the chromium 

concentration profile in soil and groundwater and its correlation with the geologic background 

in an ophiolitic aquifer located in the agricultural area of Vergina (Northern Greece) was 

determined. This was accomplished by employing mineralogical and chemical analyses of soils 

and groundwater. 

 

At a second stage the physicochemical processes able to affect mobility of Cr(VI) in ophiolitic 

aquifers was investigated. To this aim, batch experiments were conducted in order to 

evaluate the removal capacity and distinguish the processes responsible for Cr(VI) removal, 

mainly sorption and redox reactions. These processes were investigated as a function of pH, 

mineralogy, soil's particle size and initial concentration of Cr(VI). Langmuir and Freundlich 

isotherms were fitted in order to extract the necessary distribution factors for transport 

modeling. In addition, the removal capacity of the ophiolitic soil for common inorganic 

contaminants related with agricultural contamination, such as phosphates and nitrates, was 

also investigated. Finally, batch experiments were also conducted in order to assess Cr(VI) 

leaching from the ophiolitic soil and its interaction with the aforementioned inorganic 

contaminants. These results aimed at determining the degree of Cr(VI) release in 

groundwater, while the results of mineralogical analysis were used to determine the 

minerals that possibly are responsible for contaminants removal. Iron (hydro)oxides and 

specifically goethite was identified as one of the most important adsorbents. Another series 
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of batch experiments using pure synthetic goethite were performed in order to compare its 

removal capacity with that of the real soil.   

 

The third and last step of this thesis aimed at simulating the adsorption capacity of the 

tested soil and pure mineral (goethite). The adsorption simulation was performed by 

applying surface complexation models (SCMs), using the geochemical software Visual 

Minteq. Simulation was based on the batch experimental results obtained at the previous 

stage. Three surface complexation models were used and evaluated: Triple Layer Model 

(TLM), Double Layer model (DLM) and Constant Capacitance Model (CCM). 

 

The three stages described above are outlined schematically in Figure 1.1, in order to finally 

achieve the aim of the present thesis. 

 
Figure 1.1 Description of the three stages of the thesis  

 

1.2 Contribution in research – Originality 

 

Until recently, high levels of Cr(VI) in the geoenvironment were considered to be a result of 

anthropogenic contamination. However, over the last two decades some studies [Fantoni et 

al. (2002); Gonzalez et al. (2005); Robles-Camacho et al. (2000); Oze et al. (2007)] 

demonstrated that relatively high levels of Cr(VI) may be due to natural geogenic processes, 

especially in areas where there are relatively high levels of naturally occurring Cr(III) or Cr(VI) 

in the soils. Such areas are characterized by the presence of ophiolitic complexes and 

ultramafic rocks in their geological background, and are met in quite a few populated areas 

in the Pacific [California (USA), Mexico] and in the Mediterranean (Greece, Italy, Albania, 

France) and other parts of the world. Even though ophiolitic complexes represent only a 

small percentage of the earth's crust (≈1%), their occurrence in Greece is higher than of 

other European countries. Typical examples of areas with recorded high concentrations of 

Cr(VI) in groundwater are the Asopos River basin in Central Greece and Vergina plain at 

Western Macedonia. 

 

The originality of the present thesis is firstly based on the fact that despite many studies 

have been referred to the presence of Cr(VI) under the occurrence of ophiolitic complexes 

and serpentinitic soils, these studies have focused on either characterizing the groundwater 

or the solid phase (topsoil or deep soil) of the tested cases. In addition, only few of them 

have analyzed soils from high depths and have tried to correlate the groundwater and soil 

characteristics. None of them has reported the concentration profile of chromium in high 

depths. In this study soil and groundwater samples were collected form depths down to 
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≈100 m, using a new groundwater sampling method (discrete sampling method) able to 

create more representative sampling data.  

 

The second phase of the thesis aimed at investigating the removal capacity of Cr(VI) by the 

ophiolitic soil as a function of several parameters. Despite several types of soils have been 

tested for their sorption capacity, no studies occur reporting the Cr(VI) removal capacity of 

ophiolitic soils. Furthermore, specifically for ophiolitic soils, the production of Cr(VI) in these 

geological backgrounds has been extensively investigated in many studies but none of them 

has been referred to the process that affects its occurrence. Thus the removal capacity of 

ophiolitic soils was further investigated in order to distinguish the processes that cause its 

retention, such as sorption and redox reactions. The results of this study are of the first 

published in the literature. In addition, since several studies have reported the presence of 

iron (hydr)oxides in serpentinitic soils (Bonifacio et al., 1997; Becquer et al., 2003; Caillaud et 

al., 2004; Fandeur et al., 2009; Kelepertzis et al., 2013), pure synthetic goethite was selected 

as the iron hydroxide in order to be compared to the ophiolitic soils for its Cr(VI) and 

inorganic anions removal capacity. Despite goethite has been extensively investigated as an 

adsorbent for several contaminants, including Cr(VI), there is no information regarding the 

possible competitive effects between Cr(VI) and common contaminants, such as nitrates and 

phosphates.  

 

The results of the experiments performed at the second phase of this thesis were used for 

developing a more general framework in order to quantify and simulate Cr(VI) adsorption on 

serpentinitic soils. Adsorption simulation was performed applying advanced surface 

complexation models. The first attempts to develop such adsorption models took place in 

the early 1990s. However, the prediction of ion adsorption in natural samples is very 

challenging due to the difficulty in accounting for any competitive effects between ions and 

due to the presence of different adsorbing surfaces, like iron (hydr)oxides, aluminum 

(hydr)oxides and edges of clays. The originality of this thesis lies in the fact that the 

developed models for simulating the process of adsorption were based on experiments 

using synthetic rather than real soils, like in this dissertation. In addition, despite the fact 

that few studies have used real soils none of them has used ophiolitic soils. In order to 

efficiently simulate the adsorption process specific mineralogical and physicochemical 

properties were taken into account as an effective way for adsorption simulation.  

 

1.3 Thesis structure  

 

The present thesis consists of seven chapters, the content of which is summarized below: 

 

Chapter 1 – Introduction 

 

Chapter 1 is the introduction of this thesis. The introduction summarizes the subject and the 

purpose of the dissertation and highlights the originality and its contribution. 
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Chapter 2 – Literature review 

 

In Chapter 2 a literature review is carried out. In particular, the most important experimental 

and review papers regarding the geochemistry of Cr(VI) and its occurrence in the 

geoenvironment are referred. In addition, the presence of other inorganic contaminants like 

phosphate and nitrate, their occurrence and any possible co-existence with Cr(VI), like in 

cases of groundwater contamination due to agricultural activities, is investigated. 

Subsequently, the physicochemical process of adsorption and its affection on the transport 

of these contaminants is referred. The models used in order to quantitatively predict 

adsorption of such contaminants by soils are discussed. 

 

Chapter 3 – Experimental methods and protocols  

 

In Chapter 3 a description of the sampling area and the sampling methods applied is 

provided. The experimental methods and protocols used in the present study for the 

characterization of the ophiolitic soils and for determining the tested contaminants in the 

solid or aqueous phases are also presented. Finally, the series of experiments performed in 

this thesis and the software used for simulating the experimental results are described. 

 

Chapter 4 – Soil and groundwater physicochemical analyses 

 

Chapter 4 includes the results of physicochemical analyses of the collected soils and 

groundwater samples. In addition, the geotechnical properties and the mineralogy of the soil 

samples are investigated. This analysis aims at better understanding these properties of soil 

that can affect the fate and especially the adsorption process of Cr(VI) and the inorganic 

contaminants that will be tested in the present study. 

 

Chapter 5 – Results of batch experiments 

 

In Chapter 5 the experimental results of this study are presented. Firstly, leaching experiments 

were performed in order to evaluate the mobility of the tested contaminants. Afterwards, the 

effect of parameters like pH, soils mineralogy, particle size, contaminants initial concentration 

and ionic strength of the solid solution on Cr(VI) adsorption by the ophiolitic soil are 

investigated. In addition, the existence of any adsorption competitive effects due to the 

occurrence of other inorganic contaminants, in particular nitrates and phosphates, on Cr(VI) 

adsorption by the ophiolitic soils is also studied. Similar experiments, were performed using as 

adsorbent pure goethite instead of ophiolitic soil. Goethite is usually the predominant mineral 

in ophiolitic soils and thus a comparison of the adsorption efficiency is made. 

 

Chapter 6 – Adsorption simulation of Cr(VI) and inorganic contaminants 

 

Chapter 6 includes the simulation of the adsorption process using surface complexation 

modeling. Adsorption simulation is performed using three different surface complexation 

models: Triple Layer Model, Diffuse Layer Model and Constant Capacitance Model. Adsorption 

simulation is performed for two cases using ophiolitic soil and goethite as adsorbents. In the 
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case of using the ophiolitic soil the determination of specific physicochemical and 

mineralogical characteristics is performed as a tool for further determining the concentration 

of adsorbent that will be used in simulation process. 

 

Chapter 7 – Conclusions and recommendations 

 

Chapter 7 summarizes the main points and conclusions of the dissertation and the proposals 

for future research. 
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2 LITERATURE REVIEW 

 

2.1 Chemistry of chromium 

 

Chromium is a transition element and belongs to the sixth (6B) group of the periodic table with 

atomic number equal to 24. It is a very hard, glossy silver-white metal, colorless, tasteless, 

malleable and extremely anticorrosive. Chromium owes its name to the Greek word "χρϊμα" 

since it forms many colorful compounds that cover the visible spectrum, from violet [Cr(III) 

salts] to deep red [some Cr(VI)] (Figure 2.1). These compounds are mainly oxygenated and 

most contain the mineral chromite (FeCr2O3 or FeCr2O4). Instead of iron (Fe) other elements 

like magnesium (Mg), aluminum (Al) or silicon (Si) can occur in such Cr-rich compounds which 

in general contain 42 - 56% Cr2O3. 

 

 
Figure 2.1 Colorful chromium compounds 

 

Chromium compounds have no taste and smell. Elemental chromium has not magnetic 

properties in room temperature. It has high melting point (1857 °C) and boiling point (2672 °C). 

Chromium is easily dissolved in non-oxidizing inorganic acids, such as hydrochloric and sulfuric 

acid. However, it does not react with nitric acid due to passivation phenomena by surface 

chromium oxides. This is the most important reason for exhibiting anti-corrosive properties 

against seawater or dry/wet air, in ambient conditions. However, at high temperatures 

chromium is directly bonded to halogens, sulfur, silicon, boron, oxygen, and carbon forming 

brightly colored compounds. It also reacts with nitrogen (N) to form nitrides (Jacobs & Testa, 

2005). 

 

There are twenty six known chromium isotopes of which only four are stable and non-

radioactive in the environment. The natural isotopes of chromium are 50Cr, 52Cr, 53Cr and 54Cr 

and their percentage abundances are 4.3, 83.8, 9.6 and 2.4%, respectively. Chromium 

oxidation states range from –2 to +6. Oxidation states −2, −1, 0, and +1 occur only at synthetic 

organic compounds like chromium- carbonyls, bipyridines, nitrosyls and organometallic 

complexes. In nature chromium is presented only as [Cr(III)], [Cr(VI)] and very rarely as 

elemental chromium [Cr(0)] (Jacobs & Testa, 2005).  

 

2.2 Legal framework regarding chromium in water 

 

Cr(III) is generally non-toxic and is an essential nutrient. It is used by the organism in several 

metabolic actions for the metabolism of fats and sugars. One of the most important actions of 

Cr(III) is that potentiates the action of insulin in peripheral tissue. However, in high 
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concentrations Cr(III) can cause adverse effects and it can be considered as toxic and even 

carcinogenic. In the USA the National Research Council has identified an estimated safe and 

adequate daily dietary intake for chromium of 50-200 μg/day which corresponds to 0.71 - 2.9 

μg/kg-day for a 70 kg adult. The Food and Drug Administration (FDA) has selected a Reference 

Daily Intake for chromium of 120 μg/day (Anderson, 1989; USEPA, 1998). A recommended 

intake dose in the range 25-200 μg/day seems to be widely accepted. 

 

On the contrary, Cr(VI) is toxic to plants and animals, and a human carcinogen. Cr(VI) toxicity 

can result from the generation of reactive intermediates and free radicals during reduction to 

Cr(V), Cr(IV) and finally to Cr(III) (ATSDR, 2000). Toxic and carcinogenic effects from industrial 

Cr(VI) pollution have been demonstrated since the 19th century. USEPA classifies chromium 

among the first seventeen chemicals in groundwater causing the greatest threat to human 

health, while Canada similarly includes chromium in the group of compounds mentioned as 

priority pollutants. Since USEPA recognizes chromium as priority pollutant, relevant water 

quality limits have been set since 1995. Concentration limits for short- and long-term exposure 

regarding the dissolved chromium have been established for freshwater. These limits refer to 

the critical maximum (CMC) and critical continuous (CCC) concentrations and are equal to 16 

and 11 μg/L Cr(VI), respectively. USEPA has also set an oral RfD for Cr(VI) equal to 0.006 

mg/Kg-day or equivalently 210 μg/L. Results of occupational epidemiologic studies of Cr-

exposed workers across investigators and study populations consistently demonstrate that 

Cr(VI) is carcinogenic by the inhalation route of exposure (USEPA, 1998). The Cr(VI) 

concentration for lifetime cancer risk has been determined to be 0.2 μg/L based on mouse 

studies (CalEPA OEHHA, 2011). A Tolerable Daily Intake (TDI) for Cr(VI) equal to 5 μg/day was 

established by the Dutch RIVM in 2001 (Dutch National Institute for Public Health and the 

Environment). Thus the speciation of chromium is of great significance in terms of risk 

assessment. 

 

Despite the evidence that Cr(VI) can be even carcinogenic, there has not been established an 

international standard regarding its concentration in drinking water. The widely adopted limit 

as proposed by the World Health Organization (WHO) is equal to 50 μg/L and regards Crtot 

(WHO, 1993). According to the USEPA there was inadequate data to demonstrate that Cr(VI) 

has oncogenic potential via ingestion and thus there was not established a separate limit for 

Cr(VI) in drinking water (USEPA, 1984). The WHO guidelines for drinking water are used as a 

basis for the standards in the Drinking Water Directive (98/83/EC) of the European Union (EU) 

and have also been adopted by Greece via the Ministerial Decree (JMD) 67322/2017. However, 

the California Department of Public Health from 1 July 2014 and the Italian legislation 

according to the Ministry’s Decree of 14 November 2016 (whose entry into force has been 

extended to December 2018), respectively, have established the concentration of 10 μg/L, as 

the limit of Cr(VI) in drinking water.  

 

In the case of groundwater the established environmental quality standards for Crtot and Cr(VI) 

in the EU are not the same among the Member States. Generally, groundwater protection is 

governed by the implementation of the general Water Framework Directive (WFD) 

2000/60/EC, and its “daughter directive”, Directive 2006/118/EC, which aims specifically to 

groundwater protection. In the framework of the WFD the aim is the achievement of good 
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chemical status of groundwater based on specific quality factors. These factors are set by each 

State Member according to the geochemical, hydrogeological etc. background of each State. 

Most State members, including Greece, have set limits for Crtot equal to the drinking water 

standards of 50 μg/L, without separating Crtot and Cr(VI). Greece has established these fairly 

strict environmental quality standards by the JMD 1811/2011. In addition, a separate JMD No. 

100079/2015 has been enacted in Greece specifically for the area of Asopos River basin, at the 

region of Central Greece, since the area has been characterized as heavily Cr(VI)-

contaminated. Thus, the concentration limits that have been set in the specific area as quality 

environmental standards are 11 μg/L Cr(VI) and 110 μg/L Crtot, while the effluent 

concentrations are 30 μg/L Cr(VI) and 200 μg/L Crtot. 

 

2.3 Chromium speciation in the geoenvironment  

 

2.3.1 Soils and rocks 

 

Chromium is among the ten most abundant elements in the Earth (Henderson, 1982) and the 

21st element in abundance in the earth’s crust exhibiting a mean concentration of 100 mg/Kg. 

As mentioned in paragraph 2.1, chromium can be found in the geoenvironment only with its 

trivalent [Cr)III)] and hexavalent forms [Cr(VI)] and very rarely as elemental chromium [Cr(0)].  

 

Cr(0) occurs as metallic inclusions in cryptocrystalline diamonds from kimberlite pipes in the 

Siberian Yakutia diamond deposits of Russia (Gorshkov et al., 1996). Geogenic Cr(0) also has 

been found in vein deposits from Sichuan, China, in meteorites such as the Agpalilik meteorite 

fragment from Cape York, Greenland, and as metal alloys in placer deposits (Guisewite, 2001).  

 

Cr(III) is the most common form of chromium occurring as insoluble Cr(III) oxides (Cr2O3) and 

Cr(III) hydroxides [Cr(OH)3] in several minerals. Most of the Cr(III) minerals contain Cr(III) ions 

in octahedral coordination with oxygen. Since the octahedral radius of Cr(III) is similar to those 

of Al(III), Fe(III), Ti(IV) and Mg(II) it is possible the formation of several isostructural compounds 

and minerals, as a result of ion substitutions between Cr(III) and the aforementioned metals in 

the octahedral sites. Thus the most common minerals containing chromium in their structure 

are chromite (FeCr2O4), Cr-magnetite and chromium mixed (Al, Mg, Fe) spinels. FeCr2O4, also 

called iron(II)-Cr(III) oxide, is the principal ore of chromium. FeCr2O4 is a magnetically weak, 

iron-black, brownish-black to silvery white mineral. FeCr2O4 is of igneous origin and forms in 

peridotite of plutonic rocks, occurring exclusively in mafic and ultramafic rocks as a crystal 

accumulated in the early stages of magmatic crystallization. FeCr2O4 in the geoenvironment is 

rarely pure. Theoretically it is composed by 68% Cr2O3, and contains 68,4% chromium, and 32% 

FeO. However, due to substitutions as referred above the chromium content can be reduced 

down to 35%. Cr-magnetite usually contains less than 15% Cr2O3 in its structure. Regarding 

spinels, the Cr content varies in each case as a function of their origin. High Cr contents reflect 

origin from subduction zones, while low content is indicative of abyssal origin (Motzer, 2005; 

Saha et al, 2011; Deschamps et al., 2013; Chrysochoou et al., 2016). In addition, Cr occurs in 

serpentine minerals. Serpentinite rocks are generally classified as peridotite, common varieties 

of which are dunite, harzburgite, and lherzolite. The major minerals are olivine, 

orthopyroxene, clinopyroxene, and chromite. Soils formed from serpentinite contain an 
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abundance of Fe, Mn, ultramafic rocks form two discontinuous bands along the Cr, Ni, and Mg, 

and low concentrations of Ca and K (Lee et al., 2001). 

 

Cr(VI) rarely occurs in nature in mineral form. Cr(VI) is typically produced in nature from Cr(III)-

bearing minerals as a result of chemical reactions that occur under particular conditions and 

thus it is usually found in secondary minerals. Chromium was firstly extracted from a rare 

mineral called crocoite (PbCrO4). Crocoite can be found in the oxidized zones of lead deposits 

in regions where lead veins have traversed rocks containing chromite. Crocoite occurs only at 

specific regions such as Australia, Tasmania, and the Urals (Oze et al., 2004; Saha et al., 2011). 

In addition, Cr(VI) has been observed as chromatite (CaCrO4) and Cr(VI)-ettringite 

(Ca6Al2(CrO4)3(OH)1224H2O) in the Judean desert in Israel (Sokol et al., 2011) and as barite-

hashemite (BaSO4-BaCrO4) solid solution in the Mazarin Mottled Zone in Jordan (Fourcade et 

al. 2007). Generally, the presence of Cr(VI) in soils and rocks can be affected by redox reactions 

and sorption mechanisms rather than by precipitation and other geological reactions.  

 

2.3.2 Groundwater 

 

Contrary to soils and rocks, chromium is rarely found in groundwater and surface waters, 

except from the areas that chromium bearing deposits or significant industrialization occur. In 

groundwater Cr(III) occurs only at trace concentrations, since for the pH range of natural 

waters it forms insoluble compounds. Cr(III) can be present in soluble forms only at extremely 

low pH values. On the other hand, chromium typically appears with Cr(VI) forms, being soluble 

compounds and, thus, very mobile in groundwater. The stability of Cr(III) versus Cr(VI) species 

in aqueous solutions is determined by the pH and redox potential of the aqueous solution. 

Figure 2.2 presents the valence state and hydrolysis speciation of chromium over a range of pH 

and Eh values. 

 

 
Source: (Motzer et al., 2004) 

Figure 2.2 Eh-pH diagram for the chromium–oxygen–water system. 
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In the chromium–water–oxygen (Cr−H2O−O) system, under standard conditions, the Cr(III) 

stability zone occurs over a wide Eh and pH range under both reducing to oxidizing and acid to 

alkaline conditions. Cr(III) generally forms soluble compounds when pH ranges between 0 and 

6 and Eh between −0.3 to 1.2 V. At pH approximately equal to 8, insoluble and amorphous 

Cr(OH)3 is formed, although small quantities of Cr(III) may be solubilized within this stability 

zone, while at extreme pH and reducing conditions (pH>12 and Eh<0), soluble chromium 

hydroxide anions [Cr(OH)4
−] are formed. In aqueous environments under low Eh conditions, 

the main Cr(III) species are the chromic cations and CrOH2+ (Richard and Bourg, 1991). The 

governing reactions in the chromium–water–oxygen system (Figure 2.2), under standard 

conditions (predominant in groundwater) are listed in Table 2.1, as a function of the 

logarithmic value of equilibrium constant (logK). Overall, Cr(III) is weakly mobile in 

groundwater because of the low solubility of the most common precipitates. 

 

Table 2.1 Governing reactions in the chromium–water–oxygen system. 

Reactions logK 

Cr3+ + H2O ↔ CrOH2+ + H+ -3,57 

CrOH2+ + H2O ↔ Cr(OH)2
+ + H+ -9,84 

Cr(OH)2
+ + H2O ↔ Cr(OH)3

0 + H+ -16,19 

Cr(OH)3
0 + H2O ↔ Cr(OH)4

− + H+ -27,65 

Source: (Fendorf et al., 1995) 

 

On the other hand, the Cr(VI) stability zone occurs over a much narrower range than the Cr(III) 

stability field as shown in the Cr−H2O−O system (Figure 2.2). Cr(VI) species primarily occur 

under oxidizing (Eh>0) and alkaline conditions (pH>6). In this field, Cr(VI) generally forms 

soluble chromate (CrO4
2−) anions from approximately pH 6 to 14 and at an Eh from 

approximately −0.1 V to +0.9 V (Brookins, 1987). Cr(VI) generally occurs as soluble dichromate 

(Cr2O7
2−), bichromate (HCrO4

-) and chromate (CrO4
2−) anions. Figure 2.3 shows the 

predominance diagram for the three species as a function of chromium concentration and pH.  

 

 
Source: (Dionex, 1996) 

Figure 2.3 Predominance diagram for Cr(VI) complexes. 
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2.4 The origin of chromium in the geoenvironment 

 

2.4.1 Anthropogenic chromium 

 

High levels of Cr(VI) in the environment are mainly attributed to various anthropogenic factors, 

like the wide use of chromium in the chemical industry and inadequate practices of waste 

management, leading to groundwater contamination (Dermatas et al., 2012). Leakage 

accidents or inability to properly store highly Cr(VI)-contained wastes may also cause 

contamination of natural waters (Zazo et al., 2008). 

 

Chromium is used in several industrial processes (Table 2.2) such as chromium plating, leather 

tanning, metal finishing and paint production. It is also used in the manufacturing of varnishes 

for wood preservation, of welding materials, of anticorrosion coatings for metallic surfaces and 

of pigments for paints, inks and plastics. Cr(VI) usage has been also referred at the cement 

industry as well as an inhibitor of corrosion in refrigerated cooling pipes at power plants 

(Fendorf, 1995; Saha et al., 2011). In the past, common practice for waste management 

related with plating operations, and thus containing primarily Cr(VI), was their disposal into dry 

wells. Nowadays, wastewater containing Cr is either treated on-site or at centralized 

wastewater treatment plants.  

 

Table 2.2 Anthropogenic Cr(VI) sources. 

Applications Chemical forms 

Pigments (paints, inks, 

plastics) 

Lead chromate, zinc chromate, barium chromate, calcium 

chromate, potassium dichromate, sodium chromate 

Anti-corrosion coatings  

 

Chromic trioxide, zinc chromate, barium chromate, calcium 

chromate, sodium chromate, strontium chromate 

Stainless steel  Cr(VI) produced by steel’s casting, welding or plasma torch cutting 

Textile dyes  Ammonium dichromate, potassium chromate, sodium chromate 

Wood preservatives Chromium trioxide 

Leather tanning Ammonium dichromate 

Source: (Saha et al., 2011) 

 

The treatment of Cr-containing wastewater, creates another important potential chromium 

source, the wastewater sludge. Chromium derived from either domestic or industrial sources 

can concentrate in the sludge produced at treatment facilities. Although total removal of Cr(III) 

from wastewater sludge can be achieved in such facilities, this is not the case for Cr(VI) for 

which the percentage removal ranges between 26 and 48%, since only a part of Cr(VI) is 

reduced by the organic matter contained in the sludge and the remaining forms compounds 

with the Cr(VI) species (Saha et al., 2011).  

 

In addition, a significant amount of Cr presented in soils can be related with land surface 

disposal of coal and fly ash. Disposal of large quantities of such waste can lead to elevated Cr 

concentrations relatively to these occurring naturally (McGrath and Smith, 1990). Cr can also 

be found in the drains of landfills (leachates) (Kotaś and Stasicka, 2000). Thus, aquifers 

contamination with Cr(VI) and other heavy metals can be caused by direct infiltration of landfill 
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leachate disposal of solid wastes, wastewater, or wastewater sludge. The concentration of 

Cr(VI) in wastes derived from the human activities described above may be 0.5 - 270,000 mg/L 

(Chiha et al., 2006). 

 

Apart from industrial origin, anthropogenic chromium may be presented in the 

geoenvironment as a result of extensive agricultural activities. Fertilizers, limestone and animal 

manure are extensively applied at several agricultural uses. The presence of chromium in these 

materials has been of important concern the last decades. Fertilizers can be firstly divided into 

organic and mineral fertilizers. High concentrations of chromium, and other heavy metals, may 

be present naturally in mineral fertilizers, which usually come from mine extraction. Organic 

fertilizers containing Cr originate from a wide range of products such as organic amendments, 

limestone, sewage and tannery sludge and mineral fertilizers. Among them, tannery sludge 

fertilizers are widespread used since exhibit good agronomic behavior due to their high 

content of organic carbon (38% - 50%) and N (8% - 13%). However, the percentage of Cr, and 

other heavy metals, contained in the fertilizer depends on the origin of fertilizer and the 

production process (Chaney et al., 1997; Kabata-Pendias and Pendias, 2011; Ciavatta et al., 

2012). The highest Cr concentrations have been observed in organic fertilizers with 

phosphates. The National Research Council of Canada (1976) reported chromium 

concentrations in phosphate fertilizers ranging at 30 – 3000 mg/kg. This wide range of 

chromium concentrations contained in fertilizers indicates that the amount contained in such 

fertilizers is in many cases higher that the concentrations observed in soils (McGrath and 

Smith, 1990; Ciavatta et al., 2012). As regarding limestone, chromium concentrations have 

been reported in the range of 1 to 120 mg/kg (average 10 mg/kg), while manure is poor in 

chromium (Saha et al., 2011). 

 

By legislative terms the effect of Cr-contained fertilizers application is still controversial since in 

many cases the maximum admissible levels addressed do not take into account any scientific 

and experimental evidence. The most important issue is that legislation does not distinguish 

the oxidation state of chromium, considering both Cr(VI) and Cr(III) states as hazardous. In the 

EU and USA Cr-containing fertilizers are of unlimited use, while in some other countries, in 

order to prevent any environmental or human health risk, thresholds have been determined in 

terms of Crtot concentrations. However, there are no legislations referred to Cr(VI) content and 

only EU tends to determine limits for several heavy metals concentrations, among them Cr(VI), 

setting the limit at 2 mg/Kg Cr(VI) on dry matter basis (EC, 2003; EU, 2009; EC, 2010; USEPA, 

2010). With respect to the presence of Cr(VI) in Cr-fertilizers, Sager (2005) and Kruger et al 

(2017) investigated the extractability of Cr(VI) from basic slags used as fertilizers and from soils 

treated with 20% (dry mass) basic slags. Extraction of the Cr(VI) fraction using as extractants 

several chemicals, such as NH4NO3, phosphate buffer, ammonium sulfate, borate buffer, 

saturated borax and polyphosphates was performed. The results showed that the basic slag 

contained appreciable amounts of Cr(VI) and its extraction was a function of the extractant’s 

pH, the extractant’s concentration and the liquid to solid ratio used. The extraction efficiency 

increased depending on the kind of extractant with the following order: borate < sulfate < 

nitrate < phosphate. In the case of adding the basic slag in the soil, the Cr(VI) amount was 

much lower indicating possible reduction (Sager, 2005). In another study, Kruger et al (2017) 

investigated Cr(VI) extraction from several materials used as fertilizers and soil amendments, 
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such as sludges, sewage sludge ashes, slags and mineral fertilizers by applying a wet extraction 

method (DIN EN 15192) based on alkaline digestion of Cr(VI). They observed that the Cr(VI) 

concentrations extracted were lower than the legislation limit of 2 mg/Kg except for the case 

of using Na2CO3-treated sewage sludge ash, which contained 12.3 mg/kg Cr(VI), concluding 

that no release of Cr(VI) occurs using such materials as fertilizers (Kruger et al., 2017). 

 

Several other studies have tried to determine the possible risk created by the application of Cr-

containing fertilizers either by determining the extractability of chromium from fertilizers or by 

testing the adverse effects on plants due to chromium accumulation in soils. In order to define 

the levels of heavy metals that may be extracted by biosolids and fertilizers USEPA applied 14 

extraction cycles concluding that there are no environmental or health and safety  risks by the 

application of such materials (Sequi et al., 1997). However, Sorensen et al. (2011) investigating 

the possible risks by the application of mineral fertilizers, reported that no risk exist for short-

term applications of fertilizers if the cut-off values for Cr(VI) concentrations in fertilizers is 

under the proposed limits. In particular no risk observed by using fertilizers with chromium 

concentration under the limit in annual basis since the chromium concentration measured in 

soil corresponded to 0.2% of its natural concentration. On the contrary, for long-term use the 

risks that may occur cannot be ruled out for all the types of soils, since the cut-off value refers 

only to Cr(VI) concentrations and not to Cr(III), rendering thus impossible the assessment of 

chromium accumulation effects. Thus the proposed limits might be reconsidered in the case of 

using mineral fertilizers taking into account not only chromium concentration but also nickel 

and lead concentrations (Sorensen et al., 2011). Long-term field applications were performed 

by Watanabe et al (1984) in order to investigate the chromium accumulation in soils and the 

possible toxicity at plants when using two types of soil amendments: a) Cr-fertilizers containing 

also N, phosphorus (P) and potassium and b) silicate and liming materials. The chromium 

content in the untreated soils ranged from 10 to 150 mg/Kg and after the addition of fertilizers 

an increase of chromium content about 20-50 mg/Kg was observed only in the cases of using 

calcium silicate and fused magnesium phosphate as soil amendments. Chromium was 

transferred vertically being extensively distributed in the surface/subsurface soils and less to 

subsoils. Only in rare cases chromium was detected deeper than subsoils. Regarding toxicity 

phenomena at plants no effects were observed indicating generally that fertilizers with 

chromium contents about 0.14% cannot be considered as anthropogenic chromium sources in 

cultivated soils. Two other studies performed by Ciavatta et al., (1989) and Grubinger et al, 

(1994) aimed at determining the release of chromium and the possible toxic effects on plants, 

respectively, by the application of tannery meal fertilizer. In the first study the results showed 

that chromium was continuously released from the fertilized as a result of the humification 

process, which decomposed the organic matter but chromium was transformed immediately 

to the insoluble Cr(III). From the released chromium no Cr(VI) was detectable were measured 

even after spiking Cr(VI) solution in the tested soil, indicating thus that there is not any 

important agronomic or environmental effect by the usage of tannery meal fertilizers at low 

rates as performed in real applications. Similar results were observed by Grubinger et al, 

(1994) since the presence of chromium in the fertilizer (5900 mg/Kg) containing tannery meal 

did not affect the growth of plants when used in low rates (adding 5% of the fertilizer in the 

soil). However, increasing the percentage of fertilizer added to soil at 10 and 15% the increase 

of chromium amount in the plants was obvious.  
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As it can be concluded by the above studies, the application of Cr-fertilizers cannot contribute 

to the increase of Cr(VI) in soils but only to the amounts of Cr(III). Thus any possible risk can be 

created by the Cr(III) oxidation caused by oxidative factors of soils. The possible oxidative 

factors for Cr(III) will be discussed in the following paragraphs. However, the oxidation of Cr(III) 

species contained in such materials has been proved to be a much slower process compared to 

geologic Cr(III).  

 

2.4.2 Geogenic chromium 

 

As mentioned in paragraph 2.3.1 chromium occurs naturally in the geoenvironment, with the 

most common minerals containing chromium in their structure being chromite (FeCr2O4), Cr-

magnetite and chromium spinels. In the Earth’s crust, chromium is concentrated in ultramafic 

rocks and serpentinites of ophiolitic complexes, which constitute 1% of the terrestrial 

landscape. Ultramafic rocks and their serpentine soils occur in several areas globally (Figure 

2.4) indicating the presence of high chromium concentrations even in populated areas within 

the Circum-Pacific margin and the Mediterranean (Brooks, 1987; Coleman and Jove, 1992). 

Weathering of such rocks is of the main reasons for chromium presence in soils and 

groundwater as it will be discussed at the following paragraphs. 

 

 
Source: (Oze et al., 2007). 

Figure 2.4 Global distribution of serpentinites and ophiolites (red dots) as presented by north polar 

projection. 

 

2.4.2.1. Natural occurrence of chromium in soils and rocks 

 

The natural occurrence of chromium in the geoenvironment is commonly associated with the 

presence of ultramafic igneous and metamorphic rocks, like peridotites and serpentinites, and 

their derived soils, and rarer with the presence of mafic rocks and their weathering products 
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(Figure 2.5). Granite, carbonates and sandy sediments present the lowest chromium content. 

Generally, chromium concentration in soils and rocks is influenced by the composition of the 

parent rock.   

 

 
Source: (Chrysochoou et al., 2016) 

Figure 2.5 Classification of Cr-rich rocks according to their chemical and mineralogical composition. 

 

The predominance of the Cr-bearing minerals presented in Figure 2.5 depends on the 

weathering phase of the rock. The average chromium concentration in rocks and soils of 

ultramafic origin is estimated to 2200 and 2650 mg/kg, respectively (Chrysochoou et al., 2016). 

Ultramafic rocks have low silica and high magnesium contents, and are composed of olivine 

and pyroxene (primary minerals). The hydration of such minerals under low temperature and 

pressure is a process called serpentinization and leads to the formation of metamorphic rocks, 

the serpentinites. Serpentinites are composed by minerals such as lizardite, antigorite, and 

chrysotile, which further contribute to the formation of serpentine soils. Such soils are usually 

characterized by high concentrations of nickel and cobalt, apart from chromium (Roberts and 

Proctor, 1992; Bulmer et al., 1994). During serpentinization serpentine minerals and also 

magnetite has been found to incorporate significant amounts of chromium in their structures, 

usually by isomorphic substitutions. One of the most common substitution is that between 

Cr(III) and Fe(III) due to the similar size and charge of these species. However, serpentinization 

is a process that does not affect Cr-spinels, which exhibit high resistance to such metamorphic 

processes. One of the most common primary spinels in ultramafic (and sometimes in mafic) 

rocks is chromite, which is the most common chromium mineral, as aforementioned. Though 

chromite exhibits resistance in serpentinization it is highly affected by the occurrence of 

isomorphic substitutions. These substitutions usually take place between Al3+, Fe3+ and Ti4+ in 

the octahedral sites and Mg2+, Ni2+, Zn2+ and Mn2+ in the tetrahedral sites. In addition, 

isomorphic substitutions between Cr(III) and Fe(III) is a common phenomenon during 

hydrothermal and CO2 metasomatism of ultramafic rocks, which leads to the formation of Cr-

silicate minerals. Substitutions of Al(III) and Cr(III) is preferable since these species exhibit 
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similarities in charge, octahedral preference and radius with a representative example of 

mineral that undergoes this substitution being chlorite. Thus, silicate minerals can be thought 

as chromium sources due to the weathering of serpentinites (Oze et al., 2004). At this point, it 

must be mentioned that chromium accumulation in minerals formed by serpentinization 

contain chromium only in its trivalent state. Minerals that contain Cr(VI) in their structure, like 

crocoites (PbCrO4), are found extremely rare in serpentinites and occur only at specific areas 

worldwide as mentioned in paragraph 2.3.1. 

 

Contrary to ultramafic rocks, mafic rocks, such as gabbro, are characterized by higher silica and 

lower magnesium concentrations. However, minerals of mafic origin, such as chlorite and 

amphiboles, are commonly associated with those originated from ultramafic rocks and are 

richer in chromium compared to the average chromium content (35 mg/kg) that occurs in the 

Earth’s crust (Alloway, 2013). Chrysochoou et al. (2016) reported that, according to global 

literature, chromium concentration in such rocks is about 1,100 mg/Kg. This concentration can 

potentially be increased significantly in cases that mafic rocks are in existence with ophiolitic 

complexes as has been observed in areas like Italy, Poland and USA (Mojave Desert) 

(Chrysochoou et al., 2016). 

 

As mentioned above the mean chromium concentration in ultramafic soils is about 2,650 

mg/Kg. However, this value can exhibit high variability due to the different geological 

processes occurring and the different soils mixed with the weathering phases of ultramafic 

rocks. Thus chromium concentrations of less than 1000 mg/Kg and slightly above 3,000 mg/Kg 

have been detected globally (Chrysochoou et al., 2016). This variability is strongly related with 

the weathering rate of ultramafic rocks (Becquer et al., 2006; Caillaud et al., 2009; Fandeur et 

al., 2009). Except for the accumulation of chromium in soils, the weathering process has also 

been related with the vertical distribution of chromium in soils. In particular, chromium 

concentrations exhibit decreasing trend with increasing depth up to 5 m depth, as showed in 

several cases like soils in USA and Canada (Oze et al., 2004), New Caledonia (Becquer et al., 

2006), Brazil (Garnier et al., 2006) and France (Caillaud et al., 2009). This decreasing trend of 

chromium is attributed to the fact that immobile elements like chromium, iron and aluminum 

are accumulated near the soil surface. However, this trend is thought not to exist in higher 

depths where an increase of chromium concentration may occur since other factors like the 

origin of the parent rock and the weathering stage seem to be predominant (Dzemua et al., 

2011). Finally, several studies have tried to interpret the behavior of chromium concentration 

longitudinally (Bonifacio et al., 1997; Garnier et al., 2006; Cheng et al., 2011) but in this case 

contradictory results were obtained indicating that chromium concentration in this case is not 

only affected by the mineralogy and the weathering processes but also from the impact of 

climate and topography of the tested areas. Table 2.3 presents an overview of the mean 

concentrations of total chromium in soils and rocks of ultramafic/ophiolitic origin globally, 

giving also information about the depth and the type of soils that these concentrations were 

detected.  
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Table 2.3 Overview of chromium concentrations in soils and rocks of ultramafic/ophiolitic origin globally 

A/A Area Medium Depth (m) Crtot (mg/Kg) Analytical method Reference 

1 New Caledonia 

Hypermagnesian brown soil 

0.2 

19,000 

DTPA & AAS 
Amir and Pineau, 

2003 

Ferralitic oxidic soil 124,500 

Ferrallitic oxidic colluvial soil 30,700 

Saprolite 2,800 

2 New Caledonia 

Highly weathered and strongly 
desaturated soil on the piedmont 

0 – 0.57 20,526 – 21,211 

diacid digestion (2:1 
HNO3:HCl ratio) & ICP-

AES 
Becquer et al., 2003 

Colluvio-alluvial soils with some 
poorly weathered silicates 

0 – 0.51 18,474 – 19,158 

Alluvial soils subject to temporary 
water logging on terraces 

0 – 0.39 13,684 – 21,895 

3 

New Caledonia              
(soils from the lateritic 
weathering products of 

ultrabasic rocks) 

Backslope 38 – 57 23,947 
digestion with LiBo & 

ICP-MS 
Becquer et al., 2006 

Colluvial 40 – 51 23,947 

Alluvio-colluvial 26 – 39 26,000 

4 north-western Italy 

Soil summit 0 – 0.12+ 3,146 – 3,967 

HCl-HNO3 & 
HF digestion and AAS 

Bonifacio et al., 1997 
Soil backslope 0 – 0.18+ 3,421 – 4,653 

Soil footslope 0 – 1.65+ 2,326 – 8,552 

Soil toeslope 0 – 0.75+ 958 – 1,095 

5 North-western Italy Soil (Entisols and inceptisols) 

Horizon A 822 

HCl-HNO3 and 
HF digestion & AAS 

Bonifacio et al., 2010 
Horizon AC 1,074 

Horizon Bw 378 

Horizon C 745 

6 
southwestern British 

Columbia 

Ultramafic soil 0 – 0.70 28 - 209 
dithionite-citrate-

bicarbonate extraction & 
ICP-AES 

Bulmerl and 
Lavkulich, 1994 

Ultramafic soil 0 – 0.70 17 – 44 
Ammonium oxalate 
extraction & ICP-AES 
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7 Northwestern Spain chloritized veins in serpentinites n.a. 137 - 11,837 XRF Buurman et al., 1998 

8 
France 

(serpentinites) 

rock >1.4 2,262 
LiBr and HCl & after ICP-

MS 
Caillaud et al., 2009 soil 1 – 1.4 5,812 – 8,675 

Soil 0.6 – 1 6,756 – 7,466 

9 
France (Vosges 

Mountains ultramafic 
toposequence) 

soil (Hypermagnesic Hypereutric 
Cambisol) 

0 – 0.6 2,350 – 2,490 
dithionite–citrate–
bicarbonate (DCB) 

extraction & ICP-AES 
Chardot et al., 2007 

10 eastern Taiwan soil over serpentine regolith 0 – 1.5 1,060 – 1,663 
Sequential extraction & 

FAAS 
Cheng et al., 2011 

11 
western Alps (Natural 

Park of Mont Avic, Aosta 
Valley, Italy) 

soil from glacial till composed of 
serpentinite & metagabbros, 
amphibolites, prasinites and 

chlorite schists 

0 – 0.5 

900 – 2,300 

BaCl2 extraction & FAAS D'Amico et al., 2008 
soil composed of serpentinite 

with traces of prasinites, 
amphibolites and chlorite schists 

1,700 – 2,800 

serpentinite till lying on a hard, 
unweathered serpentinite 

bedrock 
1,400 – 1,900 

12 south-east Cameroon 

soil <10 705 – 6,000 

acid digestion & ICP - MS Dzemua et al., 2011 
soil 10 - 20 8,848 – 10,620 

soil >20 16,070 

serpentinitic rock  1,437 

13 New Caledonia 

bedrock (unweathered 
peridotite) 

 2,053 

alkali fusion with lithium 
tetraborate & ICP-OES 

Fandeur et al., 2009 soil 1.6 9,578 

soil 0.8 13,684 

soil 0.1 15,052 

14 
central Eastern Desert, 

Egypt 
rock (serpentinites)  

2,463 – 5,337 
serpentine 

n.a. Farahat, 2008 
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6,883 - 11,084 

chlorite 

15 Niquelandia, Brazil soil 0 - 1.2 5,000 - 8,000 acid digestion & ICP-AES Garnier et al., 2006 

16 (eastern Alps Swiss) 

soil max 0.9 312 – 2,912 

XRF Gasser et al., 1995 soil max 0.54 676 – 2,808 

soil max 0.6 676 – 3,224 

17 (SW Poland) 
rock (serpentine with mesh 

texture) 
n.a. 2,397 XRF Gunia et al., 2000 

18 
Taiwan (serpentine 

mining site) 
soil 11 - 27 443 - 894 

HF - HNO3 - HClO4 
digestion & FAAS 

Ho et al., 2013 

19 
eastern Taiwan (Tong-An 

Mountain, comprising 
serpentinitic rocks) 

soil from summit 0 – 0.9 1,550 – 3,100 

HF - HNO3 - HClO4 - 
H2SO4 & FAAS 

Hseu, 2006 
soil from shoulder 0 – 2 1,700 – 2,720 

soil from backslope 0 – 3 200 - 420 

soil from footslope 0 – 3 440 – 1,180 

20 
western Mojave Desert, 

USA 
rock 

n.a 
1,020 EDXRF 

Izbicki et al., 2008 
rock 155 digestion & ICP-OES 

21 Bavaria soil n.a 725 Sequential extraction 
Kaupenjohann et al., 

1995 

22 Poland 

soil horizon A fine fraction 

n.a. 

2,805 

LiBo digestion & ICP-AES Kierczak et al., 2007 

soil horizon A coarse fraction 3,147 

soil horizon A/C fine fraction 3,079 

soil horizon A/C coarse fraction 3,763 

rock 3,900 

23 
USA (serpentinitic 

Wetland & Surrounding 
Landscape) 

soil 0 – 0.15 75 – 240 dithionite & ICP-OES Lee et al., 2001 

24 
northern California, USA 
(serpentinitic landslide) 

soil 0 - 2 2,100 aqua regia and ICP Lee et al., 2004 

25 northern California, USA rock - 2,262 4-acid digestion & ICP- Morrison et al., 2009 
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soil 0.15 4,464 AES 

26 California 
soil 0,01 - 0,135 1,725 – 4,760 

acid digestion & ICP-AES Oze et al., 2004 
bedrock serpentinite  580 – 2,280 

27 Northwest Spain soil over peridotite 0 – 0.20 546 Aqua regia & AAS 
Paz-Gonzalez et al., 

2000 

28 
Cuba (moa-baracoa 

ophiolitic massif) 
uvarovite (serpentinized 

ultrabasic rocks) 
n.a. 49,947 – 115,630 Microprobe analyses Proenza et al., 1999 

29 

Sources and extractibility 
of chromium and nickel 

in soil profiles developed 
on Czech serpentinites 

soil (over ultramafic bedrock) 0 – 0.8 315 – 1,880 
sequential extraction & 

ICP-AES 
Quantin et al., 2008 

bedrock n.a. 1,802 – 3,206 acid digestion & ICP-AES 

30 
Pennsylvania (Maryland 
Soils from serpentinite) 

Serpentinitic soil 0 – 1.7 1,000 – 6,000 acid digestion & ICP-AES Rabenhorst, 1982 

31 Leon Valley, Mexico rock n.a. 265 – 4,115 acid digestion & FAAS 
Robles-Camacho and 

Armienta, 2000 

32 Albania (serpentines) Serpentinitic soil 0.15 365 – 3,865 HNO3/H2O2 & ICP-AES Shallari et al., 1998 

33 Albania 

soil (ophiolite complex consists of 
a sequence of altered ultramafic 

formations) 
0 – 0.1 843 – 3,385 

acid digestion & AAS Shitza et al., 2005 

litho-serpentinite - 1,525 – 1,725 

34 East Africa 
soil (laterites developed on 

peridotites) 

0 - 12 5,000 fusion at 1100C with  Na 
metborate and HCl and 

ICP-AES/ XRF in the 
residual 

Trolard et al., 1995 
12 - 20 16,507 

20 - 40 4,730 

33 - 69 7,300 

35 
south-east Cameroon 

(laterite cover on 
serpentinites) 

soil (summit) 16 - 46 5,474 – 13,684 

Extraction and ICP-AES 
Yongue Fouateu et 

al., 2006 
soil (top slope) 10 - 22 1,505 – 14,984 

soil (middle slope) 16 - 23 2,121 – 12,316 

soil (base slope) 14 - 20 13,889 – 18,953 

36 
Sri Lanka (Ussangoda 
Ultramafic Complex) 

soil n.a 11,352 Aqua regia & AAS 
Rajapashka et al., 

2012 
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37 
Sri Lanka (Ussangoda 

ultramafic coast) 
soil n.a. 11,031 XRF 

Vithanage et al., 
2014 

38 
Mouriki-Thiva Area, 

Central Greece 
Surface soil samples related to 

ultrabasic rocks 
0.1 277 

digestion with hot aqua 
regia & FAAS 

Antibachi et al., 2012 

39 
Greece (Pindos ophiolite 

complex) 
chromite rock n.a. 19,773 – 623,687 Electron microprobe 

Al-Boghdady and 
Economou, 2005 

40 Asopos basin, Greece Soil (related to ultramafic rocks) 0.20 67 - 200 aqua regia and ICP-MS 
Economou et al., 

2011 

41 

Korinthos, Greece 
(ultrabasic rocks & 

Neogene & Quaternary 
deposits) 

soil 0.1 920 digestion, ICP-ES 
Kelepertzis et al, 

2001 

42 
Thiva Valley (central 

Greece) 

rock 2 3,100 – 3,200 XRF 

Kelepertzis et al, 
2013 

soil over rock 0.2 - 2 2,440 – 3,440 XRF 

topsoil 0.2 
max 856 

(median 299) 
aqua regia & AAS 

43 central Euboea, Greece soil 0.2 1,300 aqua regia & GFAAS Megremi, 2010 

44 Agia, Thessaly, Greece Soil (related to ultrabasic rocks) 0.1 
40 – 2,500               
(300 mean) 

acid digestion & ICP-AES 
Skordas and 

Kelepertzis, 2005 
n.a.: not available 
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As it can be observed from Figure 2.4, ophiolitic complexes are extensively presented in 

Europe and in particular in Balkans. Figure A1.1 presents a better picture of chromium 

distribution in Europe in both subsoils and topsoils. As shown from this figure, Greece is one of 

the European countries with high presence of ophiolitic complexes in various areas. Greek 

ophiolitic complexes are located on the Mirdita Sub-Pelagonian and Pelagonian geotectonic 

zones of the Balkan Peninsula, extended from Albania to Northern and Central Greece and into 

the Anatolides zone of western Turkey (Figure 2.6) (Eliopoulos et al., 2012)  

 

 
Source: (Kaprara et al., 2015) 

Figure 2.6 Ophiolites presence in Greece. 

 

More specifically the chromium deposits in Greece occur in ophiolite complexes, within upper 

mantle rocks (peridotite, dunite). The formation of ophiolitic complexes is attributed to the 

convergence of two oceanic crusts where the higher part is destroyed and the rest one comes 

to the surface. The presence of ophiolites in Greece can be distinguished in two parallel lines 

along Greek geological background oriented from northwest to southeast. The main areas with 

intensive occurrence of ophiolites and ultramafic rocks are located in Pindos, Vourino, Othris, 

Euboea, while less extensive occurrence has been reported in Kastoria, Koziakas, Vermio, East 

Thessaly, Oiti and Argolida (Kaprara et al., 2015 and references therein). 

