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ABSTRACT Athanasios S. Bouras

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(VI1)], 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
(Cry:) 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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ABSTRACT Athanasios S. Bouras

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 Cry,; Cr(Vl) concentration exhibited an
almost continuous decrease with increasing depth. Regarding the presence of chromium in
groundwater concentrations of Cry; up to 91 pg/L and hexavalent chromium up to 64 ug/L
detected. These values are of the highest reported globally in aquifers with similar geological
background. Both Cry; and Cr(VI) concentrations in groundwater decreased almost linearly
with depth. A high correlation between Cr(VI) and Cry; observed with the Cr(VI)/Cr; 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(Vl). 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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NEPINHWH

Y& TTOM\EC TTEPLOYEC MAYKOOUIWG, Ta uTtdyetla USATA AELTOUPYOUV WG HovadLkn nyr mooLUou
VEPOU VYlO OOTLKEG KOL OYPOTIKEG KOLVOTNTEG. QOTO0O0, OL QUENUEVEC BLOUNXOVIKEG Kol
VEWPYLKEC SpaOTNPLOTNTEG £XOUV O8NYNOEL OE GNUAVTLKN pUTIAVON TOU YewNepLBAAAovTOC Ue
coBOpPEC EMUMTWOELG oTNV avBpwrvn {wr) KAl ota olkocuoTAuata. Ta Bapga HETAAAQ, OTWG
10 £€00BevEG XpwHLO AAAG Kol GAAOL avopyavol pUTIoL, OTIWG Ta GwWOodOPLKA KAL VITPLKA LOVTa,
anoteAoUV ouVNBELG pUTIOUG TWV UTIOYELWY VEPWV.

Mepimou 170.000 toOvol Xpwuiou ameleuBepwvovtol €tnoiwg oTo YEWMEPLBAAAOV WG
QTOTEAEOHA QVOPWITOYEVWY SpA0TNPLOTATWY TIPOKAAWVTOG pUTIAVON TWV EMIGAVELAKWY Kal
TWV UTIOYELWV USATWY aAAG Kal Twv eSadwv. Ta viTplkd Kot ta dwodoplkd AAata amoteAouy
PUTIOVTIKEG OUCLEC TTOU TPOKAAOUV PEYAAN avnouxia o maykoopo KAipako, SeSopévou OtL
£XOUV aVOYVWPLOTEL W pUTIOL UTIELBUVOL YL TOV EUTPOPLOUO OTA CUCTHOTO EMLPAVELAKWY
vbAtwy. Juvemwg, ol Olepyaoieg peTadopdAC TOUC KAl N YEWXNHLKA TUXN TOUG OTO
vewneplBaAlov mPEMEL va elval KOAG KATAVONTEC WOTE va afloAoyouv 000 TO Suvatov
KoAUTeEpa TIG TLOaVEC TEPIPAANOVTIKEG EMUMTTWOELS TTIOU UTTOPEL VO TPOKAAECEL N Ttapouaia
TOUG. ITNV MepiMTwon tou Xpwuiov n epdavior tou oto yewmneplBariov pmopel eniong va
OXETWeTAL PE TN YNYEVA TOU TIPOEAsUON AOYW TNC TOPOUCIOC CUYKEKPLUEVOU YEWAOYLKOU
uTtoBaBpou OMwWG T UTIEPUADIKA TIETPWHATA Kal T OPLOALBIKA CUUTTAEYHATA. JUVETTWCE, Ol
£VTOVEG KOl EVIATIKEG YEWPYLKEG SpaOTNPLOTNTEG 0 GUVSVOOUO UE TNV Ttapouaia opLOALBIKWV
OUUMAEYUATWY HUImopoUV va odnynoouv oe pUTIAVON UTOYELWV USATWVY HE TAUTOXPOVN
mapoucia pUMWV OMWCE To e€000EVEC XpWHLO Kal Tat PwodOpLKA KL VITPLKA LOVTAL.

210 yewAoylkd unoPBabpo tng EAAGSAG elval €vtovn n mapoucio umepUAdIKWY TTETPWIATWY
KOl OPLOALBIKWY CUUTTAEYUATWY HE OTMOTEAECUA TO €EA0BEVEC XPWHLO VA QVIXVEUETAL OTA
UTIOYELDL UOOTA QPKETWV TIEPLOXWV. ZKOMOC QUTNG TNG SLatplBng NTAV O EVIOTIOUOG HLOG
TETOLAG MEPLOXNG oTnV EAAASQ, n Slepelivnon tng yewxnuelag Tou e€aoBevolg