 

2.4.2.2. Natural occurrence of chromium in groundwater 

 

Despite Cr(III) is the most common chromium state in soils, in natural waters occurs only in 

traces (unless at extremely low pH). The most common form of chromium in naturals waters 

and thus in groundwater is Cr(VI). As mentioned in paragraph 2.3.2., in the pH range that 
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usually occurs in groundwater and under oxidizing conditions, Cr(VI) exists mainly with its 

anionic form, chromates (CrO4
2-).  

 

The occurrence of Cr(VI) in groundwater, in areas where anthropogenic contamination is 

excluded, is strongly related with the presence of ultramafic rocks and ophiolitic complexes. 

Minerals such as peridotites, chromite and serpentinites have been detected in aquifers with 

important Cr(VI) concentrations, since the process of serpentinization creates an oxidizing 

environment and leads to alkali pH values in groundwater, conditions that enhance the 

oxidation of Cr(III) (Fantoni et al., 2002, Oze et al., 2007, Economou-Eliopoulos et al., 2011, 

Moraetis et al. 2012, Megremi, 2013, Kaprara et al., 2015). The release of Cr(VI) in 

groundwater is a result of sequential processes at which Cr(III) in host minerals is firstly 

dissolved, then sorbed on the soil surfaces at which it is oxidized by natural oxidants such as 

high valence manganese oxides (a more analytical description of natural oxidants for Cr(III) will 

be given at the following paragraphs) and finally desorbed in groundwater as Cr(VI). Cr(VI) 

concentrations in the range 0.2 - 180 μg/L in aquifers affected by ultramafic rocks and 

ophiolitic complexes have been reported in several areas worldwide, exceeding in many cases 

the limit of 50 μg/L of Crtot as established by WHO. Table 2.4 presents an overview of the 

maximum chromium concentrations and the corresponding Cr(VI) concentrations in 

groundwater, attributed to the presence of ultramafic/ophiolitic geological background in 

several areas worldwide. 
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Table 2.4 Overview of Crtot and Cr(VI) concentrations in groundwater at aquifers related to ultramafic/ophiolitic geological background 

A/A Area Depth (m) 
max (Crtot) 

(μg/L) 
Analytical 
method 

Cr(VI) 
(μg/L) 

Analytical 
method 

Reference 

1 
Western Mojave Desert, 

California 
n.a  60 GFAAS 60 FAAS Ball and Izbicki, 2004 

2 Northern California, USA n.a 50 ICP-MS 50 n.a Morrisson et al., 2009 

3 La spezia Province, Italy) n.a 73 ICP – OES 73 1,5–DPH Fantoni et al., 2002 

4 Aromas Red Sands, California 76 39 GFAAS 30 GFAAS Gonzalez et al., 2005 

5 Southern Italy n.a  36 ICP-MS 26 ICP–MS Margiotta et al., 2012 

6 Leon Valley, Mexico n.a  14.9 FAAS 8 1,5–DPH 
Robles-Camacho and 

Armienta, 2000 

7 
Calabria National Perk, Sila 

Piccola, Italy 
n.a  10 ICP-MS <10 1.5-DPH Apollaro et al., 2011 

8 Tuscany, Italy n.a  49 ICP-OES 49 HPLC/ICP-MS Lelli et al., 2014 

9 
Sacramento Valley, 

California, USA 
31-87 46 n.a. 46 n.a Manning et al., 2015 

10 
Central California Coast 

Range Serpentinite Belt 
Spring 49 ICP-MS 52 Modified DPH McClain and Maher, 2016 

11 
SW Sacramento Valley, 

California 
17-26 n.a. n.a. 180 ICP-MS Mills et al., 2011 

12* Thiva, Central Greece n.a. 29 ICP – OES 25 1,5–DPH Panagiotakis et al., 2015 

13* Central Euboea, Greece 5 - 180 130 GFAAS 128 1,5–DPH Megremi, 2010 

14* Asopos basin, Greece 180 - 200 180 GFAAS 180 1.5-DPH 
Economou - Eliopoulos et 

al., 2011 

15* Thiva, Central Greece n.a  220 GFAAS 212 1.5-DPH Tziritis et al., 2012 

n.a: not available 

*: In these cases despite the occurrence of ultramafic geological background the anthropogenic contamination could not be excluded. 
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As observed from Table 2.4 there are several areas globally at which the presence of 

ultramafic/ophiolitic is strongly related to Cr(VI) concentrations in groundwater exceeding the 

WHO maximum contaminant level of 50 μg/L Crtot in drinking water. Cr(VI) concentrations in 

such aquifers ranges between 0.2 and 180 μg/L. A more detailed look at these studies proves 

an interesting correlation between Crtot and Cr(VI), since Cr(VI) fraction corresponds to a 

percentage higher than 80% of Crtot. In addition, Cr(VI) concentrations attributed exclusively to 

the presence of ultramafic/ophiolitic formations exhibit high variability and as it can be 

observed from Table 2.4 they do not exceed 100 μg/L regardless the geochemical conditions of 

the aquifers.  

 

Especially for Greece, the concentrations of Cr(VI) up to 212 μg/L detected are linked with the 

presence of ultramafic and ophiolitic complexes in the studied areas but the low contribution 

of anthropogenic activities that could enhance the Cr(VI) presence cannot be excluded either. 

A more detailed representation of Cr(VI) concentrations distribution in Greek aquifers is given 

at Figure 2.7. 

 

 
Source: (Kaprara et al., 2015) 

Figure 2.7 Cr(VI) concentrations in groundwater in Greece. 

 

As it can be generally concluded, weathering of ultramafic rocks has been linked to the 

occurrence of elevated concentrations of Cr(VI) in soils and groundwater. The highest 

chromium contents tend to be associated with finest grain size soils indicating a great variety 

of chromium concentrations in the geoenvironment (Stanin and Pirnie, 2004). As regarding 

Cr(VI) in groundwater the distinction between geogenic concentrations and anthropogenic 

contamination is critical for public health and for applying the appropriate decontamination 

actions.   
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2.5 Physicochemical processes affecting chromium transport in 

geoenvironment 

 

The processes that control Cr(VI) transport in geoenvironment are oxidation/reduction, 

adsorption/desorption and precipitation/dissolution reactions (Figure 2.8). In the following 

paragraphs these processes will be described in more detail. 

 

 
Source: (Hawley et al., 2004) 

Figure 2.8  Chromium reactions in the geoenvironment  

 

2.5.1 Redox reactions  

 

Redox reactions is the factor that determines the distribution between Cr(III) and Cr(VI). The 

oxidation of Cr(III) or the reduction of Cr(VI), can only take place in the presence of another 

redox couple, able to accept or give, respectively, the three necessary electrons. In natural 

aquatic environments the main significant redox couples are: a) H2O/O2(aq), b) Mn(II)/Mn(IV), 

c) NO2/NO3, d) Fe(II)/Fe(III), e) S2-/SO4
2- and f) CH4/CO2 (Richard and Bourg, 1991). In the 

following sections the various oxidants (electron acceptors) and reductants (electron donors) 

of Cr(VI) that are encountered in the environment are described.  

 

2.5.1.1. Oxidation of chromium 

 

Oxidation of Cr(III) to Cr(VI) represents a significant environmental hazard, since chromium is 

transformed from a harmless state into a toxic one. However, due to the fact that the redox 

potential of the Cr(VI)/Cr(III) couple is very high (0.6 V), only few oxidants are able to oxidize 

Cr(III) in geoenvironment, as will be described below. 

 

Manganese oxides is the most common and strongest oxidant of Cr(III) in the geoenvironment 

(Fandeur et al., 2009). Particularly, mixed-high-valence Mn(IV/III)-oxides, such as birnessite 

(Fendorf and Zasoski, 1992), pyrolusite, and cryptomelane (Eary and Rai, 1987) as well as 

hausmannite (Mn2+Mn3+
2O4) and manganite (Mn3+OOH) (Cooper, 2002), which are presented 

usually as  coatings on soil/rock grains, have been referred as potential oxidants for Cr(III). 

Bartlett and James (1979) were the first who observed that Cr(III) was oxidized to Cr(VI) more 

readily in soils with high elemental manganese contents than in other soils. The oxidation of 

Cr(III) by manganese oxides is reported to be a relatively rapid process. The high adsorption 

capacity of manganese oxides for metal ions provides surface localities at which the coupled 
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processes of the oxidation of aqueous Cr(III) and the reduction of manganese oxides can 

potentially occur (Apte et al., 2006). In this way the oxidation reaction would occur in the 

following four steps proposed (Manceau and Charlet, 1992) and represented schematically in 

Figure 2.9: 

 

i. Adsorption of Cr(III) onto Mn oxide surface sites,  

ii. Diffusion of Cr(III) into Mn(IV) vacancies in the MnO6 octahedra sheet, 

iii. Oxidation of Cr(III) to Cr(VI) by Mn(IV),  

iv. Desorption of the reaction products Cr(VI) and Mn(II)  

 

 
Source: (Chrysochoou et al., 2016) 

Figure 2.9  Cr(III) oxidation by manganese oxide considering chromite as the host mineral. 

 

Low solubility of Cr(III) compounds is the limiting factor of the oxidation reaction. Cr(VI) 

formation is affected by Cr(III) dissolution rate in the presence of manganese oxides. One of 

the most important parameters able to control the oxidation reaction is the pH values of the 

soil solution. Chen et al. (1997) suggested that pH affects the oxidation process in two opposite 

ways. On one hand, the pH increase contributes to the formation of negative charge at the 

surface of manganese oxides promoting, thus, adsorption and then oxidation of Cr(III). On the 

other hand, the pH increase enhances complexation and precipitation of Cr(III) with the 

hydroxyl anions (OH-), impairing the oxidation efficiency of Cr(III). The alteration of pH of the 

soil solution can also affect the redox potential between Cr(III) and manganese oxides. Thus, at 

low pH values manganese oxides can oxidize the more soluble Cr(III) easier due to the higher 

oxidation potential. 

 

Cr(III) oxidation by several manganese oxides has been reported in the literature. Amacher and 

Baker (1982) mentioned that Cr(III) oxidation by the common naturally occurring δ-MnO2 

oxide, was observed over a range of Cr(III) concentrations and pH values, with oxidation 

efficiency being limited as pH and Cr(III) concentrations increased. The increase of pH at values 

higher than 5 declined significantly the oxidation rate while the high presence of Cr(III) caused 

surface alterations that prohibited the extension of the oxidation. In addition, they postulated 

that the formation of Mn(II) and Cr(VI) as reaction products did not inhibit the oxidation 

process despite the fact that Mn(II) cations formed were strongly adsorbed by the δ-MnO2 

surface. On the contrary, the formation of Cr(VI) anions were repulsed by the oxides surface. 

Reaction 2.1 represents the overall reaction of Cr(III) oxidation by δ-MnO2 that occurs in the 

aquifers as proposed by Amacher and Baker (1982). 
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Cr3+ + 1.5 δ-MnO2 + H2O ↔ HCrO4
- + 1.5Mn2+ + H+   (Reaction 2.1) 

 

As observed from the reaction above, 1.5 mol of Mn(II) is released after the oxidation of each 

mol of Cr(III). Cr(VI) speciation influences the stoichiometric proportions of H+ consumed or 

released by this reaction as also has been reported by Fendorf (1995). Similar results were 

observed also by Bartlett and James (1983 and 1991) mentioning however that Cr(III) oxidation 

is not possible in highly reductive soils and in soils developed on natural mineral deposits due 

to the prevalent anaerobic conditions. More recently, Dai et al. (2009) investigated the 

oxidation of different Cr(III) compounds [CrPO4, Cr(OH)3 and Cr,Fe(OH)6] by δ-MnO2 showing 

that the rate and extent of oxidation of Cr(OH)3 and Cr,Fe(OH)6 decreased with increasing pH, 

while CrPO4 was not oxidized by δ-MnO2. Eary and Rai (1987) verified Cr(III) oxidation using β-

MnO2, mentioning that Cr(III) oxidation by soil manganese oxides is also controlled by the 

surface characteristics of the oxides. Specifically, they reported that soil drying alters the 

manganese oxide surface, decreasing its oxidative ability. In addition they mentioned the 

factor of the ionic strength of the solution as a parameter able to affect Cr(III) oxidation. The 

inhibition of Cr(III) oxidation by β-MnO2, under anaerobic conditions was also reported by Apte 

et al. (2006) as mentioned previously by Bartlett and James (1983 and 1991). More evidence 

about Cr(III) oxidation by γ-MnOOH or manganite have been provided by Johnson and Xyla 

(1991). γ-MnOOH or manganite is thought as an important type of manganese oxides in the 

geoenvironment able to oxidize Cr(III). Cr(III) oxidation was found to be a rapid reaction 

(completed in some minutes), not affected by pH and ionic strength, unlikely to the results 

published by Bartlett and James (1983 and 1991) and Eary and Rai (1987) who reported that 

Cr(III) oxidation is more difficult at acidic pH values. The restricted factors for Cr(III) oxidation 

were found to be the Cr(III) initial concentration and the presence of organic ligands.  

 

Another parameter able to affect Cr(III) oxidation is the concentration of dissolved oxygen (DO) 

in groundwater. Schroeder and Lee (1975) demonstrated low Cr(III) oxidation rates under the 

presence of DO in a period of a month using water collected by a lake. Low rates of Cr(III) 

oxidation by DO were observed by Rai et al. (1986) who found that DO oxidizes Cr(III) into 

Cr(VI), but the oxidation rate at room temperature is very slow and, thus, enables Cr(III) to be 

involved in faster concurrent reactions such as sorption or precipitation. Therefore Cr(III) 

oxidation by DO is unlikely in soils. Similar results reported by Eary and Rai (1987) and Fendorf 

et al. (1995) observing that only small amounts of Cr(III) were oxidized by DO at highly alkaline 

pH values, indicating that the oxidation rate is sufficiently slow in the geoenvironment 

rendering, thus, Cr(III) available to be involved in other reactions mainly sorption before being 

oxidized by DO. 

 

Cr(III) oxidation may also occur by chemical compounds possibly found in the geoenvironment, 

such as hydrogen peroxide (H2O2) and permanganate (MnO4
−). Under alkaline conditions H2O2 

may act as a Cr(III) oxidant either in the presence of oxygen or not (Pettine et al., 2008). In 

addition, Kilic et al. (2011) using tannery sludge investigated the possible oxidation of Cr(III) by 

adding H2O2 in alkaline environment, by determining the possible formation of chromates 

proposing the following reaction: 

 

Cr3+ +3H2O2 + 10OH−→ 2CrO4
2− + 8H2O                   (Reaction 2.2) 
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Regarding the effect of MnO4
− on Cr(III) oxidation, Issa et al. (1955) investigated the oxidation 

of chromite with alkaline permanganate showing that the reaction efficiency is highly affected 

by a) the alkalinity, b) the rate of addition of permanganate solution and c) the prevailing 

gaseous atmosphere. Cr(III) oxidation by permanganate can be quantitatively effected 

according to the following reactions, which are supposed to take place in alkaline medium: 

 

Cr3+ + Mn7+ → Cr6+ + Mn4+      (Reaction 2.3) 

 

Cr3+ + 3Mn7+ → Cr6+ + 3Mn6+      (Reaction 2.4) 

 

2.5.1.2. Reduction of chromium 

 

Contrary to Cr(III) oxidation, Cr(VI) reduction is a more common reaction with several 

geoenvironmental agents acting as reductants. Cr(III) is oxidized to Cr(VI) only under the 

occurrence of high redox potentials and can be easily reduced again to Cr(III) at common  

environmental conditions. The most important geoenvironmental reductants for Cr(VI) are 

ferrous iron [Fe(II)], organic matter, sulfides and microorganisms.  

 

Fe(II) can act as an electron donor for the reduction of Cr(VI) even presented in the aqueous or 

in solid phase (minerals). Fe(II) presence in groundwater can be attributed either to 

anthropogenic activities (e.g. discharges of industrial wastes) or to geogenic origin such as 

weathering of Fe(II)-containing minerals (Palmer and Puls, 1994). Table 2.5 presents the most 

common minerals able to contain Fe(II) in their structure. Cr(VI) reduction by soluble Fe(II) is a 

much faster process (usually completed in a few/some seconds) contrary to the reduction 

occurring on the minerals structure (completed in the range of hours or days) (Eary and Rai, 

1989). 

Table 2.5 Fe(II)-bearing minerals  

Class Group Mineral  Chemical formula 

Silicates 

 Olivine (Mg,Fe2+)2SiO4 

Pyroxenes 
Augite (Ca,Mg,Fe2+,Ti,Al)2(Si,Al)2O6 

Hedenbergite CaFe2+Si2O6 

Amphiboles 

Hornblende Ca2[Fe2+
4(Al,Fe3+)]Si7AlO22(OH)2 

Cummingtonite (Mg,Fe2+)7Si8O22(OH)2 

Grunerite Fe2+
7(Si8O22)(OH)2 

Micas 

Biotite K(Mg,Fe2+)3(AlSi3)O10(OH)2 

Phlogopite K(Mg,Fe)3(Si3Al)O10(F,OH)2 

Glauconite (K,Na)(Fe3+,Al,Mg)2(Si,Al)4O10(OH)2) 

Chlorites (Mg,Fe,Al)6(Al,Si)4O10(OH)8 

Oxides 

 Magnetite Fe2+Fe3+
2O4 

 Ilmenite Fe2+TiO3 

 Wuestite Fe2+O 

Sulfides  Pyrite Fe2+S2 
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Richard and Bourg (1991) proposed a general reaction (Reaction 2.5) for Cr(Vl) reduction by 

Fe(II) hosted in hematite or biotite. 

 

3Fe(II)O + 6H+ + Cr(VI)(aq) ↔ Cr(III)(aq) + 3Fe(III)(aq) + 3H2O                         (Reaction 2.5) 

 

In the case of hematite and biotite, Cr(VI) reduction observed in the aqueous phase as a result 

of Fe(II) release in small amounts in the solid solution (Eary and Rai, 1989). On the contrary, 

Cr(VI) reduction by pyrite is thought to mainly occur on the solid surface rather than in the 

aqueous phase even at slightly alkaline conditions. Magnetite is a ubiquitous magnetic iron 

oxide that occurs in the lithosphere, pedosphere, and biosphere and is commonly found in 

ultramafic and ophiolitic soils. Usually contains both ferrous [Fe(II)] and ferric [Fe(III)] iron 

species. The presence of Fe(II) in the structure of magnetite renders it as an efficient reductant 

for Cr(VI) as has been mentioned by several studies (Kendelewicz et al., 1999; He and Traina, 

2005; Jung et al., 2007; Choi et al., 2008). Apart from the reduction due to the Fe(II) occurring 

in the minerals presented in Table 2.5, Cr(VI) reduction has been referred due to the presence 

of small amounts of Fe(II) existing in clay minerals in certain low-pH soils (Eary and Rai, 1989) 

and by the Fe(II) presented in the Fe(II)-Fe(III) hydroxysalt green rusts leading to the formation 

of Cr(III)-bearing ferrihydrite (Loyaux-Lawniczak et al., 2001).  

 

Another reductant that is ubiquitous in soils and groundwater and can react with Cr(VI) is 

organic matter, commonly presented as organic carbon compounds including soil humic (SΗA) 

and fulvic (SFA) acids as well as simple aminoacids (Stanin and Pirnie, 2004). The reaction 

proposed between soil organic carbon and bichromate can be described by the following 

Reaction 2.6 (Palmer and Puls, 1994): 

 

2Cr2Ο7
2- + 3C0 + 16H+ → 4Cr3+ + 3CΟ2 + 8Η2Ο            (Reaction 2.6) 

 

Several studies have demonstrated the reduction of Cr(VI) by soil humic and fulvic acids 

(Wittbrodt and Palmer, 1995 and 1996; Stanin and Pirnie, 2004). The conclusions from these 

studies indicate that Cr(VI) reduction by organic matter is significantly affected by the medium 

pH, Cr(VI) concentrations, and the organic matter concentration. Specifically, Cr(VI) reduction 

is favored by acidic conditions, since the reduction rates increased with increasing H+ 

concentration. In addition, Cr(VI) reduction rates have been found to increase with decreasing 

Cr(VI) concentration and with increasing the organic matter concentrations.  

 

Another primary reductant for Cr(VI) in aquifers are sulfides. Despite naturally occurring 

sulfides are insoluble, like pyrite mentioned in Table 2.5, their presence in groundwater is 

usually a result of anthropogenic activities, like industrial waste discharge, organic matter 

decomposition or sulfate reduction (occurs after adding electron donors for chemicals 

biodegradation). Cr(VI) reduction by sulfides has been identified as a rapid reaction, which is 

usually completed within 24 hours (Schroeder and Lee, 1975). 

 

Finally, Cr(VI) reduction by microbial activity has been extensively referred in the literature. 

Microbial reduction is thought to affect Cr(VI) speciation through direct and indirect 

mechanisms. Direct mechanisms include chromium removal and/or accumulation by 
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microorganisms (biosorption and bioaccumulation) and enzymatic reduction. Indirect ones 

include: 1) pH changes, affecting further the solubility of both Cr(VI) and Cr(III), 2) bacterial 

production of reductants like Fe(II) (Wielinga et al., 2001) and S2- (Tebo and Obraztsova, 1998) 

and 3) organic matter degradation to more reactive compounds as a result of microbial 

fermentation (Deng and Stone 1996). Jeyasingh and Philip (2005) and Desjardin et al. (2002) 

using sterile and inoculated soils showed that the addition of a carbon source alone has almost 

no effect on Cr(VI) reduction indicating that biotic activities are leading to Cr(VI) reduction. 

However, most studies have tested microbial reduction capacity for Cr(VI) in pure cultures, and 

isolated and controlled systems and only few of them have used real soils (Salunkhe et al., 

1998; Tseng and Bielefeldt, 2002; Oliver et al., 2003; Tokunaga et al., 2003a; Freedman et al., 

2005; Srivastava and Thakur 2006; Faybishenko et al., 2008; Papasiopi et al., 2009) and fewer 

have referred to the reduction mechanism that occur in the field, despite bacteria capable of 

reducing Cr(VI) to Cr(III) are readily isolated from soil (Turick et al., 1996; Camargo et al., 2003). 

 

Concluding, Cr(VI) reduction by Fe(II) exhibits the fastest rates, while under neutral to alkaline 

pH values and under anaerobic conditions Fe(II) controls primarily Cr(VI) reduction (Pettine et 

al., 1998; Stanin and Pirnie, 2004). Since Fe(II) and organic matter are ubiquitous in soils and 

groundwater, Cr(VI) can be reduced to Cr(III) in many natural environments (Rai et al., 1989). 

 

2.5.2 Precipitation and dissolution reactions of chromium 

 

In paragraph 2.3 speciation of chromium in the geoenvironment was discussed, by presenting 

information regarding the dissolution reactions, the hydrolysis products of chromium and the 

solubility of chromium as a function of pH-Eh values (Figure 2.2). The precipitation and 

dissolution reactions of chromium are affected by the solubility of each chromium compound 

and by the kinetics of dissolution. Parameters such as the pH of the medium, and the presence 

of organic matter and other ions can strictly affect precipitation/dissolution.  

 

The water soluble Cr(III) species cannot occur in the geoenvironment since under the 

physicochemical conditions that typically prevailed these species form unstable compounds. 

Cr(III) reacts in aqueous media with the OH– forming several chromium hydroxides with varying 

solubility. Thus, the pH increase leads to the increase of OH– and thus to higher chromium 

precipitation, by formation of Cr(OH)2+, Cr(OH)2
+, Cr(OH)3, and Cr(OH)4

-. The solid Cr(OH)3(s) 

equilibrates with the Cr(III) dissolved species (Rai et al., 1987). Amorphous Cr(OH)3 can also 

crystallize as Cr(OH)3∙3H2O or Cr2O3 (eskolaite) depending on the existing conditions (Palmer 

and Puls, 1994). Cr(III) can also form complexes with inorganic and organic ligands. The most 

common inorganic ligands are SO4
2–, NH4

+, and CN–. Organics can complex with dissolved 

Cr(III), eliminating its availability for precipitation (Hawley et al., 2004). Another factor that 

controls significantly Cr(III) precipitation is the presence of ferric iron Fe(III), since Cr(III) can 

precipitate in the form of mixed hydroxide FexCry(OH)3(s) (Eary and Rai, 1988; Richard and 

Bourg, 1991). The formation of mixed iron-chromium hydroxide enhances the precipitation of 

Cr(III) in aqueous media with neutral and slightly alkaline pH values. The kinetics of the 

precipitation reaction with Fe(III) is fast making iron a controlling factor for Cr(III) fate in 

groundwater (Sass and Rai, 1987). In general, Cr(III) is presented in low dissolved 
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concentrations in groundwater since the neutral to alkaline pH values that commonly occur in 

aquifers lead to the formation of Cr(III) compounds of very low solubility.  

 

Regarding Cr(VI), chromate (CrO4
2–), hydrogen-chromate (HCrO4

–) and dichromate (Cr2O7
2–) are 

soluble in aqueous media, in all pH range. In the typical pH range of groundwater (6.5-8.5), 

Cr(VI) is mainly presented as chromate. However, chromate can exist as an insoluble salt with a 

variety of divalent cations, such as Ba2+, Sr2+, Pb2+, Zn2+, and Cu2+ (Stanin and Pirnie, 2004). The 

rates of precipitation/dissolution reactions between chromate, and the aforementioned 

divalent cations are pH dependent. However, due to low concentrations of such divalent 

cations in aquifers, Cr(VI) precipitation is not considered as an important reaction. On the 

contrary, dissolution of such chromate salts in groundwater, usually originating from 

anthropogenic activities, is thought as a source of chromate anions.  

 

Some Cr(VI) natural precipitates that have been observed are CaCrO4, hashemite (BaCrO4) and 

crocoite (PbCrO4) (Smith et al., 2003). However, these solids are not much common and are 

not considered as a removal mechanism for Cr(VI). Contrary to the case of Cr(III), the presence 

of Fe(III) plays an important role in the immobilization of Cr(VI) only at acidic conditions. As 

shown at Table 2.6 several solid phases formed under acidic conditions and containing Fe(III) 

and Cr(VI) have been reported by the research teams of Baron et al and Olazabal et al. The 

KFe3-(CrO4)2(OH)6(s) and KFe(CrO4)2∙2H2O(s) phases have been identified in Cr-contaminated 

soils (Baron et al., 1996; Baron and Palmer, 1996; Baron and Palmer, 1998), while the 

FeOHCrO4(s) and FeOHCrO4∙2Fe(OH)3(s) ones, have been identified as stable in acidic medium, 

with their stability being strongly affected by the concentration of metal ions (Olazabal et al., 

1994, 1997). Additionally to these studies, Lee and Hering (2005) proposed the formation of a 

chromic hydroxy chromate phase [Cr(VI)-Cr(III) solid phase] under acidic conditions.  

  

Table 2.6 Solid phases incorporating Fe(III) and Cr(VI) ions. 

Reaction log Ksp 

KFe(CrO4)2∙2H2O(s)  = K+ + Fe3+ + 2 CrO4
2- + 2H2O -19.4 

KFe3(CrO4)2(OH)6(s) + 6H+ = K+ + 3Fe3+ + 2CrO4
2- + 6H2O -18.4 

FeOHCrO4(s) = Fe3+ + CrO4
2- + OH- -22.5 

FeOHCrO4∙2Fe(OH)3(s) = 3Fe3+ + CrO4
2- + 7OH- -99.8 

 

As it can be observed natural precipitation of Cr(VI) cannot be considered as an important 

process for Cr(VI) immobilization, contrary to Cr(III), which is not only easily precipitated under 

the physicochemical conditions that usually occur in aquifers but also can indirectly affect 

Cr(VI) presence since its precipitation increases the reaction rates of Cr(VI) to Cr(III) according 

to Le Chatelier’s Principle (Hawley et al., 2004). 

 

2.5.3 Sorption and desorption reactions of chromium 

 

The general term of “sorption” comprises two processes: “adsorption”, which is the process by 

which a solute clings to a solid surface, and “absorption”, which is the process by which the 

solute diffuses into a porous solid and clings to interior surfaces. Adsorption occurs due to the 

attraction of dissolved ionic species to the mineral surfaces that exhibit a net electrical charge. 
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The presence of electrical charge is attributed to imperfections or substitutions in the crystal 

lattice or chemical dissociation reactions at the particle surface. The electrical charge varies 

significantly with pH (Stanin and Pirnie, 2004; Sposito, 2008). Sorption significance to the fate 

and transport of contaminants in groundwater is related to the retardation that can cause to 

the contaminants transport with respect to the groundwater velocity, reducing, thus, its 

concentration in the aqueous media. However, sorption is a reversible process and so the 

sorbed contaminants can be released back into the aqueous medium (desorption), causing 

increase in contaminants concentration  

 

Cr(III) behaves like a cation when adsorbed onto surfaces and thus sorption is enhanced as pH 

increases. The pH increase causes surface deprotonation as the OH- concentration increases, a 

fact that enhances the attraction between Cr(III) and the surface. Cr(III) can be rapidly, strongly 

and specifically sorbed onto soil by iron and manganese oxides and by clay minerals (Hawley et 

al., 2004; Motzer, 2004; Stanin and Pirnie, 2004). The Mn oxides typically accumulate on the 

surface of Fe oxides and clay minerals in aquifers (Bartlett and James, 1979). Several 

experimental data have shown that Cr(III) sorption on iron oxides and clays is a fast process 

that is completed in one day. One more factor able to strongly enhance Cr(III) adsorption is the 

presence of organic matter in soils, while the presence of dissolved ligands, organic or 

inorganic, and other heavy metal cations can act competitively to Cr(III) adsorption (Sposito, 

2008). 

 

On the contrary, Cr(VI) is presented in anionic forms HxCrO4
2-x (mainly as CrO4

2– and HCrO4
–) 

under the physicochemical conditions occurring in the geoenvironment. The ratio of HCrO4
– to 

CrO4
2– is a function of pH. Thus Cr(VI) sorption efficiency decreases with increasing pH, due to 

the increase of negative surface charge of the natural sorbents (Sposito, 2008). In the neutral 

to alkaline pH values that occur in groundwater it is expected that Cr(VI) anions would not be 

retarded by adsorption mechanisms, since Cr(VI) sorption by clays, soil and natural materials is 

low to moderate. However, contrary to clays, sandy materials have exhibited greater sorption 

affinity for Cr(VI). This is possibly due to their higher preponderance of positively charged 

surfaces able to adsorb the Cr(VI) anions over the pH range (5 – 7.5) possibly measured in 

groundwater (Stanin and Pirnie, 2004). These positively charged surfaces presented in alluvium 

aquifer materials are attributed to the presence of Fe, Al and Mn (oxy-hydro)oxides that have 

been mentioned as important adsorbents for Cr(VI) and other anions. These minerals are 

usually presented as coatings at aquifer materials and due to their structure and surface 

properties can remain positively charged even at neutral to alkaline pH values causing thus 

charge attractions with anions. Among them amorphous Fe is the mineral phase found at 

predominant concentrations in most aquifer materials (James and Bartlett, 1983; Rai et al., 

1986; Zachara et al., 1987; Rai et al., 1988; Hawley et al., 2004).  

 

Richard and Bourg (1991) investigated the sorption efficiency of Cr(III) and Cr(VI) on Fe2O3 

surfaces, as a function of pH. The results verified that Cr(III) adsorption increases with 

increasing pH, but decreases when competing cations are present, whereas Cr(VI) adsorption 

decreases with increasing pH and when competing dissolved anions are present. Competing 

anions have drastic effects on Cr(VI) adsorption, with their extent depending on several 

parameters such as their concentration in the soil solution, their relative affinities for the solid 
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surface and the surface site concentration (Rai et al., 1986). The presence of chloride and 

nitrates have little effect on Cr(VI) sorption, whereas sulfates and phosphates tend not only to 

inhibit its sorption but also to replace them even when they are already sorbed. Additionally, 

sorption of chromates in the presence of a mixture of ions is lower when H2SiO4
2– is present. 

On the contrary, chromates either increase or have no effect on the sorption of heavy metals 

(e.g. Cd2+, Co2+, Zn2+) since competition for surface sites is relatively minor. Sorption of Cr(VI) 

becomes less important as the concentration of competing anions sorbed to solid surfaces 

increases (Rai and Zachara, 1988; Richard and Bourg, 1991; Fendorf, 1995; Ball and Nordstrom, 

1998; Oze et al., 2004; Stanin and Pirnie, 2004). Thus, in groundwater, especially in 

contaminated one, Cr(VI) adsorption is usually negligible.  

 

Sorption of chromates can be a reversible process, which depends on the chemistry of the 

extractant and of the soil (Baron et al., 1996). It can be concluded that sorption reactions, as 

with redox and precipitation reactions, are highly influenced by the complex environmental 

conditions inherent in the subsurface and can affect the transport and fate of Cr(VI) in 

aquifers. Cr(VI) adsorption will be more extensively discussed in the following paragraphs.  

  

2.6 Groundwater inorganic contamination due to agricultural activities – Fate and 

transport of nitrates and phosphates 

 

As mentioned in paragraph 2.4.1, the extensive use of fertilizers and other materials (liming 

materials, agrochemicals, and sewage sludge) used as soil amendments can increase the 

content of heavy metals, such as chromium, in soil and groundwater. The intensive 

applications of such materials in combination with organic materials like manure, fungicides or 

other pesticides can lead to higher extractability of heavy metals from soil. However, the 

mobility of such metals depends not only on the metals concentration but also on the soil 

properties (Han et al., 2000; Covelo et al., 2007).  

 

However, the intense use of manure and synthetic fertilizer, and irrigation with wastewater 

have been shown to directly contaminate water bodies (surface water and groundwater). In 

the early 1960s, elevated P and N concentrations in groundwater have been observed globally 

as a result of intensive agricultural activities. This is also the case in Greece where extensive 

agricultural activities occur in several areas. The Greek legislation incorporated the Directive 

91/676/EEC, establishing the law with No. 16190/1335/1997 (Government Gazette 519), 

according to which each Member State shall establish one or more codes of good agricultural 

practice. These are optionally applied by the farmers and include environmentally-friendly 

rules for agriculture activities and livestock farming, both aiming at ensuring the protection of 

surface and groundwater from nitrate pollution linked to agricultural origin. Such practices 

include the use of certain fertilizers and irrigation treatment, avoiding the application of 

fertilizers or manure at short distances from water sources, proper handling of livestock waste 

and manure disposal, etc. However, no legislation occurs regarding the treatment of 

phosphates. Thus although a limit for NO3
- concentration (50 mg/L) in groundwater has been 

established this does not happen regarding P concentrations. The possible sources of these 

two contaminants in groundwater and their fate and transport after their addition in aquifers 

will be described below.  
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2.6.1 Nitrates in the geoenvironment 

 

2.6.1.1. General 

 

The total content of nitrogen (TN) is divided into Total Inorganic Nitrogen (TIN), including 

nitrates (NO3
-) and nitrites (NO2

-), as well as Total Organic Nitrogen (TON). Organic nitrogen 

consists of truly dissolved organic nitrogen (DON) and particulate organic nitrogen (PON). NO2
- 

and NO3
- ions are the oxidized forms of N. These N compounds are dissolved in the aquatic 

environment and are usually the product of oxidation of ammonia by aerobic bacteria, 

according to the following reaction (Reaction 2.7): 

 

ΝΗ4
+ + 3/2O2 → ΝΟ2

- + 2Η+ + Η2O                                                    (Reaction 2.7) 

 

Nitrites in the aquatic environment are found at very low concentrations, as they are rapidly 

oxidized to nitrate, according to the following reaction (Reaction 2.8): 

 

ΝΟ2
- + 1/2Ο2 → ΝΟ3

-                                                                          (Reaction 2.8) 

 

Nitrates and nitrites are particularly soluble compounds, resulting in easily reaching surface 

water or groundwater. Due to their high solubility in aqueous media, they are possibly the 

most widespread groundwater contaminants globally imposing an important threat to drinking 

water supplies and eutrophication. The presence of elevated nitrates concentrations in 

drinking water has gain great concern in the recent decades. Humans ingest nitrate in food and 

water. Little is known about the adverse effects may be caused in adults even at chronic 

consumption of high amounts of nitrates. Only in the case of nitrates consumption by infants 

there have been detected health risk effects like methemoglobinemia (blue-baby syndrome) 

(Mahler et al., 2007). In order to prevent adverse health effects by nitrates consumption the 

European Union enacted the Drinking Water Directive (98/83/EC) setting a maximum 

allowable concentration for nitrate of 50 mg/L. Since in many countries groundwater is a very 

important source of drinking water and it is often used untreated, groundwater protection by 

nitrate contamination was prevented by the Nitrates Directive (91/676/EEC). This Directive 

aims to control N pollution and requires Member States to identify groundwater that contain 

more than 50 mg/L nitrate or could contain more than 50 mg/L nitrate if preventative 

measures are not taken. It must be noted that by this directive not only the nitrates but also 

phosphates are considered as target contaminants mainly due to application of fertilizers. In 

addition, the EU promotes the adoption of rules on good agricultural practices since nitrate 

concentrations higher than the 50 mg/L limit are mainly recorded in private and small 

communal supplies from shallow aquifers, and in areas with intensive agricultural and livestock 

production (https://www.eea.europa.eu/themes/water/status-and-monitoring/state-of-

groundwater/water-quality-and-pollution-by-nutrients). 

 

Finally, the Groundwater Directive 2006/118/EC (12 December 2006) of the European 

Parliament and of the Council of the European Union which refers to the protection of 

groundwater against pollution and deterioration established the limit of 50 mg/L for nitrates 

concentration in groundwater.  

https://www.eea.europa.eu/themes/water/status-and-monitoring/state-of-groundwater/water-quality-and-pollution-by-nutrients
https://www.eea.europa.eu/themes/water/status-and-monitoring/state-of-groundwater/water-quality-and-pollution-by-nutrients
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2.6.1.2. Origin of nitrate in groundwater 

 

Natural occurrence 

Nitrogen concentration in cultivated soils usually ranges between 0.17 and 0.45 Kg/m2 of N 

bounded in living and dead plants and organisms (Mahler et al., 2007). Natural nitrate levels in 

groundwater are generally very low, typically less than 10 mg/L 

(http://www.lenntech.com/groundwater/nitrates.htm#ixzz4hWzL8IKY, Mahler et al., 2007). 

Natural contamination of groundwater with nitrates is usually rare and can be attributed to 

loss of N from the soil zone, which will cause under specific climate conditions groundwater 

enrichment with high levels of nitrates. However, several factors can affect natural 

groundwater contamination such as the nature and thickness of surface deposits, the rainfall 

quantity and distribution, the groundwater level, the distribution of vegetation types and 

presence of N-fixing vegetation. Usually, in order to identify high levels of nitrates 

contamination, all or most of the aforementioned parameters must occur. For example, 

droughts and fires can affect the N cycle by disturbing the plant cover, which can lead to 

nitrate leaching under the root zone, especially after the occurrence of great rainfalls (Tredoux 

et al., 2009). 

 

Some examples of natural groundwater contamination with nitrates have been reported by 

Tredoux et al. (2009) like in the semi-arid to arid regions of the Northern Cape Province and 

Namibia, where anthropogenic influences are excluded, since the population density is very 

low. Similarly in the Australian arid zone and the Sahel area nitrate contamination was 

attributed to biological N fixation or to a combination of N fixation and termite activity, and to 

leguminous vegetation and leaching of nitrate due to varying climatic cycles, respectively 

(Tredoux et al., 2009) 

 

Anthropogenic sources 

Groundwater contamination by nitrates can be attributed to a wide range of anthropogenic 

activities, such as agricultural activities, industrial activities, domestic effluents and emissions 

from combustion engines. The most common anthropogenic sources of nitrates are the 

following (European Environmental Agency, 1999): 

 over fertilization of crops  

 cultivation in areas where soils exhibit high thickness of their layer or have poor nutrient 

buffering capacity or they are subjected to alterations of land use 

 cultivation of seasonal crops (soil is bare for high period annually, especially in winter) 

which require high amounts of fertilizes 

 intensive agricultural rotation cycles involving frequent ploughing  

 drainage systems which lead to drainage of fertilizers 

 organic fertilizers form animal waste/by-products 

 increased urbanization 

 

As it can be observed, agriculture is the largest contributor of groundwater contamination with 

nitrates. Agricultural contamination includes non-point and point sources. Non-point sources 

can be manure and fertilizer application to land, tilling of the soil, deforestation and land 

clearing, while as point sources can be considered on-site sanitation, kraals, and other places 

http://www.lenntech.com/groundwater/nitrates.htm#ixzz4hWzL8IKY


LITERATURE REVIEW            Athanasios S. Bouras 

 

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

37 

where livestock congregate, especially at stock watering points, and feedlots (Tredoux et al., 

2009). As regarding fertilizers application the most common inorganic N fertilizers contain 

nitrates and/or ammonium (NH4). Plants do not necessarily use all the nitrates contained in 

fertilizers or produced by organic matter decomposition (Mahler et al., 2007). In addition, the 

continuous cultivation causes a depletion of nutrients from soils, which secondly is tried to be 

replenished by adding more and more N-based fertilizer on the land in an attempt to keep the 

productivity constant (Behm, 1989). The kind of crops, the frequency of irrigation and the type 

of soil are important parameters able to affect groundwater contamination (Burkart and 

Kolpin, 1993). 

 

2.6.1.3. Processes that affect fate and transport of nitrates 

 

The excess of N from fertilizers percolates through the soil and can be detected as nitrates or 

ammonium, under aerobic or anaerobic conditions, respectively. Nitrates can be accumulated 

in soils or be infiltrated by them, when the input amounts are higher from what the system can 

use. The rate of infiltration is relatively slow and usually a lag time of 20 up to 40 years 

between the pollution phenomena and the presence of the contaminant in groundwater, 

depending on the hydro-geological conditions. However, if the anthropogenic activities are 

intensive, nitrates transport to the saturation zone can be rapid. The high risk of nitrates 

presented in groundwater is that usually have similar electric charge with soil colloids, 

resulting thus in increased mobility within the water bodies (Mahler et al., 2007; 

https://www.eea.europa.eu/themes/water/status-and-monitoring/state-of-

groundwater/water-quality-and-pollution-by-nutrients). 

 

In aquifers nitrates can be involved in redox reaction undergone by biological or chemical 

factors. Nitrates can be reduced by microbial action into nitrite or other forms. Since nitrites 

are unstable under the physicochemical conditions in aquifers chemical and biological 

processes can further reduce them to N compounds or oxidize them back to nitrates 

(Bhatnagar and Sillanpää, 2011). The chemical reduction of nitrates demands the presence of 

chemical factors able to act as electron donors. Table 2.7 presents some inorganic chemical 

factors that can potentially act as nitrates reductants since their oxidation potentials are lower 

or similar to that of the NO3
-/N2 (0.75 V) redox pair (Zhu and Getting, 2012). 

 

Table 2.7 Inorganic chemical factors possibly able to reduce nitrates. 

Half reaction Standard potential (V) 

Fe3+ + e- → Fe2+ 0.77 

NO3
- + e- → N2 0.75 

I2 + 2e- → 2I- 0.54 

Cu2+ + 2e- → Cu 0.34 

Cu2+
(aq) + e- → Cu+

(aq) 0.13 

2H+ + 2e- → H2 0.00 

Pb2+ + 2e- → Pb -0.13 

2SO4
2- + 19H+ + 16e- → H2S + HS- + 8H2O -0.22 

SO4
2- + 8H+ + 6e- → S0 + 4H2O -0.33 

https://www.eea.europa.eu/themes/water/status-and-monitoring/state-of-groundwater/water-quality-and-pollution-by-nutrients
https://www.eea.europa.eu/themes/water/status-and-monitoring/state-of-groundwater/water-quality-and-pollution-by-nutrients
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Fe2+ + 2e- → Fe0 -0.44 

Zn2+ + 2e- → Zn -0.76 

Al3+ + 3e- → Al -1.66 

Mg2+ + 2e- → Mg -2.37 

Na+ + e- → Na -2.71 

Ca2+ + 2e- → Ca -2.87 

K+ + e- → K -2.93 

Source: (Zhu and Getting, 2012) 

 

Another factor able to affect nitrate transport is the sorption process. The ability of soils to 

adsorb nitrates so that can be used for plants growth, causes retardation to their movement to 

deeper horizons and thus to groundwater. Several studies have reported nitrates sorption by 

soil (Reynolds-Vargas et al., 1994; Qafoku et al., 2000; Tani et al., 2004; Hamdi et al., 2013). 

However, the presence of nitrates in concentrations higher than the soils adsorption capacity 

renders them susceptible to leaching (Bhatnagar and Sillanpää, 2011). Several soil properties 

such as iron and aluminum oxide concentrations (Wong and Wittwer, 2009), organic matter 

content (Panuccio et al., 2001), pH (Donn and Menzies, 2005), and soil texture and clay 

mineralogy (Schrothez-Villegas et al., 2004) have been reported to control nitrates mobility. In 

addition, the presence of other anions, such as chlorides, are able to cause adsorption 

competitive effects on nitrates (Feder and Findeling, 2007), while Qafoku et al. (2000) reported 

that nitrates sorption is strongly related to their concentration. Thus nitrate concentration in 

groundwater can vary over a very wide range depending on the aquifer’s geochemistry. 

 

2.6.2 Phosphates in the geoenvironment 

 

2.6.3.1. General 

 

P in the geoenvironment can be found in soil, rocks, plants and groundwater. It is an essential 

nutrient for plant growth but at high concentrations can cause water quality problems, 

especially in surface waters by promoting eutrophication. Phosphates exist in three forms: 

orthophosphates (HxPO4
3-, x=0-2), metaphosphate (or polyphosphate) and organically bound 

phosphate. The main difference among them is the chemical arrangement of P.  These forms 

of phosphate occur in living and decaying plant and animal remains, as free ions or weakly 

chemically bounded in aqueous systems, chemically bonded to soils, or as mineralized 

compounds in soil and rocks (USEPA, 2005; Oram, 2014). The most common form of P in 

aqueous media is orthophosphates. Orthophosphates are strongly affected by the pH values of 

the aqueous media occurring with several anionic species. Species derived from 

orthophosphoric acid (H3PO4), such as H2PO4
– and HPO4

2, exist under acidic and slightly alkaline 

pH values, respectively, and both are preferentially absorbed by plants. In alkaline pH values 

the predominant specie is PO4
3– (Hinsinger, 2001; Fink et al., 2016). 

 

Except for eutrophication, which is the main environmental problem created by phosphates, 

extremely high levels of phosphates can cause digestive problems in humans. The WHO, in 

1980 concluded that there is no nutritional basis for the regulation of P levels in the US 

drinking water supplies. In EU the most important Directives related to phosphorus are the 
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Water Framework Directive 2000/60/EC and the Groundwater Directive (daughter directive of 

Water Framework Directive) 2006/118/EC and the Nitrates Directive 91/676/EEC. However, at 

none of them a specific concentration limit of P is referred. The main environmental objectives 

at these Directives are to achieve and maintain a good status for all surface waters and ground 

waters and to prevent deterioration and ensure the conservation of high water quality where 

it still exists. 

 

The primary concern with P is discharge to surface waters in order to prevent/control 

eutrophication. Thus USEPA makes the following recommendations regarding the P 

concentrations (Murphy, 2005; Oram, 2005):  

 total PO4–P ≤ 0.05 mg/L in a stream at a point where it discharges into a lake or 

reservoirs,  

 total PO4–P ≤ 0.1 mg/L in streams that do not discharge directly into lakes or 

reservoirs, 

 total PO4–P ≤ 0.025 mg/L for reservoirs. 

 

For the purpose of monitoring and water rating the following are the useful requisite levels of 

total PO4–P (Oram, 2005; Fadiran et al., 2008):  

 <0.03 mg/L: level in uncontaminated lakes;  

 0.025 – 0.1 mg/L: levels at which plant growth is stimulated;  

 0.1 mg/L: maximum acceptable for avoidance of rapid eutrophication;  

 > 0.10 mg/L: high level resulting in accelerated algal growth problems. 

 

2.6.3.2. Origin of phosphate in groundwater 

 

Natural  occurrence 

 

Natural sources of P in groundwater include atmospheric deposition, natural decomposition of 

rocks and minerals, weathering of soluble inorganic materials, decaying biomass, runoff, and 

sedimentation (Fadiran et al., 2008). Concentrations of P in rocks may be as high as 1,000 

mg/kg (MPCA, 1999). P in soil parent materials is primarily in mineral form and especially as 

apatite, a mineral that is also commercially available, and consisted by calcium 

phosphate.  Generally, apatite is a family of phosphates containing calcium, iron, chlorine and 

several other elements in varying quantities (Oram, 2014). When calcium phosphate is 

crystalized with fluoride or calcium chloride it is formed the chloro-apatite Ca5(PO4)3(OH,F,Cl). 

Another source of P can be considered to be the phosphorite, which is in fact a product of 

apatite’s weathering. During the soil synthesis/weathering the P contained in apatite is 

released and can be either taken up by the plants or incorporated into the organic matter of 

the soil or bound by different soil components. Other P minerals are monazite 

[(Ce,La,Pr,Nd,Th,Y)PO4], a rare earth metal phosphate and vivianite [Fe2+
3(PO4)2∙8H2O] that 

contains ferrous iron. Generally, several factors, such as the type of the parent material, the 

climate, the slope of the area, the presence of organisms and the geological processes that 

lead to soil formation, can affect the release of P in the soil solution. However, these amounts 

of P are immediately used by plants and organisms. Naturally occurring levels of phosphates in 

surface and groundwater bodies are not harmful to human health, animals or the 
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environment. The form of P presented in groundwater due to natural processes is that of 

orthophosphates (Fink et al., 2016). 

 

Anthropogenic sources 

 

Anthropogenic sources of P include fertilizers, wastewater and septic system effluents, animal 

wastes, industrial discharges, phosphate mining, forest fires. In these cases phosphates are 

presented as orthophosphates.  Small amounts of certain condensed phosphates, usually poly 

forms, are added to some water supplies during treatment to prevent corrosion and this 

chemical is used extensively in the treatment of boiler waters. Larger quantities of these 

compounds can be found in laundering and commercial cleaning agents (Fadiran et al., 2008; 

Oram, 2014). 

 

In several areas P concentrations in soils is likely to be considerably higher compared to 

background levels. Agricultural activities are considered as one of the most important sources 

for phosphates presence in soils and groundwater since considerable amounts of P are tied up 

in vegetation. Huge quantities of sulfuric acid are used in the conversion of the phosphate rock 

into a fertilizer product called "super phosphate" (Oram, 2014). In agriculture activities, in 

order to achieve efficient use of fertilizers, P aqueous concentrations higher than 3 mg/L are 

required. In such areas with intensive agricultural activities, P concentrations as high as 30 

mg/L have been found in soil runoffs. These values are much higher than the limit for P 

concentrations (<0.1 mg/L) in surface water that USEPA suggests (Withers et al., 2000; Weng 

et al., 2012). As a result, the importance of P release from agricultural areas has increased in 

recent years (Sharpley et al., 1994; Barberis et al., 1996; Koopmans et al., 2007). The main 

form of P occurs in groundwater/soil is that of orthophosphates, since this form occurs in 

fertilizers, in order to be readily available for plants. In addition, the poly-forms are 

transformed into orthophosphate and are available for plant uptake in the conditions of 

groundwater, while organic phosphates that are usually bound or tied up in plant tissues, 

waste solids or other organic material, after their decomposition, are converted to 

orthophosphates (Oram, 2014). 

 

2.6.3.3. Processes that affect transport of phosphates 

 

P in soils can be divided into two categories; 1) the P portion that is available to be used by 

plants and thus is presented in pore water; usually referred as “environmentally available” and 

it is measured in order to determine the need of crops but also used as a method for 

predicting the amount of P adsorbed to the soil, 2) the rest of P that remains in the subsurface 

(Figure 2.10). The second portion of P, which is applied as orthophosphates to agricultural or 

residential lands as fertilizers, can be carried into the surface water during storm events or 

snow melt. Storm events can also cause the vertical migration of the phosphates into the 

groundwater system. However, since most soils exhibit affinity for phosphates, the soil mantle 

acts as storage media (Oram, 2014). The main processes by which phosphates can be 

immobilized in soils are precipitation/mineralization and adsorption. Regarding 

precipitation/mineralization process, phosphates have the ability to form several highly 

insoluble secondary minerals. The most common minerals formed are calcium phosphate 
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minerals, such as hydroxyapatite (Ca5(PO4)3OH) and others like strengite (FePO4∙2H2O), 

vivianite (Fe3(PO4)2∙8H2O) and variscite (AlPO4∙2H2O) (Nriagu and Dell, 1974; Nriagu and 

Moore, 1984; Zanini et al., 1998; Robertson, 2003). Tunesi et al (1999) reported that P 

precipitation was dominant for P concentrations higher than 15.5 mg/L in calcareous soil 

solutions. Except for P concentration, experimental results showed that precipitation is also 

affected by the concentration of Ca2+ ions, the reaction time, the concentration of the 

background electrolyte and the pH values. 

 

Though orthophosphates are soluble in groundwater, they can also bind or adsorb onto soil 

particles. Thus, adsorption is a crucial process that can affect the availability of phosphates 

to the biosphere and their mobility in groundwater. Phosphates adsorption on soils depends 

on several parameters, such as the pH of the medium and their concentration in 

groundwater, as well as on the geochemical soil characteristics, such as the specific surface 

area (SSA), the crystallinity, and the configuration and density of hydroxyl groups on the iron 

oxides surface. These parameters are further affected by the geological background 

including the processes occurring for the soil formation, the extent of weathering processes, 

the drainage conditions and the pH (Fink et al., 2016). Sorption of phosphates is thought to 

be a two-step process at which the first step involves rapid adsorption at high affinity 

mineral surface sites (Parfitt, 1978; 1989) and the second one involves the slower diffusion 

into micropores (Barrow, 1985; Torrent et al., 1992; Slomp et al., 1998; Mikutta et al., 2006) 

or precipitation of metal phosphate phases (Van Riemsdijk et al., 1984). The most important 

adsorbents for orthophosphates in soils are colloids such as clays, metal oxides (iron and 

aluminum), natural organic matter and biocolloids (microorganisms) (Pang et al., 2016). 

Especially, the fine-grained iron oxides are considered as the main adsorbents for 

orthophosphates in the subsurface. The pH of the medium and the concentration of DO are 

crucial factors that may affect the adsorption capacity of such minerals. Iron oxides exhibit 

higher adsorption capacity below neutral pH values and in the presence of DO, while in the 

case of anoxic and alkaline environments they become saturated much faster. In addition, in 

rare cases anaerobic conditions may cause the release of phosphates back to the soil 

solution due to the dissolution of the iron oxides, under the occurrence of specific bacteria. 

In addition, the effect of iron and aluminum sesquioxide species on soil adsorption–

desorption phenomena is affected by the presence of natural organic matter (NOM) 

(Brennan et al., 1994; Zhang, 2008; U.S.G.S., 2012; Bortoluzzi et al., 2015). So far, little 

quantitative information is available on the relative roles of fast and slow sorption and 

mineral precipitation in determining P mobility in groundwater (Spiteri et al., 2007). 
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Source: (Fink et al., 2016) 

Figure 2.10  P cycle in the environment 

 

Since the soil reaches its adsorption capacity the excess of phosphates remains in the soluble 

phase and thus phosphates are transported deeper in the unsaturated zone and finally into the 

underlying aquifer according to the vertical water movement. However, this pathway has 

received little attention since in most studies/cases the basic assumption made is that it is 

retained by the soil due to its high adsorption capacity (Correll, 1998). There are several cases 

at which significant concentrations have been observed in groundwater and this fact is a result 

of soil’s attenuation capacity or preferential transport of P-containing wastes through the soil 

to groundwater (MPCA, 1999). Several studies have investigated the behavior and trend of 

nutrients concentrations, like P in groundwater associated with anthropogenic activities 

(Carlyle & Hill, 2001; Burkart et al., 2004; Abraham & Hanson, 2008; Holman et al., 2010; 

Heeren et al., 2011; Mittelstet et al., 2011; Gray et al, 2015). A first indication of the possible 

presence of phosphates transport from subsurface to groundwater is the type of subsurface 

and the depth of groundwater table, with shallow aquifers being most likely to be affected by 

human activities. For instance, alluvial gravel subsurfaces, with low organic matter content, 

due to their high permeability are more sensitive to leaching phenomena. The formation of 

significant preferential flow paths allows the easy vertical transport of contaminants (MPCA, 

1999; Pang et al., 2016). Such an example was reported by McDowell et al. (2015) who 

detected elevated P concentrations in groundwater associated with sandy and gravel aquifer. 

The site was used for dairying for a period of about 10 years. Finally, even if soils exhibit high 

amounts of colloids able to bind phosphates this cannot be sufficient to retard phosphates 

transport. The presence of mobile colloids (e.g. iron oxides), which can be transported through 

the soil pores enhances phosphates transport (de Jonge et al., 2004; Schelde et al., 2006; 

Walshe et al., 2010). 
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2.7 Principles and modeling of adsorption process 

 

2.7.1 General 

 

Adsorption is the process by which a chemical substance reacts at the interface of two 

different phases. In the case that the phases are a solid and a liquid one, as occurs in aquifers, 

the solid phase is termed as “adsorbent” and the substances that are adsorbed as “adsorbate”. 

During adsorption, ion accumulation occurs at the solid/liquid interface forming a 2D 

structure. In the case that this 2D accumulation continues with the formation of a 3D structure 

then the precipitation process takes place. These two processes belong to a more general 

process, which refers to the loss of substances from a fluid phase to a solid surface, called 

“sorption” (Goldberg et al., 2004).  

 

Adsorption can be affected by several parameters, the main of which are listed below (Al-

Anber, 2011): 

 Surface area of adsorbent. The higher the surface of the adsorbent the higher the 

adsorption capacity. 

 Particle size of adsorbent. Particle size affects adsorption efficiency since particles with 

smaller size increase internal diffusion and can be transferred deeper in the solid 

porous, utilizing all the available sites for adsorption. By this way equilibrium is achieved 

faster, the adsorption rates are higher and adsorption capacity is maximized. 

 Contact/residence time. High contact time indicate that possibly adsorption is completed 

since equilibrium has been achieved. By this way it can be found the minimum time 

required for equilibrium and possibly information about the diffusion mechanism. 

 Affinity of the solute for the adsorbent. Surface polarity attributes to the higher 

adsorption of polar compounds compared to non-polar ones. 

 Molecule size with respect to size of the pores. The molecule size may cause adsorption 

effects since its size can affect the entrance in the solid porous.  

 Ionization degree of the adsorbate molecule. Neutral molecules are more efficiently 

adsorbed than highly ionized ones.  

 pH. The pH of the aqueous solution can affect adsorption by two ways. Either by 

affecting the surface charge of the solid surface, due to the presence of OH-/H+ or by 

affecting the ion speciation, since the degree of ionization of a species is affected by the 

pH. The pH value at which the surface charge is zeroed under constant temperature, 

pressure and soil solution composition is called point of zero charge (PZC). 

 Effect of initial concentration. The higher ion concentrations create their excess taking 

into account the constant amount of the adsorbent and the available surface sites. Thus, 

the adsorption efficiency decreases. The decrease is also related to the diffusion process 

and the possible competitive effects. This competition prevents the ion passing inside 

the solid pores with the adsorption occurring only on the solid surface. This 

phenomenon creates less favorable adsorption sites (from an energy point of view) 

since ions concentration increases.  
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 Effect of solid concentration. Adsorption efficiency generally increases with increasing 

the concentration of the adsorbent (dosage effect), since more mass and, thus, surface 

area is available for adsorption. 

 

Adsorption can be divided into two main categories: chemisorption and physisorption 

processes. In the case of chemisorption (chemical adsorption) the adsorbate is bounded at the 

solid surface via the formation of chemical bonds. Thus chemisorption can be either an 

endothermic or exothermic process. In order to be achieved a high activation energy is usually 

required and thus the process is favored at high temperatures. It is generally a slow process 

and thus increased time is needed for achieving equilibrium. In addition, chemisorption is 

strongly affected by the size of surface area, since high surface area provides higher capacity 

for adsorption due to the formation of more valence bonds. The adsorbed molecules create a 

layer that covers the surface with thickness equal to the size of the adsorbed molecule, since 

each site adsorbs only one molecule which cannot be transported to other site (specific 

adsorption). Thus a monomolecular layer is formed, which also controls the adsorption 

capacity of the adsorbent since, up to its formation on the whole surface area, the capacity is 

exhausted. On the other hand, physisorption, is a process based on the occurrence of 

intermolecular attractions (e.g. Van der Waals forces), not including any important alterations 

at the electronic orbitals of the species. In this case, no activation energy is required and low 

temperatures favor this kind of adsorption. Physisorption can be characterized as multilayer 

adsorption and as non-specific due to the formation of weak forces between molecules, which 

allow to the molecule to move freely near the solid surface (Al-Anber, 2011). 

 

The physicochemical conditions of the aquifers under which adsorption process occurs, such as 

pH, surface area and density of active sites (affected by the type of minerals) can influence the 

time required for sorption equilibrium. As a result, in some cases the adsorption reactions can 

be fast, completed in some minutes or hours, or exhibit higher duration upon their completion 

in the timescale of days or weeks. Experimental data have proved that adsorption reactions in 

soils are commonly rapid. This characteristic is attributed to the presence of readily 

exchangeable ions. Exchangeable ions are adsorbed/desorbed very fast since the predominant 

adsorption mechanism is the film diffusion. However, adsorbed ions in soils exhibit a more 

complicated behavior affected by multiple mechanisms, which require different time periods 

to be completed. These mechanisms also affect the desorption rates of the ions (Stanin and 

Pirnie, 2004; Sposito, 2008). 

 

As regarding desorption process, one of the main characteristics of adsorption is its 

reversibility. The reversibility is determined by the desorption efficiency of an adsorbate, 

described by the ability of an ion to be released back to the solution. In the geoenvironment 

desorption is an important process since it can be used for determining contaminant mobility 

and evaluating soil decontamination/remediation. However, in some cases the strongly 

bounded ions cannot be desorbed immediately in the aqueous solution. A hysteresis at 

desorption is observed since much more time is needed for total desorption, compared with 

the time required for reaching equilibrium. Hysteresis is an apparent indication of sorption 

irreversibility (Davis and Kent, 1990). Usually, chemisorption is thought as an irreversible (or 

partially reversible) process since for desorption of the adsorbed species extreme conditions 
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are required like high temperature and/or pressure, or application of chemical treatment. This 

may cause the alteration of the surface nature/properties or the alteration of the adsorbate 

species. Contrary, physisorption, is considered as fully reversible since the adsorbate can be 

desorbed back to the solution in the same extent and chemical nature at which it was 

adsorbed. However, in many cases both types of adsorption may occur at the same surface 

with a layer of physically adsorbed molecules occurring over a chemisorbed layer (Al-Anber, 

2011). Hingston (1981) and Padmanabham (1983b) were of the first researchers who studied 

desorption of anions (phosphates) and cations using goethite mineral as adsorbent. They 

observed that the rate and extent of desorption was a function of pH and the time allowed for 

adsorption. These two parameters affected the formation of different surface complexes. 

More extreme pH values and more time for adsorption led to the formation of bidentate 

complexes, which are characterized by higher activation energies for dissociation. In addition, 

hysteresis can be attributed to ion diffusion in the porous media, precipitation after adsorption 

on the solid surface or chemical/biological transformations; processes that can cause slow 

release back to the aqueous solution (Davis et al., 1987; Fuller and Davis, 1989). From 

experimental aspect the presence of hysteresis may be due to inadequate time provided in 

order to achieve equilibrium.  

 

2.7.2 Adsorption isotherms 

 

Adsorption isotherms, also referred as equilibrium data, are fundamental for the description of 

adsorption process. Using adsorption isotherms is possible to determine the adsorption 

capacity of an adsorbent. The isotherm is obtained when equilibrium is achieved under 

constant temperature and pressure. Thus equilibrium is referred to the conditions at which the 

adsorbents exhibit their maximum adsorption capacity and the rate of adsorption equalizes 

that of desorption. Graphically, adsorption isotherm represents the adsorption capacity of the 

adsorbent in each case of adsorbate’s concentration, keeping constant parameters such as pH 

and ionic strength. The adsorption isotherm diagram presents the relation between the 

adsorbed amount of the contaminant and its corresponding concentration in equilibrium in 

the aqueous phase (Sposito, 2008; Al-Anber, 2011). There are several types of isotherms as will 

be discussed below. 

 

Linear isotherm 

Linear isotherms are described by the coefficient factor (Kd). However, since soils are dynamic 

systems it is very rare to achieve equilibrium conditions. Thus linear isotherms cannot describe 

efficiently the adsorption processes. In addition, it has been found that heavy metals, like 

chromium, exhibit linear correlation very seldom. Thus mathematical equations with more 

than to two parameters able to be changed are needed (Stanin and Pirnie, 2004).  

 

Langmuir isotherm 

Langmuir is one of the simplest non-linear isotherms which is used for quantitative description 

of adsorption, based on the following assumptions (Al-Anber, 2011):  

 Adsorption occurs on a homogenous surface forming a monolayer between the 

adsorbate and the outer surface of adsorbent.  

 Adsorption sites are identical and equivalent from thermodynamic aspect. 
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 No interactions occur between the adsorbed molecules  

 

The mathematical expression of the Langmuir isotherm is given by Equation 2.1: 

 
  

  
 

 

   
 

 

 
       (Equation 2.1) 

 

Where Ce (mg/L) is the concentration of adsorbate remaining in the solution at equilibrium, qe 

(mg/g) is the amount of adsorbate per unit mass of adsorbent, Q (mg/kg) is the maximum 

adsorption representing completion of the covering of the monolayer, and b (L/mg) is the 

Langmuir bonding energy coefficient representing the degree of adsorption affinity of the 

adsorbate. The higher the b value, the stronger the affinity of the adsorbate. 

 

Freundlich isotherm 

Contrary to Langmuir, Freundlich isotherm is usually used for describing adsorption on 

heterogeneous surfaces. Freundlich approach indicates that adsorption is a surface 

phenomenon initially, followed by strong adsorbate - adsorbate interactions. The Freundlich 

curve exhibits an exponential trend.  Thermodynamically, the meaning of this trend is that the 

adsorption heat may decrease with increasing the adsorption extent, with the adsorption sites 

being expanded exponentially in respect of adsorption energy. The mathematical logarithmic 

expression of the Freundlich isotherm is given by Equation 2.2 (Al-Anber, 2011): 

 

            
 

 
          (Equation 2.2) 

 

Where Ce (mg/L) is the concentration of adsorbate remaining in the solution at equilibrium and 

qe (mg/g) is the amount of adsorbate per unit mass of adsorbent. K (mg/kg) and n (L/mg) are 

Freundlich parameters characteristic of the system, which are determined empirically and 

indicate the adsorption capacity and adsorption intensity, respectively. The value of K factor 

depends on temperature. The n factor is indicative of the surface heterogeneity and the higher 

the n factor, the more the expected heterogeneity of the available sorption sites. 

 

Despite Langmuir and Freundlich equations are the most commonly used nonlinear isotherms 

for describing adsorption of heavy metals on soils, in many cases the assumptions made using 

these isotherms are not representative of the real conditions that occur in soil (Stanin and 

Pirnie, 2004). Some other isotherms used for describing adsorption on soils are presented 

below.  

 

The S-curve isotherm exhibits a small slope initially, which afterwards increases with increasing 

the concentration of the adsorbate. This trend indicates that the soil particles affinity for the 

adsorbate is lower than the affinity of the aqueous solution for the adsorbent. The formation 

of the S-curve isotherm is attributed to synergistic interactions among the adsorbed 

substances, which are further responsible for the formation of multinuclear surface complexes 

on the solid surface. This results on enhanced affinity for the adsorbate with increasing the 

surface coverage.  
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The L-curve isotherm exhibits a slope initially, as in the case of the S-curve, which however is 

not affected by the concentration of the adsorbate in the soil solution. This trend indicates the 

occurrence of high affinity of soil for the adsorbate at low surface coverage. However, the 

affinity is affected by the decreasing amount of adsorbing surface, which remains available as 

the surface excess increases. The L-curve isotherm is expressed mathematically by the 

Langmuir equation.  

 

The H-curve isotherm is characterized by a great initial slope indicating the great affinity of the 

soil for the adsorbate and is considered as an extreme case of the L-curve. Its trend is 

attributed to the formation of either inner-sphere surface complexes or strong van der Waals 

interactions.  

 

Finally, the C-curve isotherm exhibits an initial slope, which is not affected by the adsorbate 

concentration unless the maximum adsorption capacity is accomplished. The C-curve trend is 

attributed either to a constant distribution of the adsorbate between the interfacial area and 

the bulk solution, or by a proportional trend between the amount of the available for 

adsorption surface and the surface excess. The C-curve isotherm is expressed mathematically 

by a linear equation (Sposito, 2008). 

 

2.7.3 Adsorption under the view of surface complexation 

 

The molecular units standing out of the solid surface and into the soil solution are called 

surface functional groups. In soils the most common functional groups are the reactive 

hydroxyl groups on oxide/clay minerals and carboxyl/phenol groups on organic matter. The 

reaction between the functional groups and the ion of the soil solution is called “surface 

complexation” and the product “surface complex”. Two general categories of surface 

complexes are considered; the inner-sphere and the outer-sphere surface complexes. As inner-

sphere complexes considered those complexes that formed between the functional group and 

the ion, in the absence of water molecule between them. On the other hand, outer sphere 

complexes are formed when during the binding of the functional group and the adsorbed ion 

at least one molecule of water exists between them. Generally, inner sphere complexes are 

based on ionic or covalent or both of them bonds, while outer sphere complexes are formed as 

a result of electrostatic attractions. Therefore, inner sphere complexes are based on stronger 

bonds and thus are more stable compared to outer sphere complexes (Sposito, 2008; Goldberg 

et al., 2013). 

 

As mentioned in the previous paragraph, adsorption process can be characterized as specific or 

non-specific. Specific adsorption is attributed to the occurrence of inner sphere complexes, 

which are formed as a result of high affinity of the ions for the solid surface. Contrary, non-

specific adsorption is governed by the occurrence of electrostatic attractions between the ions 

and surface functional groups (outer sphere complexes) or by adsorption in the diffuse ion 

swarm. Adsorption via diffusion in the ion swarm indicates that the ion is not bounded with 

any functional group but occurs in the aqueous solution very closely to the solid surface, 

causing the neutralization of the surface charge. These types of ions are called readily 

exchangeable ions and can be easily replaced by leaching with an electrolyte solution of 
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prescribed composition, concentration and pH value. Usually, the fully solvated ions adsorbed 

on soils are considered as readily exchangeable ions, since their adsorption is based on the 

diffuse-ion swarm and outer-sphere complex mechanisms. However, the formation of 

functional groups on soils surface as a result of protonation or/and dissociation reactions 

undergone by the pH alterations can lead to the occurrence of ligand exchange reactions. At 

such reactions the hydroxyl of functional groups is replaced by the adsorbed ion, causing the 

occurrence of specific adsorption and further the formation of an inner-sphere complex 

(Sposito, 2008; Goldberg et al., 2013). In addition, surface complexes can be distinguished as 

monodentate or bidentate. Monodentate complexes are created by the formation of one bond 

between the adsorbing ion and the functional group, while bidentate ones by the formation of 

two bonds between the adsorbing ion and two surface functional groups (Goldberg et al., 

2013). 

 

 
Source: a) (Sposito, 2008), b) (Goldberg et al., 2007). 

Figure 2.11 Representation of a) inner- and outer-sphere complexes and diffuse ions and b) mono- and 

bi-dentate complexes. 

 

In soils the electrical surface charge can be developed by two ways. As a result of isomorphic 

substitutions of ions with difference valence in soil minerals or due to reactions of surface 

functional groups with ions of the aqueous soil solution. As mentioned above, the pH value at 

which the surface charge is zeroed under constant conditions (temperature, pressure, solution 

composition) is called PZC (Sposito, 2008). In soils iron and aluminum oxides have high PZC 

values in the range 5 to 10, contrary to silicate clays which have low PZC in the range 2 to 5. 

The high PZC means that the net positive charge exists in high pH values, like these occurring in 

groundwater, and thus anion adsorption is enhanced.  

 

Common soil anions can be adsorbed from soils by different ways. Chlorides (Cl-) and nitrates 

(NO3
-) are adsorbed as diffused ions or by forming outer-sphere surface complexes. On the 

contrary, oxyanions, and mainly phosphates (PO4
3-), arsenates (AsO4

3-), selenate (SeO3
2-) etc. 

are usually adsorbed as inner-sphere surface complexes. Two important indications of the 

formation of inner-sphere complexes are the irreversibility of their adsorption and the 

adsorption strength despite pH alterations. Two examples of these indications are: a) the 

difficulty of anions like phosphates to be leached by anions like chlorides and b) the 

persistence of borate adsorption contrary to chloride adsorption for pH values higher than the 

PZC of the solid surface. In addition, spectroscopic evidence have shown that ions like 



LITERATURE REVIEW            Athanasios S. Bouras 

 

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

49 

phosphate, selenite, silicate etc., are adsorbed via ligand exchange by soil minerals. Ligand 

exchange is a mechanism favored by pH < PZC in the case of anions (Sposito, 2008). 

 

2.7.4 Surface complexation models 

 

The term “model” refers to a representation of real conditions, taking into account those 

characteristics of the tested system that are related with the “problem” that must be solved. 

More specifically, chemical models are used for describing chemical systems and their 

properties as simpler and chemically correct, as possible. A chemical model, in order to be 

considered as “correct” and useful, must be set up as realistic and comprehensive, and its 

application to produce effective and predictive information. In terms of realism the model 

must be based on general chemical theories, in terms of efficiency must be able to describe 

experimental results, in terms of comprehension must be able to be applied in several 

experimental cases without modifications and finally in terms of prediction must be able to be 

applied under different chemical conditions (Goldberg et al., 2013).  

 

In particular, surface complexation models (SCMs) are chemical models applied for describing 

adsorption phenomena on molecular basis and considering an equilibrium approach. SCMs 

contrary to empirical models adopt a more mechanistic approach to adsorption taking into 

account system’s characteristics such as the properties of adsorbate and adsorbent, the pH 

values, the ionic strength and the component compositions. SCMs incorporate surface species, 

chemical reactions with their equilibrium constants and mass and charge balances. Thus they 

require a larger number of parameters to accommodate their increasing complexity. Most 

SCMs exhibit common characteristics and adjustable parameters. Their basic differences are 

attributed to structural representations of the solid – solution interface, such as the placement 

and configuration of the adsorbates. The main advantages of applying the surface 

complexation concept to describe adsorption are the following (Bethke and Brady, 2000; 

Koretsky, 2000; Goldberg et al., 2007; Alessi and Fein, 2010; Goldberg et al., 2013): 

 Surface complexation modeling provides a thermodynamic framework for determining 

the adsorption reactions of contaminants. 

 A plethora of chemical reactions that occur in the geochemical equilibrium can be used 

with their corresponding constants combined also with thermodynamic data of the 

species in the equilibrium.  

 SCM modeling provides the ability for predictions over a range of chemical conditions 

keeping constant the values of the applied parameters despite chemical conditions can 

vary in space or time. 

 The results of SCM modeling can be efficiently applied in transport modeling, which take 

into account chemical processes. 

 SCMs may require less parameters determined compared with multiple empirical 

approaches, in order to incorporate physicochemical heterogeneities. 

 

In order to retain the importance of SCMs on ion adsorption, the adsorption mechanisms must 

be determined using either direct or indirect experimental data. These data must be suitable 

to describe ion adsorption mechanisms, such as the PZC shifts, the ionic strength dependence 

and the calorimetry (Goldberg, 2007). Several researchers have applied SCMs adsorption 
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modeling in environmental engineering to investigate issues about the adsorption of heavy 

metal and inorganic ions on pure minerals, in most cases successfully. However, SCMs have 

rarely been applied for adsorption modeling on natural materials, like soils. Mouvet and Bourg 

(1983) were of the first researchers having used chemical equilibrium models in order to 

quantitatively simulate adsorption of metals to sediment. The difficulties on applying SCM 

models for describing adsorption is usually due to lack of data regarding parameters necessary 

for modeling and due to lack of information about surface solid properties (Wen et al., 1998). 

Three of the most common SCMs used for adsorption modelling on soils are the Constant 

Capacitance Model (CCM), the Double Layer Model (DLM), and the Triple Layer Model (TLM), 

which will be described below. However, it’s not clear which of the three model can best 

simulate adsorption of contaminants on real soils. Wen et al. (1998) were of the first 

researchers having investigated the ability of these models on simulating adsorption of heavy 

metals on natural soilt.  

 

The CCM, DLM and TLM models are two-pK models. This means that at all of these models the 

surface functional groups (mentioned as SOH) can undergo both protonation and dissociation 

reactions as shown at Table 2.8, contrary to one-pK models at which each functional group 

undergoes only one protonation reaction. In all these models the charges on the surface 

complexes are designated using formal charges. 

 

Table 2.8 Protonation and dissociation reactions  

A/A Reaction Constant 

1 SOH + H+ ↔ SOH2
+     

     
  

         
     

  

  
  

2 SOH ↔ SO- + H+     
         

     
     

   

  
  

 

where F: the Faraday constant, ψ: the surface potential, R: the molar gas constant and T: the 

absolute temperature. Square and curly brackets represent concentrations and activities, 

respectively. A schematic representation of the interfaces at these models is provided at 

Figure 2.12. 

 

 
Figure 2.12 Schematic representation of the solid–solution interface for the surface complexation 

models (SCMs) 
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2.7.4.1. Constant capacitance model (CCM) 

 

The CCM model was of the first models developed in order to describe the adsorption on the 

oxide mineral surface-aqueous solution interface. The CCM model is based on the following 

assumptions:    

 all surface complexes are inner-sphere complexes and located in a single surface o-

plane, with anion adsorption  occurring  via a ligand exchange mechanism,  

 the constant ionic medium reference state determines the activity coefficients of the 

aqueous species in the conditional equilibrium constants and therefore no complexes 

are formed with ions in the background electrolyte, 

 a linear relationship exists between surface charge and surface potential. 

 

Surface complexes can be either monodentate or bidentate. Table 2.9 presents the reactions 

and their corresponding equilibrium constants used for modeling with the CCM model.  

 

Table 2.9 Reactions and their corresponding equilibrium constants used at the CCM model. 

No. Reaction Constant 

1 SOH + Mm+ ↔ SOM(m-1) + H+     
              

          
     

       

  
  

2 2SOH + Mm+ ↔ (SO)2M
(m-2) + 2H+     

      
           

           
     

       

  
  

3 SOH + Ll- + H+ ↔ SL(l-1)- + H2O     
          

              
     

        

  
  

4 2SOH + Ll- + 2H+ ↔ S2L
(l-2)- + 2H2O     

   
       

                
     

        

  
  

where, M represents a metal cation with charge m+, and L an anionic ligand of charge l−.  

 

2.7.4.2. Double layer model (DLM) 

 

In the diffuse layer models, as in the case of CCM, all surface complexes are inner-sphere and 

are located in a single surface o-plane. However, the DLM also includes a “diffuse” layer, 

where counter ions are attracted to the charged mineral surface but remain in the bulk fluid 

phase. This difference between CCM and DLM models is represented by the modification of 

reaction 4 of Table 2.9 with the fourth reaction representing the complexes at the diffuse 

layer. In the DLM, metal–anion pairs are thought to be placed in the surface plane.  

 

Table 2.10 Reactions and their corresponding equilibrium constants used at the DLM model. 

No. Reaction Constant 

1 SOH + Mm+ ↔ SOM(m-1) + H+     
              

          
     

       

  
  

2 2SOH + Mm+ ↔ (SO)2M
(m-2) + 2H+     

      
           

           
     

       

  
  

3 SOH + Ll- + H+ ↔ SL(l-1)- + H2O     
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4 SOH + Ll- + 2H+ ↔ SHL(l-2)- + H2O     
          

               
     

        

  
  

 

2.7.4.3. Triple layer model (TLM) 

 

In the TLM model adsorbed ions are able to form both inner-sphere complexes to the o-plane 

surface and outer-sphere complexes to the outer β-plane, located between the surface plane 

and the diffuse layer (Figure 2.12). However, Sverjensky (2001) proposed that in some cases 

that the adsorbent has high dielectric constant inner-sphere complexes may reside in the β-

plane. Thus, in the TLM, metal–anion pairs may occur either on the o-plane, or on the β-plane, 

or between the two planes. The following chemical reactions (Table 2.11) are defined in the 

TLM model. Reactions 1-4 represent the reactions of inner-sphere complexes while reactions 

5-10 those of outer-sphere complexes.  

 
Table 2.11 Reactions and their corresponding equilibrium constants used at the TLM model. 

No. Reaction Constant 

1 SOH + Mm+ ↔ SOM(m-1) + H+     
              

          
     

       

  
  

2 2SOH + Mm+ ↔ (SO)2M
(m-2) + 2H+     

      
           

           
     

       

  
  

3 SOH + Ll- + H+ ↔ SL(l-1)- + H2O     
          

              
     

        

  
  

4 2SOH + Ll- + 2H+ ↔ S2L
(l-2)- + 2H2O     

   
       

                
     

        

  
  

5 SOH + Mm+ ↔ SO-–Mm+ + H+     
             

          
     

         

  
  

6 SOH + Mm+ + H2O ↔ SO-–MOΗ(m-1) + 2H+     
                   

          
     

             

  
  

7 SOH + Ll- + H+ ↔ SΟΗ2
+–Ll-     

    
      

              
     

         

  
  

8 SOH + Ll- + 2H+ ↔ SΟΗ2
+–LΗ(l-1)-     

    
           

               
     

             

  
  

9 SOH + C+ ↔ SO-–C+ + H+ 
    

            

         
     

        

  
  

10 SOH + A- + H+ ↔ SΟΗ2
+–A-     

    
     

             
     

        

  
  

where C
+
 is the cation and A

−
 is the anion of the background electrolyte.  
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2.7.5 Approaches of SCMs application on natural materials  

 

Adsorption modeling of heavy metals and inorganic ions on multi-component systems like soils 

is generally difficult and complicated, despite the advantages that SCMs offer compared to 

empirical methods. The main approaches that are used in order to quantitatively determine 

the adsorption process using SCMs are two: 

 the component additivity (CA) approach and 

 the general composite (GC) approach.  

 

The CA approach aims at predicting adsorption in multi-sorbent systems taking into account 

the adsorption affinities of each component (adsorbent) – contaminant (adsorbate). These 

affinities are determined experimentally using single binary systems at which the relative 

concentrations of the adsorbent (the available sorption sites) are used. In order to be 

successful the application of an SCM model according to the CA approach three main 

hypotheses must be achieved/satisfied; a) no interactions occur between adsorbents, b) all the 

ions able to be adsorbed have the equivalent possibilities to access all the available surfaces 

and c) the formed surface complexes are the same with that formed at the binary (single 

adsorbent, single ion) experiments. Despite several applications of SCMs based on the CA 

approach have been made, the degree of success varied significantly (Alessi and Fein, 2010).  

 

Contrary to the CA approach, the GC approach considers that the soil composition is too 

complex in order to distinguish and quantify the several individual phases. Thus, it is assumed 

that a general type of active sites exists on the soil surface. This assumption creates the need 

for using stoichiometry and formation constants obtained by fitting experimental data. A 

simplification of the approach includes the fitting of adsorption efficiency as a function of pH, 

even with no explicit determination of electrostatic energies. This fact means that the GC 

approach is less predictive compared to CA since it can be applied to cases for which 

experimental data exist, that will be further used for model calibration (Davis et al., 1998; 

Goldberg, 2007; Alessi and Fein, 2010).  

 

Table 2.12 Main differences between CA and GC approaches used for adsorption by soils 

CA approach GC approach 

Used for adsorption prediction. Used for adsorption simulation. 

Surface sites are unique since attributed to   
different adsorbents included in soils. 

The assumption for generic surface sites at 
the tested material is made. 

Site densities are quantified according to the 
presence of each surface in the soil. 

Site densities are quantified by measuring 
the surface area and by fitting the 
experimental data for the soil. 

Reactions’ constants and stoichiometry are 
obtained from studies with single minerals. 

Reactions’ constants and stoichiometry are 
obtained by fitting to the experimental data 
of the tested soil. 

Adsorption is considered to be the sum of 
adsorption efficiency of each individual 
adsorbent. 

The site types and the constant values used 
are those that best simulate experimental 
data at each model used. 
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One of the first studies compared the two aforementioned approaches using the same SCM 

model, a two site-one proton DLM, was that of Davis et al. (1998). They aimed to simulate 

Zn(II) adsorption on a natural well-characterized soil. The CA approach under-predicted Zn(II) 

adsorption. The main reason for the unsuccessful application of the CA approach was thought 

to be the incomplete determination of site concentrations of each component of the soil. On 

the contrary, the application of the GC approach was more successful. 

 

Concluding the application of the CA approach to geoenvironmental sorbents like soils 

demands very good and accurate characterization of the soil’s composition, while the GC 

approach can be considered as more practical for modeling since requires less information 

(Davis et al., 1998).   
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3 METHODS AND PROTOCOLS 

 

In order to achieve the aim of the thesis for investigating the geochemical behavior of Cr(VI) in 

ophiolitic soils and quantify those processes (mainly adsorption) able to affect its transport in 

geoenvironment the experimental steps described at Figure 3.1 were performed. The 

characterization/verification of the ophiolitic origin of the tested aquifer was performed via 

soil and groundwater physicochemical analysis. Soil analysis included also mineralogical 

analysis. 

 

The second experimental step aimed at investigating the removal capacity of the tested soil for 

Cr(VI) and inorganic contaminants related to agricultural activities, like phosphates and 

nitrates. Batch experiments were carried out in order to determine the leachability of Cr(VI) 

and thus its desorption efficiency. The next series of batch experiments aimed at evaluating 

the Cr(VI) adsorption capacity of the tested ophiolitic soil as a function of pH and: 

i. Soil mineralogy,  

ii. Soil’s particle size,  

iii. Ionic strength of the soil solution 

iv. Cr(VI) initial concentration 

v. Nitrates concentration 

vi. Phosphates concentration 

 

In addition, the adsorption capacity of the ophiolitic soil for the inorganic contaminants was 

investigated. Most of the above mentioned series of batch experiments, and specifically series 

iii – v, were also carried out for the case of using pure synthetic goethite as adsorbent. 

Goethite was selected as an adsorbent to be compared with the ophiolitic soil since goethite is 

of the most common iron oxides in ophiolitic soils. A more detailed description of the series of 

batch experiments performed at the present thesis is given at Table 3.1. 

 

In the third step, simulation of the adsorption capacity of the ophiolitic soil and goethite was 

performed applying the following three SCMs: 

i. the  Triple Layer Model (TLM),  

ii. the Double Layer model (DLM) and  

iii. the Constant Capacitance Model (CCM). 

 

The corresponding reactions’ databases for each model were developed and applied at the      

visual Minteq geochemical software. In the case of ophiolitic soil three different cases of solid 

concentration were used in order to simulate the effect of different minerals on the adsorption 

efficiency of the soil. 
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Figure 3.1 Schematic representation of the steps followed in this thesis  
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Table 3.1 Series and aim of batch experiments carried out 

Adsorbent 

Parameter Contaminant 

Aim 
pH 

Ionic strength 

as NaCl (M) 
Cr(VI) PO4 NO3 

Soil 3 - 9 

0.01 250 μg/L - - The effect of soil particle size on Cr(VI) adsorption (4 fractions used) 

0.01 250 μg/L - - The effect of soil mineralogy on Cr(VI) adsorption 

0.01 10 - 70 mg/L - - The effect of Cr(VI) initial concentration (adsorption isotherms) 

0.01 & 0.1 250 μg/L - - The effect of ionic strength on Cr(VI) adsorption  

0.01 - 8 mg/L - Adsorption of phosphates 

0.01 250 μg/L 8 mg/L - Competitive adsorption of Cr(VI) and phosphate 

0.01 - - 5 mg/L 
Adsorption of nitrate 

0.01 - - 50 mg/L 

0.01 250 μg/L - 5 mg/L 
Competitive adsorption of Cr(VI) and nitrate 

0.01 250 μg/L - 50 mg/L 

Goethite 3 - 9 

0.01 & 0.1 250 μg/L - - The effect of ionic strength on Cr(VI) adsorption 

0.01 - 250 μg/L - 
Adsorption of phosphate 

0.01 - 8 mg/L - 

0.01 250 μg/L 250 μg/L - 
Competitive adsorption of Cr(VI) and phosphate 

0.01 250 μg/L 8 mg/L - 

0.01 - - 50 mg/L Adsorption of nitrate 

0.01 250 μg/L - 50 mg/L Competitive adsorption of Cr(VI) and nitrate 
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3.1 Selection and description of the study area 

 

The selection of the study area was based on an extensive groundwater monitoring data base 

created by the Greek Institute of Geology & Mineral Exploration (Siemos, 2010) and the 

application of the following criteria: (a) significant and consistent Crtot groundwater 

concentrations, (b) presence of ophiolitic formations and (c) large distance from anthropogenic 

activities (Panagiotakis et al., 2012). The selected study area is located in northern Greece, 

near the town of Vergina and lies between latitudes 40◦28 and 40◦29 and longitudes 22◦18 and 

22◦19, with the altitude ranging from 56 to 135 m (Figure 3.2). Vergina lies on a plateau at the 

southwestern edge of the Central Macedonia plain, where Mt. Vermio is located, and at the 

northern foot of the Pierian Mountains, which consist mainly of ophiolites with limestone 

lenses. The area geology comprises Quaternary deposits, although the wider area consists of 

the Almopia and Pelagonian geological formations (Figure A1.2). The stratigraphic column of 

the study area consists of the following formations from top to bottom (Latsoudas and Sonis, 

1991; Papanikolaou, 2009).  

1. Quaternary deposits: unconsolidated, unsorted rubbles and cobbles of carbonate and 

schist rocks and alluvial sediments. 

2. Neogene fluviolacustrine deposits: clays, marls, sandstones and sands with banks of 

arenitic limestones or intercalations of conglomerates, with cobbles of quartz, 

metamorphic and volcanic rocks of ophiolitic composition. 

3. Upper cretaceous limestones: unconformably emplaced over the underlying formations. 

4. Flysch-phyllitic series: composed of metapelites, metasand-stones, shales and phyllites, 

as well as quartzites andschists-gneiss with marble fragments, limestone lenses and 

ophiolitc olistoliths. 

5. Ophiolites: composed of strongly serpentinized and weath-ered ultrabasic and basic 

rocks, mainly pyroxenic and dunitic serpentinites with chromite crystals. Also, diabases, 

diorites, microgabbros and rodingites in form of veins occur. 

6. Marbles and Schists of Pelagonian zone. 

 

 
 Figure 3.2 Location and topography of the study area 
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3.2 Soil and groundwater sampling 

 

The sampling campaign consisted of four different stages regarding soil and groundwater 

sampling as mentioned below:  

(a) the preliminary conventional groundwater sampling campaign from totally four 

sampling points; three existing irrigation wells (W1, W2 and W3) and a spring (S),  

(b) the discrete groundwater sampling from the new well (NW), 

(c) the topsoil sampling and  

(d) the drillcore continuous sampling during the construction of the new well (NW). 

 

3.2.1 Groundwater sampling 

 

Firstly, the preliminary conventional groundwater sampling campaign was executed in order to 

verify the presence of Cr(VI) in the Vergina aquifer. Subsequently, a new well (NW) was drilled 

near the existing irrigation well (W1) with the highest measured Cr(VI) concentration. Upon 

completion of the drilling, Ø 75 mm diameter PVC pipes were installed at 93 m depth and 

screens were distributed along the different aquifers that were encountered: 41 – 49 m, 54 – 

60 m, 74 – 86 m and 91 – 94 m. The annulus between borehole walls and casing was filled in 

with suitable gravel pack and a protective well head was installed to complete the construction 

of the groundwater monitoring well. Groundwater samples were also obtained from the NW 

with four different screens (41 – 49 m, 54 – 60 m,74 – 86 m and 91 – 94 m) using a discrete 

interval sampler (Solinst Model 425 Sampler) to assess groundwater quality.  

 

The discrete sampling method employs a low-flow sampling technique at discrete aquifer 

locations within the water column that targets groundwater concentrations at specific depths 

rather than the mixed column concentrations obtained by conventional groundwater 

sampling. Although the installation of a multilevel well would probably give more reliable 

samples, this new groundwater well (NW) with discrete screens was chosen instead. This 

decision was mainly based on the two following reasons: (a) groundwater sampling using a 

single well with discrete screens is generally a widely applied (EPA, 2005; Nielsen, 2005) and 

reliable practice (Parker and Clark, 2004) with significantly lower capital cost compared to 

multi-level well and (b) this sampling method may be widely employed to determine 

background natural levels using existing wells (e.g., abandoned irrigation wells), without the 

need for new expensive installations.  

 

At this point it should be noted that groundwater samples taken from the open borehole may 

not be representative of that specific depth, due to the possible cross contamination effect 

produced by the borehole itself, that hydraulically connects different aquifer units of different 

hydraulic heads. In this study, in order to minimize cross-contamination and remove standing 

water during sampling, all groundwater samples were obtained when 3 – 5 casing volumes had 

been purged using low-flow pumping that did not disturb the well.  
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3.2.2 Soil sampling 

 

Solid samples were collected from NW well during drilling. Drillcore samples were collected 

every 20 – 50 cm along the whole NW depth. Topsoil samples were also collected covering an 

area of 34 m2 around the NW. Soil samples for performing the analysis which will be described 

at the following paragraphs were obtained by applying the quadrants method at the collected 

soil samples. At this point should be mentioned that with the term “soil” we refer to all the 

soil/sediment samples collected by the new borehole. 

 

3.3 Soil geotechnical properties 

 

3.3.1 Determination of particle size distribution 

 

Particle size distribution of the tested soil was performed according to the ASTM 2487-06 

Standard Practice for Classification of Soils for Engineering Purposes. This practice describes a 

system for classifying mineral and organo-mineral soils for engineering purposes based on 

laboratory determination of particle-size characteristics, liquid limit, and plasticity index and  

was used when precise classification is required. This standard is the ASTM version of the 

Unified Soil Classification System. The group symbol portion of this system is based on 

laboratory tests performed on the portion of a soil sample passing the 3 in. (75 mm) sieve. This 

standard is used for qualitative application only and is limited to naturally occurring soils 

(ASTM 2487-06). 

 

3.3.2 Determination of particle size distribution of the finer fraction 

 

Bouyoukos method (Bouyoukos, 1936) aims at distinguish the particle size distribution of the 

fine soil fraction -2 mm by determining the following fractions: 

 Sand (0.02 mm < d <  2 mm) 

 Silt (0.002 mm < d < 0.02 mm) 

 Clay (d < 0.002 mm) 

 

The method is based on the application of Stoke’s law, regarding the sedimentation velocity of 

the spherical granules (Equation 3.1): 

 

  
      

   
        (Equation 3.1) 

 

where:  

γs the specific weight of soil  

γw the specific weight of water  

D the diameter of the spherical granule  

μ the viscosity of the liquid.  

 

The parameters determined by Stoke’s law are not the real diameters of the granules but 

equivalent diameters of the spherical particles. By sedimentation due to gravity particles with 
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grain size 0.2 μm to 0,2 mm can be determined. The upper limit is referred to particles at 

which the flow around the granule is laminar, while the lower limit represents the granules at 

which the Brownian movement keeps the granules suspended infinitely (Mitchell, 1993). More 

details about the exact experimental procedure followed is provided at Appendix II. 

 

3.3.3 Determination of particle size distribution using laser 

 

The technique of laser diffraction is based on the fact that the particles that pass through a 

laser beam will scatter the light at an angle that is directly related to their size. The size range 

is directly related to the range scattering angle, but also with its intensity. The laser beam 

diffraction method is used to determine the particle size gradient of the fine fraction, with 

grain size less than 75 μm. A Mastersizer Microplus ver 2.19 laser instrument used in this 

study. 

 

3.3.4 Atterberg limits 

 

The limits of moisture and plasticity have been proposed by Atterberg et al. and describe the 

transition of soil from liquid to plastic state and then in the semi-solid and solid state, 

according to the percentages of the humidity. These limits indicate the soil’s sensitivity at 

humidity alterations (Geotechnical engineering bureau of New York, 2007). 

 

Liquid Limit (LL) 

The Liquid Limit (LL) is the lowest water content at which the fine grained soil behaves like a 

viscous mud, flowing under its own weight. It represents the percentage of moisture content 

(Equation 3.2) by separating the plastic from the watery state. If the percentage moisture is 

higher than the moisture limit, the soil behaves more as a fluid mass while for percentage 

lower than this limit the soil behaves as a pliable material. 

 

                  
               

                       
         (Equation 3.2) 

 

Then the LL is calculated using the following formula, in which the moisture content (W) 

expressed as a percent is multiplied by (N/25)0.12 calculated for specific number of drops 

(Equation 3.3): 

 

                    (Equation 3.3) 

where: 

N = the number of drops of the cup required to close the groove at the moisture content 

W=moisture content 

 Values of (N/25)0.12 have been calculated and presented in the literature.  

 

Plastic Limit (PL) 

The Plastic Limit (PL) is the lowest water content at which the soil exhibits plastic 

characteristics. It is expressed as the percentage value of the moisture content that separates 

the plastic state from a weak state. If the moisture content is between the plastic limit and the 
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liquid limit, the soil will behave as a pliable material. Below this limit, the soil, saturated or not, 

tends to be fragile. The plastic limit is calculated as show below (Equation 3.4): 

 

               
               

                         
         (Equation 3.4) 

 

Plasticity index 

The range of water content, over which the soil remains plastic is called the plasticity index 

(PI). The soil plasticity index is calculated as the difference between the moisture limit and the 

plasticity limit (Equation 3.5), and is a dimensionless number. Both the liquid and plastic limits 

are moisture contents. 

 

                                –                       (Equation 3.5) 

 

The plasticity index gives an indication of the reduction in moisture content required to 

convert a soil from a liquid to a semisolid state. It gives the range in moisture at which a soil is 

in a plastic state. The plasticity index may be considered as a measure of the cohesion 

possessed by soil. The plastic limit and the plasticity index are presented rounded to the 

nearest integer. For materials with plasticity index of less than 10, the index is expressed with 

accuracy of 0.1. Silts are non-plastic and thus PI ≈ 0 

 

3.4 Physicochemical and geochemical characterization  

 

3.4.1 Physicochemical analysis 

 

Soil characterization included pH measurements according to method SW-846 (US EPA 9045C). 

The total organic carbon (TOC) was measured using the Walkley-Black method. Elemental soil 

analysis, including major and trace elements, performed by X-ray fluorescence spectrometry 

(XRF) using a Spectro Xepos instrument. Soil Analysis via XRF is a widely used and accepted 

method for site investigation, assessment, remediation, and monitoring. Sample preparation 

involved drying at 103 0C for 24 h and crushing to −100 μm. The total Cr(VI) concentration 

naturally occurring in the soil was determined using the USEPA method 3060A (alkaline 

digestion). 

 

3.4.2 Mineralogical analysis 

 

X-Ray Diffraction (XRD) technique provides detailed information about the atomic structure of 

crystalline substances. It is a powerful tool for the identification of minerals in rocks and soils. 

Using XRD technique it is able to determine the clay fraction of soils that is crystalline and 

which cannot be identified by other crystallographic methods. It can also be applied to coarser 

soil fractions. Its application can be performed by single crystals or powders. The most 

commonly used technique to soil mineralogy is XRD which was also used in this study (Harris 

and White, 2008). For XRD measurements a Brucker D8 Focus instrument was used. XRD 

patterns were collected between 5◦ and 65◦ with a 0.02◦ step size. Data were processed by the 

Jade software (Materials Data, Inc.) with reference to the International Center for Diffraction 
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Data database. Quantitative XRD analysis was based on the Rietveld method using the Whole 

Pattern Fitting method of Jade, suing structural data from the American Mineralogist Crystal 

Structure database. 

 

The Rietveld method provides a relative quantification of the phases that are used in the 

model; thus, the presence of phases that are too disordered or too low in amount to observe 

by XRD is not captured and leads to an overestimation of all the observed phases in the model. 

To estimate the amorphicity of a specimen and obtain true phase quantification, the XRD 

powder sample is spiked with a known mass of a substance of very high crystallinity (an 

internal standard) (Jones et al. 2000; De La Torre et al. 2001; Whitfield and Mitchell 2003).  The 

amorphous content is   

  
       

          
 

Where: 

Ws,o is the amount of the spike calculated by the Rietveld model and  

Ws, the actual amount.  

All phases can then be normalized using the amorphous content to obtain true weight 

percentages. 

 

3.4.3 Scanning electron microscopy analysis 

 

Scanning electron microscopy (SEM) analysis has a variety of applications in a number of 

scientific and industry-related fields, especially where characterizations of solid materials is 

required. The high-resolution, three-dimensional images produced by SEM providing 

topographical, morphological and compositional information makes them valuable for several 

science and industry applications. In addition, SEM can detect and analyze surface fractures, 

provide information in microstructures, examine surface contaminations, reveal spatial 

variations in chemical compositions, provide qualitative chemical analyses and identify 

crystalline structures. In this study SEM analysis was performed using a JEOL JSM5600 

microscope equipped with an energy dispersive spectrometer (EDS) (Oxford ISIS 300). 

 

3.4.4 Determination of specific surface area 

 

The determination of the SSA of the soils was performed by applying the Brunauer, Emmett 

and Teller (BET) method. The BET method is based on gas adsorption by the external and 

porous surface of a solid matrix assuming an integrated monolayer. The gas is adsorbed with 

weak bonds to the solid surface (Van der Waals bonds) and can be desorbed by increasing the 

pressure at the same temperature. N was used as gas at boiling point (77.3 K). The monolayer 

capacity is measured by the adsorption isotherm. In this study a NOVA-1200 Ver. 5.01 

instrument used.  

 

3.4.5 Determination of soil density 

 

Soil density was determined using a pycnometer flask. The protocol was applied as follows. 

The flask was weighted and then filled with deionized water at 20 0C temperature. The flask is 
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fully completed with water and then the lid is placed until overflow. Care should be taken to 

ensure that there are no bubbles and the flask is weighted. In a second step the soil sample is 

added in the flask and filled again with deionized water. The final weight is determined. The 

density is calculated according the following equation (Equation 3.6):  

 

        
              

                                                                                              
     (Equation 

3.6) 

 

3.4.6 Thermogravimetric analysis (TGA) 

 

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of thermal 

analysis in which the mass of a sample is measured over time as the temperature changes. The 

aim of this analysis was to verify that the soil matrix would not be altered/corrupted at 

temperature higher than 250 0C which is required for applying the BET method for SSA 

determination. TGA analysis was performed using a Setsoft 2000 instrument. 

 

3.4.7 Determination of amorphous oxides content 

 

The determination of amorphous iron oxides in the soil sample was performed by applying the 

Chao and Zhou (1983) method. According to this method, 1 g of soil is added to 20 mL of 

combined solution of NH2OH∙HCl (0.25Μ) and HCl (0.25Μ). The solution was placed at a 

waterbath at 50 oC for 30 min. The extraction was analyzed for iron content by applying Flame 

Atomic Absorption Spectroscopy (FAAS) using an Optima 2100 DV (Perkin Elmer Inc) 

instrument. This method was chosen since it is a fast method and minor dissolution of 

crystalline iron oxides (< 1% of the total iron) occurs.  

 

3.4.8 Determination of divalent iron content 

 

The determination of divalent iron or ferrous iron [Fe(II)] was performed by applying the acid 

digestion method. 1 g of pulverized soil with grain size less than 0.5 mm was added in a flask 

containing 100 ml of HCl 0.1 N. The flask with the soil solution was placed in an orbital shaker 

for 24 h in room temperature. Then the phenanthroline method was applied for the 

determination of ferrous iron. This method is based on the reaction of Fe(II) ions with 1,10-

phenanthroline (C12H8N) forming a deep red solution which becomes darker as the 

concentration of iron increases. The method is suitable for solutions with Fe(II) concentration 

up to 5 mg/L. The complex is generally very stable and exhibits maximum absorption at 510 

nm wave length. The extraction was measured for Fe(II) using a Hitachi U-1100 

spectrophotometer. Soil pulverization is required since the method cannot be applied at 

solutions that contain chemical complexes due to interferences created, not allowing sufficient 

(or no) coloring of the solution.  
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3.4.9 X-ray Absorption Near Edge Spectroscopy 

 

Three soil samples (a topsoil and two samples from 44 and 56.5 m depth), were analyzed at 

the Cr and Mn K-edge using X-ray Absorption Near Edge Spectroscopy (XANES). Samples were 

dried and pulverized prior to analysis. XANES analysis was performed on beamline X23A2 

operated by the National Institute of Standards and Technology, at the National Synchrotron 

Light Source (Brookhaven National Laboratory, Upton, NY). Incident X-ray energy was scanned 

across the XANES region of the Cr K-edge (E = 5989 eV) and the Mn K-edge (E = 6539 eV) using 

a Si(3 1 1) mono-chromator and a single-bounce harmonic rejection mirror. The mono-

chromator was calibrated using Cr and Mn foil. Fluorescent X-rays were collected using a 

Stern-Heald fluorescence detector. Data processing for alignment and normalization was 

carried out using the Athena software (Ravel and Newville, 2005). The final spectra was 

obtained as the result of three averaged scans. 

 

3.5 Analytical methods 

 

3.5.1 Groundwater analysis 

 

Groundwater samples were analyzed in the field for indicator parameters such as pH, 

temperature, redox potential (with Ag/AgCl (3M KCl) reference electrode) and specific 

conductance.  

 

Elemental analysis was performed using an Atomic Absorption Spectrophotometer (PERKIN 

ELMER 2100; using flame) for Ca, K, Na, Mg, Si analysis and an Inductively Coupled Plasma-

Mass Spectrometry (ICP-MS) (Thermo X SERIER II) for Cr analysis. Cr(VI), was determined 

colorimetrically applying the diphenylcarbazide method (US EPA method 7196A) as it is 

described at the following paragraph (paragraph 3.5.2).  

 

Nitrites (NO2
−) were determined spectrometrically according to 4500-NO2−B standard method. 

The US EPA 375.4 turbidimetric method applied for determination of sulfates (SO4
2−). 

Ammonium was determined according to the La Motte salicylate method. Phosphates, nitrates 

and chlorides were determined as mentioned at the following paragraphs (3.5.3 – 3.5.5) 

 

Total alkalinity measurements (expressed as mg CaCO3/L) were performed by titration with 

H2SO4 (0.01 – 0.1 N) to pH equal to 4.5. The HCO3
− concentration was then calculated 

assuming it was the only base contributing to the alkalinity.  

 

The QA/QC measures included analysis of blanks and duplicate measurements every 10 

samples for each parameter. The sum of negative and positive equivalents was also calculated 

to check the accuracy of chemical analyses. In the majority of groundwater samples the 

deviation was less than 5%. 
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3.5.2 Determination of Cr(VI) 

 

Cr(VI) determination in groundwater and soil solutions was performed according to the 7196-A 

USEPA method. This method is used to determine the concentration of dissolved Cr(VI) in 

EP/TCLP characteristic extracts and groundwater and may also be applicable to certain 

domestic and industrial wastes, provided that no interfering substances are present. It is based 

on the reaction of Cr(VI) ions with 1,5-diphenylcarbazide (C6H5NHNHCONHNHC6H5) under 

acidic conditions (Equation 3.7). After this reaction the solution is colored as red-violet 

regarding Cr(VI) concentration.  

 

Cr2O7
2- + 3 H4L + 6H+ → [Cr(III)(HL)2] + Cr3+ + H2L + 7H2     (Equation 3.7) 

 

Where: 

(H4L) = 1,5 diphenylcarbazide  &  (H2L) = 1,5 diphenylcarbazone 

 

More details about the exact experimental procedure followed is provided at Appendix II. 

 

3.5.3 Determination of phosphates concentration 

 

The determination of phosphates, as orthophosphates ions (PO4
-3, ΗPO4

-2, H2PO4
-), was 

performed using the ascorbic acid method (Standard Methods for the Examination of Water 

and Wastewater, 2012). According to this method ammonium molybdate and antimony 

potassium tartrate react in acid medium with orthophosphate to form a heterpoly acid –

phosphomolybdic aid – (Equation 3.8) that is reduced to intensely colored molybdenum blue 

by ascorbic acid. 

 

PO4
3- + 12(NH4)2MoO4 + 24H+ → (NH4)3PO4*12MoO3 + 21NH4

+ + 12H2O     (Equation 3.8) 

 

Then in the presence of ascorbic acid, molybdate that is contained in the ammonium 

phosphomolybdate is reduced to free molybdate coloring as blue the solution.  Color intensity 

is analogous of phosphates concentration. Phosphates determination is performed 

colorimetrically at 880 nm wave length. The minimum detectable concentration is 

approximately 10 μg P/L. More details about the exact experimental procedure followed is 

provided at Appendix II. 

 

3.5.4 Determination of nitrates concentration 

 

The determination of nitrate ions was performed using the LCK 339 reagents of Hach-Lange. 

The method is based on the reaction of nitrate ions with 2.6-dimethylphenol in solutions 

containing sulphuric and phosphoric acids to form 4-nitro-2.6-dimethylphenol. This method is 

sufficient for nitrates determination in wastewater, drinking water, raw water, surface water, 

soils, substrates and nutrient solutions. The pH of the sample must be in the range 3-10 and 

the temperature of sample/reagents in the range 20 – 24°C. The measurement using a HACH 

spectrophotometer performed at 345 nm wave length. More details about the exact 

experimental procedure followed is provided at Appendix II. 
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3.5.5 Determination of chlorides concentration 

 

The determination of chlorides was performed using the Iron(III)-Thiocyanate method (LCK 

311, Hach-Lange). According to this method, during the reaction of chloride ions with mercury 

thiocyanate the slightly dissociated mercury(II) chloride is formed. Simultaneously an 

equivalent amount of thiocyanate ions are set free, which react with iron(III) salts to form 

iron(III) thiocyanate. The pH of the sample must be in the range 3-10 and the temperature of 

sample/reagents in the range 15 – 25°C. The measurement using a HACH spectrophotometer 

performed at 468 nm wave length. More details about the exact experimental procedure 

followed is provided at Appendix II. 

 

3.6 Batch sorption - desorption experiments 

 

Adsorption experiments that involve solid particles are generally carried out based on three 

stages:  

i. Reaction of the adsorbent with the adsorptive included in an aqueous phase with 

constant composition, under constant temperature and pressure for a prescribed period 

until steady concentration of the adsorptive in the aqueous phase will be achieved 

(equilibration time) or lower in order to achieve the adsorption kinetics, 

ii. Separation of the adsorbent from the aqueous phase using centrifugation, filtration, or 

gravitational settling, 

iii. Quantification of the adsorbed chemical substance in both the aqueous and the solid 

phase.  

 

In this study the soil fraction with grain size less than 0.5 mm was used as adsorbent in batch 

experiments. It is expected that the fine soil fraction determines the adsorption process in the 

aquifers and since the finer the fraction, the greater the adsorption effects, the soil fraction 

with grain size <0.5 mm was used in all the series of experiments at a concentration of 20 g/L. 

Soil samples were sterilized prior to the experiments in order to prevent microbial reduction of 

Cr(VI). The effect of pH on adsorption was tested using initial Cr(VI) concentration equal to 250 

μg/L. This concentration was chosen as the upper limit of Cr(VI) concentration in an aquifer 

with ophiolitic background and low contribution of anthropogenic activities.  

 

The experiments were carried out at room temperature (24±0.5 °C), in a 0.01 M NaCl solution, 

in the pH range from 3 to 9. The pH adjustment was performed using HCl/NaOH solutions of 1 

M. Erlenmeyer flasks containing 50 mL of the suspension were placed in an orbital shaker at 

150 rpm for 24 h. For Cr(VI) determination soil solutions were filtered using 0.45 μm pore 

filters and Cr(VI) was then determined using EPA method 7196A. The batch experiments were 

carried out in duplicates. The accepted error percentage between the experimental results was 

10%. The removal of Cr(VI) was determined by the difference between the initial and the final 

concentration in the equilibrium solution of Cr(VI), according the following equation (Equation 

3.9): 
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         (Equation 3.9) 

 

Where:  

C0 (μg/L) is the initial concentration of Cr(VI)  

Cf (μg/L) the final concentration of Cr(VI) in the equilibrium solution  

 

After removal of the supernatant and filtration, the recovered soil was added again to a 0.01 M 

NaCl solution and the pH was raised to 11 in order to desorb the adsorbed amount of Cr(VI). 

This pH value was selected in order to prevent dissolution of the solid phases. The suspension 

was shaken for another 24 h to facilitate complete Cr(VI) desorption into solution. The 

recovered Cr(VI) in this solution was measured using the same filtration and analysis process. 

Thus, the following concentrations of Cr(VI) may be defined at each pH value tested at the 

batch experiments (Equations. 3.10 - 3.12): 

 

Cr(VI)removed = Cr(VI)added (250 μg/L) – Cr(VI)remaining in solution at the given pH     (Equation 3.10) 

 

Cr(VI)adsorbed = Cr(VI)released in solution at pH 11 – Cr(VI)naturally occurring in soil     (Equation 3.11) 

 

Cr(VI)reduced = Cr(VI)removed – Cr(VI)adsorbed     (Equation 3.12) 

 

3.6.1 Soil properties that affect Cr(VI) adsorption  

 

The aim of this first series of batch experiments was to investigate the processes that affect 

Cr(VI) removal in serpentine soils and study these processes as a function of a) pH, b) 

mineralogy, c) soil's particle size and d) Cr(VI) initial concentration.  

 

3.6.1.1. Effect of mineralogy 

 

During the series of batch experiments for determining the effect of pH, the presence of black 

grains with magnetic properties was observed upon addition of the soil in the NaCl solution. 

This magnetic fraction was easily removed using a magnetic bar. Three series of experiments 

were carried out using the initial soil sample (bulk soil), the residual soil fraction after the 

removal of the magnetic fraction (non-magnetic fraction) and the isolated magnetic fraction. 

 

3.6.1.2. Effect of particle size 

 

The effect of particle size was tested using the non-magnetic soil fraction. The non-magnetic 

sample with grain size -0.5 mm was further sieved in order to obtain the three following 

fractions: a) 0.5 mm > d > 0.25 mm, b) 0.25 mm > d > 0.075 mm and c) d < 0.075 mm. Sampling 

from the obtained fractions was performed using the quadrant method at each fraction. 

 

 

 



METHODS AND PROTOCOLS           Athanasios S. Bouras 

 

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

69 

3.6.1.3. Effect of initial Cr(VI) concentration 

 

A K2Cr2O7 stock solution of 100 mg/L was used for achieving initial concentrations of Cr(VI) 

between 10 to 100 mg/L. The non-magnetic soil sample with grain size -0.5 mm was used. Four 

series of experiments were carried out, keeping constant the pH value at 4.5, 5.5, 6.5 and 7.5. 

In addition, Langmuir (Equation 2.1) and Freundlich (Equation 2.2) isotherms were fitted in 

order to extract the necessary distribution factors for transport modeling.  

 

3.6.2 Other contaminants effects on Cr(VI) adsorption 

 

In this second series of batch experiments the effect of inorganic major anions like phosphates 

and nitrates that are usually presented in groundwater was investigated.  

 

Phosphates (PO4
3-) concentration used in the batch experiments was equal to 8 mg/L. PO4

3- 

were added using a 100 mg/L stock solution of sodium phosphate monobasic (NaH2PO4).  

 

Nitrates (NO3
-) were added using a 500 mg/L stock solution of NaNO3, at two different 

concentrations:  

a) 5 mg/L, representing the case of a non-contaminated aquifer and  

b) 50 mg/L, this value is the maximum allowable concentration of nitrates in groundwater 

according to Greek legislation and is usually detected in groundwater affected by intensive 

agricultural activities.  

 

In addition the effect of ionic strength of the soil solution was tested. The effect of ionic 

strength of the solution was tested by using two different concentrations of NaCl solution 0.01 

and 0.1 M, as background electrolyte. 

 

3.7 Goethite  

 

3.7.1 Goethite characterization 

 

The goethite used in this study was a commercial powder purchased by Sigma–Aldrich (purity 

equal to 30-63% Fe). The pH of goethite and the total SSA were determined by the method 

SW-846 (US EPA 9045C) and the N2/BET adsorption method, respectively.  

 

3.7.2 Adsorption of Cr(VI) on goethite  

 

Batch experiments were performed for investigating the adsorption capacity of goethite for 

Cr(VI), phosphates and nitrates. In addition, binary systems of these chemicals were used in 

order to determine the effect of phosphates and nitrates on Cr(VI) adsorption. The 

concentration of goethite and temperature kept constant in all series of experiments at 10 g/L 

and 25 oC, respectively. Goethite suspensions were created by adding 0.01 M NaCl solution in 

order to simulate the ionic strength that usually occur in groundwater. In order to achieve 

equilibrium, Erlenmeyer flasks containing 20 mL of the suspension were placed in an orbital 

shaker at 200 rpm for 24 hours. All the experiments were carried out in a pH range from 4 to 9. 
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The pH adjustment was performed using HCl/NaOH solutions of 0.01 M. In order to investigate 

the adsorption of phosphates and nitrates on goethite similar experiments as in the case of 

soil, were performed.  

 

3.8 Adsorption simulation 

 

Adsorption simulation was performed using the Visual Minteq v.3.1 software (Gustafsson, 

2013). This is a freeware chemical equilibrium model for the calculation of metal speciation, 

solubility equilibrium, sorption and other chemical processes for natural waters. It combines 

state-of-the-art descriptions of sorption and complexation reactions. In this software 

adsorption can be described using: a) adsorption isotherms, b) ion exchange mechanisms 

and/or c) surface complexation models.  

 

In the Visual MINTEQ, the surface complexation models included can simulate the distribution 

of ions between adsorbed and dissolved phases in a colloidal suspension. These models are 

primarily used for oxides and clay mineral edges. Surface complexation calculations are the 

most advanced features of MINTEQ. Such models, address adsorption reactions for inorganic 

constituents in which there is a significant chemical contribution to the adsorption process 

(“surface complexation reactions”). This is done in a thermodynamically more correct way 

compared to the isotherms, usually taking into account both chemical and electrostatic 

contributions to adsorption. The following six surface complexation models can be used 

applying Visual MINTEQ:  

 

 Constant Capacitance Model (CCM)  

 Diffuse Layer Model (DLM)  

 Triple Layer Model (TLM)  

 Basic Stern Model (BSM)  

 Three Plane Model (TPM)  

 Non-Electrostatic Model (NEM)  

 

These six models are closely related in many ways. Each treats adsorption as a surface 

complexation reaction and each accounts for the electrostatic potentials at the charged 

surface. Their primary difference lies on the way electrostatics are included. In this study the 

Constant Capacitance Model (CCM), the Diffuse Layer Model (DLM) and the Triple Layer Model 

(TLM) were used.  
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4 SOIL AND GROUNDWATER PHYSICOCHEMICAL ANALYSIS 

 

4.1 Stratigraphy of sampling well 

 

Figure 4.1 shows a simplified geological cross section of the borehole constructed in Vergina 

area (see Chapter 3) and used herein for soil sampling down to 98 m depth. The unsaturated 

zone extended to 43 m depth, after which a succession of 3 aquifers and aquicludes was 

encountered. The unsaturated zone consisted of alternating layers of clayey sand with gravel 

that predominated at the top 10 m, followed by a dense clay-sand mixture that present some 

variation in the relative contents of each with depth. Rock fragments with the characteristic 

green color of serpentinites were observed throughout the soil column, confirming the clear 

presence of ophiolites. The aquifers consisted of gravelly particles mixed with sand and clay, 

while the impermeable layers had predominantly clay, also mixed with some sand and gravel. 

Thus, the cross-section does not fully capture the complexity of the material, in the sense that 

the layers were not as clearly defined as in the illustration but rather continuously changing in 

proportions. Overall, the layers of the cross section were reflective of the first two formations 

of the stratigraphic column in the area (Section 3.1). 

 

 
Figure 4.1 Statigraphy and well design of the sampling well 

 

4.2 Soil classification according to geotechnical properties 

 

The grain size distribution of the tested soil is usually determined through sieve analysis. The 

results of this analysis are shown at Figure 4.2, presenting the grain size distribution curve by 

calculating the percentages of weight passing different sieve sizes. The total weight of the soil 

used was 648.45 g and the loss of weight after sieving was 1.1%. Results showed that the 

collected soil was consisted of gravels at 25.2%, sand at 69.8% and clays at 5.0% indicating that 

the soil is classified as a coarse grained soil.  
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Figure 4.2 Grain size distribution curve of the collected soil. 

 

The grain size distribution curve is a way of giving a complete and quantitative picture of the 

relative proportions of the different grain sizes within the soil mass and can be used for 

estimating several parameters regarding the tested soil. Such a parameter is the D10, called as 

effective grain size, and is defined as the maximum value of sieve diameter that the 10% of soil 

weight passes through. This parameter is an indication of soil permeability characteristics. 

Similarly, the D30 and D60 values are commonly used for soil characterization and represent the 

maximum diameter of the sieve pores that is necessary in order to pass through the 30% and 

60% of the soil weight, respectively. The values of the active sizes are presented at Table 4.1. 

 

Table 4.1 Values of D10, D30 and D60 active sizes. 

Active size D10 D30 D60 

Value 0.151 0.401 2.703 

 

Based on these values further information regarding the shape of the grain size distribution 

curve can be described through the parameters, of a) coefficient of uniformity (Cu) (Equation 

4.1) and b) coefficient of curvature (Cc) (Equation 4.2). They are defined as: 

 

   
   

   
                             (Equation 4.1) 

 

   
   

 

      
                            (Equation 4.2) 

 

The Cu and Cc parameters of the tested soil are equal to 17.88 and 0.39, respectively. Using 

these values we can draw conclusions about the occurrence of a well or not graded soil. A well 

graded soil is thought when a good distribution of sizes in a wide range occurs and the smaller 

grains fill the voids created by the larger grains, producing a dense packing. Such soils exhibit 

smooth and concave curves. Sands with Cu > 6 and Cc 
= 1 - 3 values are well graded, while the 

corresponding values for gravels are Cu 
> 4 and Cc 

= 1 - 3. Otherwise the soil is not well graded 

and called poorly graded. Poorly graded soils are further distinguished to uniform at which the 

grains are about the same size, and gap-graded soils when there are smaller and larger grains, 
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but none in an intermediate size range. Thus the soil tested in this study can be classified as 

uniform poorly graded soil (Sivakugan, 2000).  

 

Commonly, for soils that contain both coarse and fine grains a further analysis of the finer 

fraction is needed, since the sieve analysis has been carried out firstly. In order to verify the 

classification as coarse grained soil the grain size distribution of the -2 mm fraction was 

investigated using the Bouyoucos method. The results of this analysis showed that the sample 

is consisted of 58.74% fine sand (0.063 mm < d < 2 mm), 27.74% silt (0.002 mm < d < 0.063 

mm) and 13.52% clay (d < 0.002 mm) 

 

A third analysis was also carried out using the extra fine fraction (d<0.075 mm) of the tested 

soil using a Laser instrument (Figure 4.3). Two samples of the -0.075 mm fraction used in order 

to achieve repetition of the analysis. The results showed that this fraction was consisted of 

78.07% silt (0.002 mm < d < 0.075 mm) and 18.62% clay (d < 0.002 mm).  

 

 

 
Figure 4.3 Grain size distribution of two samples with grain size –0.075 mm. 

 

Despite the indications that our soil is classified as a coarse grained soil the Atterberg limits 

were also determined. The Atterberg limits are of empirical nature. However, they had been 

correlated very well with the geotechnical characteristics of fine grained soils and are 

therefore very valuable in soil classification. The LL and PL limits of the tested soil calculated as 

41.75% and 20.90%, respectively. Thus the PI limit is equal to 20.85%. High PI value means 

higher range of humidity for which ths soil keeps its plasticity. According to Cassagrande’s 

chart (Figure 4.4) the soil is characterized as clay with low plasticity (CL).  
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Figure 4.4 Casagrande’s PI-LL chart 

 

Overall, according to ASTM 2487-06 unified soil classification system (ASTM, 2006) the soil is 

characterized as poorly graded sand with silty clay and gravel (SP-SC) since more of the 50% 

retained the 0.075 mm sieve, the percentage of sand was higher than gravels, the percentage 

passed the 0.075 mm sieve was 5 - 10%, the Cc value was lower than 1 and the gravels 

percentage higher than 15%. 

 

4.3 Soil mineralogy 

 

Four soil samples from different horizons (topsoil, 3, 44 and 58 m depth) and two rock 

fragments from 44 m depth were analyzed with XRD in order to verify the ophiolitic origin of 

the soil. All soil samples showed similar mineral assemblage shown in Figure 4.5, with the 

exception of vermiculite, which was only identified in samples from the saturated zone. In soil, 

vermiculite is a clay mineral that is known as a weathering product of serpentines (Hseu et al., 

2007; Chrysochoou et al., 2016). Generally, serpentinitic soils exhibit magnesic mineralogy 

(except for the fragments presented in such soils) since a percentage higher than 40% w/w of 

magnesium-silicate occur in their geological composition. Magnesium and silicate minerals, 

like serpentine minerals (antigorite, chrysotile, lizardite) as well as talc, olivines, Mg-rich 

pyroxenes and amphiboles, occur predominantly in the fine -2 mm fraction. In addition, 

serpentines exhibit low substitutions of iron for magnesium but high incorporation rates of Fe 

occurs in peridotite to minerals like magnetite and hematite (Covelo et al., 2007). The tested 

soils were a mixture of relicts and weathering products of both ultramafic and mafic rocks, 

with serpentine minerals being typically the predominant phase and indicating that the 

ultramafic contribution is more pronounced.  
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Figure 4.5 XRD pattern of soil sample recovered at 44 m depth (A: Albite, C: Corundum, Ch: Chrysotile, 

Cl: Chlorite, Cr: Chromite, Q: Quartz, V: Vermiculite). 

 

Table 4.2 provides the quantitative mineralogy of a representative soil sample, obtained by 

applying the quadrants method, from 44 m depth as observed by the XRD pattern at Figure 

4.5. Applying the Rietveld method Corundum was used to back-calculate the amorphous 

content using the estimated amount versus the known amount (section 3.4.2). The results 

showed that chrysotile was the mineral with the highest content in the soil sample, while 

important was also the content of the amorphous phase.   

 

Table 4.2 Quantitative mineralogy of a representative soil sample with grain size -0.5 mm (44 m depth). 

Mineral Name Chemical Formula Wt. (%) 

Albite NaAlSi3O8 6.8 

Chlorite (Mg,Fe)6(Si,Al)4O10(OH)4 8.8 

(Magnesio)Chromite (Fe,Mg)Cr2O4 3.5 

Chrysotile Mg3Si2O9H4 35.3 

Hematite Fe2O3 1.6 

Quartz SiO2 12.6 

Vermiculite Mg3.41Si2.86Al1.14O10(OH)2(H2O)3.72 4.4 

Amorphous  27.0 

 

The XRD patterns of the rock fragments are provided in Figure 4.6. Two types of rocks were 

identified; one containing chrysotile, diopside (Ca(Mg,Al)(Si,Al)2O6) and chromite, and another 

one containing albite, quartz and chlorite. Chrysotile, diopside and chromite are typical 

minerals occur in ultramafic rocks. Chrysotile is the main mineral of serpentinized ultramafic 

rocks, diopside belongs to the pyroxene mineral group, while chromite is a mineral of 

ultramafic rocks, which exhibits persistence during serpentinization and weathering processes 

(Oze et al., 2004). Regarding the minerals of the second type of rocks, albite and quartz are not 

related to the ultramafic background of the area but their occurrence and association with 



SOIL AND GROUNDWATER PHYSICOCHEMICAL ANALYSIS      Athanasios S. Bouras 

 

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

76 

chlorite as well as muscovite (KAl2(AlSi3)O10(OH)2) and hematite, is indicative of the presence of 

gabbro or greenschist, which are igneous and metamorphic mafic rocks, respectively 

(www.britannica.com). However, the observed minerals in soil and rocks are in accordance 

with the general geological background of the area. 

 

 
Figure 4.6 XRD patterns of rock fragments recovered from 44 m depth (A: Albite, Ch: Chrysotile, Cl: 

Chlorite, Cr: Chromite, D: Diopside, H: Hematite, M: Muschovite, Q: Quartz). 

 

After the addition of soil in the aqueous solution the presence of a discrete solid phase 

presented as black grains was obvious. This phase exhibited magnetic properties and could be 

isolated from the bulk sample using a magnetic bar as mentioned in section 3.4.1.1, and so on 

will be called “magnetic fraction”. Figure 4.7 presents the two XRD patterns of the soil sample 

with grain size -0.5 mm and the isolated magnetic fraction. Both patterns contain the typical 

minerals of serpentine origin, like chromite/magnetite and chrysotile, as well as quartz and 

albite as observed in the bulk sample and discussed above (Figure 4.5). However, the relative 

intensity of chromite and chrysotile in the magnetic fraction is higher, while the content of 

alumino-silicates is very low. This fact, is in agreement with the accumulation of Fe and Cr in 

the magnetic fraction, and the lower concentration of Si as it will be discussed below.  

 

 
Figure 4.7 Comparison of the XRD patterns of the bulk soil (bottom) and the magnetic fraction (top) (A: 

Albite, Ch: Chrysotile, Cl: Chlorite, Cr: Chromite, H: Hematite, M: Magnetite, Q: Quartz). 



SOIL AND GROUNDWATER PHYSICOCHEMICAL ANALYSIS      Athanasios S. Bouras 

 

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

77 

The presence of chromite (Fe2+Cr2O4) and Cr-magnetite (Cr-Fe2+F3+
2O4) as observed by the 

XRD analysis was also verified by SEM-EDS analysis (Figure 4.8; Table A3.1 Appendix III). SEM 

analysis showed the occurrence of a spinel mainly covered by bulk serpentinized mass (black 

area). 

 

 
Figure 4.8 SEM image of a soil sample with grain size -0.5 mm (circle: Cr-magnetite (Fe

2+
Fe

3+
2O4); 

rectangular: chromite (Fe
2+

Cr2O4)). 

 

The presence of chromite and magnetite with isomorphic substitutions between Mg with Fe2+ 

and Cr with Fe3+ is typical for serpentine soils (Barnes and Roeder, 2001; Farahat, 2008). 

Economou-Eliopoulos (2003) mentioned that apart from grained magnetite in a soil matrix, 

magnetite can be associated with chromite since magnetite is the final product of sequential 

transformations of chromite to ferrian-chromite and finally to magnetite. Another option is the 

occurrence of magnetite as rims on chromite. 

 

4.4 Physicochemical analysis 

 

Table 4.3 presents the physicochemical analysis results of the topsoil and soil samples as a 

function of depth. Soil pH values ranged from 7.2 to 8.8, with values increasing steadily with 

depth. Most serpentine soils present slightly acidic to neutral pH values (Oze et al., 2004), and 

a literature review indicated that the observed values are amongst the highest observed 

globally (pH = 5 – 7.5 according to references presented in Table 2.3). These high pH values can 

be justified by two possible reasons. At first, the high Mg content of pure serpentinite has an 

equilibrium pH of 8.3, due to the presence of Mg(II), a strong base-forming cation (Mizuno et 

al., 1979). Thus, relatively un-weathered serpentine soil with low organic matter is expected to 

have higher pH values. Secondly, the presence of limestone that dominates the geological 

background of the area provides an alkaline environment (Latsoudas and Sonis, 1991). Despite 

the low content of calcium in the tested samples, the soil solution may be affected by the 

occurrence of limestone up-gradient of the sampling area. 

 

Apart from the relatively high pH values of the tested samples, an increase of pH with depth 

was also observed. Topsoil samples (0.05 m) exhibited the lowest pH values about 7.3. For 

depths higher than 0.6 m pH values increased in the range 8.0 to 8.6 (Table 4.3). Similar results 
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in serpentine soils have been observed by Oze et al. (2004). This trend is probably attributed to 

the absence of organic matter and weathering/leaching processes in higher depths, which 

result in increasing pH (Rabenhorst et al., 1982; Gasser et al., 1995; Shallari et al., 1998). 

Topsoils are mostly influenced by organic matter and especially in agricultural areas by 

acidification due to the use of ammonium fertilizers (Mills et al., 2011). Vergina area is 

characterized by intensive agricultural activities and thus both parameters mentioned are able 

to play an important role in the case of soils near the surface. Acidification of deeper samples 

is possibly attributed to the presence of weathering processes, which cause the substantial 

leaching of base-forming cations [Mg(II)] and accumulation of acid-forming cations [Al(III) and 

Fe(III)] (Oze et al., 2004; Caillaud et al., 2011). However, the effect of weathering as described 

above has been investigated at soil samples obtained from some meters depth (e.g. <5 m 

depth). In such depths the weathering processes occur in higher extend than in higher depths, 

such as 100 m in our case, where weathering may not be so extensive. A further investigation 

of the elemental distribution along the depth profile could verify the discussion above about 

weathering.  
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Table 4.3 Chemical analysis results of soil samples 

Layer Depth pH LOI C Mg Si Fe Al K Ca Cr Mn Co Ni Cr(VI) 

 (m) 
 

(g/Kg) (mg/Kg) 

GSC 

0.05 7.3 165 14.0 159 192 84 11,488 4,232 5,643 2,805 1,549 244 >3,143 4.5 

0.05 7.4 179 19.7 162 191 80 10,641 830 5,286 2,471 1,472 181 >3,222 7.5 

0.05 7.2 168 13.5 194 213 62 15,512 5,394 3,929 2,585 930 157 1,965 4.0 

GSC 0.6 8.0 155 9.9 159 201 77 12,971 4,647 10,571 2,274 1,394 220 2828 2.9 

GSC 2.8 8.3 130 1.1 161 194 79 11,224 4,398 4,929 2,203 1,394 197 >2,357 2.7 

CL 5.2 8.2 138 0.6 214 200 60 1,112 830 2,071 1,410 1,085 189 >2,357 4.2 

GSC 7.8 8.1 130 0.9 219 199 57 1,853 1,328 2,571 1,919 852 149 >2,357 5.2 

CL 10.4 8.1 134 2.7 167 204 74 14,029 4,398 3,571 2,257 1,162 189 >2,357 3.2 

GSC 43.1 8.5 98 0.8 163 225 60 20,647 2,738 8,000 3,944 1,085 142 >2,357 1.7 

CL 45.0 8.4 107 0.8 147 224 69 23,612 5,062 6,429 4,393 1,085 157 1807 1.4 

CL 46.5 8.3 132 0.7 170 212 69 16,518 4,730 3,429 2,091 1,085 173 >2,357 1.9 

GSC 48.1 8.2 131 0.6 230 206 65 265 581 3,500 4,057 930 157 >2,357 2.1 

GSC 56.6 8.1 110 0.4 226 204 72 8,735 3,153 5,214 12,137 1,317 173 2121 1.5 

GSC 59.0 8.6 140 0.6 154 208 72 20,965 3,734 6,214 5,199 1,162 157 2043 1.1 

CL 75.0 8.6 151 2.1 124 225 63 30,706 8,879 7,429 2,919 1,007 173 >2,357 1.0 

GCL 79.0 8.6 140 0.5 226 210 66 3,547 1,577 4,357 5,455 930 118 >2,357 0.8 

GSC 82.6 8.7 109 0.8 185 221 64 10,959 <83 7,214 6,187 1,085 165 1885 0.8 

GSC 83.6 8.8 122 0.9 197 212 56 9,265 2,821 5,357 3,073 1,007 142 1964 2.5 

GCL 92.4 8.5 154 0.6 190 210 66 6,247 2,821 4,643 5,357 930 165 >2,357 0.7 

GCL 93.1 8.6 152 0.5 195 206 74 4,871 2,489 6,357 9,880 1,007 157 >2,357 1.3 

GSC: Gravelly sand with clay, CL: sandy clay, GCL: sandy clay with gravel 
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Elemental analysis results (Table 4.3) showed that soil samples have low Si (191 – 225 g/kg) 

and high Mg (159 - 230 g/kg) contents compared to the average concentrations of the 

elements globally, which is 330 and 5 g/Kg, respectively (Sparks, 2003). However, the observed 

elemental distribution is typical of serpentine soils (Fandeur et al., 2009). Crtot concentration 

decreased in the first 5 m with concentrations ranging between 1,410 and 2,805 mg/Kg (Table 

4.3). This decrease is a result of the weathering processes to the upper layers, which cause 

substantial leaching of mobile elements like Mg and accumulation of immobile ones like Fe, Al, 

Mn and Cr near the surface (Bulmer and Lavkulich, 1994). Moving deeper, in the depth range 

from 5.2 to 7.8 m, it is clear that concentrations of Fe, Al, Mn and Cr decrease, while Mg 

increases, contrary to the shallower depths (0.6 - 2.8 m), where its concentration remains 

almost constant  (average conc. ≈198 g/Kg) (Table 4.3). These results confirmed the presence 

of weathering processes in the unsaturated zone, a phenomenon that has been observed in 

several areas with serpentinitic soils in the geological background. For depths higher than 43 m 

(saturated zone) an overall increase of Crtot concentrations was observed compared to the 

concentrations of the unsaturated zone (Figure 4.9). Similar results were observed by several 

studies showing that chromium concentration presented a decreasing trend for depths down 

to 5 m (Oze et al., 2004; Caillaud et al., 2009; Fandeur et al., 2009; Dzemua et al., 2011) 

followed by an increase at higher depths (Dzemua et al., 2011). In all these studies the trend 

was attributed to the effect of weathering processes, which resulted in accumulation of 

immobile elements near the surface. In addition, among the concentrations measured in the 

saturated zone, two extremely high Crtot concentrations observed about 10,000 and 12,000 

mg/Kg, at 93 and 57 m depth, respectively. Such values are usually identified in lateritic soils 

areas with tropical climate like New Caledonia, Sri Lanka, Brazil and Africa as mentioned in 

Table 2.3. In temperate climate areas only in France a similar concentration at about 8,000 

mg/Kg, at shallow soil layers (≈1 m), has been observed (Caillaud et al., 2009). These 

heterogeneities in chromium concentrations can be attributed to factors such as heterogeneity 

in the mineralogical and chemical composition of the parent rocks and different characteristics 

of weathering processes (e.g. weathering stage, age).  

  

 
Figure 4.9 Crtot concentration profile along 100 m depth. 
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On the contrary, Cr(VI) exhibited the opposite trend compared to Crtot, with almost continuous 

decrease with increasing depth (Figure 4.10). Three clusters of Cr(VI) concentrations can be 

distinguished. Firstly the three topsoil samples, with the highest Cr(VI) concentrations ranging 

between 4 and 7.5 mg/Kg. The second cluster including samples collected down to 10.5 m 

depth with concentrations ranging between 2.7 and 5.2 mg/kg and finally the samples 

collected from the saturated zone with lower concentrations ranging between 0.7 mg/kg and 

2.5 mg/kg. The samples of the saturated zone showed a decrease of Cr(VI) concentration with 

depth, despite the increase of Crtot in the soil. This observation may be related to factors that 

influence Cr(III) oxidation like the decrease of weathering at higher depths, rendering Cr(III) 

less available for oxidation.  

 

 
Figure 4.10 Cr(VI) concentration profile along 100 m depth. 

 

In general, for depths higher than 43 m, where the first aquifer is encountered the 

concentrations of the elements discussed above seem to change overall. The indication for this 

observation is the value of LOI, which represents the volatile materials lost from the soils 

sample during heating. Such materials are usually "combined water" like hydrates and labile 

hydroxy-compounds and carbon dioxide from carbonates. LOI values are shown to be lower at 

samples collected from the saturated zone compared to those of the unsaturated zone. This is 

likely due to the greater weathering and the earlier hydration stage in shallower depths. It is 

obvious that the very deep layers (>80 m) are richer in un-weathered serpentine materials.  

 

The MgO - SiO2 – (Fe2O3 + Al2O3) ternary plot (Figure 4.11) presents a comparison between the 

soil chemistry data of this study and selected literature data related to ultramafic soils and 

rocks. The Vergina’s samples were overall poorer in Fe and Al (10 – 20%), about average in Mg 

content (30 – 40%) and on the high end of Si content (80 – 90%). The higher Si content was 

related to the presence of non-ophiolitic materials origin, like mafic rocks, as it has also been 

observed by XRD analysis (quartz and albite minerals). The lower Al content can verify the 

higher pH of the Vergina soil, given that Al contributes significantly in the soil acidity. Al 

contributes indirectly to soil acidity since pH decrease leads to Al solubilization through 

hydrolysis.  
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Figure 4.11 Ternary SiO2 – MgO – (Fe2O3 + Al2O3) plot for Vergina’s soil and other ultramafic soils 

globally. 
 

Table 4.4 shows the values of Pearson correlation factors (r) between the values of elements 

concentration, pH and depth. From this analysis the three topsoil samples were excluded since 

they exhibited different chemical properties such as the higher carbon content and the lower 

pH. Correlation was considered as significant when r>0.7. Thus, the most significant correlation 

observed were between depth/pH (proportional, r=0.79), depth/Cr(VI) (inversely proportional, 

r=-0.79), Mg/K and Mg/Al (inversely proportional, r=-0.86 and r=-0.91, respectively) and Fe/Mn 

and K/Al (proportional, r=0.72 and r=0.86, respectively). Regarding the correlation of K/Al it 

may be attributed to the presence of these elements in non-ultramafic minerals, contrary to 

Mg, which is the main element in soils with ultramafic origin. Thus their correlation factor 

value provides an indication of their distribution across the geological section, giving 

information about the presence of ultramafic and non-ultramafic background. The most 

contrasting values of Al and Mg concentration were observed at 43, 45, 59 and 75 m depth 

(Figure 4.1), indicating the occurrence of non-ultramafic minerals there. A similar observation 

is made for Ca exhibiting its higher concentrations at the three upper aquifers (43.1 – 45 m, 59 

m and 75 m). Only the deepest aquifer (92 m) exhibited a clear ophiolitic origin. According to 

these observations, it may be expected that Mg and Si concentrations could be correlated with 

pH and Cr as well. However, this fact was not verified by these data. The reason may that 

silicon exhibits higher concentrations in non-ultramafic minerals and so its contribution 

between ultramafic and non-ultramafic minerals could not be distinguished. Regarding Mg, its 

high mobility as a result of weathering processes, renders the creation of vertical profile 

difficult. This fact further verifies that Cr concentration increasing trend in the saturated zone 

is strongly related to the ultramafic geological background especially in very high depths (>80 

m) and in the zones of aquicludes.  
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Table 4.4 Correlation factors, excluding topsoil samples. 

 Depth pH Mg Al Si K Ca Mn Fe Co Crtot Cr(VI) 

Depth 1            

pH 0.79 1           

Mg 0.08 -0.17 1          

Al 0.07 0.23 -0.91 1         

Si 0.54 0.56 -0.44 0.65 1        

K 0.05 0.12 -0.86 0.87 0.45 1       

Ca 0.16 0.23 -0.57 0.55 0.42 0.51 1      

Mn -0.47 -0.38 -0.35 0.27 -0.31 0.34 0.42 1     

Fe -0.22 -0.34 -0.29 0.12 -0.38 0.30 0.27 0.72 1    

Co -0.60 -0.60 -0.35 0.12 -0.43 0.37 0.21 0.72 0.57 1   

Crtot 0.58 0.18 0.32 -0.14 0.10 -0.14 0.18 0.06 0.24 -0.26 1  

Cr(VI) -0.79 -0.58 0.24 -0.38 -0.61 -0.33 -0.43 0.03 -0.20 0.32 -0.55 1 

 

At a next step fractionation of a soil sample, used as working sample in this study, collected 

from 44 m depth was conducted. This aimed at determining the distribution of Crtot, Cr(VI) and 

other elements collected from 44 m depth. Fractionation included six fractions as mentioned 

in Table 4.5. The fraction with grain size - 0.5 mm (4th fraction), which will be used for the 

experimental needs of this study and will be called as “bulk sample”, was further divided in 

two more fractions the “non magnetic” and the “magnetic” fractions.  

 

Fe and Crtot exhibited their highest concentrations in the fraction with grain size between 0.5 

and 2 mm, without any important variations among the six analyzed fractions. However, these 

elements concentrations in the isolated magnetic fraction, which weighs about 10% of the bulk 

sample, were significantly higher compared to the non-magnetic fraction. In particular, Fe and 

Cr concentrations in the magnetic fraction were two and seven times higher compared to the 

non-magnetic fraction. The mass balance for these two elements in the magnetic and the non-

magnetic fractions coincides satisfactorily with the mass measured in the bulk sample. Another 

observation from this analysis is that magnesium, manganese and cobalt concentrations were 

slightly higher in the magnetic fraction, contrary to aluminum and silicon concentrations which 

were significantly lower. These observations verify the mineralogy of this fraction as discussed 

above (Figure 4.8; Table A3.1 Appendix III). 
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Table 4.5 XRF analysis for the tested soil fractions using a bulk sample of 44 m depth. 

Soil sample 
Grain size 

(mm) 

Elements (mg/Kg) 

Fe Al Cr Mg Si Mn Co Cr(VI) 

1
st

 fraction d>4.75 52,563 19,170 1,724 152,220 226,240 830 117 n.q. 

2
nd

 fraction 2<d<4.75 64,323 13,511 3,632 173,820 210,700 1,032 156 n.q. 

3
rd

 fraction 0.5<d<2 67,179 12,515 4,767 171,000 207,386 1,092 162 n.q. 

4
th

 fraction 0.25<d<0.5 61,062 n.q. 2,148 n.q. n.q. 1,175 n.q. 0.67 

5
th

 fraction 0.075<d<0.25 63,800 n.q. 1,658 n.q. n.q. 1,248 n.q. 0.76 

6
th

 fraction d<0.075 69,786 n.q. 1,522 n.q. n.q. 1,458 n.q. 0.81 

“Bulk” soil d<0.5 74,270 17,350 3,754 150,720 209,766 1,215 153 1.47 

“Non-magnetic” 

fraction 
d<0.5 61,278 18,281 2,361 144,480 207,386 1,164 149 0.87 

“Magnetic” 

fraction 
d<0.5 129,290 3,857 14,197 153,240 148,820 1,264 263 0.94 

n.q. not quantified 

 

In order to verify the possible presence of the tested elements (Fe, Cr, Mg, Si, Al) in the 

amorphous phase the mass balance was applied at the -0.5 mm bulk fraction based on the 

concentration results as calculated through quantitative XRD (Table 4.2) and measured by XRF 

(Table 4.5). The SEM-EDX analysis was used in order to better identify the composition of the 

(magnesio)chromite mineral referred at Table 4.2. The results are presented in Table 4.6 and 

indicate that the amorphous phase consisted mainly of Fe, Mg and Si, while Al and Cr occured 

in the crystalline phases. The presence of iron in the amorphous phase indicated the presence 

of iron (oxy)hydroxides. Poorly crystallized goethite is thought as the predominant amorphous 

iron hydroxide in serpentine soils, without excluding the presence of other amorphous iron 

oxides (Chardot et al., 2007). Goethite, as well as hematite, has been identified in serpentine 

soils in Greece (Kelepertzis et al., 2013). The presence of silicon and magnesium can be 

attributed to the occurrence of amorphous silicon oxides or cryptocrystalline and amorphous 

magnesite, respectively. These minerals are commonly presented as alteration products of 

serpentinized ultramafic rocks (Peterson, 1984; Zachmann and Johannes, 1989). 

 

Table 4.6 Mass balance determined by XRF and XRD. 

Element Fe (g/Kg) Mg (g/Kg) Si (g/Kg) Al (g/Kg) Cr (mg/Kg) 

Total XRD 41.1 111.7 163.8 19.2 4.6 

XRF 74.3 150.7 209.8 17.4 3.8 

Amorphous (XRF - XRD) 33.2 39 46 -1.8 -0.8 

XRD/XRF (%) 55 74 78 111 121 

 

At a next step, XANES analyses were conducted to investigate chromium speciation. Since a) 

chromium speciation is affected by the presence of oxidants and b) the main oxidants in soils 

are the Mn oxides, XANES analysis was performed for both chromium and manganese. As it 

can be observed from Figure 4.12a, which depicts the chromium spectra, there is no Cr(VI) 

feature at the characteristic energy of 5993 eV. This is attributed to the very low Cr(VI) 

concentrations, which cannot be detected by XANES. Regarding the Cr(III) spectra its edge is 

placed in the 6070 eV resembling the presence of pure chromite (FeCr2O4), including low 
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content of Cr(III) oxyhydroxides. Similar analyses performed by Fandeur et al. (2009), who 

mentioned that Cr(III) derived from serpentinitic soils was bound in chromite in 25-30% and 

the rest was bound in two iron oxides, goethite and hematite. These data are quite in 

accordance with the results of this study. Less amounts can be observed in other serpentine 

minerals. In the case of manganese the XANES spectra proved the presence of all the three 

oxidation states, Mn(III) (peak at 6558 eV), Mn(IV) (peak at 6561 eV) and Mn(II) (peak at 6553 

eV) (Figure 4.12b) indicating the presence of chromium oxidants. Fandeur et al. (2009) showed 

that in lateritic soils the Mn(III) and Mn(IV) species occurred in shallower depths, while deeper 

the Mn(II) occurred predominantly. 

 

 
Figure 4.12 Cr K-edge (a) and Mn K-edge (b) XANES spectra of a topsoil sample and two samples 

obtained from 44 and 56.6 m depth – Cr reference spectra courtesy of P. Nico. 

 

Finally, the SSA of the bulk sample was determined by BET method and was found equal to 

55.95 m2/g. For the calculation of surface area, soil density was measured equal to 2.3 g/mL. 

An important factor parameter that may affect soil adsorption capacity is the degree of 

mineral crystallinity and especially of clay minerals and iron oxides. The degree of crystallinity 

is reflected by the surface area with the best crystallized solids exhibiting the lowest SSA values 

(Strauss et al., 1997). The chemical and physical properties of soil iron oxides are thought to be 

a function of their surface area rather than of their mineralogical form (Borggaard, 1983). The 

low degree of crystallinity implies the non-stoichiometric incorporation of various elements in 

the crystal lattice. Serpentine type minerals usually show low crystallinity at the surface, where 

the degree of weathering is predominant. The presence of silica able to migrate in the soil 

solution prevents crystal growth leading in low crystallinity of minerals like goethite. In this 

case, elements such as nickel, chromium and aluminum can be incorporated in goethite. 

Another important characteristic of poorly crystalline minerals is their high water content. The 

charge imbalance that is created as a result of the disordered structures with large surface 

area is compensated in the areas of broken edges by the -OH2 molecules. The presence of high 

water content can be effectively determined by applying thermal gravimetric analyses. In 
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addition, for the case of serpentine minerals, the degree of crystallinity is affected by more 

factors like the different genetic types and changes during weathering (Kuhnel et al., 1975). 

 

The application of the BET method for determining the SSA value presupposed the absence of 

any alterations of the solid surface due to the high temperatures established during the 

measurement. Thus, a thermogravimetric analysis (TGA) was also performed (Figure 4.13). This 

analysis could eliminate any overestimation of the SSA value. Indeed, no surface alterations 

occurred by applying the BET method since the weight loss observed, about 12% (green axis), 

for temperatures between 50 and 150 0C (red horizontal axis) was attributed to soil’s humidity 

and hard-bound water.   

 

 
Figure 4.13 TGA diagram of soil sample with grain size -0.5 mm.  

 

4.5 Groundwater chemistry 
 

The ophiolitic origin of the tested aquifer was also verified by performing groundwater 

physicochemical analysis. In order to better investigate the ophiolitic origin groundwater 

samples were collected not only from the tested well but also from existing sampling points (3 

wells and 1 spring) in very close proximity. Table 4.7 presents the chemical analysis data of the 

groundwater samples collected from the existing wells and the newly constructed well.  

 

Table 4.7 Results of physicochemical analysis of groundwater samples. 

 
Unit LOD(1) W1 W2 W3 S NW 

Depth (m)  n.a.(2) n.a. n.a. n.a. 44 57 78 92 

Crtot (μg/L) 0.1 91 44 34 33 71 55 42 35 

Cr(VI) (μg/L) 10 64 35 18 20 61 49 38 29 

pH   8.06 7.99 8.28 8.20 8.49 8.47 8.52 8.54 

ORP (mV)  145 161 167 203 154 153 204 176 

EC (μS/cm)  798 694 664 516 650 628 633 631 

T (0C)  22.1 19.8 18.7 18.8 19.8 20.0 19.6 19.1 

HCO3
- (mg/L)  471.1 380.8 433.2 342.9 695.2 673.5 543.2 521.4 

Cl- (mg/L) 5 17 <5 7 <5 8 9 12 25 
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SO4
2- (mg/L) 5 23 6 7 7 <5 <5 <5 7 

NO3
- (mg/L) 2.2 40.1 15.9 9.0 2.5 54.8 78.3 79.6 69.9 

NO2
- (mg/L) 0.007 0.095 0.088 0.082 0.076 0.032 0.026 0.045 0.035 

PO4
3- (mg/L) 1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 

NH4
+ (mg/L)  0.12 0.23 0.14 0.12 n.a. n.a. n.a. n.a. 

Na+ (mg/L) 0.05 11.6 3.6 3.6 3.0 3.6 5.8 4.0 3.6 

K+ (mg/L) 0.05 2.5 2.0 1.5 1.2 2.5 2.5 2.5 2.5 

Ca2+ (mg/L) 0.1 26.0 41.4 15.5 11.4 72.3 73.0 119.0 118.8 

Mg2+ (mg/L) 0.01 105 64 94 77 86 86 86 87 

Si (mg/L) 2.5 14.4 18.7 11.1 12.9 11.1 11.2 11.5 11.3 
            (1)

Limit of Detection, 
(2)

Not available 

 

As observed from Table 4.7, pH values range between 7.99 and 8.54. Such pH values are 

typical of groundwater derived from serpentinized ultramafic rocks, since values ranging from 

8 to 12 have been reported (Barnes et al., 1972; Oze et al., 2004). In addition, all samples 

exhibit high concentrations of both Crtot (max 91 μg/L) and Cr(VI) (max 64 μg/L). These 

concentrations are of the highest measured globally attributed exclusively to geogenic origin 

and in particular to the presence of ultramafic/ophiolitic geological background, as it is shown 

at Table 2.4. Especially in Greece, in several areas have been detected considerably higher 

Cr(VI) concentrations (Table 2.4) than in Vergina aquifers but the origin cannot be considered 

as exclusively geogenic due to the presence of industrial activities at these areas (e.g., Inofyta, 

Central Greece). In Vergina area the only anthropogenic pressure is related to agricultural 

activities. Agricultural activities can affect groundwater quality due to the extensive use of 

fertilizers, which may cause increased naturally occurring Cr(VI) concentration in groundwater 

by increasing its mobility due to the presence of phosphates (Becquer et al., 2003) and to a 

less extent due to the presence of nitrates (Mills et al., 2011; Mills and Goldhaber, 2012). 

Chemical analysis of the collected groundwater samples showed low concentrations of 

phosphates (<1.5 mg/L) but high concentrations of nitrates (80 mg/L max) even at high depths, 

down to 92 m. The lateral and vertical distribution of nitrates in the tested area indicated both 

the extensive use of fertilizers and the typical high mobility of nitrates.  

 

A more detailed assessment of the chromium concentration results led to the observation that 

both Crtot and Cr(VI) decreased, almost linearly as shown in Figure 4.14, with increasing depth. 

Regarding Crtot its concentration decreased from 71 to 35 mg/L with increasing depth from 44 

to 92 m. As far as Cr(VI) concentration is concerned during increasing the sampling depth from 

44 to 92 m, Cr(VI) concentration decreased from 61 to 29 mg/L. A possible explanation is that 

Cr(VI) in soils was also decreased with depth (Figure 4.10) and thus less Cr(VI) was available for 

mobilization. Regarding the decreasing trend of alkalinity this can be linked with the increasing 

concentrations of calcium cations, since HCO3
- anions are consumed in order to maintain 

equilibrium with respect to calcite. One more important observation was the high correlation 

between Cr(VI) and Crtot, especially in the samples obtained from the new well, since the ratio 

of Cr(VI)/Crtot is higher than 83%. Similar results have been reported in cases that Cr(VI) 

presence in groundwater is due to geogenic origin (Fantoni et al., 2002; Sparks, 2003). This 

high correlation is a result of the Cr(VI) predominance over Cr(III), which is highly insoluble.  
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Figure 4.14 Cr(VI), Crtot and HCO3

−
 concentration trends with depth. 

 

In order to determine the geological origin of groundwater in the tested area the results of 

physicochemical analyses were used after being divided in two groups; those obtained from 

the existing sampling points and those of the new well. The Piper diagram (Figure 4.15) 

indicates that the groundwater is of the Ca-Mg-HCO3 type. 

 

 
Figure 4.15 Piper diagram of Vergina groundwater samples. 

 

Groundwater from Vergina area related to geological background affected by serpentinization 

processes can be divided in two types: the magnesium bicarbonate type (Mg-HCO3) and Ca 

hydroxide (Ca-OH–) type. The Mg-HCO3 type exhibits pH values at about 8 and it is 

characteristic of surface waters or shallow groundwater affected by serpentinites and 
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ultramafic rocks. Regarding Ca-OH– type with pH values ranging from 10 to 11, it originates 

from incompletely serpentinized peridotites or serpentinization of Cr-rich pyroxenes (Barnes et 

al., 1972; Oze et al., 2004). Further analysis of the existing data showed that the tested 

groundwater is of Mg-HCO3 type (Figure 4.16a). In addition, the Mg-Si-HCO3 plot (Figure 4.16b) 

indicates that the groundwater composition is very close to equilibrium with chlorite or 

serpentine minerals. Such minerals were identified by the XRD analysis as mentioned at 

section 4.3.  

 

 
Figure 4.16 Ternary Mg–Ca–HCO3 (a) and Mg–Si–HCO3 (b) plots of the Vergina groundwater samples. 

 

Possible differences between the groundwater samples collected from the existing and the 

new well were investigated by examining the Ca-Mg and Mg-HCO3
- molar ratios. Groundwater 

of Mg-HCO3 type with HCO3/Mg ratios close to 2 originate from pure serpentinites. In this case 

Mg derives from the incongruent dissolution of the rock. Higher ratios are linked to the 

presence of carbonate rocks resulting in higher concentrations of calcium ions for balancing 

the HCO3
- anions (Fantoni et al., 2002). The groundwater samples collected from the new well 

exhibited HCO3/Mg ratio about 0.9, while higher values ranging between 1.2 and 1.6 were 

observed for the samples collected from existing sampling points (Fig. 4.17a). The lower values 

observed in the samples of the new well indicate that non-ophiolitic impurities decrease the 

HCO3/Mg ratio. The Ca/Mg ratio provides information about the influence of rocks rich in 

calcium and magnesium on groundwater chemistry. Mg-HCO3 waters related to serpentinites 

exhibit Ca/Mg ratios lower than 1/3 contrary to Ca-HCO3 waters, which exhibit ratios greater 

than 1. Intermediate values indicate groundwater as a mixture of the two types (Margiotta et 

al., 2012). As presented at Figure 4.17b most of the samples obtained from existing sampling 

points are pure Mg-HCO3 waters, while groundwater from the new well is possibly a mixture of 

the two types. Maybe this difference is attributed to the effect of different soil horizons that 

contribute to groundwater quality in the case of sampling from the existing sampling points. 

Groundwater samples from existing sampling points are richer in magnesium, while samples 

from the new well are richer in alkalinity indicating the influence of Ca-HCO3 waters on the 

groundwater composition. All these observations confirm the ultramafic origin of groundwater 

in Vergina area.  
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Figure 4.17 HCO3

-
 - Mg

2+
 (a) and Ca

2+
 - Mg

2+
 (b) plots for Vergina groundwater samples. 
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5 BATCH EXPERIMENTAL RESULTS USING OPHIOLITIC SOIL AND GOETHITE 

 

5.1 Adsorption of Cr(VI) and inorganic contaminants on ophiolitic soil 
 

5.1.1 Leaching experiments 

 

Leaching experiments were performed in order to determine the desorption efficiency of 

Cr(VI) from the tested ophiolitic soil collected from Vergina area. Several series of leaching 

experiments were carried out as shown at Table 5.1. Firstly, Cr(VI) leaching was determined by 

elevating pH of the aqueous soil solution at 11. As mentioned in Section 3.6 the elevation of 

pH to 11 aimed at determining the Cr(VI) that could be possibly leached as a result of Cr(VI) 

desorption without causing dissolution of solid phases. This amount of Cr(VI) was used at the 

calculations performed using the results of batch experiments for determining Cr(VI) 

desorption efficiency, as mentioned at Equations 3.10 - 3.12 at paragraph 3.6. Similarly Izbicki 

et al. (2008) observed Cr(VI) concentrations higher than 5 μg/L, when the pH of a mafic soil 

solution increased above 8, as a result of desorption.  

 

Regarding the addition of nitrates, as NaNO3 salt solution, the results showed that almost no 

desorption of chromates caused, either using the lower nitrates concentration (620 mg/L NO3
-, 

NaNO3 = 0.01 M) or the higher one (6.2 g/L, NaNO3 = 0.1 M). This fact indicates that nitrates do 

not compete for the same adsorption sites with chromates.  

 

At the next series of leaching experiments the effect of phosphate on Cr(VI) desorption was 

tested. Aqueous soil solutions containing 0.01 M NaNO3 (620 mg/L NO3
-) and two different 

concentrations of phosphates, added as NaΗ2PO4•Η2O 0.01 M (940 mg/L PO4
3-) and 0.1 M (9.4 

g/L PO4
3-), were used. The results showed that the presence of phosphates caused significant 

desorption of Cr(VI), higher than in the cases of elevating pH of the solution or in the presence 

of nitrates. However, no alterations were observed when using different phosphate 

concentrations. The effect of phosphate on Cr(VI) desorption has also been reported by 

several studies. The presence of phosphate in the solution improved the Cr(VI) desorption rate 

significantly due to specific anion competition. The weakly adsorbed chromates form highly 

labile complexes that can be readily displaced by ions such as phosphate and sulfate (Bartllet 

and Kimble, 1976; Burden, 1989; Schroth, 1990; Fendorf, 1995; Oze et al., 2004). In addition, P 

adsorption depends on the nature of the iron (hydr)oxides, with the P amount adsorbed by 

ferrihydrite and hematite being higher than that adsorbed by goethite, since ferrihydrite 

exhibits poor crystallinity and high micropore volume. This leads to low phosphate desorption 

(Wang et al., 2013; Bortoluzzi et al., 2015). 
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Table 5.1 Cr(VI) leaching using different types of extractants related to inorganic contaminants usually 

occur in groundwater (nitrates and phosphates). 

Extractant Liquid/Solid (L/g) pH Cr(VI) (μg/L) Cr(VI) (mg/Kg) 

NaOH (0.1 M) 0.05 11.04 15 0.75 

NaNO3 (0.01 Μ) 0.01 7.78 5 0.05 

NaNO3 (0.1 Μ) 0.01 7.71 5 0.05 

NaNO3 (0.01 Μ) and 

NaΗ2PO4•Η2O (0.1 Μ) 
0.01 8.66 32 0.32 

NaNO3 (0.1Μ) and 

NaΗ2PO4•Η2O (0.1 Μ) 
0.01 8.52 33 0.33 

 

5.1.2 Effect of pH and mineralogy 

 

The effect of pH on Cr(VI) removal was investigated using at first the bulk soil sample and then 

the two fractions of the magnetic and non-magnetic, which obtained by its division (Section 

3.6.1.1). A series of experiments carried out as described in Section 3.6 and the results are 

shown at Figure 5.1.  

 

In particular, Figure 5.1a shows the experimental data obtained using the bulk soil sample. The 

results showed a decreasing trend in Cr(VI) removal with increasing pH. Removal maximized at 

acidic pH values (<4), exhibiting a percentage of almost 80%. The desorption experiments 

showed that Cr(VI) removal from the aqueous phase was not completely reversible. The 

irreversibility of adsorption can be attributed to two processes: 

i. Reduction of Cr(VI) to Cr(III) by soil constituents able to act as reductants such as 

divalent iron, which leads to strong retention due to Cr(III) immobilization, and is 

characterized by lack of reversibility. 

ii. Irreversible adsorption, which is a result of surface complexation reactions which lead to 

the formation of inner-sphere complexes. Inner-sphere complexes are quite stable, 

since include exclusively ionic or covalent bonds, or a combination of both (Sposito, 

1989). This type of adsorption is not reversible, even when raising the pH at values 

higher than PZC. 

 

Τhe presence of black grains which were analyzed using the SEM-EDX proved the occurrence 

of mineral phases such as (magnesio)chromite or magnetite. Such minerals can act a source of 

divalent iron able to reduce Cr(VI). Thus it can be assumed that at least a part of the 

irreversible amount is attributed to reduction phenomena. For simplicity reasons the amount 

of Cr(VI) that was not desorbed back to the soil solution will be called as the reduced fraction 

and is calculated by the difference between removal and adsorption and will be discussed 

below. The relative contribution of adsorption and reduction was also a function of pH. Cr(VI) 

adsorption was approximately constant and corresponded to 50% of the removed Cr(VI) in the 

pH range 4 - 7. The Cr(VI) adsorption capacity in this pH range is equal 2 mg of Cr(VI) per 

kilogram of soil. For pH values greater than 7, adsorption decreased, but its relative 

contribution increased, being the predominant process since contributed almost 100% to the 

total removal. On the other hand, reduction was more significant at acidic pH values (3 to 4), 
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decreased to about 50% of removal in the pH range 5 - 7 and finally almost zeroed at pH values 

higher than 7.5. 

 

The inversely proportional trend of reduction with pH has been reported by several studies 

investigating Cr(VI) reduction in the geoenvironment (Henderson, 1994; Rai et al., 1988). The 

main reductant of Cr(VI) in the Vergina soil is considered to be ferrous iron, since the organic 

matter content is very low, about 0.8 g/Kg as carbon (Table 4.4), and possible microbial 

reduction was prevented by sterilization of the soil sample. The macroscopic identification of 

the black grains in the bulk sample (magnetic fraction) and the presence of 

(magnesio)chromite and Cr-magnetite identified by the SEM analysis further verify this 

assumption.  
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Figure 5.1 Adsorption of Cr(VI) ([Cr(VI)]0 = 250 μg/L) on a) the bulk soil, b) the non magnetic fraction and 

c) the magnetic fraction (diamonds: removal; squares: adsorption; triangles: reduction). 

 

In order to further determine the contribution and investigate the role of the magnetic 

fraction on adsorption, two more series of batch experiments were carried out, testing Cr(VI) 

removal in the non-magnetic (Figure 5.1b) and magnetic (Figure 5.1c) fractions. The non-

magnetic fraction presented a similar trend of Cr(VI) removal with pH. However, an overall 

lower removal capacity compared to the bulk soil was displayed. The removal was maximized 

again at acidic conditions, at pH values about 3, and was approximately 8 mg/kg, 

corresponding to 60% of total Cr(VI) removal. This value is significantly lower compared with 

the 80% achieved in the case of using the bulk soil sample. The 20% difference was mainly 

observed in acidic values and thus probably stems from the lower reduction capacity, 

especially at pH>4, indicating that the reducing compounds are depleted in the non-magnetic 

fraction. The contribution of adsorption was similar for both the bulk and non-magnetic 

fractions, at about 2 mg/kg, indicating that the sorptive surfaces are similar in the bulk and in 

the non-magnetic fraction. Regarding Cr(VI) removal by the magnetic fraction, the results 

verified the assumption that the high removal efficiency is mainly attributed to reduction. As 

shown at Figure 5.1c, the maximum Cr(VI) removal was about 90% and achieved at pH values 

about 3. For higher pH values in the range of 5 - 7, removal efficiency decreased at 50%, about 

6.5 mg/kg, but even this decrease still remains almost 1.5 times higher compared to the 

decrease for bulk soil. The adsorption capacity of the magnetic fraction was found to be 

constant at 2 mg/kg, verifying further that the increase in total removal was exclusively due to 

enhanced reduction.  

 

Among the minerals identified by XRD analysis, potential minerals with magnetic properties 

able to present reduction capacity, are primarily magnetite and to a lesser extent chromite. It 

has been reported that the reduction rate of Cr(VI) by magnetite is relatively faster at acidic 

conditions than at neutral and alkaline pH values (Kendelewicz et al., 1999; He and Traina, 

2005). Choi et al. (2008) mentioned that Cr(VI) reduction rate decreases for pH values higher 

than the PZC of magnetite (pHPZC≈7.5). Their results at adsorption equilibrium are in good 
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accordance with the results of this study, mentioning that the mechanism for Cr(VI) removal is 

a combination of adsorption and reduction processes. However, even considering reduction as 

Cr(VI) removal mechanism, the contribution of adsorption still remains important. Cr(VI) is 

initially adsorbed on the surface of magnetite and then is reduced by the surface reactive sites 

(Jung et al., 2007). Thus, the ferrous iron content on the magnetite surface is a factor able to 

control Cr(VI) reduction (Choi et al., 2008). In addition, possible release of ferrous iron in very 

lower amounts by serpentine minerals has been observed since their dissolution is much 

easier than that of spinels (Apollaro et al., 2019). 

 

Finally, applying the mass balance equation for the adsorbed amount of Cr(VI) by the bulk 

sample and the weighted average of the magnetic and non-magnetic fractions it is proved that 

the adsorption capacity of the bulk soil is almost equal with that of the other two fractions. 

Applying the mass balance for the case of removal capacity a deviation of about 10% is 

observed with the weighted sum of the two fractions being higher than that of the bulk soil. 

This can be explained by the fact that the magnetite surface when presented in the bulk soil is 

not entirely available for reaction with the liquid phase comparing to the case of isolating and 

suspending the magnetic fraction in the aqueous solution. 

 

5.1.3  Effect of particle size 

 

Another parameter able to affect the adsorption efficiency is the soil particle size. The effect of 

particle size at Cr(VI) removal was tested using three fractions of the non-magnetic fraction: a) 

0.25 mm < d < 0.5 mm, b) 0.075 mm < d < 0.25 mm and c) d < 0.075mm. The removal of 

magnetic fraction aimed at minimizing the effect of reduction and isolating the adsorption 

process. As shown in Table 5.2, the mass of the magnetic fraction decreased with decreasing 

grain size. This trend is possibly attributed to the fact that chromite and its alteration products, 

such as magnetite, which were observed in higher concentration in the magnetic fraction (SEM 

results, Figure 4.8), belong to the spinels group exhibiting weathering resistance and 

accumulation in the coarser fractions.  

 

Table 5.2 Properties of various particle size fractions. 

Sample SSA (m2/g) 
Fraction 

percentage (%) 

Mass of magnetic fraction 

per mass of “bulk” soil (g/g) 

“non-magnetic” fraction 55.95 100% 0.10 

0.25 mm < d < 0.5 mm 45.84 44% 0.19 

0.075 mm < d < 0.25 mm 52.49 36% 0.09 

d < 0.075 mm 57.67 20% 0.02 

 

The experimental results (Figure 5.2) showed that Cr(VI) removal decreased with increasing 

soil particle size. Keeping constant the pH value at 3, the maximum removal presented a 

continuous decrease from 10 mg/kg in the -0.075 mm fraction, to 8.5 mg/kg in the 

intermediate and 7.8 mg/kg in the 0.25 mm < d < 0.5 mm fraction. The weighted average 

adsorption capacity of the three fractions is calculated to 8.5 mg/kg, while the corresponding 

maximum removal in the non-magnetic fraction in the same pH (3) was 7.6 mg/kg (Figure 

5.1b). This deviation, about 10%, of the mass balance indicates that separating the soil 
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fractions increases removal efficiency. Similar results obtained when comparing the bulk soil 

with the individual magnetic and non-magnetic fractions. More specifically, both the coarser 

and the intermediate fractions exhibited zero reduction capacity for pH > 4, while the 

contribution of reduction at pH < 4 corresponded approximately to the 50% of the total Cr(VI) 

removal. Thus, for pH > 4, adsorption was the only mechanism for Cr(VI) removal in the two 

coarser fractions. The adsorbed amount was about 2 mg/kg in the pH range 4.5 - 7.5. For pH > 

7.5, adsorption was decreased and finally almost zeroed at pH>8. The finest fraction 

maintained a similar adsorption capacity in the tested pH range, but had substantially higher 

reduction capacity at pH < 5, which increased continuously with decreasing pH. 
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Figure 5.2 Removal of Cr(VI) ([Cr(VI)]0 = 250 μg/L) on a) the 0.25 mm < d < 0.5 mm soil fraction, b) the 

0.075 mm < d < 0.25 mm soil fraction and c) the d < 0.075 mm soil fraction (diamonds: removal; squares: 

adsorption; triangles: reduction). 

 

In order to better evaluate the experimental results for both adsorption and reduction the SSA 

was determined. Since adsorption is generally a surface-driven process, as well as Cr(VI) 

reduction by magnetite, SSA is an important parameter that accounts for the observed 

differences between the tested fractions. The decreasing adsorption of metal ions with 

increasing the particle size is strongly related to the fact that the larger particles are 

characterized by lower SSA values leading to less active sites per unit of adsorbent mass 

(Aravanakumar and Umar, 2011; Krishna and Swamy, 2012; Choudhury et al., 2014). The BET-

measured SSA values (Section 3.4.4) for the bulk non-magnetic fraction as well for the tested 

fractions are presented above at Table 5.2. The determined SSA values are all very high, with 

respect to SSA values measured generally at soils, especially for the coarser fractions that are 

not expected to include substantial amounts of minerals with high SSA values, like vermiculite 

or chlorite. According to the XRD analysis (Table 4.2) those that can contribute to the high SSA 

values from the identified minerals are goethite, which has SSA values in the range of 25 - 90 

m2/g (Villalobos and Perez-Gallegos, 2008) and chlorite with SSA values in the range of 25 - 150 

m2/g (Sparks, 2003). Quartz and generally serpentine minerals exhibit low SSA values, 1-2 and 

about 7 m2/g, respectively (Meloni et al. 2012; Daval et al. 2013). Thus, according to the 

observed mineralogical composition of the tested soil (Table 4.2), it is possible that the soil 

fabric has significantly high surface porosity, which dominates the effect of particle size. For 

this reason the adsorption results will be further treated by normalizing reduction and 

adsorption according to the measured SSA values. 

 

The molar mass of the reduced and adsorbed Cr(VI) per m2 for the three tested fractions, for 

their weighted average and for the non-magnetic fraction is presented in Figure 5.3. As it can 

be observed only small differences occur between the fractions for both reduction and 

adsorption processes. Regarding adsorption (Figure 5.3a), the non-magnetic fraction shows 

identical behavior as the finer fraction. The fact that the finest fraction governs adsorption is a 
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common phenomenon in soils. The coarser fractions exhibit increased adsorption capacity at 

acidic pH values and decreased capacity at neutral values. This phenomenon of increasing 

adsorption with increasing particle size is a contradictory fact which cannot be explained only 

by taking into account the SSA parameter. Thus, the observed differences are probably 

attributed to other chemical or surficial properties of the soil like differences in the 

protonation behavior. For constant pH and SSA values equal to 7 and 50 m2/g, respectively, the 

adsorption capacity of the ophiolitic soil was equal to 0.4 nmol/m2. In addition, the maximum 

adsorption capacity of the non-magnetic fraction is equal to 0.8 nmol/m2, indicating the 

presence of additional sorption sites for Cr(VI) in the amorphous iron fraction. These different 

surface sites can be attributed to minerals like hematite, chlorite and chrysotile, which were 

identified by the XRD analysis and can potentially contribute to Cr(VI) adsorption due to their 

high PZC points. 

 

The trend of reduction curve of the non-magnetic fraction follows more closely the 

intermediate fraction and the weighted average of all fractions (Figure 5.3b). The fine fraction 

presents the greatest reduction potential and seems to play a more significant role for pH 

values higher than 5, since the non-magnetic fraction maintains higher reduction capacity than 

the weighted average of the individual fractions. Thus, SSA affects positively the reduction 

curves, since the reduction potential is increased with reduced particle size, confirming the 

hypothesis that any reduction phenomena occur in this soil are affected by the solid surface. 
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Figure 5.3 Mass of Cr(VI) a) adsorbed and b) reduced, per m

2
 for the three tested fractions and the non 

magnetic fraction. 

 

5.1.4 Effect of initial concentration 

 

The effect of Cr(VI) initial concentration on adsorption and reduction was tested on the non-

magnetic fraction in the range of 10 - 100 mg/L Cr(VI), using four different pH values (4.5, 5.5, 

6.5 and 7.5). The considerably higher concentrations used in this series of experiments aimed 

to reach a plateau in the isotherms, maintaining the L/S ratio constant, while these 

concentrations can also be observed in heavily contaminated groundwater. Figure 5.4 presents 

the effect of initial Cr(VI) concentration on its adsorption and reduction by the non-magnetic 

soil fraction. As it can be observed by Figure 5.4, the soil possesses greater removal capacity 

compared to the values measured in the non-magnetic fraction in the case of using initial 

concentration equal to 250 μg/L. This fact also demonstrates that reduction is a surface-driven 

process, strongly affected by adsorption since requires Cr(VI) partitioning onto the surface in 

order to occur. In other words, reduction is partially driven by adsorption equilibria as well. 

Similar observations have been reported by Kendelewicz et al. (2000) and He and Traina (2005) 

using pure magnetite. 
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Figure 5.4 Effect of Cr(VI) initial concentration on (a) adsorption, (b) reduction and (c) total removal for 

four different pH values (4.5, 5.5, 6.5 and 7.5) at room temperature (25
0
C). 
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Comparing the adsorption curves (Figure 5.4a) with those of reduction (Figure 5.4b) it is 

concluded that a main difference between adsorption and reduction curves is the greater 

variability that the last ones exhibit, especially at high Cr(VI) initial concentrations. At the acidic 

pH value the reduction curve did not exhibit a plateau and the reduction capacity at the 

maximum initial concentration tested [100 mg/L Cr(VI)] was equal to 900 mg/kg. For higher pH 

values, a plateau seemed to be reached in the range of 400-500 mg/kg, but the high variability 

does not allow making a reliable quantitative distinction between the different pH values. It 

can be concluded that for pH values higher than 5, Cr(VI) reduction is limited by the decrease 

of H+. Similar observation was made in the case of using much lower Cr(VI) concentration (250 

μg/L). Assuming that the 400 mg/kg Cr(VI) (≈7.7 mmol/kg) is the maximum removal capacity of 

the soil and that magnetite is the main mineral for Cr(VI) reduction the following reaction 

(Reaction 5.1) can be written (Peterson et al. 1997): 

 

                  
                               (Reaction 5.1) 

 

According to stoichiometry of Reaction 5.1, 3 mol of ferrous iron, or equivalently 3 mol of 

magnetite, are required per mol of Cr(VI) reduction. Considering that 350 mg/Kg of chromates 

are reduced at pH = 7.5, it can be calculated that for their reduction, 506 mg of Fe(II) per kg of 

soil are required or correspondingly ≈1.6 g of pure magnetite. Applying a mild acid extraction, 

as mentioned in Section 3.4.8, the concentration of ferrous iron in the non-magnetic bulk soil 

was equal to 220 mg Fe(II)/Kg of soil. This Fe(II) concentration corresponds to about 0.7 g of 

magnetite per Kg of soil.  Thus it can be concluded that Cr(VI) reduction by the tested soil 

fraction is feasible but cannot be totally explained in terms of mass by applying this Fe(II) 

extraction method. 

 

The adsorption curves (Figure 5.4a) follow the trends of traditional isotherms. As it can be 

observed, the increase in Cr(VI) concentration leads to increase of Cr(VI) adsorption up to 70 

mg/L, above which it reaches a plateau for all pH values tested. This phenomenon is, most 

likely, attributed to the saturation of the available surface sites. In addition, decrease of pH 

values causes increase in Cr(VI) adsorption, for the same values of initial concentration. The 

decrease of pH from 7.5 to 4.5 doubled Cr(VI) adsorption, from a maximum of 100 to 200 

mg/kg, or approximately 25% of the total removal, for initial concentrations higher than 70 

mg/L. The contribution of adsorption process to the total Cr(VI) removal was lower in the 

concentration range 10 to 70 mg/L compared to the batch experiments with 250 μg/L Cr(VI) 

initial concentration, in which it ranged between 35% at pH 3 and 95% at pH 8. The maximum 

adsorption capacity follows a logarithmic trend with pH (R2 = 0.99) (Figure A1.3). The 

logarithmic trend generally indicates that the rate of change in the data increases or decreases 

quickly and then levels out. This means that the maximum adsorption capacity strongly 

affected by the increase in H+, which increases the positively charged surface sites and thus 

anion surface complexation (Sposito, 1989). 

 

The adsorption and removal data presented in Figure 5.4 were also used to fit Langmuir and 

Freundlich isotherms and to determine distribution factors that can be employed in transport 

modeling (Figure A1.4). Generally, adsorption isotherms are significant since they show the 

distribution of adsorbate molecules between the solution and the solid surface at equilibrium 
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conditions (Al-Anber, 2011). In this study, while removal includes reduction, which is not 

traditionally modeled through isotherms, it is more practical to determine a single distribution 

factor to describe both processes, since they occur simultaneously as mentioned above. The 

linearized Langmuir (Equation 2.1) and Freundlich (Equation 2.2) isotherms and their 

associated constants are included in Table 5.3. The correlation coefficient (R2) values (Table 

5.3) indicate that the Freundlich isotherm describes better the experimental data in both 

cases, indicating the presence of heterogeneous surface sites on the solid surface. The values 

of K Freundlich parameter were very close for pH>5 for both adsorption and removal and 

increased substantially at pH 4.5. The natural pH of these soils is in the range of 7.5 - 8.5, so 

that acidic pH is unlikely to occur and the K values should not vary much in natural conditions. 

In addition, the values of n parameter are greater than 1 and thus are indicative of the 

favorable nature of adsorption. On the contrary, the Langmuir isotherm could only describe 

the adsorption data and not those regarding the removal. In this case, according to the 

literature, it can be excluded that a slight formation of a Cr(VI) monolayer on the soil surface is 

possible (Ajouyed et al., 2011; Vázquez et al., 2007). 

 

Table 5.3 Langmuir and Freundlich isotherms constants for Cr(VI) adsorption and removal at four 

different pH values (4.5, 5.5, 6.5 and 7.5) at room temperature (25 
0
C). 

pH 

Langmuir Freundlich 

Adsorption Removal Adsorption Removal 

Q b R2 Q b R2 K n R2 K n R2 

4.5 0.33 2.29E-03 0.94 6.07 8.11E-02 0.05 17.08 1.74 0.98 22.33 1.19 0.91 

5.5 0.35 1.46E-03 0.85 33.00 2.83E-01 0.001 6.10 1.30 0.95 8.16 0.98 0.90 

6.5 0.25 9.50E-04 0.91 0 0 0.001 6.58 1.42 0.93 7.62 1.00 0.87 

7.5 0.19 6.26E-04 0.87 2.37 1.95E-02 0.08 6.28 1.50 0.90 7.62 1.01 0.87 

* Q (mg/Kg); b (L/mg); K (mg/Kg); n (L/mg) 

 

5.1.5 Effect of ionic strength on Cr(VI) adsorption 

 

The effect of ionic strength on Cr(VI) adsorption was tested using NaCl solutions of 0.01 and 

0.1 M concentration (Figure 5.5). In both cases, Cr(VI) removal decreased with increasing pH, 

indicating the significance of pH on the adsorption process regardless the value of ionic 

strength. In addition, adsorption was maximized for pH<5. In the case of using 0.1 M NaCl 

adsorption efficiency was significantly decreased compared to that of 0.01 M NaCl. In 

particular at pH about 7 that usually occur in groundwater, the removal is decreased almost 

79%. According to Richard and Bourg (1991) adsorption efficiency decrease with increasing 

ionic strength which  is a result of reducing chromates activity, which is based on the Coulomb 

forces that draws them on the solid surface. In this study the significant decrease is probably 

attributed to the presence of chloride anions able to affect Cr(VI) adsorption either by 

reducing the available surface sites for adsorption or by electrostatic repulsions with 

chromates. 
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Figure 5.5 Effect of ionic strength on Cr(VI) adsorption versus pH ([Cr(VI)]0=250 μg/L) 

 

Similar results were obtained in several studies that investigated the effect of ionic strength on 

Cr(VI) adsorption by soils. The most recent of them performed by Kwikima and Lema (2017) 

showed that Cr(VI) adsorption decreased with increasing ionic strength, due to the addition of 

KCI electrolyte solutions. Two possible facts were mentioned as reasons for the adsorption 

decrease. Firstly, the direct competition of chloride anions with Cr(VI) for the soil’s 

oxyhydroxide surface sites and secondly the decrease in the electrostatic potential near the 

surface sites, which further affects the Cr(VI) surface complexation reactions (Kwikima and 

Lema, 2017). Azizian (1993) also reported the decrease of Cr(VI) adsorption with increasing pH 

using NaCl as background electrolyte. Finally, Zachara et al. (1989) using NaNO3 solutions 

observed the increase of Cr(VI) adsorption with decreasing ionic strength, implying the effect 

of ionic strength on surface charge and the aqueous activity coefficient of chromates. Thus, it 

can be concluded that independently of the kind of background electrolyte Cr(VI) adsorption is 

expected to decrease with increasing ionic strength. Only in one study performed by Tzou et 

al. (1998) the increase of ionic strength, using Ca(NO3)2 as electrolyte, caused increase of Cr(VI) 

adsorption efficiency using real soil as sorbent. The effect of sorbent type on Cr(VI) adsorption 

at different ionic strength values was investigated at another study by Veselská et al. (2016) 

using as sorbents natural clays (illite and kaolinite) and synthetic minerals (birnessite and 

ferrihydrite). Ionic strength was determined using KNO3 as background electrolyte and the 

results showed that Cr(VI) adsorption is strongly dependent on ionic strength for all solid 

phases tested. 

 

5.1.6 Effect of phosphates on Cr(VI) adsorption 

 

In general, non-crystalline or short-range ordered iron and aluminum hydroxides, poorly 

crystalline alumino-silicates and organo-mineral complexes are mainly responsible for 

phosphate retention in the geoenvironment. Among them iron and aluminum (hydr)oxides 

surfaces and specific edges of clay minerals thought to be the most important adsorbents in 

soils. Aluminum and iron oxides usually exist as coatings on soil particles or as amorphous 

0

1

2

3

4

5

6

3,5 4,0 4,5 5,0 5,5 6,0 6,5 7,0 7,5 8,0 8,5 9,0

C
r(

V
I)

  r
e

m
o

va
l (

m
g/

K
g)

 

pH 

Cr(VI) (250 μg/L) (I=0.01M) Cr(VI) (250 μg/L) (I=0.1M) 



BATCH EXPERIMENTAL RESULTS USING OPHIOLITIC SOIL   Athanasios S. Bouras 
AND GOETHITE       

 

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

104 

aluminum or iron hydroxyl compounds. The high affinity of iron oxides for phosphate has been 

extensively studied (Fontes and Weed, 1996; Violante et al., 2002; Fink et al., 2014; Bortoluzzi 

et al., 2015; Fink et al., 2016). More recent studies have noticed the importance of clays on 

phosphates adsorption (Spiteri et al., 2008; Cui and Weng, 2013; Gérard, 2016). Clays, which 

are characterized by high values of SSA, contain iron in their structure and varying amounts of 

iron oxides. The high adsorption capacity of clays for phosphates cannot exclusively be 

explained by their great SSA. Their content of iron oxides is a parameter that strongly affects 

their adsorption capacity, since only little evidence proves that the structural iron contributes 

to the adsorption capacity. In addition, the presence of well or poorly crystallized iron oxides 

contributes to the increase of SSA, enhancing thus the adsorption efficiency (Sei et al., 2002). 

Weng et al. (2011) mentioned that phosphate binding capacity of clay minerals is more than 

100 times lower than that of pure iron oxides. This phenomenon was also noticed by Pinto et 

al. (2013) who stated that taking into account only the clay content in a soil for interpreting the 

sorption phenomena of P may lead to misunderstandings. As a consequence, even in the case 

of clays the occurrence of iron oxides is the crucial factor for phosphates adsorption.  

 

Bache et al. (1964) were of the first that studied phosphates adsorption on natural soils 

mentioning the effect of aluminum and iron oxides. They reported that the removal of 

phosphates is a three stage process, which involves both the mechanisms of adsorption and 

precipitation as described below: 

1. a high energy chemisorption of small amounts of phosphate in a wide pH range. 

2. precipitation of a separate phase of phosphates in case of higher amounts of 

phosphates with the general type of precipitate being (Al,Fe)(H2PO4)n(OH)3-n, where n < 

1 at high pH values. 

3. a low energy adsorption of phosphate onto the precipitate.  

 

The important effect of iron and aluminum oxides was also determined by Fontes and Weed 

(1996) reporting that phosphate adsorption is strongly related to goethite, gibbsite, the sum 

of iron and aluminum oxides and amorphous aluminum oxides, as well. More specifically, 

they depicted that the variations in the iron oxide mineralogy of the clay samples caused 

alterations on the SSA of the soil and, thus, altered the adsorption capacity of soil for 

phosphates. Fink et al. (2014; 2016) carried out long term experiments in order to quantify 

the maximum P adsorption capacity and the effect of mineralogical composition and tillage 

on Brazilian tropical soils. The results showed that adsorption capacity was strongly 

correlated with the iron oxides content such as goethite and ferrihydrite, the 

gibbsite/(gibbsite + kaolinite) ratio and the SSA. Amongst them goethite was the iron oxide 

that exhibited the strongest effect on P adsorption. The soil management due to agricultural 

activities showed that did not affect the P retention. Similar results obtained by Bortoluzzi et 

al. (2015) who reported that P adsorption was explained by the sesquioxides concentration 

and especially by goethite concentration contained in the clay fraction.  

 

Apart from adsorption, another important process that affects phosphates removal is the 

precipitation. Generally, in soils with high amounts of extractable cations that are able to react 

with P and form insoluble P-phases, precipitation is considered as a dominant mechanism for P 

immobilization. Since iron and aluminum are not commonly extractable in soil solutions, 
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adsorption rather than precipitation is usually related with such elements. However, the 

presence of calcium ions is thought to be the predominant force for P precipitation. Thus, 

precipitation is significant at calcareous soils with two pathways being proposed for 

phosphates removal. The first refers to partitioning on soil surfaces and the second to the 

precipitation induced by soluble Ca2+ ions, which leads to the formation of insoluble Ca-P 

phases. In such soils, P removal through precipitation is thought to be comparable to the 

removal attributed to the adsorption (Razaq et al., 1989; Tunesi et al., 1999; Rietra et al., 

2001). In this study, the total removal of phosphates was determined without trying to 

distinguish the effect of either adsorption or precipitation.  

 

Apart from single anion adsorption on the ophiolitic soil, the simultaneous effects of 

chromates and phosphates were tested (Figure 5.6). The presence of competitive interactions 

between anions is able to cause decrease of their adsorption efficiency leading to higher 

mobility of contaminants in aquifers. Firstly, the adsorption capacity of the ophiolitic soil for 

phosphates, either with the presence of Cr(VI) or not, was tested in the pH range 3 – 9 (Figure 

5.6). Adsorption efficiency was not affected by the presence of Cr(VI) ions in the solution. This 

is probably due to either the significant difference of the concentration of the two kinds of ions 

or the selective adsorption of phosphates instead of chromates on the ophiolitic surface 

(Antelo et al., 2007). Moreover, it is known that ions with higher valence state, like phosphates 

in this specific case, are more strongly adsorbed on the solid surface than those of lower 

valence state like chromates. Generally, phosphates adsorption to mineral surfaces can be 

attributed to either non-specific electrostatic interactions or to chemical interactions leading 

to the formation of aqueous and surface complexes (Spiteri et al., 2008). However, the main 

way of phosphates adsorption is through inner sphere complexes, indicating the formation of 

strong bonds, ionic or/and covalent, with the surface (Sposito, 1989). Contrary to chromates, 

sulfates and arsenates are anions capable of strongly competing with phosphates (Violante et 

al., 2002). 

 

 
Figure 5.6 Effect of Cr(VI) on phosphates adsorption ([PO4

3-
]0=8 mg/L) 
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As it is shown in Figure 5.6, the effect of pH was significant in both cases tested (with or 

without PO4
3-). More specifically, phosphates adsorption decreased with increasing pH 

exhibiting a linear trend (R2=0.99). The maximum adsorption capacity of soil was about 320 

mg/Kg (pH=3) and the minimum in the range of 56 - 166 mg/Kg (pH = 7 - 8.5). Similar 

adsorption capacity values have been reported by Sibanda and Young (1986) who used tropical 

soils as adsorbents. The pH of the soil solution is one of the most important parameters that 

can control P adsorption. pH values affect the phosphates speciation (H2PO4
-, HPO4

2-, PO4
3-), 

which further affects the phosphates reactivity towards soil surfaces. The HPO4
2- and PO4

3- 

ionic forms occur for pH values higher than 7 and, consequently, are the most important 

species in the geoenvironment. The HPO4
2- and PO4

3- anions present higher affinity for soil 

surfaces than H2PO4
- ones. As pH increases, the concentration of divalent phosphate ions 

increases 10 times for each pH unit. In parallel, the pH increase causes the negative charging of 

the surface, resulting in greater electrostatic repulsions. Especially in soils containing variable 

charge colloids, the pH may also influence the net charge in the adsorption plane. However, 

the increase of the HPO4
2- concentration counterbalances the decrease of electrostatic 

potential with increasing pH (Razaq et al, 1989). Thus, the decreasing adsorption trend with 

increasing pH can be attributed to the presence of H+ or OH- in the solution in acidic and 

alkaline pH values, respectively. The presence of H+ enhances the adsorption of phosphate 

anions on the soil surface through electrostatic attractions, while the presence of OH- 

enhances the electrostatic repulsions between the anions and the surface.  

 

The decreased adsorption trend of phosphates with increasing pH observed in this study is one 

of the two trends that have been observed using natural soils as adsorbents. The other 

approach suggests that phosphates adsorption can be described by a graphic depiction, which 

exhibits minimal at pH values usually within the range of 5 - 7 (Razaq et al, 1989); this trend 

was not observed in the experimental results of this study. The first adsorption behavior of 

soils suggests that the adsorption increase at acidic values is related to the increase of net 

positive surface charge with decreasing pH. However, even in this approach some 

contradictory observations have been made. Experimental findings showed that adsorption 

efficiency can be maximized either at pH values slightly below 4 or at exactly 4. This behavior is 

attributed to the high activity of iron and aluminum presented in soil matrix and the 

development of positive charge in soil colloids. On the contrary, the pH increase leads to low 

retention of P due to the decrease of iron and aluminum activities and the decrease of positive 

charges on colloidal surfaces. Especially for pH values closely to the PZC values of the soil 

constituents, adsorption occurred very difficult. 

 

Figure 5.7 depicts the effect of phosphates on Cr(VI) adsorption by the ophiolitic soil. Cr(VI) 

adsorption is strongly affected by the presence of phosphates. For pH<7 the effect of 

phosphates is maximized since Cr(VI) adsorption efficiency is depressed exhibiting a difference 

about 3 mg/Kg. Phosphates compete chromates for the active surface sites of soil, being finally 

more efficiently adsorbed. The much higher concentration of phosphates and their higher 

valence state can cause stronger electrostatic repulsions with chromates eliminating their 

adsorption. Thus, the presence of phosphates in groundwater can act as a competitive factor 

for Cr(VI) retardation by the adsorption process. However, it is obvious that the pH has an 
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important effect on adsorption since the adsorption efficiency significantly decreases with 

increasing pH, regardless the presence or the absence of phosphate ions. More specifically, 

Cr(VI) adsorption is zeroed for pH values higher than 7.5 in the presence of phosphates, while 

it is maximized in both cases for pH values lower than 4.  

 

 
Figure 5.7 Effect of phosphates ([PO4

3-
]0 = 8 mg/L) on Cr(VI) adsorption  

 

Adsorption of chromates in the presence of other anions has also been widely studied. The 

results indicate that chromates are usually affected by competitive adsorption phenomena 

due to the presence of other inorganic anions like PO4
3-, SO4

2-, H2SiO4
-, etc. The effects of 

competitive adsorption strongly depend on the concentration of the dissolved anions. A 

common observation regarding chromates adsorption during the simultaneous presence of 

other anions in the aqueous solution is the shift of the edge of the pH-adsorption curve to 

lower values. The presence of more than one kind of anions decreases chromates adsorption 

with the phenomenon being additive regarding the number of different anions presented in 

the solution (Zachara et al., 1987).  

 

Tzou et al. (1998) is one of the very few studies investigated the possible competition of 

phosphates and chromates during their adsorption by soils. The results of their study showed 

that the presence of phosphates inhibited chromates adsorption due to the weaker adsorption 

of chromates by soils compared to phosphates adsorption and the competition of the anions 

for the sorption sites (Tzou et al., 1998; 2003). Similarly to the results of Tzou et al. (1998), the 

research team of Jiang et al. (2004), who used hydroxy-Fe-montmorillonite complex as 

adsorbent, showed that phosphates were strong competitors for chromates probably due to 

the greater sorption affinity for the surface than chromates. 

 

5.1.7 Effect of nitrates on Cr(VI) adsorption 

 

Nitrate leaching from agricultural lands is one of the most serious problems related to both 

environmental quality and human health. Nitrates mobility in the geoenvironment is affected 
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by a number of factors, such as the concentration of iron and clay oxides, the concentration of 

organic material, pH and ionic strength of the soil solution and the soil composition and 

mineralogy. In addition, competition with other anions, such as chlorides, plays a critical role in 

nitrate adsorption (Qafoku et al., 2005). Nitrate ions are thought to be adsorbed on iron and 

aluminum hydroxides, which subsequently are precipitated resulting, thus, in decrease of 

nitrates concentration. Soils with low iron and aluminum hydroxide content may have very low 

adsorption capacity (Sposito, 1989). In this study, nitrates adsorption on the ophiolitic soil was 

investigated using two concentrations of 5 and 50 mg/L, in the pH range of 4-9. The effect of 

chromates on nitrates adsorption was also investigated. 

 

 
Figure 5.8 Effect of Cr(VI) on nitrates adsorption  

 

As observed from Figure 5.8 the presence of chromates did not affect the nitrates adsorption 

neither in the case of using 5 mg/L nor using 50 mg/L of nitrates. However, the effect of pH on 

nitrates adsorption was significant, as in the case of phosphates adsorption, since nitrates 

adsorption decreased with increasing pH independently the presence of chromates. In both 

cases of using 5 and 50 mg/L nitrates, the adsorption efficiency was very low since the 

maximum percentages observed were 6% and 4%, respectively. In addition, for pH > 7, nitrates 

adsorption was minimized and almost zeroed. The effect of pH on nitrate adsorption is mainly 

attributed to the change in neutral proton charge (ςH) in soil particles. Increasing the pH, the 

ςH decreases, even to negative values, resulting in increase in the repulsions from the soil 

particles. These repulsions are dominant for pH > PZNC (Sposito, 1989). 

 

Numerous studies have investigated nitrates adsorption by different types of soils. A 

literature review of these studies is presented below. Kinjo and Pratt (1971) were of the first 

studied nitrates adsorption by subsoils of Andepts, Oxisols, and Alfisols from Mexico and 

South America using batch experiments. The results showed that nitrates adsorption was 

maximized at pH about 3.5, while the adsorption efficiency was significantly correlated with 

the content of amorphous inorganic materials extractable with 0.5 N NaOH. Using similar 

types of soils (Oxisols and Entisols), Dynia (2008) showed that nitrates adsorption was 
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attributed to the presence of positive electrical charges in these types of soils. In addition, 

nitrate retention capacity was ranged between 120 and 370 mg/Kg at pH value about 6, and 

was strongly affected by the soil depth since subsoils exhibited larger capacity for nitrate 

retention than surface ones.  

 

The study of Wang et al. (1987) mentioned the effect of different factors on nitrates 

adsorption, such as the iron oxide content, the pH of the soil solution, the concentration of 

other anions and the kind of cations present in the solution. More specifically, they 

investigated the effect of chlorides on soil adsorption of nitrates, observing that the affinity 

of the soil for chlorides was higher than for nitrates.  

 

The adsorption capacity of acidic soils for nitrates was investigated by Eick et al (1999) and 

Strahm and Harrison (2006). High adsorption capacity of acidic soils for nitrates was 

determined by Eick et al (1999), who, using 5 and 50 mg/L initial concentration of nitrates, 

estimated that the soil adsorption capacity for nitrates is 62 and 310 mg/Kg respectively, 

demonstrating that acidic soils, high in variable charge minerals, may have the potential to 

decrease nitrates mobility to groundwater. On the contrary, significantly lower adsorption 

capacity of acidic soils (pH≈4.5) was reported by Strahm and Harrison (2006) who used acidic 

soils from the Pacific Northwest. The tested soils were rich in iron and aluminum non-

crystalline forms. However, their adsorption capacity for nitrates was in the same range with 

the adsorption capacity of the ophiolitic soil used in this study, exhibiting also a 

concentration dependent adsorption trend. More specifically, for initial nitrate 

concentration of 5 and 50 mg/L the adsorbed amounts of nitrates ranged between 2 to 7 

mg/Kg and 5 to 60 mg/Kg, respectively.  

 

More recently, Mise and Bashetty (2013) investigated the adsorption capacity of red soils for 

nitrates as a function of pH, contact time and adsorbent dosage. Adsorption equilibrium 

reached in about 2 hours with adsorption capacity determined at 5.4 mg/Kg for initial 

concentration of 10 mg/L nitrates at pH equal to 6.  These values of adsorption capacity are 

also close to the tested ophiolitic soil.  

 

Contrary to the aforementioned studies, Hamdi et al. (2013) reported that nitrates were 

weakly retained by a Tunisian soil sample, despite adsorption experimental results showed 

that adsorption capacity was affected by the soil sampling depth (samples collected down to 

1 m depth), the contact time, nitrates initial concentration and adsorbent concentration. 

Comparing with the results of the present study for pH value about 8.1, soil concentration 

equal to 20 g/L and nitrate initial concentration of 50 mg/L, the adsorption capacity of 

nitrates was about 0.02 mg/kg, two orders of magnitude lower than the capacity of the 

ophiolitic soil used in the present study. The phenomenon of very low adsorption of nitrates 

was investigated by Brousseau (2012) using forest soils (pH ≈ 5, Fe = 26.4 – 40.2 mg/Kg, Mn = 

15.1 – 101.4 mg/Kg). They reported that nitrates are not immediately adsorbed by soil and 

usually a minimum concentration is required in order to be adsorbed. This threshold is 

attributed to the lower affinity of nitrates for the solid surface due to the presence of 

organic matter or other contaminants in the soil solution that act competitively. Thus in 

deeper horizons, where biologically mediated processes and inorganic compounds, such as 
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phosphates and sulfates that can inhibit nitrates sorption are decreased, highest potential 

for nitrates adsorption exists. In addition, the adsorption of nitrates is affected by the ionic 

strength of the soil solution, with adsorption increasing with decreasing ionic strength. As a 

result, nitrates adsorption may be a spatially and temporally variable mechanism. 

 

Finally the effect of aluminum oxides concentration apart from iron oxides was mentioned 

by Tani et al. (2004). Studying the nitrates adsorption on allophanic Andisols mentioned that 

the presence of allophanes is an important factor able to control nitrates adsorption. The 

tested soils displayed low total carbon concentration and high allophane content, which was 

responsible for nitrates adsorption. These soils, with high amorphous aluminum content, 

showed similar and, in some cases, higher adsorption capacities compared to soils rich in 

iron oxides such as Ultisols (quite acidic soils with pH < 5, lack of organic matter, red and 

yellow colored due to the accumulation of iron oxides, major nutrients calcium and 

potassium, they have less than 10% weatherable minerals) and Oxisols (quite alkaline soils 

with pH > 7, red or yellowish colored, due to the high concentration of iron(III) and 

aluminium oxides and hydroxides, also they contain quartz and kaolin and small amounts of 

other clay minerals and organic matter).  

 

Regarding the effect of nitrates on Cr(VI) adsorption (Figure 5.9) the results showed that Cr(VI) 

adsorption was not affected by the presence of nitrate anions in the solution, despite the high 

difference in concentrations between chromates and nitrates, 20 and 200 times, respectively. 

Only a very slight decrease seems to occur in the case of using 50 mg/L of nitrates in the pH 

range 7 - 8. Thus, it can be concluded that the presence of nitrates cannot act competitively for 

Cr(VI) adsorption, at least for nitrates concentrations that are typically met in groundwater. 

This can be a result of surface selectivity for chromates towards nitrates. In addition, the 

electrostatic repulsions that may occur between nitrates occur in the aqueous phase could not 

inhibit Cr(VI) adsorption. Chromates are thought to form stronger bonds with the solid surface 

since they can form inner sphere complexes, which include covalent and/or ionic bonds 

contrary to nitrates, which form exclusively outer sphere complexes, which are based solely on 

electrostatic interactions (Sposito, 1989; Komárek et al., 2015). These results are of the first 

being published regarding any competition between chromates and nitrates in real soils. 
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Figure 5.9 Effect of nitrates on Cr(VI) adsorption  

 

5.2 Adsorption of Cr(VI) on goethite 
 

Among ferric (hydr)oxides that occur in the geoenvironment, goethite is the most abundant. 

Goethite and hematite are the predominant pedogenic iron oxides, followed by maghemite 

and ferrihydrite. The concentrations of these minerals in the soil and their characteristics, 

such as crystallinity and SSA, vary depending on the parent material, the intensity of 

weathering, the composition of the soil solution and drainage conditions (Cornell and 

Schwertmann, 2006; Fink et al., 2014). Goethite was selected as an adsorpbent in this study 

since it is a common iron oxide presented in ophiolitic soils. The high pHPZC values that have 

been reported for goethite, usually in the range 7.5–9, render α-FeOOH a highly potential 

adsorbent for metal anions in groundwater (Li and Stanforth, 2000). In this study the pH of 

the goethite solution measured equal to 7.4 and the goethite total surface area equal to 

9.09 m2/g.  

 

The value of SSA is strongly correlated with another important factor parameter in soil 

science able to affect adsorption efficiency; the degree of crystallinity of goethite. As 

mentioned in Chapter 4.4, the degree of crystallinity is reflected by the surface area with the 

best crystallized solids exhibiting the lowest SSA (Strauss et al., 1997). Thus, the low SSA 

value of the goethite sample used in this study can be attributed to the high degree of 

crystallinity. In the geoenvironment goethite crystallinity is affected by a number of factors 

and in natural profiles it may vary laterally as well as vertically. Considering that higher 

values of surface area are attributed to greater weathering and taking into account that the 

soil samples in our study obtained from deep horizons with low weathering, the usage of a 

low surface area goethite will possibly better simulate the adsorption phenomena of the real 

soil. In addition, the value of surface area is correlated with the required time for the 

completion of the adsorption process. Low surface area of goethite need only some hours 

until adsorption is completed, indicating that the time of 24 h given in the present study for 

achieving adsorption equilibrium is sufficient (Torrent et al., 1990; Strauss et al., 1997).   
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5.2.1 Effect of pH and ionic strength on Cr(VI) adsorption 

 

The effect of pH and ionic strength of the goethite solution on Cr(VI) adsorption was tested in 

the first series of experiments. The results showed that Cr(VI) adsorption decreased by 

increasing the pH, regardless of the ionic strength of the solution (Figure 5.10). Cr(VI) 

adsorption is almost 100% at acidic conditions and decreases with increasing pH values 

exhibiting the typical adsorption behavior of anions. This phenomenon is attributed to the 

alteration of surface charge, which becomes less positively charge, as pH increases and finally 

negatively charged for pH values higher than the pHPZC value. This leads to the occurrence of 

electrostatic repulsions between the hydroxyl groups at the goethite surface and chromates 

(Sposito, 2008; Ajouyed et al., 2010). 

 

 
Figure 5.10 Effect of ionic strength on Cr(VI) adsorption at goethite 

 
Ionic strength, besides pH, is another important factor influencing Cr(VI) adsorption. In this 

study, the effect of ionic strength was tested by using two different NaCl concentrations as 

background electrolyte differing one order of magnitude, i.e., 0.01 and 0.1 M. Different 

adsorption efficiency of chromates was observed (Figure 5.10). Specifically, adsorption is 

maximized for pH values lower than 6.5 and 7.5, in the case of using 0.1 and 0.01 M NaCl, 

respectively. However, in the pH range of 7.5 - 8.5, the effect of ionic strength was important. 

The ionic strength can affect the thickness of the double layer and the interface potential, 

influencing thus the binding of the adsorbed species. Adsorption efficiency for pH < PZC point 

can be attributed to the fact that ionic strength reduces the adsorption of chromates by 

decreasing the activity of chromates for adsorption and by decreasing the positive charge of 

the solid surface. Thus, the electrostatic attractions between the chromate anions and the 

more negatively charged surface are decreased. Several studies have investigated the effect of 

ionic strength on Cr(VI) adsorption using synthetic goethite as sorbent, with the results 

showing that Cr(VI) adsorption was not or only slightly affected by ionic strength and slightly 

affected by the type of background electrolyte (Burden 1989; Measure and Fish, 1992; 

Weerasooriya and Tobschall, 2000; Ajouyed et al., 2010; Xie et al., 2015).  
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5.2.2 Effect of phosphates on Cr(VI) adsorption 

 

The crystalline iron oxides, goethite and hematite, and the crystalline aluminum oxide gibbsite, 

as well the amorphous aluminum oxides are important minerals in phosphate adsorption. In 

clay samples the iron oxides are the main adsorbents for P and among iron oxides goethite 

exhibits higher adsorption capacity than hematite. Gibbsite and amorphous Al-oxides are more 

likely to be related to phosphate adsorption, mostly based on their relative abundance in the 

samples contrary to iron oxides, which exhibit specific characteristics additionally to their 

content that influence P adsorption (Fontes and Weed, 1996; Fink et al., 2016). Thus, goethite, 

which is one of the most common and stable crystalline iron (hydr)oxides in natural systems, is 

considered of the main adsorbents for phosphates. The significant contribution of goethite on 

phosphates adsorption has been determined several years ago using electron microscope 

analysis (Fordham and Norrish, 1979; Razaq et al., 1989). 

 

The determination of removal process of phosphates from goethite, either adsorption or 

precipitation, is usually difficult and cannot be achieved by calculating the mass difference 

between the initial phosphates concentration and the loss of phosphates from the aqueous 

phase. Li and Stanforth (2000) reported that no discernible alterations between adsorption 

and precipitation observed in the adsorption isotherms of phosphates on goethite, proposing a 

methodology based on the alteration of zeta potential with increasing adsorption. This 

alteration is attributed to the increase of the negative surface charge due to the adsorption of 

the more acidic phosphate ions, which replace the less acidic hydroxyl groups. However, in the 

case of phosphates precipitation, the increase of the negative charge is much smaller, since 

there are no changes in the characteristics of the surface. A complication is created in the case 

that adsorption is followed by precipitation (Li and Stanforth, 2000). In general, even with 

other methodologies it has been reported that the distinction between adsorption and 

precipitation of phosphates is very difficult. Regarding adsorption of phosphates on goethite, 

the process of ligand exchange is considered involving the replacement of phosphate for one 

or more surface hydroxyl groups. Two discrete stages have been proposed, an initial fast stage 

followed by a slow one usually more pronounced, in the case of well crystalline solids, which is 

related with the diffusion into the micropores or aggregates of the solid particles. More 

specifically phosphates are thought to be preferentially exchanged with two groups of Fe-

OH2
1/2+ and Fe-OH1/2-, releasing surface structural H2O or OH- in the solution. Thus, the affinity 

of phosphates for goethite surface depends, on both the anions’ capacity for surface 

complexation through ligand exchange, as well as on the attractive or repulsive electrostatic 

interactions with the charged surfaces (Wang et al., 2013). 

 
In this study the removal of phosphates by goethite will be called as “adsorption”, without 

excluding the possibility of some precipitation occurring. The results of phosphates adsorption 

and the effect of Cr(VI) presence on their adsorption efficiency by goethite used in this study 

are presented at Figure 5.11. Phosphates adsorption exhibited the typical adsorption behavior 

of anions as a function of pH values. Specifically, adsorption was maximized for pH values 

lower than 7.5 for both concentrations tested. Similar results have been reported by other 

studies indicating that phosphates are strongly adsorbed on goethite even at high pH values. It 

is considered that phosphates adsorption on goethite is based on ligand exchange mechanism 
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rather than electrostatic attractions. Thus, the increase of the solution pH would cause lower 

phosphate adsorption due to the increasing concentration of hydroxyl (OH−) ions in the 

solution, which consequently cause negatively charged surface of goethite (Li and Stanforth, 

2000; Rietra et al., 2001; Antelo et al., 2005; Chitrakar et al., 2006). Adsorption efficiency is 

minimized at pH values higher than 9, where strong repulsions between the phosphate anions 

and the negatively charged surface occur. However, goethite can be considered as an 

important adsorbent, able to decrease the mobility of phosphate ions even at alkaline pH 

values. The efficient adsorption of goethite even at alkaline pH values where the solid surface 

is negatively charged have also been referred by Hiemstra et al. (1996) and Strauss et al. 

(1997). 

 

 
Figure 5.11 Adsorption of phosphates (250 μg/L and 8 mg/L) on goethite, in the presence (250 μg/L) and 

absence of Cr(VI). 

 

The decreasing trend of phosphates adsorption curve with increasing pH values has been also 

observed from several studies (Madrid and Posner, 1979; Razaq et al., 1989; Geelhoed et al., 

1997; Antelo et al., 2005; Luengo et al., 2006; Tzou et al., 2010; Boukemara and Boukhalfa, 

2012; Wang et al., 2013). Razaq et al. (1989) were of the first group of researchers 

investigating the effect of pH on phosphates adsorption on goethite, reporting that 

phosphates adsorption decreases slowly with increasing pH values due to the following 

factors. Firstly, the pH increase leads to the increase of HPO4
2- concentration in the aqueous 

phase about 10-fold for each pH unit and the surface becomes negatively charged resulting in 

greater electrostatic repulsions. However, the increase in HPO4
2- concentration offsets the 

decrease in electrostatic potential with the pH increase. As a result, phosphate adsorption 

decreases slowly until the pK2 of H3PO4 is reached at 7. For higher pH values the concentration 

of phosphate divalent ions decreases, while the surface charge becomes more negative 

resulting in greater repulsions decreasing the adsorption efficiency. Thus, at pH values that 

H3PO4 is fully dissociated (pK2), specific adsorption occurs only due to the impact of the positive 

surface charge. The effect of pH due to the presence of OH- groups affecting the surface charge 

and due to the phosphates aqueous chemistry was mentioned by Boukemara and Boukhalfa 
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(2012). The reported results showed that adsorption was maximized at acidic conditions and 

started decrease at pH values about 6. The presence of hydroxyls on the solid surface act by 

attracting or dissociating protons depending on the pH solution, rendering, thus, the surface 

either positively or negatively charged. Since the pHPZC value is the threshold pH value for the 

alteration of the surface charge, for pH values lower than the PZC point non-specific 

adsorption of phosphates is favorable due to the action of electrostatic attractions, while for 

pH values higher than the PZC the Fe(OH)2
+ sites are fewer reflecting the adsorption decrease. 

In addition, the pH values affect the protonation of phosphates. In the pH range 3-6, H2PO4
- are 

the predominant species which are strongly adsorbed on the positively charged surface as also 

mentioned by Razaq et al. (1989).  

 
The effect of chromates on phosphates adsorption is also presented at Figure 5.11. For both 

cases of phosphates concentration tested (8 mg/L and 250 μg/L as PO4
3-), adsorption was not 

influenced by the presence of Cr(VI) in the goethite solution, indicating that phosphates are 

preferably adsorbed on the goethite surface compared to chromates. The higher affinity of 

phosphates for the goethite surface compared to other anions, such as sulfates, arsenates, 

molybdate, organic compounds etc., has also been reported by several studies. However, only 

few of them have investigated the possible competition with chromates. Burden (1989) was of 

the first researchers reporting the affinity of several inorganic contaminants for the goethite 

surface, since the relative affinity of an anion for the specific adsorption sites is a crucial factor 

for determining the possible preferential adsorption. The results showed that P exhibits higher 

affinity than chromium for the goethite surface, and thus phosphates are preferably adsorbed 

on goethite compared to chromates. Boukemara and Boukhalfa (2012) also mentioned that 

phosphates removal is not affected by the presence of chromates but influences the retention 

mechanism. The results of the Infrared Spectroscopy analysis showed that in the presence of 

chromates the predominant mechanism is the formation of inner sphere complexes with the 

solid surface.  

 

The higher affinity of phosphates for the goethite surface compared to other anions, such as 

sulfates, arsenates, molybdate, organic compounds etc., has also been reported by several 

studies. However, only few of them investigated the possible competition with chromates. The 

effect of chromates on phosphates adsorption is also presented at Figure 5.11. For both cases 

of phosphates concentration tested, their adsorption was not influenced by the presence of 

Cr(VI) in the goethite solution, indicating that phosphates are preferably adsorbed on the 

goethite surface compared with chromates. Burden (1989) was of the first researchers 

reporting the affinity of several inorganic contaminants for the goethite surface, since the 

relative affinity of an anion for the specific adsorption sites is a crucial factor for determining 

the possible preferential adsorption of anions. The results showed that P exhibits higher 

affinity than chromium for the goethite surface, and thus phosphates are preferably adsorbed 

on goethite compared to chromates. Boukemara and Boukhalfa (2012) also mentioned that 

phosphates removal is not affected by the presence of chromates but influences the retention 

mechanism. The results of the IR analysis showed that in the presence of chromates the 

predominant mechanism is the formation of inner sphere complexes with the solid surface.  
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Despite the absence of any competitive effects of chromates on adsorption of phosphates in 

the reverse case namely the impact of phosphates on chromates adsorption was significant, as 

it can be observed from Figure 5.12. The effect of phosphates on Cr(VI) adsorption was tested 

for both concentrations of phosphates 250 μg/L and 8 mg/L. In both cases Cr(VI) adsorption 

decreased with increasing pH. For pH<7 Cr(VI) adsorption was maximized and not influenced 

by the presence of phosphates. This is possibly attributed to the fact that the available sites for 

Cr(VI) adsorption are not limited, despite the presence of the phosphate ions. For pH>7, the 

presence of phosphates affected Cr(VI) only in the case of using the higher concentration of 

phosphates. The fact that the presence of phosphate ions at low concentration (250 μg/L) did 

not affect Cr(VI) adsorption is probably attributed to the excess of surface active sites, even at 

high pH values, able to adsorb both anions. This can be supported by the fact that by 

increasing phosphate concentration to 8 mg/L, Cr(VI) adsorption decreased in the pH range 7.5 

- 8.3, where the adsorption sites eliminated due to the alteration of the surface charge.  

 

 
Figure 5.12 Effect of phosphates on Cr(VI) adsorption on goethite. 

 

As mentioned above, the extent of the interaction depends on the affinity of the anions for the 

surface. Phosphates exhibit higher affinity than chromates and, thus are preferably adsorbed, 

inhibiting the adsorption of chromates (Geelhoed et al., 1997; Chitrakar et al., 2006). However, 

only one recent work has extensively studied the possible competition between chromates 

and phosphates on goethite (Xie et al., 2015). The results were in accordance with these of the 

present study, since the presence of phosphates inhibited the adsoprtion of chromates, while 

no effects observed for the opposite case. 

 

5.2.3 Effect of nitrates on Cr(VI) adsorption 

 

Despite that several studies have reported the adsorption efficiency of different materials 

towards nitrates, the adsorption behavior of nitrates on minerals that present in their 

structure exclusively ferric iron has not been reported yet (Bhatnagar and Sillanpää, 2011). 

Adsorbents that occur in the aquifers like clays have been reported for their adsorption 
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capacity but only at low pH values (Mohsenipour et al., 2015), while the presence of ferrous 

iron in soil minerals like magnetite is able to reduce nitrates to nitrites and other N forms 

(Dhakal, 2013; Cho et al., 2015). Nitrate anions are considered to be adsorbed on goethite 

surface through electrostatic attractions (Chitrakar et al., 2006). Adsorption of nitrates (Figure 

5.13), and the effect of Cr(VI) presence on their adsorption efficiency by goethite was tested 

herein. The nitrates found not to be effectively adsorbed on goethite neither in the absence 

nor in the presence of Cr(VI). Adsorption efficiency reached the level of 10% at acidic pH 

values, while it was diminished in the pH range 7 – 8.5 that usually occurs in groundwater. 

Thus, goethite cannot be considered as an effective natural adsorbent for nitrates in the 

geoenvironment. In general the low adsorption capacity of soils for nitrates has been reported 

by Hamdi et al (2013) and several factors can be responsible for this low affinity of nitrates. 

One of the first studies investigated the nitrates adsorption on hydrous ferric oxides was that 

of Harrison et al. (1982). Using IR spectroscopy they stated that monovalent oxyanions, such as 

nitrates, are adsorbed primarily via electrostatic interactions with the hydrated surface and 

thus are not strongly retented. In addition, the presence of divalent ions, such as chromates, 

are directly coordinated to two surface iron cations and, thus, inhibit further the nitrates 

adsorption as it is verified by the results of this study (Figure 5.13). Furthermore, the low 

adsorption affinity of nitrates on the goethite surface can also be attributed to the fact that 

chlorides presented in the solution, as anions of the background electrolyte, are preferably 

adsorbed on the solid surface compared to nitrate anions. Regarding the presence of Na+ is 

considered to exhibit low affinity for the goethite surface (Rietra et al., 2000). It seems that 

adsorption of nitrates by minerals consisted exclusively by ferric iron cannot be the main 

mechanism for nitrates immobilization in aquifers. Therefore, possibly redox reactions and 

microbial degradation are the mechanisms that control their transport in the geoenvironment. 

 

 
Figure 5.13 Adsorption of nitrates (50 mg/L) on goethite in the presence (250 μg/L) and the absence of 

Cr(VI). 

 

The effect of nitrates on Cr(VI) adsorption was tested using 50 mg/L of nitrates (Figure 5.14), 

since this concentration is considered as typical in aquifers affected by agricultural activities 
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and is also the maximum allowable concentration in groundwater according to the European 

and the Greek legislation. Based on the results shown at Figure 5.14, Cr(VI) adsorption 

decreased with increasing pH. For pH values lower than 7, Cr(VI) adsorption was maximized 

and not influenced by the presence of nitrates. This is possibly attributed to fact that the 

available sites for Cr(VI) adsorption are not limited despite the presence of nitrate ions. For pH 

values higher than 7 the presence of nitrates (50 mg/L), with concentration 200 times higher 

than that of chromates (0.25 mg/L), possibly caused electrostatic repulsions, able to decrease 

the adsorption efficiency, since no Cr(VI) reduction is considered to occur (Vilardi et al., 2017). 

The results of this study are of the of the first being published for describing any competitive 

interactions between nitrates and chromates on goethite.   

 

 
Figure 5.14 Effect of nitrates on Cr(VI) adsorption on goethite 
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6 ADSORPTION SIMULATION OF Cr(VI) AND INORGANIC CONTAMINANTS  

 

6.1 Adsorption simulation on ophiolitic soil  
 

The results obtained from the batch experiments (chapter 5) and the physicochemical analysis 

(chapter 4) of the ophiolitic soil were used in order to simulate adsorption of Cr(VI) and the 

rest inorganic contaminants by applying SCMs via the visual Minteq software. For adsorption 

simulation the results of Cr(VI) total removal were used, including possible reduction of Cr(VI) 

by soil, based on the three following assumptions: 

i. Adsorption based on the formation of inner sphere complexes is thought as an 

irreversible process. Thus, a percentage of the non-desorbed mass can be attributed to 

the formation of inner-sphere complexes. 

ii. Reduction implies the occurrence of Cr(VI) adsorption on the soil surface. 

iii. In most models that describe contaminants transport, the retardation factor due to 

geochemical process does not distinguish the process that causes the retardation and 

thus the total contribution of each process is taken into account. 

 

Three adsorption models used for simulation of experimental data of this study are based on 

surface complexation reactions; the Triple Layer Model (TLM), the Diffuse Layer Model (DLM) 

and the Constant Capacitance Model (CCM). Despite the fact that these three surface 

complexation models are of the most frequently used it is not clear which of the three models 

better describes adsorption in natural systems like soils. Thus a comparison of the efficiency of 

these models was performed in this study. The main parameters used for adsorption 

simulation were the following: 

 Solid concentration (g/L) 

 Specific surface area (m2/g) 

 Site density (#sites/nm2) 

 Inner capacitance (C1) (F/m2)  

 Outer capacitance (C2) (F/m2)  

 

The acceptable deviation between the experimental data and the modeling results, in order to 

qualify simulation as satisfactory and, thus, to accept the values of surface complexation 

constants, was determined to ±5%. 

 

6.1.1 Determination of solid concentration 

 

Neither the identification nor the quantification of iron oxides using XRD analysis are easy 

and efficient in soil samples, especially in the case that other minerals, like quartz, are in 

abundance (Schwertmann et al., 1982; Bortoluzzi et al., 2015). The contribution of iron 

oxides on the binding of several contaminants is due to the reactive groups presented on 

their surface. The chemical reactions that occur on their surface lead to the formation of a 

complex system rendering, thus, the prediction of the interactions with several compounds 

very difficult (Weng et al., 2012). According to the mineralogical analysis performed in the 

tested soil and taking into account the PZC values (Table 6.1) of the identified minerals, 

Cr(VI) adsorption can mainly be attributed to several minerals that have high PZCs: Iron 



ADSORPTION SIMULATION OF Cr(VI) AND INORGANIC CONTAMINANTS     Athanasios S. Bouras 

 

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

120 

oxides such as hematite (Singh et al., 1993), and amorphous goethite (Fendorf, 1995) that 

have also been previously identified in serpentine soils in Greece (Kelepertzis et al., 2013) 

are possibly the main adsorbents. In addition, chlorite (Brigatti et al., 2000) and magnetite 

(Jung et al., 2007) can contribute to Cr(VI) removal via both reduction and adsorption. 

Chromite and chrysotile also have PZCs that can justify Cr(VI) adsorption; however there is 

no information in the literature with respect of the sorption behavior of these minerals. 

 

Table 6.1 Range of PZC values of the identified minerals (RES
3
T). 

Mineral Medium PZC 

Quartz S,R 1.2 – 3.0 

Albite S,R 2 

Chlorite S,R 9.5 

Chrysotile S >8 

Vermiculite S 2.9 (PZNPC) 

(Magnesio)Chromite S 7.2 – 7.7 

Magnetite S 5.2 – 6.8 

Hematite R 4.5 – 9.5 (mainly at 7.5 – 8.5) 

Goethite S 7.5 – 9.5 

S: soil, R: rock 

 

As presented in chapter 4 (Table 4.6) the mass balance as determined by XRF and via 

quantitative XRD analysis of the -0.5 mm fraction of the soil sample, showed that the 

amorphous fraction of soil consists mainly of Fe, Si and Mg and its concentration is equal to 

101.2 g/kg. The low content of iron in the well crystallized minerals (as observed by XRD 

analysis) indicated the occurrence of amorphous oxides in the ophiolitic soil. Iron oxides such 

as goethite (a-FeOOH), ferrihydrite (Fe2Ο3∙H2Ο), and hematite (Fe2O3) are considered as 

important natural adsorbents for heavy metals and inorganic contaminants. The partially 

crystallized goethite is possibly the predominant amorphous oxide of iron since it is usually 

presented in serpentinitic soils (Chardot et al., 2007) without excluding the presence of other 

iron oxides. In addition, silicon amorphous oxides and amorphous magnesite may also occur in 

the tested soil as products of disintegration of ultramafic rocks (Peterson, 1984; Zachmann & 

Johannes, 1989).  

 
Although the aluminum content in the tested samples was low and seems that aluminum is 

almost exclusively presented in the structure of the crystalline minerals, XRF analysis of the 

collected samples from other soil horizons exhibited occasionally higher contents in aluminum, 

up to 30 g/Kg. This indicates the presence of aluminum amorphous oxides (Al2O3) in the soil 

sample. Taking into account that aluminum amorphous oxides can also contribute to the 

adsorption of Cr(VI) and other anions, a re-calculation of the mass balance was performed in 

order to determine the concentration of aluminum amorphous oxides.  

   

Thus the adsorption simulation will be performed taking into account the contribution of iron 

and aluminum concentrations. However, since the adsorption simulation in this study is based 

on the assumptions of the GC approach of modeling, the estimation of the oxides contribution 

is based only on the quantitative contribution of the iron and aluminum oxides and the 
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contribution of each type of surface is not distinguished. The importance of hydrous ferric 

oxides as predominant adsorbents in cases of adsorption modeling has also been mentioned 

by Mengistu et al. (2015). Table 6.2 presents the concentration of iron and aluminum oxides in 

the tested soil and the soil samples used in the batch experiments.  

 

Table 6.2 Concentration of Fe- and Al- amorphous oxides used in the batch experiments. 

Element Fe Al 

XRD (g/kg) 38 19 

XRF (g/kg) 74 30 

Amorphous (g/kg) 38 11 

% XRD/XRF 49 63 

% Amorphous 51 37 

Amorphous (g/kg) 38.0 11.0 

Amorphous Oxides (g/kg) 54.3 20.8 

Amorphous Oxides Batch (g/L) 1.1 0.4 

 

In addition, the content of amorphous iron oxides at the ophiolitic soil was determined by 

applying the Chao and Zhou (1983) method at the -0.5 mm soil fraction. The iron concentration 

in the extraction was equal to 180 mg/L. This concentration corresponds to the concentration 

of amorphous iron in the soil sample. Thus iron concentration is calculated as following: 

 

   
          

 
     

 

       
      

           

       
 

 

In batch experiments 1 gr of soil added in 50 mL of solution and so the concentration of 

amorphous iron is: 

 

    
           

       
 
         

     
       

           

 
 

 

Assuming that amorphous iron is presented as Fe2O3 amorphous oxides, the concentration of 

amorphous oxides in the soil is equal to: 

 

     
           

 
 
         

       
        

   

   
       

              

 
  

 

Concluding, the three scenarios of solid concentration used for adsorption simulation in this 

study are as follows: 

I. Solid concentration = 1.5 g/L, including the iron and aluminum amorphous oxides as 

calculated by the XRD and XRF analysis (Table 6.2) 

II. Solid concentration = 1.1 g/L, including the iron amorphous oxides as calculated by the 

XRD and XRF analysis (Table 6.2) 

III. Solid concentration = 0.103 g/L, including the iron amorphous oxides as determined by 

the Chao and Zhou (1983) method.  
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6.1.2 Determination of other parameters used at the surface complexation models 

 

Apart from the solid concentration, several parameters are required for adsorption simulation 

using the surface complexation models. All the parameters used in this study are presented at 

Table 6.3. The SSA of the ophiolitic soil is equal to 55.95 m2/g. The values of inner (C1) and 

outer (C2) capacitances were obtained from literature, since their experimental determination 

for heterogeneous systems like soils includes high uncertainty and is very difficult to be 

calculated. Thus the values presented in Table 6.3 have been generally accepted by the 

literature as common values for real soils. Similarly, the site density value used in this study, 

equal to 2.3 sites/nm2, is thought as representative for modeling at real soils (Zachara et al., 

1987; Davis & Kent, 1990; Villalobos et al., 2001; Goldberg, 2014). 

 

Table 6.3 Parameters obtained by literature data and used for adsorption simulation. 

Parameter Value Reference 

Site density (sites/nm2) 2.3 Goldberg, 2014 

Inner capacitance, C1 (F/m2) 1.4 Villalobos et al., 2001 

Outer capacitance, C2 (F/m2) 0.2 Goldberg, 2014 

 

The next step was to create the reactions database at the Visual MINTEQ software, which will 

include all those surface complexation reactions able to contribute to the adsorption of the 

tested ions presented in the batch experiments. Simulation was performed by adjusting the 

constant of the surface complexation reaction that optimum fits the experimental data. Thus, 

for the creation of the adsorption database the following parameters were introduced: 

i. The surface complexation reaction (reactants and products), the Rossendorf Expert 

System For Surface and Sorption Thermodynamics (RES3T) database was used for 

obtaining all the kind of reactions that possibly occur in each case according batch 

experiments conditions (http://www.hzdr.de/db/RES3T.queryData), 

ii. The surface complexation constant (K), 

iii. The Boltzmann factor, which consider the electrostatic contribution (which in turn will 

be determined by the change in surface charge that occurs because of the reaction). 

For the inner and outer layers the Boltzmann factor is defined as PSIo and PSIb, 

respectively. 

 

At the following paragraphs the results of the application of the aforementioned surface 

complexation models, the Triple Layer Model (TLM), the Diffuse Layer Model (DLM) and the 

Constant Capacitance Model (CCM) are presented.  

 

6.1.3 Application of the Triple Layer Model 

 

The TLM model was chosen for adsorption simulation for the following reasons: 

i. It can simulate adsorption based on the formation of both inner and outer sphere 

complexes. Inner sphere complexes can be either monodentate (one bond occurs 

between the surface functional group and the adsorbed contaminant) or bidentate 

(the adsorbed contaminant is bonded with two functional groups of the soil surface). 
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ii. TLM can simulate the effect of electrolyte, metal and ligand adsorption constants in 

addition to protonation and deprotonation equilibrium constants and to equilibrium 

constants for adsorption of other species of the solution. 

iii. TLM model has been applied in several studies for adsorption of contaminants and 

specifically for Cr(VI) adsorption and, thus, it is more efficient to evaluate the data 

obtained from literature and used for simulation in this study and also to compare our 

results with that of other studies.  

 

Table 6.4 presents the reactions used for adsorption simulation, the optimum logK values for 

each reaction and for each solid concentration tested, and the PSI values as calculated by the 

equations described in Goldberg (2007). A literature review (Table A3.2., Appendix III) verified 

that the logK values obtained in this study are similar with those presented by other studies for 

the case of applying the TLM model in order to simulate the adsorption of the tested 

contaminants. More specifically, reactions No. 1 and 2 describe the dissociation and 

protonation reactions, respectively. Reactions No. 3 and 4 regard to the presence of 

background electrolyte NaCl in the soil solution, considering that chlorides form outer sphere 

complexes. Phosphates (Reactions No. 5 - 7) are thought to be bounded in several ways, able 

to form bidentate non-protonated (Reaction No. 5), bidentate non-protonated (Reaction No. 

7) and monodentate protonated (Reaction No. 6) complexes. Nitrates are represented by 

reaction No. 8, which describes the formation of outer sphere complexes with the soil surface.  

In the case of Cr(VI) two scenarios of surface complexation were investigated taking into 

account the formation of either both monodentate and bidentate (Reactions No. 9 - 11) or 

only monodentate (Reactions No. 12 - 14) complexes (Table 6.4). The difference of these two 

scenarios is the formation of inner sphere bidentate or monodentate complexes as shown by 

reactions 9 and 12. Reactions No. 10 - 11 and No. 13 - 14 represent the outer sphere 

complexes and are kept the same in all cases tested regarding Cr(VI) modeling. In the case of 

outer sphere complexes the hydration sphere is retained during adsorption, whereas in the 

case of inner sphere complexes at the surface, part or all of the hydration sphere is lost in the 

adsorption reaction. Such complexes are often identified based on evidence from bulk solution 

experiments, which are used in the present study, since decreased adsorption with increasing 

ionic strength of the background electrolyte has been taken as evidence of non-specific 

adsorption and, thus, formation of outer sphere complexes. The question of whether a species 

is adsorbed as inner-sphere or as outer-sphere complex is important due to the influence that 

the type of adsorption has on the structure and reactivity of the adsorbed species. It is 

considered that outer-sphere complexation causes minimal changes in the electron density 

distribution of the adsorbed species as compared to the aqueous complex (Koretsky, 2000). 
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Table 6.4 Reactions and their corresponding values of adsorption constants applied at the TLM. 

Reactions 
logK (per solid concentration) 

PSIo PSIb 
Reference regarding the type 

of reaction used No. 
Reactants 

 
Products 

Soil Ligand 1 Ligand 2 
 

Product 1 Product 2 1.5 g/L 1.1 g/L 0.103 g/L 

1 SOH 
  

↔ SO
-
 H

+
 -9.0 -1 

 Goldberg et al., 2007 
2 SOH H

+
 

 
↔ SOH2

+
 

 
4.2 1 

 
3 SOH Na

+
 

 
↔ SONa H

+
 -9.29 -1 1 

Villalobos and Leckie, 2001 
4 SOH Cl

-
 H

+
 ↔ SOH2Cl 

 
8.43 1 -1 

5 SOH PO4
3-

 H
+
 ↔ SOPO3

2-
 H2O 19.0 20.5 30.0 -2 

 
Antelo et al., 2005 6 2SOH PO4

3-
 2H

+
 ↔ S2O2PO2

-
 2H2O 25.2 25.0 30.0 -1 

 
7 2SOH PO4

3-
 3H

+
 ↔ S2O2POOH 2H2O 29.2 30.0 37.0 0 

 
8 SOH NO3

-
 H

+
 ↔ SOH2NO3 

 
9.0 9.2 10.3 1 -1 Villalobos et al., 2001 

Reactions at the Bidentate Minteq Database 

9 2SOH CrO4
2-

 2H
+
 ↔ S2CrO4 2H2O 14.5 14.5 15.8 0 

 Villalobos et al., 2001 
10 SOH CrO4

2-
 2H

+
 ↔ SOH2-HCrO4 

 
16.0 16.4 17.2 1 -1 

11 SOH CrO4
2-

 H
+
 ↔ SOH2CrO4

-
 

 
11.2 11.4 13.5 1 -2 Rai et al., 1988 

Reactions at the Monodentate Minteq Database 

12 SOH CrO4
2-

 H
+
 ↔ SCrO4

-
 H2O 8.0 8.0 15.1 -1 

 Villalobos et al., 2001 
13 SOH CrO4

2-
 2H

+
 ↔ SOH2-HCrO4 

 
16.0 16.4 17.2 1 -1 

14 SOH CrO4
2-

 H
+
 ↔ SOH2CrO4

-
 

 
11.2 11.4 13.8 1 -2 Rai et al., 1988 
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The three scenarios of solid concentrations that tested using the TLM model are presented 

below.   

 

6.1.3.1 Solid concentration equal to 1.5 g/L 

 

As mentioned in paragraph 6.1.1, solid concentration equal to 1.5 g/L represents the 

concentration of iron (Fe2O3=1.1 g/L) and aluminum (Al2O3=0.4 g/L) oxides as calculated by the 

mass balance of XRD and XRF analysis. The effect of several parameters on Cr(VI) adsorption is 

presented below.  

 

Effect of pH and ionic strength of the soil solution on Cr(VI) adsorption 

 

The adsorption mechanism can be affected by pH values when surface complexation occurs or 

by ionic strength when the ion exchange is the adsorption mechanism, without excluding the 

simultaneous occurrence of both adsorption mechanisms. The ionic strength can influence the 

anion binding by two ways affecting a) the thickness of double layer and b) the interface 

potential. The determination of ionic strength effects on adsorption has been extensively used 

as a tool for distinguishing macroscopically between inner and outer sphere complexation of 

ions. Outer sphere complexes exhibit remarkable effects on adsorption efficiency due to the 

alteration of ionic strength, while inner sphere complexes are usually not susceptible to ionic 

strength alterations. More specifically, adsorption decreases with increasing ionic strength 

value since the background electrolyte ions are located in the same plane with the outer-

sphere complexes. On the contrary, inner sphere complexes exhibit low dependence from 

ionic strength or exhibit increasing adsorption with increasing ionic strength. Higher ion 

adsorption with increasing ionic strength is attributed to the higher activity of the counter ions 

available to offset the surface charge created by specific ion adsorption (McBride, 1997; 

Weerasooriya and Tobschall, 2000; Ajouyed et al., 2010; Goldberg 2013). In addition, the 

increase of ionic strength can lead to the alteration of the adsorption mechanism from outer-

sphere to inner-sphere complexation (Goldberg et al., 2001). 

 

The results of Cr(VI) adsorption simulation as a function of pH and ionic strength of the soil 

solution are presented at Figure 6.1. In both cases of ionic strength Cr(VI) adsorption decreases 

with increasing pH, irrespectively of the ionic strength of the solution. This fact indicates that 

Cr(VI) adsorption on the ophiolitic soil is strongly affected by the formation of the “weaker” 

outer sphere complexes, instead of the “stronger” inner sphere complexes without excluding 

the simultaneous formation of both types of complexes (Goldberg 2007; Goldberg, 2014). 

Concerning the effect of ionic strength on Cr(VI) adsorption, the TLM model indicates 

noticeable decrease in Cr(VI) adsorption with increasing ionic strength, using a 10-fold 

concentration of electrolyte (0.01 M and 0.1 M NaCl). In both cases it is perceived that 

adsorption is maximized at acidic pH values reaching 60% and 30% for ionic strength equal to 

0.01 M and 0.1 m, respectively. In addition, for pH values about 8, which are typically found in 

groundwater, Cr(VI) adsorption is approximately 3% using 0.1 M NaCl, while in the case of 0.01 

M NaCl, adsorption is estimated at about 12%. The effect of ionic strength via the formation of 

outer sphere complexes is represented by the equations No. 10 and 11 (or correspondingly by 

No. 13 and 14 which are the same) of Table 6.4. Thus the TLM model can efficiently simulate 
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the effect of outer sphere surface complexation for the tested ophiolitic soil. The strong 

correlation between experimental and modeling data regarding Cr(VI) adsorption is presented 

at Figure A1.5. Despite all cases exhibited high R2 values the slope of the linear equation in the 

case of monodentate complexes at high ionic strength values is higher than 1.  

 

 
Figure 6.1 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 μg/L) using the 

TLM. 

 
The effect of ionic strength on Cr(VI) adsorption using NaCI as electrolyte was investigated by 

Azizian (1993) mentioning that higher ionic strength resulted in lower Cr(Vl) adsorption. The 

adsorption decrease can be attributed to either direct competition of chromates with chlorides 

for the soil’s oxides surface sites or to the decrease in the electrostatic potential close to the 

surface sites. The adsorption of chlorides reduces the site density of the adsorption sites and 

thus reduces adsorption of chromates. Ionic strength also affects the activity coefficient ratios 

which are directly related to the 0-plane or the β-plane potential or both of them and 

therefore affects the surface complexes. Since the outer sphere surface reactions have a direct 

dependence on the plane potential, their activity coefficient ratios are more directly influenced 

by ionic strength changes. Thus, the effect on electrostatic potential is related to the surface 

potential (ψβ), which occurs in the outer sphere complexes as shown by reactions 10 and 11 

(Table 6.4). More specifically, the increase of chlorides concentration decreases the ψβ surface 

potential and increases the exp(F(ψ0 - ψβ)/RT) factor. Consequently, the [SOH2-HCrO4
-] and 

[SOH2-CrO4
2-] concentrations decrease, since the corresponding K values remain constant 

(Azizian, 1993). Similar results were reported by Zachara et al. (1989) using soil samples from 

subsurface horizons as adsorbents for Cr(VI). The effect of ionic strength was tested using 

sodium nitrate (0.01 - 0.1 M NaNO3) as background electrolyte. Cr(VI) adsorption decreased 

with increasing ionic strength indicating the presence of outer sphere complexes. The decrease 

is attributed to the effect of ionic strength on either a) the surface charge and aqueous activity 

coefficient of chromates, or b) to the increase of nitrates concentration with increasing ionic 

0

10

20

30

40

50

60

70

80

90

100

3,5 4,0 4,5 5,0 5,5 6,0 6,5 7,0 7,5 8,0 8,5 9,0

%
 C

r(
V

I)
  a

d
so

rp
ti

o
n

 

pH 
Cr(VI) (250 μg/L) (I=0.01M) Cr(VI) (250 μg/L) (I=0.1M) 

Cr(VI) (250 μg/L) (I=0.01M) bid Cr(VI) (250 μg/L) (I=0.1M) bid 

Cr(VI) (250 μg/L) (I=0.01M) mono Cr(VI) (250 μg/L) (I=0.1M) mono 



 ADSORPTION SIMULATION OF Cr(VI) AND INORGANIC      Athanasios S. Bouras 
 CONTAMINANTS      

 

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

 127  

strength which cause competitive adsorption effects between nitrates and chromates. In 

general, inorganic ligands that occur in soil solutions, are differently adsorbed on variable 

charge minerals and soils. Anions such as NO3
-, CI-, Br-, I- and CIO4

- are mainly adsorbed forming 

outer-sphere complexes and rarely on surfaces that exhibit a positive charge (Violante et al., 

2002). 

 

Apart from the formation of inner and outer sphere complexes the adsorption simulation using 

the TLM model revealed information about the formation of monodentate or bidentate 

complexes between chromates and the solid surface. Bidentate or monodentate complexes 

are thought to be formed in the case of inner sphere complexes and are described by 

equations 9 and 12, respectively. The approach of forming bidentate complexes between 

chromates and the soil surface describes adsorption with high accuracy for both cases of ionic 

strength tested. On the contrary, the monodentate complexation is efficient only in the case of 

low ionic strength (0.01 M) of the solution. For ionic strength equal to 0.1 M, the scenario of 

forming exclusively monodentate complexes verifies experimental data only at almost neutral 

and acidic pH values (greater than 6.0), overestimating Cr(VI) adsorption efficiency at lower pH 

values. Specifically, at pH equal to 4.3 the deviation is almost 26%. Thus, we can conclude that 

at increased concentrations of electrolyte (0.1 M NaCl), the predominant adsorption 

mechanism of Cr(VI) in the ophiolitic soil is the formation of bidentate rather than 

monodentate complexes. The formation of bidentate complexes of chromates has also been 

suggested by Hiemstra et al. (2004). 

 
Effect of pH and Cr(VI) on phosphates adsorption 

 

The effect of pH and Cr(VI) presence on phosphates adsorption was also investigated. Three 

surface complexation reactions were taken into account for phosphates simulation as shown 

at Table 6.4 (reactions 5-7). All of the used reactions consider that phosphates form inner 

sphere complexes with the soil oxides surface. Adsorption simulation using the TLM model was 

in very good agreement with the experimental data as can be observed from Figures 6.2 and 

A1.6. The TLM model predicted the decrease of phosphates adsorption with increasing pH and 

verified that the presence of Cr(VI) in the soil solution did not affect their adsorption. The 

effect of Cr(VI) presence on phosphates adsorption was negligible independently of the type of 

Cr(VI) complexation (monodentate or bidentate) with the soil surface, which could affect the 

available soil surface sites for phosphates. In fact, the results of the two models are identical; 

suggesting that the type of chromium complex created does not affect the adsorption of 

phosphates. The absence of any competitive effects between chromates and phosphates is 

probably attributed to the high difference in the concentrations of the two ions or also due to 

the preference of the ophiolitic soil to adsorb phosphate anions rather than chromates. This 

preference can be explained by the formation of inner sphere complexes between phosphates 

and the soil surface, which are based on stronger bonds like ionic or covalent, contrary to 

outer sphere complexes that are based mainly on electrostatic forces (Antelo et al., 2005). 
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Figure 6.2 Adsorption simulation of PO4

3-
 (8 mg/L) in the presence (250 μg/L) and absence of Cr(VI) using 

the TLM. 

 

Phosphates adsorption on the oxide surfaces was firstly investigated by Parfitt (1978) reporting 

the formation of binuclear bridging complexes by replacing two singly coordinated hydroxyl 

groups per phosphate molecule. The ligand exchange mechanism and the formation of 

bidentate complexes of phosphates with the iron oxides surface were also confirmed by 

Torrent et al. (1990) using infrared spectroscopy. A recent study performed by Fink et al (2016) 

showed that phosphates are adsorbed on iron oxides via inner sphere surface complexation. 

More specifically P is preferentially adsorbed by hydroxyl surface groups in iron oxides 

(hydroxylation), which are protonated below pHPZC value. Iron hydroxylation occurs, since Fe 

ions on mineral surfaces are exposed to water and complete its coordination with hydroxyl 

groups. Hydroxyls can be coordinated by one (type A), two (type C) or three (type B) iron 

atoms, corresponding to hydroxyls of simple, double or triple coordination, respectively. 

Among these types, Type A are the most easily protonated hydroxyls due to the charge 

balance in Fe—O bonds. At such bonds the electron cloud of oxygen exhibits higher 

electronegativity than in doubly or triply coordinated hydroxyls. The reactivity of these sites is 

attributed to the positively charged and very unstable water molecule, which can be easily 

exchanged with an organic or inorganic anion in solution. During protonation the Fe—OH bond 

becomes weaker and the electron cloud of oxygen is displaced to the hydrogen side. As a 

result, hydroxyl protonation triggers the two following processes in phosphates adsorption: (a) 

protonated surfaces create a positive electric field that attracts phosphate anions; and (b) a 

replacement between phosphates and protonated hydroxyl groups occurs. Thus phosphates 

may be absorbed in monodentate or bidentate form depending on the number of OH groups 

in the phosphate that are bonded to the iron atoms (Fink et al., 2016). Thus the reactions used 

in this study (Table 6.4, reactions 5-7) is considered that can sufficiently describe the 

adsorption of phosphates on the ophiolitic soil. 
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In addition, the insignificant effect of chromates and chlorides (background electrolyte) on 

phosphates adsorption can be explained by the different adsorption mechanisms among these 

ions on the variable charge minerals and soils. Anions such as NO3
-, Br-, Cl-, I- and CIO4

- are 

adsorbed as outer-sphere complexes and thus are weakly adsorbed on positively charged 

surfaces. Thus the adsorption of these anions is sensitive to ionic strength alterations and do 

not compete with phosphates for adsorption on clay minerals, which are adsorbed by 

replacing the coordinated -OH2 and -OH groups. On the contrary, inorganic ligands like 

chromates that can form both inner and outer sphere complexes may compete for phosphates 

adsorption (Violante et al., 2002 and refs. therein). Thus the presence of chromates and the 

formation of outer sphere complexes as observed in above paragraphs in combination with 

their relative lower concentration than phosphates can support the absence of any 

competitive effects with phosphates.  

 

Effect of pH and Cr(VI) on nitrates adsorption 

 

Subsequently, the simulation results of nitrates adsorption as a function of pH and Cr(VI) 

anions are presented at Figure 6.3. Simulation was performed for the two concentrations (5 

and 50 mg/L) of nitrates used in the batch experiments.  

 

 
Figure 6.3 Adsorption simulation of nitrates (5 and 50 mg/L) in the presence (250 μg/L) and absence of 

Cr(VI) using the TLM. 

 

The application of TLM model predicted well the adsorption behavior of nitrates for all the 

cases tested as can be further observed by Figure A1.7. In addition, the minimal effect of Cr(VI) 

presence on nitrate adsorption is easily ascertained and confirmed. The minimal effect of 

Cr(VI) on nitrates adsorption is presented regardless the type of Cr(VI) complexation 

(monodentate or bidentate) with the soil surface. However, nitrates are supposed to form only 
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outer sphere complexes and thus the absence of any competitive effect of Cr(VI) on their 

adsorption efficiency can be attributed to their superior concentration in the soil solution. The 

formation of outer sphere complexes of nitrates was also reported by Sposito (1989) who 

mentioned that nitrates are adsorbed on the diffusion layer, forming surface complexes in the 

outer layer (outer sphere complexes). The formation of outer sphere complexes of nitrates 

with variable charged minerals and soils has also been mentioned by Violante et al. (2002).  

 

The very low adsorption efficiency of nitrates can also be related to the presence of chlorides 

in the soil solution. Chlorides are also adsorbed mainly by electrostatic attractions without 

excluding the formation of covalent bonds with the soil surface. Even in the presence of 

Coulomb forces chlorides are thought to be stronger adsorbed on soils exhibiting higher 

affinity with the soil surface (Wang et al., 1987). 

 

Effect of pH and inorganic ions on Cr(VI) adsorption 

 

In the above paragraphs the effect of Cr(VI) presence on the inorganic contaminants 

adsorption was tested. Figure 6.4 presents the effect of the tested inorganic contaminants on 

Cr(VI) adsorption as a function of pH.  

 

 
Figure 6.4 Simulation of competitive adsorption of Cr(VI) with inorganic contaminants using the TLM. 

 

Firstly, the TLM model verified with very good accuracy the decrease caused at Cr(VI) 

adsorption efficiency due to the presence of phosphates. The verification observed either in 

the case of using bidentate or monodentate type of complexes for simulating Cr(VI) 

adsorption. The type of complexation, monodentate or bidentate, for Cr(VI) seems not to be 

affected by the presence of phosphates in the solution. Thus, phosphates can be considered as 
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an important contaminant able to act competitively with chromates regarding their adsorption 

on soils.  

 

Concerning any competitive adsorption between Cr(VI) and NO3
-, the Cr(VI) curve follows the 

expected trend with increasing pH. The presence of nitrates at low concentration (5 mg/L) 

exerts a very small to negligible effect on the adsorption of Cr(VI), despite their different 

concentrations and their possible competition for surface functional groups. This fact verifies 

the preference of soil for adsorption of chromates. Higher concentration of nitrates (50 mg/L) 

causes more significant decrease at chromates adsorption. In addition, the fact that nitrates 

are adsorbed in very small amounts, even in the absence of Cr(VI), indicates that their 

presence does not alter the availability of adsorption sites. Moreover, the higher valence of 

chromates (divalent) than nitrates (monovalent), can support the preference of soil surface for 

chromates (Sposito, 1989). In all cases, simulation shows that adsorption is zeroing for pH 

values higher than 8.  

 

Finally, we can conclude that the TLM model simulates with very good accuracy the adsorption 

of Cr(VI), either by assuming monodentate or bidentate complexes, and during the presence of 

the tested inorganic contaminants (Figure A1.8). 

 

Sensitivity analysis of inner capacitance 

 

The inner (C1) and outer (C2) capacitances in the triple-layer model are parameters consistent 

with physically reasonable distances and interfacial dielectric constants for water. In the case 

of TLM the capacitances do not depend on anion radius. One of the most important 

parameters during surface complexation modeling is the determination of the C1 parameter, 

since the value of C2 is mostly taken as constant to 0.2 F/m2. The C1 value directly affects the 

proton surface charge and relates the charge at the inner plane of adsorption (ς0) with (ψ0) to 

the drop in potential at a distance β, with ψβ potential. The experimental determination of 

inner capacitance values involves great uncertainty and presents important difficulties as has 

been referred in many studies. This is why only few studies have determined the values of 

inner or outer capacitances (Sverjensky, 2001; Goldberg, 2014).  

 

In the present study, the value of inner capacitance C1 is considered as 1.4 F/m2, while that of 

outer capacitance C2 equal to 0.2 F/m2. These values have been referred in the literature as 

representative values for surface complexation modeling when using as adsorbent real soil. In 

order to quantify the model's sensitivity on Cr(VI) adsorption due to inner capacitance 

parameter, C1 values between 0.1 and 2.0 F/m2 were used. These two values correspond to 

the minimum and maximum values, which are found in the literature. It should be noted, that 

the minimum value used is equal to 0.8 F/m2 for chromium adsorption on goethite (Hayes et 

al., 1991; Sverjensky, 2001; Villalobos et al., 2001). Figure 6.5 presents the results of sensitivity 

analysis of inner capacitance (C1) on Cr(VI) adsorption as obtained by applying the TLM model. 

The simulation was performed using 250 μg/L at a soil solution of 0.01 M ionic strength.   
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Figure 6.5 Sensitivity analysis of the inner capacitance parameter on Cr(VI) adsorption using the TLM. 

 

As observed from Figure 6.5, for pH values higher than 7.5, which is the pH that predominantly 

occurs in groundwater related to ophiolitic materials, the TLM model does not exhibit high 

sensitivity to Cr(VI) adsorption during the alteration of inner capacitance in the range 0.8 to 2 

F/m2. In particular, the maximum deviation was lower than 6% for pH values higher than 7, 

independently of the kind of complexes, mono- or bi- dentate, considered. The maximum 

deviation observed, compared to the 1.4 F/m2 used for adsorption simulation, was not higher 

than 17% for assuming either monodentate or bidentate complexes (Table 6.5). Thus the 

importance of the inner capacitance during simulation is higher at acidic values. Therefore we 

can conclude that inner capacitance does not play a dominant role on adsorption simulation 

during the application of TLM model for the description of Cr(VI) adsorption on the ophiolitic 

soil. 

 

Table 6.5 Deviation on adsorption efficiency for C1 values 0.8 and 2 F/m
2
 compared with the results of 

obtained for C1 equal to 1.4 F/m
2
 used for adsorption simulation with the TLM. 

C1 (F/m2) 
Bidentate Monodentate 

pH = 3.5 pH = 7.0 pH = 9.0 pH = 3.5 pH = 7.0 pH = 9.0 

0.8 15.4% 5.8% 0.0% 15.1% 5.8% 0.0% 

2.0 16.4% 3.7% 0.0% 14.2% 3.7% 0.0% 

 

6.1.3.2 Solid concentration equal to 1.1 g/L 

 

In this series of experiments solid concentration equal to 1.1 g/L was used representing 

quantitatively only the concentration of iron amorphous oxides (Fe2O3) as calculated by the 

mass balance of XRD and XRF analysis (paragraph 6.1.1) excluding the contribution of 

aluminum oxides in the total solid concentration. Table 6.4 presents the logK values that best 

fitted the experimental data regarding the adsorption of Cr(VI) and inorganic contaminants. As 
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expected the decrease of solid concentration would led to the increase of logK values in order 

to achieve the same adsorption efficiency, keeping the other parameters constant. This is an 

advantage of the GC models since they can approach the heterogeneous soil surface as a 

unique surface. Thus the decrease of solid concentration can be interpreted as a decrease of 

the available adsorption sites.  

 

Effect of pH and ionic strength of the soil solution on Cr(VI) adsorption 

 

Figure 6.6 presents the results of Cr(VI) adsorption simulation as a function of pH and ionic 

strength. In both cases of ionic strength tested Cr(VI) adsorption decreases with increasing pH, 

irrespective of the ionic strength of the solution. Similar results obtained in the case of using 

1.5 g/L as solid concentration. In addition, the increase of ionic strength leads to different 

results regarding simulation through monodentate or bidentate complexes. The increase of 

ionic strength to 0.1 M indicates the formation of both bidentate complexes of Cr(VI) with the 

solid surface. As in the case of using 1.5 g/L, the TLM application describes with very good 

accuracy Cr(VI) adsorption (Figure A1.9). Efficient Cr(VI) adsorption simulation was achieved by 

elevating the logK value of the reactions representing the formation of outer sphere 

complexes either assuming monodentate or bidentate complexes. This indicates that the 

decrease of solid concentration firstly affects the formation of outer sphere complexes. Thus in 

the solid concentration range from 1.1 to 1.5 g/L the TLM can be efficiently used for Cr(VI) 

adsorption simulation. 

 

 
Figure 6.6 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 μg/L) using the 

TLM model for solid concentration equal to 1.1 g/L. 

 

Effect of pH and Cr(VI) on phosphates adsorption 

 

In Figure 6.7 the effect of pH and Cr(VI) presence on phosphates adsorption is presented. In 

order to simulate phosphates adsorption the higher increase of logK value performed for the 

reaction describing the formation of monodentate (SOPO3
2-) complexes (reaction 6). In 
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addition, increase slightly lower than one unit of the logK value, that corresponds to the 

bidentate complex S2O2POOH was performed. Adsorption simulation using the TLM model was 

in very good agreement with the experimental data (Figure A1.10). Thus for the solid 

concentration range 1.1 to 1.5 g/L phosphates adsorption can be efficiently simulated.  

 

 
Figure 6.7 Adsorption simulation of PO4

3-
 (8 mg/L) in the presence (250 μg/L) and absence of Cr(VI) using 

the TLM model for solid concentration equal to 1.1 g/L. 

 

Effect of pH and Cr(VI) on nitrates adsorption 

 

Figure 6.8 presents the simulation results of nitrates adsorption as a function of pH and Cr(VI) 

presence. Simulation was performed for the two concentrations (5 and 50 mg/L) of nitrates 

used in the batch experiments. Efficient simulation of the experimental data (Figure A1.11) 

achieved by slightly elevating the logK value of the reaction that forms the SOH2-NO3 outer 

sphere complex, from 9 to 9.2.  
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Figure 6.8 Adsorption simulation of nitrates (5 and 50 mg/L) in the presence (250 μg/L) and absence of 

Cr(VI) using the TLM model for solid concentration equal to 1.1 g/L. 

 

Effect of pH and inorganic ions on Cr(VI) adsorption 

 

In this paragraph the effect of the above tested inorganic contaminants on Cr(VI) adsorption as 

a function of pH is presented (Figure 6.9). The possible competitive effects of other 

contaminants on Cr(VI) adsorption was described with high accuracy (Figure A1.12) using the 

logK values obtained during the adsorption of each contaminant separately as mentioned in 

the above cases. In all cases, the formation of bidentate complexes describes better Cr(VI) 

adsorption.  
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Figure 6.9 Simulation of competitive adsorption of Cr(VI) with inorganic contaminants using the TLM 

model for solid concentration equal to 1.1 g/L. 

 

Sensitivity analysis of inner capacitance 

 

Figure 6.10 presents the results of sensitivity analysis of inner capacitance (C1) on Cr(VI) 

adsorption as obtained by applying the TLM model. The simulation was performed using 250 

μg/L at a soil solution of 0.01 M ionic strength.   

 

 
Figure 6.10 Sensitivity analysis of the inner capacitance parameter on Cr(VI) adsorption using the TLM 

model for solid concentration equal to 1.1 g/L. 
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As observed, the TLM model did not exhibit high sensitivity to Cr(VI) adsorption due to the 

alteration of inner capacitance in the range from 0.8 to 2 F/m2 for pH values higher than 7.5 

since the deviation is lower than 6% and almost zeroed at pH 9. The maximum deviation 

observed compared to the 1.4 F/m2 value used for adsorption simulation was about 13% for 

either assuming monodentate or bidentate complexes (Table 6.6). The highest deviations 

observed for acidic pH values lower than 4 and in the pH range 5.5 – 7. Therefore, the 

application of TLM model can efficiently describe Cr(VI) adsorption on the ophiolitic soil as a 

function of inner capacitance value since the pH values of groundwater measured as higher 

than 7.5. 

 

Table 6.6 Deviation on adsorption efficiency for C1 values 0.8 and 2 F/m
2
 compared with the results 

obtained for C1 equal to 1.4 F/m
2
 using the TLM model for solid concentration equal to 1.1 g/L. 

C1 (F/m2) 
Bidentate Monodentate 

pH = 3.5 pH = 7.0 pH = 9.0 pH = 3.5 pH = 7.0 pH = 9.0 

0.8 13.2% 5.7% 0.1% 11.2% 5.7% 0.1% 

2.0 10.6% 3.6% 0.0% 8.4% 3.6% 0.0% 

 

6.1.3.3 Solid concentration equal to 0.103 g/L 

 

The last scenario of solid concentration used (0.103 g/L) was that of taking into account only 

the concentration of iron oxides as determined by the Chao and Zhou (1983) method. In this 

scenario the contribution of the crystallized or not well crystallized iron oxides was excluded 

and thus adsorption is considered to be based only on the “real” amorphous iron phase. As 

shown at Table 6.4 the decrease of solid concentration one order of magnitude led to the 

increase of the logK values in order to best fit the experimental data. However, as it will be 

shown at the following paragraphs, adsorption simulation was not effective since important 

deviations observed between the experimental data and the results of the TLM model. Thus 

the application of TLM model using as solid concentration the amorphous iron oxides 

concentration is not capable of simulating the effect of pH and ionic strength on Cr(VI) 

adsorption (Figure 6.11), nor the adsorption of phosphates (Figure 6.12) and nitrates (Figure 

6.13) on ophiolitic soil, nor the competition between these contaminants (Figure 6.14). Thus it 

can be concluded that the concentration of amorphous iron oxides does not correspond to the 

concentration of the oxides of the tested soil that exclusively contribute to the adsorption 

process.  

 

Effect of pH and ionic strength of the soil solution on Cr(VI) adsorption 

 

Simulation of Cr(VI) adsorption as a function of pH and ionic strength using 0.103 g/L solid 

concentration, an order of magnitude, is presented at Figure 6.11. Using this solid 

concentration the experimental data of using 0.1 M NaCl were not verified assuming the 

formation of either monodentate or bidentate complexes despite using significantly elevated 

logK values for all the surface complexation reactions. This fact indicates that the solid 

concentration used is not enough in order to simulate the adsorption capacity of the tested 

soil.  
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Figure 6.11 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 μg/L) using the 

TLM model for solid concentration equal to 0.103 g/L. 

 

Effect of pH and Cr(VI) on phosphates adsorption 

 

Inefficient simulation of phosphates adsorption was also occurred when using solid 

concentration equal to 0.103 g/L. The simulation showed that adsorption capacity was almost 

constant independently the pH values indicating that the solid surface was saturated and no 

active sites were available for phosphates adsorption. Thus the TLM model cannot predict 

phosphates adsorption using such a low value of solid concentration.  

 

 
Figure 6.12 Adsorption simulation of PO4

3-
 (8 mg/L) in the presence (250 μg/L) and absence of Cr(VI) 

using the TLM model for solid concentration equal to 0.103 g/L. 
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Effect of pH and Cr(VI) on nitrates adsorption 

 

In the case of nitrates adsorption simulation results were much better since the high increase 

of the logK value (Table 6.4) for the formation of SOH2-NO3 complex could describe the low 

experimental values of nitrates adsorption, except for the case of using the high concentration 

of nitrates equal to 50 mg/L. This indicates that the solid concentration used is not enough for 

simulating the adsorption of nitrates due to surface saturation.  

 

 
Figure 6.13 Adsorption simulation of nitrates (5 and 50 mg/L) in the presence (250 μg/L) and absence of 

Cr(VI) using the TLM model for solid concentration equal to 0.103 g/L. 

 

Effect of pH and inorganic ions on Cr(VI) adsorption 

 

Finally, similar results with those mentioned above for each contaminant were observed for 

the case of Cr(VI) adsorption and its possible competition with the other contaminants. The 

adsorption percentage obtained using the TLM model was significantly lower than the 

experimental removal, indicating that the low value of solid concentration used could not 

simulate the experimental data. Cr(VI) adsorption was slightly lower in the case that nitrates (5 

mg/L) presented in the soil solution, significantly lower in the presence of 50 mg/L nitrates,  

while was almost zeroed in the presence of phosphates. Thus, it can be concluded that this 

solid concentration is not sufficient for describing the competitive adsorption phenomena 

between chromates and the inorganic contaminants.  
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Figure 6.14 Simulation of competitive adsorption of Cr(VI) with inorganic contaminants using the TLM 

for solid concentration equal to 0.103 g/L. 

 

6.1.4 Application of the Diffuse Layer Model 

 

Diffuse Layer Model (DLM) is based on the formation of inner sphere monodentate complexes 

and at the presence of a diffusion layer in which ions with opposite charge of that of the soil 

surface exist. However these ions remain in the aqueous phase (Goldberg et al., 2007). In the 

DLM specific adsorption at the solid surface plane is balanced by a diffuse ion “swarm”, rather 

than a plane of counterions, contrary to TLM at which adsorption takes place at two separate 

planes with a diffuse ion “swarm” providing the charge balance. The general advantage of 

DLM, is that it requires fewer parameters for adsorption modeling compared with TLM. 

However, the logK of protonation-dissociation values are affected by the background 

electrolyte (Koretsky, 2000). Table 6.7 presents the reactions and their corresponding logK 

values, which exhibited the optimum results for adsorption simulation on the ophiolitic soil as 

it will be shown at the next paragraphs. A literature review (Table A3.3, Appendix III) verified 

that the logK values obtained in this study are similar with those presented by other studies for 

the case of applying the DLM model in order to simulate the adsorption of the tested 

contaminants. 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

80

90

100

3,5 4,0 4,5 5,0 5,5 6,0 6,5 7,0 7,5 8,0 8,5 9,0

%
  C

r(
V

I)
  a

d
so

rp
ti

o
n

 

pH 

Cr(VI) (250 μg/L) Cr(VI) (250 μg/L) & PO43- (8 mg/L) 

Cr(VI) (250 μg/L) & NO3- (5 mg/L) Cr(VI) (250 μg/L) & NO3- (50 mg/L) 

Cr(VI) (250 μg/L) bid Cr(VI) (250 μg/L) & PO43- (8 mg/L) bid 

Cr(VI) (250 μg/L) & NO3- (5 mg/L) bid Cr(VI) (250 μg/L) & NO3- (50 mg/L) bid 

Cr(VI) (250 μg/L) mono Cr(VI) (250 μg/L) & PO43- (8 mg/L) mono 

Cr(VI) (250 μg/L) & NO3- (5 mg/L) mono Cr(VI) (250 μg/L) & NO3- (50 mg/L) mono 



 ADSORPTION SIMULATION OF Cr(VI) AND INORGANIC      Athanasios S. Bouras 
 CONTAMINANTS      

 

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

 141  

Table 6.7 Reactions and their corresponding values of adsorption constants (logK) applied at the DLM. 

Reactions 

logK PSIo Reference 
No. 

Reactants 
 

Products 

Soil Ligand 1 Ligand 2 
 

Product 1 Product 2 

1 SOH 
  

↔ SO- H+ -9 -1 Goldberg et al., 
2007 2 SOH H+ 

 
↔ SOH2

+ 
 

4.2 1 

3 SOH Na+ 
 

↔ SONa H+ -9.29 0 Ermakova et al., 
2001 4 SOH Cl- H+ ↔ SCl H2O 8.43 0 

5 SOH PO4
3- H+ ↔ SPO4

2- H2O 18 -2 
Mathur & 

Dzombak, 2006 
6 SOH PO4

3- 2H+ ↔ SΗPO4
- H2O 22 -1 

7 SOH PO4
3- 3H+ ↔ SΗ2PO4 H2O 30 0 

8 SOH NO3
- H+ ↔ SNO3 H2O 8.8 0 

Goldberg et al., 
2007 

Inner sphere & Monodentate Complexation 

9 SOH CrO4
2- 2H+ ↔ SHCrO4 H2O 16.2 0 Mathur & 

Dzombak, 2006 10 SOH CrO4
2- H+ ↔ SCrO4

- H2O 10.25 -1 

 

Adsorption simulation using the 2pk-DLM model included the simulation of experimental data 

obtained by the batch series experiments investigating the effect of ionic strength and pH on 

Cr(VI) adsorption and the effect of pH on inorganic contaminants adsorption. In general, the 

2pk approach is expected to provide better fitting compared to 1pk approach, which gives 

poorer fitting to experimental results (Lutzenkirchen, 1998). The following diagrams represent 

the best results obtained during simulation results using the 2pk-DLM model and are referred 

to solid concentration equal to 1.5 g/L. It is obvious that the 2pk-DLM model cannot predict 

with good accuracy neither the adsorption of Cr(VI) (Figure 6.15) nor of phosphates (Figure 

6.16), and consequently not the competitive adsorption effects between these contaminants, 

on the ophiolitic soil (Figures 6.16 and 6.18).  

 

 
Figure 6.15 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 μg/L) using the 

DLM model for solid concentration equal to 1.5 g/L. 
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These observations are in accordance with the findings of other studies regarding Cr(VI) 

adsorption mechanisms on amorphous soil oxides (Zachara et al., 1987; Ainsworth et al., 1989; 

Mesuere & Fish, 1992; Villalobos et al., 2001; Xie et al., 2015). The inability of 2pk-DLM to 

simulate Cr(VI) adsorption process (Figure 6.15), both in terms of pH and ionic strength, can be 

attributed to the fact that Cr(VI) probably forms both inner and outer sphere complexes (as 

observed by applying the TLM) upon adsorption on the ophiolitic soil and not exclusively inner 

sphere, as assumed applying the DLM model. This assumption was verified by Veselská et al. 

(2016) mentioning that despite EXAFS analyses verified the formation of inner sphere 

complexes (in higher percentage monodentate complexes and less as bidentate) the 

application of DLM could not simulate Cr(VI) adsorption since the contribution of outer sphere 

complexes should be taken into account. In addition, as mentioned above, the DLM is affected 

by the background electrolyte and, thus, by the ionic strength of the solution. Dzombak and 

Morel (1990) reported an approach for applying the DLM to higher concentrations up to 0.1M 

since its fitness to higher ionic strengths was not satisfied. Hayes et al (1991) also mentioned 

that in the DLM model only one parameter can significantly affect the shape of the curve and 

this is the logK+ and logK-, for pH values lower and higher than the pHPZC, respectively. Thus, it 

is expected that the fitting to experimental values is poorer in a wide range of ionic strengths.  

 

As regarding phosphates, the formation of inner-sphere complexes of phosphate with the 

hydrous ferric oxides surface has been reported by several studies (Torrent et al., 1990; 

Persson et al., 1996; Torrent and Delgado, 2000; Saha and Streat, 2005; Mengistu et al., 2015). 

Persson et al (1996) based on spectroscopic evidence reported that orthophosphates are 

adsorbed on hydrous ferric oxide surface by forming monodentate complexes like, >FeO-

H2PO4, >FeO-HPO4
- and >FeO-PO4

2-, where phosphates are bound to a low-energy proton-

exchangeable surface site. Hoell and Kalinichev (2004) further verified this fact by mentioning 

the little contribution of bidentate or bridging complexes. However, as shown at Figure 6.16, 

the application of 2pk-DLM, using surface complexation reactions which correspond to only 

monodentate complexes, for describing the adsorption of phosphates on the ophiolitic soil is 

inadequate. Similar results have been published by Mengistu et al. (2015) showing that the 

DLM based on the above mentioned monodentate complexes fairly describes the adsorption 

of phosphates in a wide pH range. On the other hand Mao et al. (2016) showed that DLM could 

simulate with good accuracy the adsorption of phosphates on hydrous ferric oxides. The 

application of DLM for simulating phosphate adsorption on modified clays with NaCl, CaCl2 and 

FeCl3 was also investigated by Moharami and Jalali (2015).  
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Figure 6.16 Adsorption simulation of PO4

3-
 (8 mg/L) in the presence (250 μg/L) and absence of Cr(VI) 

using the DLM model for solid concentration equal to 1.5 g/L. 

 

As previously discussed, nitrates adsorption is thought to be based on the formation of outer 

sphere complexes. Although, the 2pk-DLM did not expect to simulate the adsorption 

phenomenon since it considers all complexes to be formed in the inner layer, the results 

showed very good accuracy. Adsorption simulation was performed using equation No. 8 (Table 

6.7), which was created assuming inner sphere complexation and the logK value used was 

equal to 8.8. This value is similar to that referred in the literature for nitrates adsorption. As 

observed from Figure 6.17, simulation was performed with satisfactory results. Thus, further 

research maybe required in order to identify the types of surface complexes that nitrates form 

with the surface of amorphous oxides and about the ability of 2pk-DLM to predict their 

adsorption. 
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Figure 6.17 Adsorption simulation of nitrates (5 and 50 mg/L) in the presence (250 μg/L) and absence of 

Cr(VI) using the DLM model for solid concentration equal to 1.5 g/L. 

 

Finally, the application of the 2pk-DLM for predicting the competitive adsorption effects 

between Cr(VI) and the inorganic contaminants is shown at Figure 6.18. Experimental data 

were poorly simulated applying this model, especially in the case of binary systems with 

chromates and phosphates in the aqueous solution.  

 

 
Figure 6.18 Simulation of competitive adsorption of Cr(VI) with inorganic contaminants using the DLM. 
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6.1.5 Application of the Constant Capacitance Model 

 

The Constant Capacitance Model (CCM) is based on the formation of inner sphere complexes 

either monodentate or bidentate. Thus, using the CCM model, is possible to regulate/optimize 

fewer parameters than in TLM, since fewer surface complexation reactions are introduced into 

the database. Table 6.8 presents the reactions used for the adsorption database set up and 

their corresponding logK values which exhibited the optimum results applying the 2pk-CCM 

model, as it will be shown in the following paragraphs. A literature review (Table A3.4, 

Appendix III) verified that the logK values obtained in this study are similar with those 

presented by other studies for the case of applying the CCM model in order to simulate the 

adsorption of the tested contaminants. As shown at Table 6.8 surface complexation of 

chromates is based on the formation of both monodentate and bidentate inner sphere 

complexes. This scenario gave the best results during simulation. In addition, the following 

three cases were tested regarding the surface complexes able to be formed: 

1. Formation of exclusively monodentate (mono-protonated) complexes (Reaction 10) 

2. Formation of exclusively bidentate complexes (Reaction 11) 

3. Formation of both monodentate (mono-protonated) and bidentate complexes 

(Reactions 10 & 11) 

All these scenarios were tested for each case of solid concentration mentioned above, but 

none of them verified the experimental data.  

 

Table 6.8 Reactions and their corresponding values of adsorption constants (logK) applied at the CCM. 

Reactions 

logK PSIo Reference 
No. 

Reactants 
 

Products 

Soil Ligand 1 Ligand 2 
 

Product 1 Product 2 

1 SOH 
  

↔ SO- H+ -9 -1 Goldberg et 
al., 2007 2 SOH H+ 

 
↔ SOH2

+ 
 

4.2 1 

3 SOH Na+ 
 

↔ SONa H+ -9.29 0 Grossl et al., 
1997 4 SOH Cl- H+ ↔ SCl H2O 8.43 0 

5 SOH PO4
3- H+ ↔ SPO4

2- H2O 16 -2 
Goldberg, 

1985 
6 SOH PO4

3- 2H+ ↔ SΗPO4
- H2O 23.1 -1 

7 SOH PO4
3- 3H+ ↔ SΗ2PO4 H2O 29.8 0 

8 SOH NO3
- H+ ↔ SNO3 H2O 8.7 0 

Goldberg et 
al., 2007 

Inner sphere & Bidentate or Monodentate Complexation 

9 SOH CrO4
2- 2H+ ↔ SHCrO4 H2O 16.2 0 

Grossl et al., 
1997 

10 SOH CrO4
2- H+ ↔ SCrO4

- H2O 10.2 -1 

11 2SOH CrO4
2- 2H+ ↔ S2CrO4 2H2O 10 0 

 

Adsorption simulation using the 2pk-CCM model included the simulation of experimental data 

obtained by the batch series experiments investigating the effect of ionic strength and pH on 

Cr(VI) adsorption and the effect of pH on inorganic contaminants adsorption. As in the case of 

using the 2pk-DLM, simulation was performed using the highest solid concentration equal to 
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1.5 g/L without verifying satisfactorily the experimental data. The following diagrams 

represent the best modeling results obtained using the 2pk-CCM model.  

 

Contrary to DLM, the application of the CCM is restricted to constant ionic strength values due 

to the formation of charge-potential relationship. The interfacial potential is not dependent on 

ionic strength alterations and as a result the CCM surface equilibrium constants must be 

changed by changing ionic strength during simulation. In addition, CCM application is limited 

to high ionic strength values as mentioned by Hayes et al. (1991). As regarding the weakness of 

CCM over TLM to simulate Cr(VI) adsorption process it can be attributed to the fact that Cr(VI) 

probably forms both inner and outer sphere complexes when adsorbed and not just inner 

sphere, as considered applying the CCM model (Goldberg, 2014). However, in our case CCM 

predicted with relatively good accuracy Cr(VI) adsorption on the ophiolitic soil in the case of 

using the low ionic strength value (I=0.01M). Using the same logK values, while increasing the 

ionic strength value, adsorption simulation was not efficient for pH values lower than 5.  

 

 
Figure 6.19 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 μg/L) using the 

CCM model for solid concentration equal to 1.5 g/L. 

 

As regarding adsorption of phosphate Goldberg was the first researcher used the CCM for 

describing adsorption of orthophosphates by non calcareous mineral soils. The results showed 

that CCM simulated with accuracy the orthophosphate adsorption taking into account the 

effect of pH. At another study Goldberg and Sposito (1984) showed that CCM was qualitatively 

able to predict phosphate adsorption on soil using an average set of anion surface 

complexation constants obtained from numerous soils. In the case of ophiolitic soil adsorption 

of phosphates is not sufficiently predicted applying the 2pk-CCM especially at acidic pH values 

(Figure 6.20).  
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Figure 6.20 Adsorption simulation of PO4

3-
 (8 mg/L) in the presence (250 μg/L) and absence of Cr(VI) 

using the CCM model for solid concentration equal to 1.5 g/L. 

 

Regarding nitrate adsorption simulation, similarly to the case of using the DLM model, the 

CCM supports only the formation of inner sphere complexes. The addition of equation No. 8 

(Table 6.8), in order to describe the adsorption behavior of nitrates, with logK value equal to 

8.7, verified with high accuracy nitrate ions adsorption on the ophiolitic soil (Figure 6.21). 

 

 
Figure 6.21 Adsorption simulation of nitrates (5 and 50 mg/L) in the presence (250 μg/L) and absence of 

Cr(VI) using the CCM model for solid concentration equal to 1.5 g/L. 
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Despite the application of 2pk-CCM predicted with good accuracy the adsorption of 

contaminants in single anion solutions, this was not verified in the case of using binary 

contaminants solution. The 2pk-CCM was not capable of predicting the adsorption behavior of 

Cr(VI) especially in the presence of phosphates in the soil solution (Figure 6.22). 

 

 
Figure 6.22 Simulation of competitive adsorption of Cr(VI) with inorganic contaminants using the 2pk-

CCM. 

 

6.2 Adsorption simulation of Cr(VI) on goethite 

 

Adsorption modeling of the experimental data of Cr(VI) adsorption on goethite was performed 

using Visual Minteq v.3.1 software (Gustafsson, 2013). The three adsorption models based on 

surface complexation reactions, the TLM, the DLM and the CCM models were used for 

simulation of the experimental data as in the case of using the ophiolitic soil. The acceptable 

deviation between the experimental data and the modeling results was determined to ±5%, in 

order to evaluate simulation as satisfactory and thus to accept the values of surface 

complexation constants. 

 

The parameters used for simulation of experimental data by applying the aforementioned 

models are provided at Table 6.9. The total SSA determined by the N2/BET adsorption method 

and was equal to 9.09 m2/g. The relatively low SSA measured in the tested goethite can be a 

result of the synthesis process since factors such as aggregation caused by ageing and 

freezing–thawing temperatures as well as the presence of CO2 during synthesis can affect the 

surface area value (Mengistu et al., 2015). 
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Table 6.9 Parameters used for simulating adsorption on goethite applying the TLM model 

Adsorption model 2-pk TLM 

SSA (m2/g) 9.09 

Inner capacitance (F/m2) 1.4 

Outer capacitance (F/m2) 0.2 

Site density (nm-2) 2.3 

Solid concentration (g/L) 10 

 

The chemical and physical properties of soil iron oxides, like goethite, are thought to be more a 

function of their surface area than of their mineralogical form. A possible factor able to 

determine the low value of surface area of the tested goethite is its degree of crystallinity 

(Borggaard, 1983). The interpretation of term “crystallinity” regards the crystal size 

distribution and the structural perfections. The crystallinity is reflected by the surface area 

value with the better crystallized solids exhibiting lower SSA (Strauss et al, 1997). In addition, 

low degree of crystallinity facilitates the incorporation of foreign elements in the crystal lattice 

due to structural imperfections. Thus, "high defect materials" behave like "poorly crystalline 

materials". Poorly crystalline goethite is considered to incorporate several elements in its 

structure such as nickel, chromium and especially aluminum. 

 

In the geoenvironment crystallinity is affected by a number of factors and, thus, can vary 

vertically as well as laterally at soil profiles. More specifically, goethite that occurs in laterites 

exhibits decreasing crystallinity with increasing depth. On the other hand serpentinitic 

minerals exhibit the lowest crystallinity at topsoils, which present higher degree of weathering. 

Specifically for serpentine minerals the decreasing crystallinity depends also on the degree of 

decomposition but in general its determination is more complicated due to different genetic 

types, different polymorphs and changes during progressive weathering (Kuhnel, 1975). Taking 

into account these data the presence of goethite or generally iron oxides in deep serpentinitic 

profiles can be considered of high crystallinity due to low weathering. Thus, the low surface 

area goethite selected for this study aimed at a) simulating the goethite that may occurs in 

ophiolitic complexes or/and b) simulating the low surface area serpentinitic minerals that may 

contribute to anions adsorption. In addition, high crystallinity and low surface area of goethite 

affects the time needed for accomplishing the adsorption process, since well crystallized solid 

minerals is thought to need about one day to adsorb anions like chromates and phosphates 

(Torrent et al., 1990; Strauss et al, 1997). This range of time is similar to that used in the batch 

experiments of this study.  

 

6.2.1 Application of the Triple Layer Model 

 

Firstly, adsorption simulation was performed applying the TLM surface complexation model. 

The parameters used for applying the TLM model are provided at Table 6.9. The reactions used 

for data simulation are presented at Table 6.10. A literature review (Table A3.2., Appendix III) 

verified that the logK values obtained in this study are similar with those presented by other 

studies for the case of applying the TLM model in order to simulate the adsorption of the 

tested contaminants on goethite. The PSIo and PSIb parameters represent the Boltzman’s 
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factor and referred to the o- and β- surface planes, respectively. Their values were calculated 

according to the equations provided by Goldberg et al. (2007) regarding the TLM model and 

the formation of outer and inner sphere complexes. 

 

Table 6.10 Reactions used at the TLM model for simulating adsorption on goethite. 

Reactions 

Log K PSIo PSIb 
No. 

Reactants   Products 

Solid Ligand 1 Ligand 2   Product 1 Product 2 

1 FeOH 
  

↔   H+ -9 -1 
 

2 FeOH H+ 
 

↔ FeOH2
+ 

 
4.2 1 

 
3 FeOH Na+ 

 
↔ FeONa H+ -9.29 -1 1 

4 FeOH Cl- H+ ↔ FeOH2Cl 
 

8.43 1 -1 

5 FeOH PO4
3- H+ ↔ FeOPO3

2- H2O 15.5 -2  

6 2FeOH PO4
3- 2H+ ↔ Fe2O2PO2

- 2H2O 20 -1 
 

7 2FeOH PO4
3- 3H+ ↔ Fe2O2POOH 2H2O 33 0 

 
8 FeOH NO3

- H+ ↔ FeOH2NO3 
 

9.8 1 -1 

1st scenario for bidentate modeling 

9 2FeOH CrO4
2- 2H+ ↔ Fe2CrO4 2H2O 14 0 

 
10 FeOH CrO4

2- 2H+ ↔ FeOH2-HCrO4 
 

19.9 1 -1 

11 FeOH CrO4
2- H+ ↔ FeOH2CrO4

- 
 

10 1 -2 

2nd scenario for monodentate modeling 

12 FeOH CrO4
2- H+ ↔ FeCrO4

- H2O 12.1 -1 
 

13 FeOH CrO4
2- 2H+ ↔ FeOH2-HCrO4 

 
19.9 1 -1 

14 FeOH CrO4
2- H+ ↔ FeOH2CrO4

- 
 

10 1 -2 

 

Effect of pH and ionic strength of the soil solution on Cr(VI) adsorption 

 

Two different scenarios were investigated in this study regarding the formation of inner sphere 

complexes of chromates on the goethite surface. At the first scenario the formation of 

bidentate complexes was assumed (reactions No. 9 - 11), while at the second one only 

monodentate complexes (reactions No. 12 - 14) were taken into account. The rest of the 

reactions were kept constant in both cases.  

 

The strong pH dependence (Figure 6.23) suggests that Cr(VI) adsorption is based on the 

formation of inner sphere complexes. On the other hand, the decrease of adsorption efficiency 

with increasing ionic strength indicates the formation of outer sphere complexes of chromates 

with the goethite surface. The effect of ionic strength is used for determining the formation of 

outer sphere complexes, since it can affect the thickness of the double layer and thus the 

anions binding. In this study the decrase is probably attributed to the fact that chromates are 

placed in the same plane with clorides of the background electrolyte (Goldberg et al., 2007; 

Ajouyed et al., 2010). Taking into account the experimental data the formation of both inner 
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and outer sphere complexes is possible. The formation of both inner and outer sphere 

complexes of chromates with surface sites of goethite has also been mentioned by 

Weerasooriya and Tobschall (2000). The difference between inner- and outer-sphere 

complexes can be distinguished by the effects of ionic strengths on the adsorption edges 

(Hayes and Leckie, 1987). In this study, the application of TLM simulated with very good 

accuracy (Figure A1.13) the experimental data when considering that chromates form 

bidentate complexes with the goethite surface. In addition, these results indicate that the 

increase of the ionic strength affects the formation of bi- or mono- dentate complexes.  

 

 
Figure 6.23 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 μg/L) by goethie 

using the TLM.  

 

Similar results regarding adsorption of chromates on goethite have been reported by several 

studies (Hayes and Leckie, 1987; Mesuere and Fish, 1992; Fendorf et al., 1997; Weerasooriya 

and Tobschall, 2000; Xie et al., 2015). Hayes and Leckie (1987) reported that the pH50 (pH 

corresponding to 50% adsorption) value of Cr(VI) adsorption was slightly shifted by 0.4 units 

lower for increasing the concentration of background electrolyte 2 orders of magnitude. In 

addition, Xie et al. (2015) recently reported EXAFS data proving the formation of inner sphere 

mono- or bi- dentate complexes with the goethite surface. Determining the Fe – Cr distance 

they concluded that chromate occurs via the formation of three different surface complexes, a 

monodentate complex, a bidentate binuclear complex, and a bidentate – mononuclear 

complex. They also suggested that each complex was favorably formed depending on the 

initial concentration of chromate and thus the surface coverage of the oxide. However, they 

assumed only inner sphere complexes monodentate or bidentate in order to simulate 

chromate adsorption (Figure 6.24).  
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Source: (Xie et al., 2015) 

Figure 6.24 Scheme of the formation of inner sphere complexes on the goethite/water interface. 

 

Effect of pH and Cr(VI) concentration on phosphates adsorption 

 

As mentioned above, phosphates adsorption on goethite is based on ligand exchange 

mechanism and thus inner sphere monodentate (reaction No. 5, Table 6.10) and bidentate 

(reactions No. 6 and 7, Table 6.10) complexes are considered to be formed on the goethite 

surface. 

 

Spectroscopic evidence have shown that phopshates form mainly bidentate and monodentate 

complexes for pH < 8 and pH > 8, respectively (Antelo et al., 2005; Chitrakar et al., 2006). These 

evidence were supported by the present study since the effect of the reactions No. 6 and 7 

during simulation of the experimental results was more signficant. In addition, phosphates 

adsorption was not affected by the formation of either monodentate or bidentate complexes 

of chromates (Figure A1.14). Only a very slight decrease when using 8 mg/L phosphates and 

considering that chromates form exclusively monodentate complexes was observed (Figure 

6.25). This is possibly an indication that the adsorption sites are limited and possible 

competition between chromates and phosphates occurs. Boukemara and Boukhalfa (2012) 

mentioned that the presence of chromates in the goethite solution caused the formation of 

inner sphere complexes of phosphates instead of some outer sphere complexes formed during 

the absence of chromates. In addition, regarding the effect of different structural properties as 

discussed previously, Torrent et al. (1990) reported that the amount of phosphate adsorbed at 

different types of goethite, was similar and not affected by the crystal faces of goethite, since 

different crystal faces exhibited similar adsorption capacities.  
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Figure 6.25 Adsorption simulation of PO4

3-
 (8 mg/L) in the presence (250 μg/L) and absence of Cr(VI) 

using the TLM.  

 

Adsorption of orthophosphates on hydrous iron oxides like goethite has been widely studied 

and used for the development of surface complexation models for anions. However, the 

reactions that used during simulation with a surface complexation model (SCM) are actually 

less complicated than those that occur during adsorption of phosphate on the goethite surface 

(Hongshao and Stanforth, 2001). Tejedor-Tejedor and Anderson (1990) were of the first 

studies using CIR-FTIR spectroscopy for investigating the phosphate adsorption on goethite 

and concluded that phosphate form three different inner-sphere surface complexes, a 

monodentate non protonated complex, and two bidentate complexes, one protonated and 

one non protonated. Antelo et al., (2005) studied the combined effects of pH and ionic 

strength on phosphate adsorption. The results showed higher adsorption efficiency in acidic 

media at most ionic strengths tested, and lower phosphate adsorption in alkali pH values and 

low ionic strengths. Simulation of the experimental data using the CD-MUSIC model, which 

exhibits similarities with the TLM, showed good fitting with the experimental data. Simulation 

showed the presence of three inner-sphere surface complexes (monodentate non-protonated, 

bidentate non-protonated, and bidentate protonated). Figure 6.26 represents the structure of 

the protonated monodentate (upper) and bidentate (lower) phosphate surface species. 
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Source: (Weng et al., 2012). 

Figure 6.26 Representation of the structure of the protonated monodentate (upper) and bidentate 

(lower) phosphate surface species on goethite. 

 

The formation of inner sphere complexes of phosphates was further verified by other studies. 

Luengo et al. (2006) performed ATR-IR experiments in order to identify the surface 

complexation species formed between phosphate and the goethite surface. The results 

showed that at acidic pH values two complexes were formed the bidentate non protonated 

(FeO)2PO2 and the bidentate protonated (FeO)2(OH)PO. At higher pH values and specifically at 

the pH range 7.5 to 9 the dominating complex is (FeO)2PO2. Rahnemaie et al. (2007) observed 

the presence of two dominant surface species related to the pH values and the concentration 

of phosphate using in situ IR spectroscopy. A non-protonated bidentate complex which is 

dominant over a broad pH range. More specifically, for low pH and high loading, a strong 

contribution of a singly protonated monodentate complex is observed. At higher pH values a 

non-protonated bidentate complex (Fe2O2PO2) is considered to be the main complex in the 

neutral pH range. Finally, Wang et al., (2013) using spectroscopic evidence reported that 

phosphates are adsorbed on iron (hydr)oxides mainly as bidentate complexes. More 

specifically protonated [(FeO)2(OH)PO] and unprotonated [(FeO)2PO2] binuclear bidentate 

complexes are thought to be the main surface species, with few monodentate complexes 

existing at high pH values. All these complexes referred above as potentially formed 

complexes, have been used for the simulation of the results of this study.  

 

Effect of pH and Cr(VI) on nitrates adsorption 

 

In the case of nitrates it is expected that they form outer sphere complexes (reaction No. 8) 

since the adsorption mechanism is based on electrostatic attractions. As shown at Figure 6.27 

and verified by Figure A1.15, the TLM simulated with good accuracy the low adsorption 

percentage of nitrates. The absence of any competitive effect of nitrate with chromates was 

also verified during simulation. 
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Figure 6.27 Adsorption simulation of nitrates (50 mg/L) in the presence (250 μg/L) and absence of Cr(VI) 

using the TLM. 

 

Despite nitrates are common groundwater contaminants there are only few studies that have 

tried to model adsorption of nitrates on goethite using surface complexation models. One of 

them performed by Zachara et al. (1987) used the TLM model in order to simulate adsorption 

of nitrates. The nitrate complex was assumed to be the FeOH2NO3 and the results showed that 

adsorption of nitrates could be efficiently simulated through TLM. The high concentration of 

nitrate (0.1M) was thought to be the driving force of adsorption taking into account that the 

adsorption constant was relatively low (logKNO3-=7.5). On the contrary the concentration of 

nitrates used in this study was very low (50 mg/L) compared to that mention in Zachara et al 

work.  

 

Effect of pH and inorganic ions on Cr(VI) adsorption 

 

The effect of inorganic contaminants on Cr(VI) adsorption was simulated using the TLM as 

shown at Figure 6.28. The effect of both phosphate and nitrates was efficiently simulated using 

the TLM model keeping constant the values of surface complexation constants for each 

contaminant as presented in Table 6.10. Best verification of experimental data observed in the 

case of using bidentate complexes for simulating Cr(VI) adsorption (Figure A1.16). The effect of 

initial concentration in the case of phosphate was also verified by the TLM, since no 

competitive effects were observed in the case of low concentration of phosphate. In the case 

of nitrates significant competitive effects were observed probably due to the relative high 

concentration of nitrates compared to chromates.  
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Figure 6.28 Simulation of competitive adsorption of Cr(VI) with inorganic contaminants using the TLM. 

 

The competitive effects of phosphates on adsorption of chromates have been reported by 

several studies. Phosphates exhibit higher specific affinity for goethite than chromates. The 

less significant effect of other contaminants such as chlorides and nitrates compared to that of 

phosphate is attributed to the decrease of electrostatic potential near the surface of a particle, 

which further leads to weaker adsorption via nonspecific processes (Schroth 1990). There are 

not any studies regarding the application of TLM for predicting the possible competition 

between phosphate and chromate. Only a recent study by Xie et al (2015), who applied the 

CD-MUSIC model, predicted with good accuracy the inhibition caused by phosphates on 

chromates adsorption. However, in that study chromates were assumed to form exclusively 

inner sphere complexes and not both inner and outer sphere as in the present study.  

 

Sensitivity analysis of inner capacitance 

 

In the present study the value of inner capacitance C1 is considered as 1.4 F/m2, while that of 

outer capacitance C2 equal to 0.2 F/m2. These values have been mostly referred in the 

literature for surface complexation modeling when using goethite as adsorbent. In order to 

quantify the model's sensitivity on Cr(VI) adsorption due to inner capacitance parameter, C1 

values between 0.8 and 2.0 F/m2 were used. According to the literature, the minimum and 

maximum values that have been used during adsorption of chromates on goethite are in the 

range 0.8 and 2.0 F/m2 (Hayes et al., 1991; Sverjensky, 2001; Villalobos et al., 2001). Figure 

6.29 presents the results of sensitivity analysis of inner capacitance (C1) on Cr(VI) adsorption as 
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obtained by applying the TLM model. The simulation was performed using 250 μg/L Cr(VI) at a 

soil solution of 0.01 M ionic strength, assuming the formation of bidentate complexes between 

chromates and the goethite surface. The selection of only bidentate complexes was due to fact 

that the best simulation results were observed as mentioned above. As shown at Figure 6.27, 

the TLM model does not exhibit high sensitivity to Cr(VI) adsorption during the alteration of 

inner capacitance in the range 0.8 to 2 F/m2. Therefore we can conclude that inner capacitance 

does not play a dominant role on adsorption simulation during the application of TLM model 

for the description of Cr(VI) adsorption on goethite. 

 

 
Figure 6.29 Sensitivity analysis of the inner capacitance parameter on Cr(VI) adsorption by goethite 

using the TLM. 

 

The effect of C1 capacitance on Cr(VI) adsorption was also tested by Sverjenksy (2001) using 

goethites with low surface area, below 50 m2/g. The results showed that goethites with BET 

surface areas lower than 50 m2/g, do not present significant variations on adsorption due to 

alteration of C1 value since they do not seem to have anomalously high surface charge and 

capacitance characteristics. Similar results have been reported by Hiemstra and van 

Riemsdijk (1991).  

   

6.2.2 Application of the Diffuse Layer Model 

 

The DLM surface complexation model was also applied in order to simulate the results of batch 

experiments. Table 6.11 presents the necessary parameters for applying the DLM model.  

 

Table 6.11 Parameters used for simulating adsorption on goethite applying the DLM. 

Adsorption model 2-pk DLM 

SSA (m2/g) 9.09 

Site density (nm-2) 2.3 

Solid concentration (g/L) 10 
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Table 6.12 presents the reactions used for data simulation. A literature review (Table A3.3, 

Appendix III) verified that the logK values obtained in this study are similar with those 

presented by other studies for the case of applying the DLM model in order to simulate the 

adsorption of the tested contaminants on goethite. The PSIo parameter represents the 

Boltzman’s factor and refers to the o- surface plane. The PSIo value was calculated according to 

the equations provided by Goldberg et al. (2007) regarding the DLM model and the formation 

of inner sphere monodentate complexes. 

 

Table 6.12 Reactions used at the DLM model for simulating adsorption on goethite. 

Reactions 

logK PSIo 
No. 

Reactants   Products 

Solid Ligand 1 Ligand 2   Product 1 Product 2 

1 FeOH     ↔ FeO- H+ -9 -1 

2 FeOH H+   ↔ FeOH2
+   4.2 1 

3 FeOH Na+   ↔ FeONa H+ -9.29 0 

4 FeOH Cl- H+ ↔ FeCl H2O 8.43 0 

5 FeOH PO4
3- H+ ↔ FePO4

2- H2O 18 -2 

6 FeOH PO4
3- 2H+ ↔ Fe2O2PO2

- H2O 26 -1 

7 FeOH PO4
3- 3H+ ↔ Fe2O2POOH H2O 32 0 

8 FeOH NO3
- H+ ↔ FeNO3 H2O 9 0 

9 FeOH CrO4
2- 2H+ ↔ FeHCrO4 H2O 19.5 0 

10 FeOH CrO4
2- H+ ↔ FeCrO4

- H2O 12 -1 

 

Effect of pH and ionic strength of the soil solution on Cr(VI) adsorption 

 

The effect of pH and ionic strength on Cr(VI) adsorption was not well simulated using the DLM, 

as shown at Figure 6.30. The highest deviations occur in the pH range 7.5 to 8 for both values 

of ionic strength tested. Better simulation results but not sufficient were observed for the case 

of using ionic strength equal to 0.01M. 
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Figure 6.30 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 μg/L) using the 

DLM. 

 

Contrary to the results of this study, the effective application of DLM for describing Cr(VI) 

adsorption has been reported by Mesuere and Fish (1992). However, the effective simulation 

was performed for Cr(VI) concentration in the range of some mg/L. For concentrations lower 

than 2 mg/L the model prediction was very poor.  

 

Effect of pH and Cr(VI) on phosphates adsorption 

 

The effect of pH and chromates on phosphates adsorption simulated by DLM is presented in 

Figure 6.31. The application of DLM showed that no competitive effects were created on 

phosphate adsorption due to the presence of chromates. In the case of using 8 mg/L 

concentration of phosphate, the deviation was significant for pH values higher than 8.5. In the 

case of the lower concentration (250 μg/L) the deviation between experimental and modeling 

results was significantly greater for pH values higher 8.   
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Figure 6.31 Adsorption simulation of PO4

3-
 in the presence (250 μg/L) and absence of Cr(VI) using the 

TLM. 

 

The application of DLM for simulating the adsorption of phosphate was also performed by two 

other studies (Mengistu et al., 2015; Mao et al., 2016). Mengistu et al. (2015) using hydrous 

ferric oxides as adsorbent used 2pk-DLM model in order to simulate phosphate adsorption. 

Considering the formation of inner sphere monodentate complexes, poor simulation was 

observed using a concentration of phosphates about 5 mg/L. On the other hand, better results 

were reported by Mao et al (2016) using lower concentration of phosphate in the range of 0.3 

– 1.2 mg/L phosphate. 

 

Effect of pH and Cr(VI) on nitrates adsorption 

 

The effect of pH and chromates on nitrate adsorption was simulated by DLM and the results 

are presented in Figure 6.32. As has been discussed in previous sections nitrates adsorption is 

thought to be based on the formation of outer sphere complexes. Although, the 2pk-DLM did 

not expect to simulate the adsorption phenomenon since it considers all complexes to be 

formed in the inner layer, the results showed very good accuracy. This is obviously the reason 

for why no other studies have used the DLM for simulating the adsorption of nitrates on 

goethite but is interesting to investigate why the DLM can accusatively predict the adsorption 

of nitrates. The same observation was made in the case of using the ophiolitic soil as 

adsorbent (Section 6.1.4). 
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Figure 6.32 Adsorption simulation of nitrates (50 mg/L) in the presence (250 μg/L) and absence of Cr(VI) 

using the DLM. 

 

Effect of pH and inorganic ions on Cr(VI) adsorption 

 

The effect of the above mentioned inorganic contaminants on Cr(VI) adsorption simulation 

using the DLM is presented at Figure 6.33. The DLM simulated with poor accuracy the 

adsorption of chromates in the simultaneous presence of either phosphates or nitrates in the 

aqueous phase. In this point it must be mentioned that no other studies occur in the literature 

regarding the application of DLM for simulating any competitive effects for the adsorption of 

chromates with phosphates or nitrates. 

 

0

5

10

15

20

25

30

35

40

45

50

3,0 3,5 4,0 4,5 5,0 5,5 6,0 6,5 7,0 7,5 8,0 8,5 9,0 9,5

%
 n

it
ra

te
s 

 a
d

so
rp

ti
o

n
 

pH 

NO3- (50 mg/L) NO3- (50 mg/L) + Cr(VI) (250 μg/L) 

NO3- (50 mg/L) DLM NO3- (50 mg/L) + Cr(VI) (250 μg/L) DLM 



 ADSORPTION SIMULATION OF Cr(VI) AND INORGANIC      Athanasios S. Bouras 
 CONTAMINANTS      

 

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

 162  

 
Figure 6.33 Simulation of competitive adsorption of Cr(VI) with inorganic contaminants using the DLM. 

 

Overall the application of DLM did not simulate efficiently the adsorption of chromates or of 

the other inorganic contaminants or any possible competitive adsorption effects among them.  

 

6.2.3 Application of the Constant Capacitance Model 

 

The CCM surface complexation model was also applied in order to simulate the results of 

batch experiments. Table 6.13 presents the necessary parameters for applying the CCM model.  

 

Table 6.13 Parameters used for simulating adsorption on goethite applying the CCM. 

Adsorption model 2-pk CCM 

SSA (m2/g) 9.09 

Inner capacitance (F/m2) 1.4 

Site density (nm-2) 2.3 

Solid concentration (g/L) 10 

 

Table 6.14 presents the reactions used for data simulation. A literature review (Table A3.4, 

Appendix III) verified that the logK values obtained in this study are similar with those 

presented by other studies for the case of applying the TLM model in order to simulate the 

adsorption of the tested contaminants on goethite. The PSIo parameter represents the 

Boltzman’s factor and refers to the o- surface plane. The PSIo value was calculated according to 

the equations provided by Goldberg et al. (2007) regarding the CCM model and the formation 

of inner sphere, both monodentate (Reactions 9 & 10) and bidentate (Reaction 11) complexes. 

As shown at Table 6.14 surface complexation of chromates is based on the formation of both 

0

10

20

30

40

50

60

70

80

90

100

3,0 3,5 4,0 4,5 5,0 5,5 6,0 6,5 7,0 7,5 8,0 8,5 9,0 9,5

%
 C

r(
V

I)
  a

d
so

rp
ti

o
n

 

pH 
Cr(VI) (250 μg/L)  Cr(VI) (250 μg/L) + PO43- (250 μg/L)   

Cr(VI) (250 μg/L) + PO43- (8 mg/L)   Cr(VI) 250 μg/L + NO3 50 ppm  

Cr(VI) (250 μg/L) (I=0.01M) DLM   Cr(VI) (250 μg/L) + PO43- (250 μg/L) DLM 

Cr(VI) (250 μg/L) + PO43- (8 mg/L) DLM  Cr(VI) (250 μg/L) + NO3- (50 mg/L) DLM 



 ADSORPTION SIMULATION OF Cr(VI) AND INORGANIC      Athanasios S. Bouras 
 CONTAMINANTS      

 

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE 
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING 

 163  

monodentate and bidentate inner sphere complexes. This scenario was that giving the best 

results during simulation compared to the three cases of complexation listed below: 

1. Formation of exclusively monodentate (mono-protonated) complexes (Reaction 10) 

2. Formation of exclusively bidentate complexes (Reaction 11) 

3. Formation of both monodentate (mono-protonated) and bidentate complexes 

(Reactions 10 & 11). 

 

Table 6.14 Reactions used at the CCM model for simulating adsorption on goethite. 

Reactions 

logK PSIo 
No. 

Reactants   Products 

Solid Ligand 1 Ligand 2   Product 1 Product 2 

1 FeOH     ↔ FeO- H+ -9 -1 

2 FeOH H+   ↔ FeOH2
+   4.2 1 

3 FeOH Na+   ↔ FeONa H+ -9.29 0 

4 FeOH Cl- H+ ↔ FeCl H2O 8.43 0 

5 FeOH PO4
3- H+ ↔ FePO4

2- H2O 15 -2 

6 FeOH PO4
3- 2H+ ↔ Fe2O2PO2

- H2O 25 -1 

7 FeOH PO4
3- 3H+ ↔ Fe2O2POOH H2O 32 0 

8 FeOH NO3
- H+ ↔ FeNO3 H2O 9 0 

9 FeOH CrO4
2- 2H+ ↔ FeHCrO4 H2O 20 0 

10 FeOH CrO4
2- H+ ↔ FeCrO4

- H2O 9 -1 

11 2FeOH CrO4
2- 2H+ ↔ Fe2CrO4 2H2O 10 0 

 

Effect of pH and ionic strength of the soil solution on Cr(VI) adsorption 

 

Adsorption simulation of chromates on goethite was performed using the CCM model and the 

results are presented at Figure 6.34. The application of CCM simulated with good accuracy the 

adsorption of chromate in the case of using 0.01 M ionic strength for the tested pH range. On 

the contrary less accuracy, observed in the case of using 0.1 M ionic strength. Taking into 

account that the decrease of adsorption efficiency is attributed to the formation of outer 

sphere complexes which cannot be simulated by the CCM model it is considered as normal the 

fact that CCM cannot predict the adsorption in the case of higher ionic strength. 
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Figure 6.34 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 μg/L) using the 

CCM. 

 

The application of CCM for simulating the adsorption of chromate as inner sphere bidentate 

surface complex was performed by Grossl et al. (1997) with the results not exhibiting 

significant accuracy for neither of the two ionic strengths (0.01 and 0.1 M as NaNO3) used in 

their study. 

 

Effect of pH and Cr(VI) on phosphates adsorption 

 

Figure 6.35 presents the results of phosphate adsorption simulation using the CCM model. The 

results showed that CCM can predict the adsorption of phosphate assuming the formation of 

inner sphere monodentate complexes. The simulation was performed with very good accuracy 

either with the presence or not of chromates. The absence of any competitive effects was also 

verified with the CCM model.  
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Figure 6.35 Adsorption simulation of PO4

3-
 in the presence (250 μg/L) and absence of Cr(VI) using the 

CCM. 

 

Two main studies have reported the application of CCM for simulating the adsorption of 

phosphate on goethite using different approaches regarding the type of surface complexes 

formed achieving both of them good accuracy of experimental data simulation. Manning and 

Goldberg (1996) mentioned the simultaneous formation of bidentate and monodentate 

surface complexes when simulating the adsorption of phosphates using the CCM. Later, Gao 

and Mucci (2001) reported the formation of three monodentate surface complexes on the 

goethite surface. In the present study, the usage of only monodentate complexes simulation 

was efficient. 

 

Effect of pH and Cr(VI) on nitrates adsorption 

 

Figure 6.36 presents the results of nitrate adsorption simulation using the CCM model. The 

results showed that CCM can simulate the low adsorption efficiency of nitrates on goethite. No 

other studies occur in the literature presenting the surface complexation of nitrates on 

goethite using CCM model. This is probably due to the inability of CCM to simulate the 

formation of outer sphere complexes which are typically considered to be formed between 

nitrates and the goethite surface. However, more research is needed in order to determine the 

exact adsorption mechanism of nitrates and why their adsorption can be simulated by the 

DLM.  
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Figure 6.36 Adsorption simulation of nitrates (50 mg/L) in the presence (250 μg/L) and absence of Cr(VI) 

using the CCM. 

 

Effect of pH and inorganic ions on Cr(VI) adsorption 

 

Despite the fact that CCM simulated the adsorption of chromates during their presence in 

single solution this was not the case in the presence of the inorganic contaminants. More 

specifically, the CCM overestimates the adsorption of chromates in the presence of 

phosphates (8 mg/L) and nitrates (50 mg/L) (Figure 6.37). In both cases it seems that the 

inorganic contaminants do not cause any competition to chromates for adsorption on the 

goethite active surface groups.  

 

 
Figure 6.37 Simulation of competitive adsorption of Cr(VI) with inorganic contaminants using the CCM. 
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Closing this sixth chapter an evaluation of the SCMs applied can lead to the conclusion that the 

TLM simulates with the highest accuracy the experimental data obtained from both ophiolitic 

soil and goethite (Table 6.15). This is probably due to the fact that TLM can predict the 

formation of both inner, monodentate and bidentate, and outer sphere complexes. 

 

Table 6.15 Evaluation of the SCMs applied in this thesis. 

Adsorbent Model Cr(VI) Cr(VI)/ PO4
3- Cr(VI)/NO3

-  PO4
3- PO4

3-/Cr(VI) NO3
- NO3

-/Cr(VI) 

Soil 

TLM Yes Yes Yes Yes Yes Yes Yes 

DLM Yes No Yes No No Yes Yes 

CCM Yes No No No No Yes Yes 

Goethite 

TLM Yes Yes Yes Yes Yes Yes Yes 

DLM No No No No No Yes Yes 

CCM No No No Yes Yes Yes Yes 

 

6.2.4 Comparison of adsorption capacity of goethite and ophiolitic soil 

 
The comparison of the adsorption capacity between goethite and ophiolitic soil is shown at 

Figure 6.38. At this figure the adsorption capacity of soil is calculated assuming that adsorption 

is attributed exclusively to the mass of iron and aluminum oxides. As it is observed goethite 

presents higher adsorption capacity than soil, indicating the higher affinity of goethite than soil 

for Cr(VI). More specifically, the adsorption capacity of goethite is about 2.5 times higher in the 

pH range 3 – 7 and then gradually decreases and almost zeroes at pH higher than 8.5. 

 

 
Figure 6.38 Comparison of the adsorption capacity of goethite and ophiolitic soil. 

 

This stronger affinity of goethite for Cr(VI) is also represented by the logK values at every 

surface complexation model applied. Adsorption simulation in the case of goethite required in 

general not much higher logK values than those used for soil (Tables A3.5 – A3.7, Appendix III). 
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7 CONCLUSIONS AND RECOMMENDATIONS 

 

7.1 Conclusions 

 

The present thesis aimed at investigating the geochemical fate of hexavalent chromium in 

ophiolitic soils and quantifying those processes, and especially adsorption, able to retard its 

transport in the aquifer. Adsorption quantification was further simulated applying surface 

complexation modeling. For achieving this goal three general stages were followed, the most 

important results of which are mentioned below. 

 

The first stage of the thesis investigated the origin and concentration profile of chromium in 

soil and groundwater in a ~100 m deep soil column of a Greek ophiolitic aquifer. Geotechnical 

and mineralogical analysis of soil samples and physicochemical analysis of soil and 

groundwater samples were carried out and led to the following conclusions: 

 

 The grain size distribution curve of the ophiolitic soil indicated that the soil is classified 

as a coarse grained soil. A more detailed analysis showed that according to ASTM 

2487-06 unified soil classification system the ophiolitic soil can be characterized as 

poorly graded sand with silty clay and gravel. 

 

 The ophiolitic geological background was directly identified by the visual observation 

of rock fragments with the characteristic green color of serpentinites. X-ray diffraction 

analysis of rock fragments and soil samples indicated that the soil column was a 

mixture of ultramafic and mafic rocks and their weathering products. Serpentine 

minerals such as antigorite, chrysotile and lizardite, as well as talc, olivines, Mg-rich 

pyroxenes and amphiboles were the predominant phases in the solid fractions. In 

addition, the presence of chromite/magnetite was observed by the X-ray diffraction 

analysis. SEM-EDS analysis further verified the occurrence of a spinel mainly covered 

by bulk serpentinized mass. 

 

 Physicochemical analysis of soil samples showed that pH increased with depth. pH is 

probably affected by organic matter and nitrification process in the top soil layers and 

by weathering processes in greater depths.  

 

 Elemental analysis showed that the tested soil was poorer in iron and aluminum, richer 

in silicon and about average in magnesium, compared with serpentine soils of other 

areas worldwide. Soil samples collected exclusively from the identified aquifers 

exhibited high concentrations of aluminum and calcium and low magnesium content, 

indicating that non-ophiolitic materials occur predominantly at the aquifers. 

 

  The relative abundance of magnesium versus aluminum strongly indicated the relative 

contribution of ultramafic versus mafic materials in the soil sample. The mafic fraction 

was coarser grained and more likely to conduct water. 
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 Total chromium concentration did not exhibit a uniform trend with depth. Initially, it 

was decreased down to 5 m depth followed by a slight increase for depths between 5 

and 10.5 m. This is consistent with the literature and is a result of weathering 

processes in the shallow unsaturated zone that favor leaching of magnesium and 

accumulation of iron, aluminum and chromium. In greater depths in the saturated 

zone (>43 m) total chromium concentration increased with increasing depth. This is 

probably attributed to the greater contribution of unweathered serpentinitic phases. 

 

 Contrary to total chromium, hexavalent chromium concentration exhibits an almost 

continuous decrease with increasing depth, with the maximum concentration (7.5 

mg/Kg) being measured in a topsoil sample and the minimum (0.7 mg/Kg) in 92.4 m 

depth. XANES analyses indicated that Mn(III)-Mn(IV) oxides, which are responsible for 

oxidation of trivalent chromium, occurred in all layers. The only plausible explanation 

for the decreased hexavalent chromium levels in deeper soil layers is the decrease of 

weathering in higher depths that render trivalent chromium less available for 

oxidation.  

 

 The concentrations of total (up to 91 μg/L) and hexavalent (up to 64 μg/L) chromium 

detected in groundwater are among the highest reported globally in aquifers with 

similar geological background.  

 

 Both total and hexavalent chromium concentrations in groundwater decreased almost 

linearly with depth. The dissolved total chromium is highly correlated with hexavalent 

chromium with the ratio of hexavalent/total chromium being higher than 83%. Such 

high ratios have also been observed in groundwater related to the presence of 

ophiolitic/ultramafic geological background. 

 

 The intense agricultural activities in the area resulted in high nitrate concentrations.  

 

The second stage of the thesis focused on investigating the sorption behavior of hexavalent 

chromium in serpentine soils and goethite by carrying out batch experiments. The most 

important conclusions are listed below for each solid material: 

 

Ophiolitic soil  

 

 Two main processes were responsible for hexavalent chromium removal, adsorption 

and reduction. The efficiency of both processes increased as pH decreased from 8.5 to 

3. More specifically for low pH values the adsorption capacity of the tested soil is 9.7 

mg/kg (pH 3.0), while for higher pH values the adsorbed hexavalent chromium 

decreases at about 80% (1.0 mg/kg για pH 8.0). This process is attributed to the 

presence of amorphous iron oxy-hydroxides in the soil. Reduction process was most 

pronounced for pH values lower than 5, contributing 50% of the removal in the pH 

range 3-7. Reduction was attributed to the presence of a magnetic fraction in the soil 

sample which includes magnetite and magnesio-chromite as primary minerals.  
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 Both processes are surface-driven with reduction being influenced by adsorption since 

partitioning of hexavalent chromium onto the solid surface is required before 

reduction takes place. 

 

 Desorption experiments revealed that hexavalent chromium adsorption is not 

completely reversible due to (a) reduction of hexavalent chromium from divalent iron; 

or/and (b) the formation of inner sphere complexes which are sufficiently stable, 

including exclusively ionic and/or covalent bonds. 

 

 Evaluation of sorption as a function of particle size showed that the finer fraction, with 

grain size less than 0.075 mm, dominated the adsorption behavior of the soil. Coarser 

fractions were also found to possess substantial adsorption capacity, related to the 

high surface area, which is uncharacteristic of most coarse soils. Thus, serpentine soils 

are found to have substantial surface porosity even in coarser fractions. 

 

 Langmuir and Freundlich isotherms fit very well the experimental data, indicating thus 

the simultaneous heterogenity of the surface sites on the serpentinitic soils and 

possibly the formation of a monolayer for hexavalent chromium adsorption. The 

resulting distribution factors may be used to describe hexavalent chromium 

retardation in transport models, either for removal (adsorption plus reduction) or 

adsorption alone, by selecting the respective datasets obtained. 

 

 Increasing the ionic strength of the solution an order of magnitude, results in 

decreasing adsorption of hexavalent chromium on soil. Specifically, for pH values in 

the range 7 - 8.5, which usually occurs in groundwater, the decrease is 77%. This 

decrease suggests that hexavalent chromium adsorption on soil is dominated by outer 

sphere complexes, which involve weak electrostatic interactions, rather than by strong 

inner sphere complexes, without excluding the simultaneous formation of both types 

of complexes. 

 

 The increase of pH decreases the adsorption of phosphates. More specifically, 

phosphate adsorption is maximized (420 mg/kg or 90% adsorption) at acidic pH values 

and minimized at pH 8.5 (60 mg/kg or 10% adsorption) 

 

 The effect of the presence of hexavalent chromium on the adsorption of phosphates is 

almost negligible. This can be either due to the high concentration of phosphate ions 

compared to the concentration of chromates, or/and due to the formation of inner 

sphere complexes of phosphate. The formation of inner sphere causes the formation 

of strong ionic and/or covalent bonds, while chromates adsorption is based on the 

formation of both inner and outer sphere complexes. 

 

 The presence of phosphates reduces significantly the adsorption of hexavalent 

chromium on soil. Adsorption efficiency decreases to 60% at pH 5, and at 93% at pH 

7.5. This is probably attributed to the competition between chromates and phosphates 

for the available surface functional groups of the soil and to the fact that adsorption of 
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phosphate reduces the positive potential of the surface and thus the electrostatic 

attraction between the surface and the negatively charged chromate anions. 

 

 Nitrates adsorption on the ophiolitic soil is very low up to 7%, while for pH values 

greater than 8 adsorption is zeroed. The increase of pH causes a small decrease at 

nitrate adsorption to the soil. The effect of hexavalent chromium on nitrate adsorption 

is almost negligible. This is possibly due to the high concentration of nitrates relatively 

to chromate. 

 

 The presence of nitrates did not affect the adsorption of hexavalent chromium, 

despite their competition for the available surface functional groups of the soil. This is 

probably due to the soil preference for adsorption of higher valence than monovalent 

ions, and to the fact that hexavalent chromium is retained more strongly than nitrate, 

forming inner sphere complexes, contrary to weak outer sphere complexes of nitrates. 

 

Goethite 

 

 The pH increase causes decrease of the adsorption capacity of goethite for hexavalent 

chromium, phosphates and nitrate ions. In particular, for pH values greater than 7, the 

adsorption efficiency decreases sharply, due to the increase of the negatively charged 

surface of goethite. This is probably due to the repulsions of chromates and other 

anions with the negatively charged surface as well as due to the competition of 

hydroxyls and other anions for the goethite surface. 

 

 Goethite is an efficient adsorbent for chromate and phosphate ions but not for 

nitrates. More specifically, the experimental results showed that goethite in acidic pH 

values adsorbs chromate and phosphate with more than 90% efficiency while in the 

case of nitrate ions in the same pH range adsorption does not exceed 10%. This is a 

result of the adsorption mechanisms of these three anions to the goethite surface. 

 

 The increase of ionic strength resulted in noticeable decrease of the adsorption of 

hexavalent chromium. This phenomenon suggests that hexavalent chromium 

adsorption to goethite consists in the formation of outer sphere complexes, which are 

based on weak electrostatic forces. 

 

 The investigation of any competitive effects between chromate and phosphate for 

adsorption to goethite showed that phosphates adsorption is not affected by the 

presence of chromates. On the contrary, an important effect on the adsorption of 

chromates, was observed in the simultaneous presence of phosphates. This is probably 

attributed to the fact that chromates, during the presence of phosphates, are mainly 

adsorbed via outer sphere complexes since phosphate are adsorbed only via inner 

sphere complexation. 

 

 The investigation of any competitive effects between chromate and nitrate during 

their adsorption on goethite showed that adsorption of chromates decreased under 
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the presence of nitrates. This is probably due to the significant difference on their 

concentrations. The significant higher concentration of nitrate probably creates 

electrostatic repulsions which may affect the complexation of chromates, especially 

the formation of outer sphere complexes. Regarding nitrates the already low 

adsorption efficiency was not affected by the presence of chromate in the solution.  

 

The third and last stage of the present thesis aimed at simulating the adsorption capacity of 

the tested soil and goethite for the aforementioned anions. Simulation was performed using 

three different surface complexation models the Triple Layer Model, the Diffuse Layer Model 

and the Constant Capacitance Model. The main conclusions obtained by simulation of the 

experimental data are the following: 

 

Ophiolitic soil - Triple Layer Model  

 

The application of Triple Layer Model leads to satisfactory description of the adsorption 

process for all the anions tested. For adsorption simulation three different approaches of solid 

concentration were used taking into account the contribution of either a) iron and aluminum 

oxides, b) only iron oxides and c) only the amorphous iron oxides. The adsorption simulation 

was effective for any parameters tested like effect of pH, ionic strength and competitive 

effects in the case of using the first two solid concentrations. The concentration of only 

amorphous iron oxides in the soil sample does not correspond to the concentration of the 

solid phase that contributes to adsorption. Simulating the effect of ionic strength it was 

revealed that at low ionic strength values adsorption of chromates can be described by the 

formation of either monodentate or bidentate complexes. However, the increase of ionic 

strength showed that adsorption chromate can be efficiently described only by the formation 

of bidentate complexes. The formation of bidentate complexes of chromates with the soil 

surface can also describe the competitive effects under the presence of phosphates and 

nitrates. In addition, satisfactory simulation was achieved for phosphate and nitrate 

adsorption and their competition with chromates in the soil solution. Finally, regarding the 

sensitivity of the model to the alterations of the inner capacitance no significant changes were 

observed. Thus, Triple Layer Model can in general describe efficiently the adsorption of 

chromates and the inorganic contaminants on the ophiolitic soil.  

 

Ophiolitic soil - Diffuse Layer Model  

 

Simulation of adsorption experimental data using the DLM showed that the application of this 

model is not suitable for describing the adsorption process of the tested contaminants on the 

ophiolitic soil. Despite, the DLM was capable to simulate the adsorption of chromates and 

nitrates adsorption poor accuracy was observed in the case of simulating adsorption of 

phosphates. In addition, the DLM could not predict the competitive effects occurred on Cr(VI) 

adsorption during the presence of the inorganic contaminants in the solution. A possible 

explanation is the assumption of monodentate complexes of chromates and phosphates by 

applying the DLM and the absence of any outer sphere complexes in the case of chromates 

and nitrates. This further verifies the results obtained by applying the TLM which involves the 

formation of outer sphere complexes demonstrating their importance on Cr(VI) adsorption. 
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Ophiolitic soil - Constant Capacitance Model  

 

The CCM is capable of simulating the adsorption of Cr(VI) phosphates and nitrates but 

exhibited very poor accuracy in the case of competitive adsorption between Cr(VI) and 

phosphates. The better simulation of Cr(VI) adsorption compared to the DLM is probably the 

formation of bidentate inner sphere complexes indicating their importance on Cr(VI) 

adsorption.   

 

Goethite - Triple Layer Model  

 

The Triple Layer Model described satisfactorily the adsorption of hexavalent chromium and 

inorganic contaminants, as well as their competition on the goethite surface. Simulation 

showed that chromates are adsorbed via inner and outer sphere complexation. This fact was 

verified by the decrease of the adsorption efficiency due to ionic strength increase. Chromates 

complexation is considered to be governed by the formation of bidentate complexes with the 

solid surface. The adsorption of phosphate and nitrate was also satisfactorily simulated. The 

competitive effects occurred between chromates and each inorganic contaminant, were also 

simulated with high accuracy. The sensitivity of the model to the alterations of the inner 

capacitance was not significant indicating that the Triple Layer Model can overall describe 

efficiently the adsorption of chromates and the inorganic contaminants on goethite. 

 

Goethite - Diffuse Layer Model  

 

Simulation of the adsorption of chromates and inorganic contaminants using the DLM 

exhibited poor accuracy. As mentioned above, a possible explanation is the formation of 

exclusively inner sphere monodentate complexes and the absence of any outer sphere 

complexes or bidentate inner sphere. As in the case of using ophiolitic soil as adsorbent this 

model is thought to be less effective than TLM for adsorption simulation of Cr(VI). 

 

Goethite - Constant Capacitance Model  

 

The application of CCM for simulating adsorption of Cr(VI) and inorganic contaminants at 

single anion solutions could efficiently describe their adsorption. However, CCM could not 

describe the competitive effects created between chromate and inorganic contaminants. As in 

the case of DLM this is probably a strong evidence about the formation of outer sphere 

complexes between Cr(VI) and goethite surface.  

 

Overall, the adsorption of the tested contaminants can be described effectively and with very 

good accuracy applying the TLM for both cases of adsorbents. This is probably attributed to 

the ability of TLM to involve both mono- and bi- dentate inner sphere complexes, as well as 

outer sphere. Regarding the adsorption capacity of goethite and ophiolitic soil, goethite 

presents higher adsorption capacity than soil, indicating its higher affinity for Cr(VI). This 

stronger affinity of goethite for Cr(VI) is represented by the logK values at every surface 
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complexation model applied the required logK values were in general not much higher than 

those used for the ophiolitic soil. 

 

7.2 Recommendations for future work 

 

The results of the present thesis showed that ophiolitic soil can remove from groundwater 

contaminants like Cr(VI) and phosphate, via adsorption and reduction processes. Further 

experimental data can be obtained by performing column experiments in order to further 

verify the removal capacity of the ophiolitic soil. In addition, the effectiveness of the tested soil 

can be further verified using ophiolitic soil from other areas.  

 

Regarding the application of the surface complexation models, and especially the TLM model, 

for describing the adsorption behavior of the ophiolitic soil, the obtained logK values can be 

verified using ophiolitic soil from other areas. Keeping constant the experimental conditions 

and the way of calculating the solid concentration used in this thesis the accuracy of the 

obtained logK values can be determined. This could create a general framework for logK values 

that can be used in the case of ophiolitic type of soils.  Finally, the application of the data 

obtained in this thesis can be used during transport modeling of Cr(VI) and the tested 

contaminants in order to take into account the geochemical contribution at their transport in 

aquifers.  
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APPENDIX I - FIGURES 

 

 
Figure A1.1 Spatial distribution of chromium in the topsoil and subsoil in Europe (source: 
http://www.gsf.fi/publ/foregsatlas/).  
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Source: (Ghilardi et al., 2008) 

Figure A1.2 Geological background of the Thessaloniki Plain and borehole locations. 

 
 

 
Figure A1.3 Trend of maximum adsorption capacity of the ophiolitic soil versus pH. 
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Figure A1.4 a) Langmuir and b) Freundlich adsorption isotherms for Cr(VI) adsorption for four 

different pH values (4.5, 5.5, 6.5 and 7.5) at room temperature (250C).  
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Figure A1.5 Values of correlation factors (R2) during simulation of Cr(VI) adsorption by 

ophiolitic soil (solid concentration = 1.5 g/L) as a function of ionic strength.  

 

 

 
Figure A1.6 Values of correlation factors (R2) during simulation of phosphate adsorption by 
ophiolitic soil (solid concentration = 1.5 g/L) and competitive effects with chromates. 
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Figure A1.7 Values of correlation factors (R2) during simulation of nitrates adsorption by 
ophiolitic soil (solid concentration = 1.5 g/L) and competitive effects with chromates. 
 
 

 
Figure A1.8 Values of correlation factors (R2) during simulation of Cr(VI) adsorption by 
ophiolitic soil (solid concentration = 1.5 g/L) and competitive effects with inorganic 
contaminants. 
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Figure A1.9 Values of correlation factors (R2) during simulation of Cr(VI) adsorption by 
ophiolitic soil (solid concentration = 1.1 g/L) as a function of ionic strength. 

 

Figure A1.10 Values of correlation factors (R2) during simulation of phosphate adsorption by 
ophiolitic soil (solid concentration = 1.1 g/L) and competitive effects with chromates. 
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Figure A1.11 Values of correlation factors (R2) during simulation of nitrates adsorption by 
ophiolitic soil (solid concentration = 1.1 g/L) and competitive effects with chromates. 

 
 

Figure A1.12 Values of correlation factors (R2) during simulation of Cr(VI) adsorption by 
ophiolitic soil (solid concentration = 1.1 g/L) and competitive effects with inorganic 
contaminants. 
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Figure A1.13 Values of correlation factors (R2) during simulation of Cr(VI) adsorption by 
goethite as a function of ionic strength. 
 
 

Figure A1.14 Values of correlation factors (R2) during simulation of phosphate adsorption by 
goethite and competitive effects with chromates. 
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Figure A1.15 Values of correlation factors (R2) during simulation of nitrates adsorption by 
goethite and competitive effects with chromates. 

 
 

 
Figure A1.16 Values of correlation factors (R2) during simulation of Cr(VI) adsorption by 
goethite and competitive effects with inorganic contaminants. 
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APPENDIX II – EXPERIMENTAL PROTOCOLS 

 

1. Procedure for the determination of particle size distribution of the finer fraction 

 
 Place 50 - 100 g of dry soil into a soil dispersing cup.  Record the weight to at least 0.1g. 

 Fill cup to within two inches of the top with tap water.  If local tap water is hard, use 

distilled water.  Water should be at room temperature, not directly out of tap. 

 Add 5 ml of 1N sodium hexameta-phosphate Na(PO3)6. Allow to slake (soak) for 15 

minutes (high-clay soils only). 

 Attach cup to mixer; mix 5 minutes for sandy soils, 15 minutes for fine-textured soils. 

 Transfer suspension to sedimentation cylinder; use tap water from squirt bottle to get all 

of sample from mixing cup. 

 Fill cylinder to 1000-mL mark with tap water. 

 Carefully mix suspension with plunger. After removing plunger, begin timing.  Carefully 

place hydrometer into suspension; note reading at 40 seconds.  This 40-second reading 

should be repeated several times to improve accuracy.  Because the suspension is 

opaque, read the hydrometer at the top of the meniscus rather than at the bottom. 

 After final 40-second reading, remove hydrometer, carefully lower a thermometer into 

the suspension and record the temperature.  Mixing raises temperature by 3-5°C, so it is 

important to record the temperature for both hydrometer readings (40 s and 2 h). 

 Mix suspension again and begin timing for the two-hour reading.  Be sure that the cylinder 

is back from the edge of the counter and in a location where it won’t be disturbed. 

 Make up a blank cylinder with water and sodium hexameta=phosphate.  Record the blank 

hydrometer reading.  If the reading is above 0 (zero) on the hydrometer scale (in other 

words, if the zero mark is below the surface), record the blank correction as a negative 

number.  Read at the top of the meniscus as before. 

 Take a hydrometer reading at 2 hours, followed by a temperature reading. 

 

Calculations 

The calculation of the fractions is shown below: 

1. (Clay + Silt) g % = n ( X1+ΧT1) 

2. Clay g % = n (X2+ΧT2) 

3. Sand g % = 100 - n(Χ1+ΧT1) 

4. Silt g % = 100 - (Clay + Sand) 

 

where: 

X1= hydrometer’s indication after 40 s 

ΧT1= hydrometer’s temperature correction at first time 

Χ2= hydrometer’s indication after 2 h 

ΧT2 = hydrometer’s temperature correction at second time 

n = constant parameter equal to 2. 
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2. Procedure for the determination of Cr(VI) 

 

Reagents 

 Reagent water: Reagent water should be monitored for impurities. 

 Potassium dichromate stock solution: Dissolve 141.4 mg of dried potassium dichromate, 

K2Cr2O7 (analytical reagent grade), in reagent water and dilute to 1 liter (1 mL = 50 μg Cr). 

 Potassium dichromate standard solution: Dilute 10.00 mL potassium dichromate stock 

solution to 100 mL (1 mL = 5 μg Cr). 

 Sulfuric acid, 10% (v/v): Dilute 10 mL of distilled reagent grade or spectrograde quality 

sulfuric acid, H2SO4, to 100 mL with reagent water. 

 Diphenylcarbazide solution: Dissolve 250 mg 1,5-diphenylcarbazide in 50 mL acetone. 

Store in a brown bottle. Discard when the solution becomes discolored. 

 Acetone (analytical reagent grade): Avoid or redistill material that comes in containers 

with metal or metal-lined caps. 

 

Procedure 

Transfer 95 mL of the extract to be tested to a 100-mL volumetric flask. Add 2.0 mL 

diphenylcarbazide solution and mix. Add H2SO4 solution to give a pH of 2±0.5, dilute to 100 mL 

with reagent water, and let stand 5 to 10 min for full color development. Transfer an 

appropriate portion of the solution to a 1-cm absorption cell and measure its absorbance at 

540 nm. Use reagent water as a reference. Correct the absorbance reading of the sample by 

subtracting the absorbance of a blank carried through the method (see Note below). An 

aliquot of the sample containing all reagents except diphenylcarbazide should be prepared and 

used to correct the sample for turbidity (i.e., a turbidity blank). From the corrected 

absorbance, determine the mg/L of chromium present by reference to the calibration curve. 

NOTE: If the solution is turbid after dilution to 100 mL take an absorbance reading before 

adding the carbazide reagent and correct the absorbance reading of the final colored solution 

by subtracting the absorbance measured previously. 

 

Interferences 

The chromium reaction with diphenylcarbazide is usually free from interferences. However, 

certain substances may interfere if the chromium concentration is relatively low. Hexavalent 

molybdenum and mercury salts also react to form color with the reagent; however, the red-

violet intensities produced are much lower than those for chromium at the specified pH. 

Concentrations of up to 200 mg/L of molybdenum and mercury can be tolerated. Vanadium 

interferes strongly, but concentrations up to 10 times that of chromium will not cause trouble. 

Iron in concentrations greater than 1 mg/L may produce a yellow color, but the ferric iron color 

is not strong and difficulty is not normally encountered if the absorbance is measured 

photometrically at the appropriate wavelength. 
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3. Procedure for the determination of phosphates 

 

Reagents  

 Sulfuric acid (H2SO4) 5N: Dilute 70 mL concentrated H2SO4 to 500 mL with distilled water. 

 Antimony potassium tartrate solution: Dissolve 1.3715 g K(SbO)C4H4O6
 *½H2O in 400 mL 

distilled water in a 500 mL volumetric flask and dilute to volume. Store in a glass 

stoppered bottle. 

 Ammonium molybdate solution: Dissolve 20 g (NH4)6Mo7O24 *4H2O in 500 mL distilled 

water. Store in a glass-stoppered bottle. 

 Ascorbic acid, 0.1M: Dissolve 1.76g ascorbic acid in 100 mL distilled water. The solution 

is stable for about 1 week at 4oC. 

 Combined reagent: Mix the above reagents in the following proportions for 100 mL of 

the combined reagent: 50 mL 5N H2SO4 .5mL antimony potassium tartrate solution, 15 

mL ammonium molybdate solution, and 30 mL ascorbic acid solution. Mix after addition 

of each reagent. Let all reagents reach room temperature before they are mixed and mix 

in the order given. If turbidity forms in the combined reagent, shake and let stand for a 

few minutes until turbidity disappears before proceeding. The reagent is stable for 4 h. 

 

Procedure 

Add, using pipette, 50.0 mL sample into a clean, dry test tube or 125 mL Erlenmeyer flask. Add 

0.05 mL (1 drop) phenolphthalein indicator. If a red color develops add 5N H2SO4 solution 

dropwise to just discharge the color. Add 8.0 mL combined reagent and mix thoroughly. After 

at least 10 min but no more than 30 min, measure absorbance of each sample at 880 nm, using 

reagent blank as the reference solution. Natural color of water generally does not interfere at 

the high wavelength used. For highly colored or turbid waters, prepare a blank by adding all 

reagents except ascorbic acid and antimony potassium tartrate to the sample. Subtract blank 

absorbance from absorbance of each sample. 

 

Interferences 

Arsenates react with the molybdate reagent to produce a blue color similar to that formed 

with phosphate. Concentrations as low as 0.1 mg As/L interfere with the phosphate 

determination. Cr(VI) and NO2
- interfere to give results about 3% low at concentrations of 1 

mg/L and 10 to 15% low at 10 mg/L. Sulfide (Na2S) and silicate do not interfere at 

concentrations of 1.0 and 10 mg/L. 

 
4. Procedure for the determination of nitrates 

 

Interferences 

The K+, Na+, Cl–, Ag+, Pb2+, Zn2+, Ni2+, Fe3+, Cd2+, Sn2+, Ca2+, Cu2+, Co2+, Fe2+, Cr6+ ions have been 

individually checked up to the given concentrations and do not cause interference. No 

cumulative effects and influence of other ions has been determined. High loads of oxidizable 

organic substances (COD) cause the reagent to change colour and to give high-bias results. The 

test can thus only be used for waste water analyses if the COD is less than 200 mg/L. The 

results must be subjected to plausibility checks (dilute and/or spike the sample). 
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5. Procedure for the determination of chlorides 

 

Interferences 

The ions SO4
2–, NO3

–, Pb2+, Zn2+, Ni2+, Cu2+, Cr3+, Cr6+, Cd2+, CN–, S2– have been individually 

checked up to the given concentrations and do not cause interference. There have not been 

determined cumulative effects and the influence of other ions. Silver interferes due to the 

precipitation of silver chloride (low-bias results). Mercury hinders the reaction (low-bias 

results). Bromides and iodides, which are found in particular in many mineral waters, undergo 

the same reaction (high-bias results). Substances which form colored complexes with iron(III) 

salts interfere with the determination. 
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APPENDIX III – TABLES 

 
Table A3.1. SEM-EDS results of a soil sample with grain size -0.5 mm. 

Circular red  point of Fig. 4.8: Cr-magnetite (Fe2+F3+
2O4) 

Elmt Spect. Type %Element % Atomic Compound % Nos. of ions 

Si K ED 0.16 0.20 SiO2 0.35 0.02 

Cr K ED 0.94 0.62 Cr2O3 1.37 0.06 

Fe K ED 63.44 39.14 Fe2O3 90.70 3.91 

O 

 

27.88 60.04 

  

6.00 

Total 

 

92.42 100.00 

 

92.42 

 Cation sum 3.99 

       Rectangular red point of Fig. 4.8: Chromite (Fe2+Cr2O4) 

Elmt Spect. Type % Element % Atomic Compound % Nos. of ions 

Mg K ED 7.22 8.56 MgO 11.97 0.88 

Al K ED 13.51 14.44 Al2O3 25.53 1.49 

Cr K ED 23.50 13.03 Cr2O3 34.35 1.34 

Fe K ED 11.00 5.68 Fe2O3 15.72 0.58 

O  32.34 58.29   6.00 

Total  87.57 100.00  87.57  

Cation sum 4.29 

 

Table A3.2. logK values used for adsorption simulation by other studies using goethite as adsorbent and 

applying the TLM. 

No. of Equation at 
Tables 6.4 & 6.10 

logK value Reference 

9 14.05 Villalobos et al., 2001 

9 12.76 Villalobos et al., 2001 

9 12.82 Van Geen et al., 1994 

10 18.1 Rai et al., 1988 

10 19.4 Rai et al., 1988 

10 20.41 Villalobos et al., 2001 

10 20.7 ± 0.3 Mesuere and Fish, 1992a 

10 20.98 Villalobos et al., 2001 

11 9.8 Rai et al., 1988 

8 3.3 Carroll et al., 2008  

8 8 Criscenti and Sverjensky, 2002 

8 8.5  Criscenti and Sverjensky, 2002 

8 8 Criscenti and Sverjensky, 2002 

8 6.1 Davis, 1978 

8 8.69 Hoins et al., 1993 

8 7 Hsi and Langmuir, 1985 

8 6.2 Hsi and Langmuir, 1985 

8 7.6 Hayes and Leckie, 1986a 

8 8.74 Hayes et al., 1991 

8 7.7 Hayes KF 1987 

8 6.2 Jung et al., 1998 
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8 6.2 ± 0.3 James and Parks, 1982 

8 7.5 Kovacevic et al., 2000 

8 7 La Flamme and Murray, 1987 

8 9.2 Mesuere, 1992 

8 8.31 Peacock and Sherman, 2004c 

8 7.5 ± 0.3 Smith and Jenne, 1991 

8 9.5 Sverjensky, 2005 

8 8.78 ± 0.13 Turner and Sassman, 1996 

8 1 Venema et al., 1996a 

8 1.7 Venema et al., 1996a 

8 0.1 Venema et al., 1996a 

8 -0.5 Venema et al., 1996a 

8 8.088 Villalobos and Leckie, 2001 

8 8.826 Villalobos and Leckie, 2001 

8 8.35 Villalobos et al., 2001 

8 9.1 Villalobos et al., 2001 

8 8.38 Villalobos et al., 2001 

8 8.93 Villalobos et al., 2001 

8 1.61 Zhang et al., 2007 

8 7.6 Zhang and Sparks, 1989 

4 5.5 Balistrieri and Murray, 1979 

4 7 Balistrieri and Murray, 1981 

4 6.6 Davis, 1978 

4 5.4 Goldberg et al., 1998 

4 9.3 Sverjensky and Fukushi, 2006a 

4 8 Sverjensky and Fukushi, 2006a 

4 -6.2 ± 0.6 Smith and Jenne, 1991 

4 8.7 Sahai and Sverjensky, 1977a 

4 9.6 Sverjensky, 2005 

4 9.036 Villalobos and Leckie, 2001 

4 8.432 Villalobos and Leckie, 2001 

4 5.4 Zhang and Sparks, 1990a 

3 -9.6 Balistrieri and Murray, 1979 

3 -8.4 Balistrieri and Murray, 1981 

3 -3.1 Carroll et al., 2008  

3 -2.9 Carroll et al., 2008  

3 -9 Criscenti and Sverjensky, 2002 

3 -9.2 Criscenti and Sverjensky, 2002 

3 -9.8 Criscenti and Sverjensky, 2002 

3 -9 Criscenti and Sverjensky, 2002 

3 -8.76 Fujita and Tsukamoto, 1997 

3  -9.3 Goldberg et al., 1998 

3 -6.87 Hoins et al., 1993 

3 -10.1 Hsi and Langmuir, 1985 

3  -6.6 Hsi and Langmuir, 1985 

3 -8.8 Hayes and Leckie, 1986a 

3 -8.33 Hayes et al., 1991 

3 -9.4 Kovacevic et al., 2000 

3 -9.648 Lumsdon and Evans, 1994 

3 -8.083 Lumsdon and Evans, 1994 
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3 -8.926 Lumsdon and Evans, 1994 

3 -8.4 La Flamme and Murray, 1987 

3 -9.07 Peacock and Sherman, 2004c 

3 -7.2 ± 0.1 Rundberg et al., 1994 

3 -2.477 Robertson and Leckie, 1997 

3 -9.332 Robertson and Leckie, 1997 

3 -9.9 Rai et al., 1988 

3 -8.9 Sverjensky and Fukushi, 2006a 

3 -7.8 Sverjensky and Fukushi, 2006a 

3 -9.3 ± 0.5 Smith and Jenne, 1991 

3 -9.5 Sahai and Sverjensky, 1997a 

3 -8.6 Sverjensky, 2005 

3 -8.6 Sverjensky, 2006c 

3 -8.8 Sverjensky, 2006c 

3 -7.2 Sigg, 1979 

3 -7.64 ± 0.07 Turner and Sassman, 1996 

3 1 Venema et al., 1996a 

3 -0.5 Venema et al., 1996a 

3 4 Venema et al., 1996a 

3 0.1 Venema et al., 1996a 

3 2.3 Venema et al., 1996a 

3 -9.287 Villalobos and Leckie, 2001 

3 -9.912 Villalobos and Leckie, 2001 

3 -10.01 Villalobos and Leckie, 2001 

3 -9.295 Villalobos and Leckie, 2001 

3 -8.76 Van Geen et al., 1994 

3 -9.61 Villalobos et al., 2001 

3 -10.37 Villalobos et al., 2001 

3 -8.73 Villalobos et al., 2001 

3 -9.29 Villalobos et al., 2001 

3 -1.93 Zhang et al., 2007 

3 -8.8 Zhang and Sparks, 1989 

3 -9.3 Zhang and Sparks, 1990a 

 

Table A3.3. logK values used for adsorption simulation by other studies using goethite as adsorbent and 

applying the DLM. 

No. of Equation at 

Tables 6.4 & 6.10 
logK value Reference 

9 17.11 ± 0.47 Mathur and Dzombak, 2006 

9 18.7 ± 0.2 Mesuere and Fish, 1992a 

10 11.17 ± 0.19 Mathur and Dzombak, 2006 

10 11.6 ± 0.1 Mesuere and Fish, 1992a 

5 19.65 ± 0.39 Mathur and Dzombak, 2006 

6 24.91 ± 0.62 Mathur and Dzombak, 2006 

7 30.72 ± 0.14 Mathur and Dzombak, 2006 

4 0.9 Ermakova et al., 2001 

3 0.3 Ermakova et al., 2001 
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Table A3.4. logK values used for adsorption simulation by other studies using goethite as adsorbent and 

applying the CCM. 

No. of Equation at 
Tables 6.4 & 6.10 

logK value Reference 

9 9.8 Grossl et al., 1997 

9 4.2 Grossl et al., 1997 

9 15.3 Grossl et al., 1997 

7 30.5 ± 0.2 Gao and Mucci, 2001 

7 32.192 Goldberg, 1985 

7 32.132 Goldberg, 1985 

7 32.922 Goldberg, 1985 

7 30.602 Manning and Goldberg, 1996b 

7 19.402 Manning and Goldberg, 1996b 

7 29.752 Manning and Goldberg, 1996b 

7 31.13 ± 0.05 Nilsson et al., 1992 

7 32.27 Singh et al., 2010 

7 30.202 Sigg, 1979 

7 31.202 Sigg, 1979 

6 25.86 ± 0.06 Gao and Mucci, 2001 

6 28.762 Goldberg, 1985 

6 27.972 Goldberg, 1985 

6 27.952 Goldberg, 1985 

6 25.102 Manning and Goldberg, 1996b 

6 24.802 Manning and Goldberg, 1996b 

6 26.38 ± 0.09 Nilsson et al., 1992 

6 26.83 Singh et al., 2010 

5 18.73 ± 0.46 Gao and Mucci, 2001 

5 21.872 Goldberg, 1985 

5 22.692 Goldberg, 1985 

5 19.502 Manning and Goldberg, 1996b 

5 20.61 ± 0.1 Nilsson et al., 1992 

5 19.64 Singh et al., 2010 

5 20.202 Sigg, 1979 
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Table A3.5. Comparison of the logK values used in the case of soil and goethite as adsorbents, applying the TLM. 

Reactions 

PSIo PSIb 
logK (per solid concentration) 

LogK 
goethite 

No. 
Reactants 

 
Products 

Solid Ligand 1 Ligand 2 
 

Product 1 Product 2 1.5 g/L 1.1 g/L 0.103 g/L 10 g/L 

1 SOH 
  

↔ SO
-
 H

+
 -1  -9.0 -9.0 

2 SOH H
+
 

 
↔ SOH2

+
 

 
1  4.2 4.2 

3 SOH Na
+
 

 
↔ SONa H

+
 -1 1 -9.29 -9.29 

4 SOH Cl
-
 H

+
 ↔ SOH2Cl 

 
1 -1 8.43 8.43 

5 SOH PO4
3-

 H
+
 ↔ SOPO3

2-
 H2O -2  19.0 20.5 30.0 15.5 

6 2SOH PO4
3-

 2H
+
 ↔ S2O2PO2

-
 2H2O -1  25.2 25.0 30.0 20 

7 2SOH PO4
3-

 3H
+
 ↔ S2O2POOH 2H2O 0  29.2 30.0 37.0 33 

8 SOH NO3
-
 H

+
 ↔ SOH2NO3 

 
1 -1 9.0 9.2 10.3 9.8 

Reactions at the Bidentate Minteq Database 

9 2SOH CrO4
2-

 2H
+
 ↔ S2CrO4 2H2O 0  14.5 14.5 15.8 14 

10 SOH CrO4
2-

 2H
+
 ↔ SOH2-HCrO4 

 
1 -1 16.0 16.4 17.2 19.9 

11 SOH CrO4
2-

 H
+
 ↔ SOH2CrO4

-
 

 
1 -2 11.2 11.4 13.5 10 

Reactions at the Monodentate Minteq Database 

12 SOH CrO4
2-

 H
+
 ↔ SCrO4

-
 H2O -1  8.0 8.0 15.1 12.1 

13 SOH CrO4
2-

 2H
+
 ↔ SOH2-HCrO4 

 
1 -1 16.0 16.4 17.2 19.9 

14 SOH CrO4
2-

 H
+
 ↔ SOH2CrO4

-
 

 
1 -2 11.2 11.4 13.8 10 
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Table A3.6. Comparison of the logK values used in the case of soil and goethite as adsorbents, applying the 

DLM. 

Reactions 

PSIo logK soil 
logK 

goethite No. 
Reactants 

 
Products 

Solid Ligand 1 Ligand 2 
 

Product 1 Product 2 

1 SOH 
  

↔ SO- H+ -1 -9 -9 

2 SOH H+ 
 

↔ SOH2
+ 

 
1 4.2 4.2 

3 SOH Na+ 
 

↔ SONa H+ 0 -9.29 -9.29 

4 SOH Cl- H+ ↔ SCl H2O 0 8.43 8.43 

5 SOH PO4
3- H+ ↔ SPO4

2- H2O -2 18 18 

6 SOH PO4
3- 2H+ ↔ SΗPO4

- H2O -1 22 26 

7 SOH PO4
3- 3H+ ↔ SΗ2PO4 H2O 0 30 32 

8 SOH NO3
- H+ ↔ SNO3 H2O 0 8.8 9 

9 SOH CrO4
2- 2H+ ↔ SHCrO4 H2O 0 16.2 19.5 

10 SOH CrO4
2- H+ ↔ SCrO4

- H2O -1 10.25 12 

 

 

Table A3.7. Comparison of the logK values used in the case of soil and goethite as adsorbents, applying the 

CCM. 

Reactions 

PSIo LogK soil 
logK 

goethite No. 
Reactants 

 
Products 

Solid Ligand 1 Ligand 2 
 

Product 1 Product 2 

1 SOH 
  

↔ SO- H+ -1 -9 -9 

2 SOH H+ 
 

↔ SOH2
+ 

 
1 4.2 4.2 

3 SOH Na+ 
 

↔ SONa H+ 0 -9.29 -9.29 

4 SOH Cl- H+ ↔ SCl H2O 0 8.43 8.43 

5 SOH PO4
3- H+ ↔ SOPO3

2-
 H2O -2 16 15 

6 SOH PO4
3- 2H+ ↔ S2O2PO2

-
 H2O -1 23.1 25 

7 SOH PO4
3- 3H+ ↔ S2O2POOH H2O 0 29.8 32 

8 SOH NO3
- H+ ↔ SNO3 H2O 0 8.7 9 

9 SOH CrO4
2- 2H+ ↔ SHCrO4 H2O 0 16.2 20 

10 SOH CrO4
2- H+ ↔ SCrO4

- H2O -1 10.2 9 

11 2SOH CrO4
2- 2H+ ↔ S2CrO4 2H2O 0 10 10 
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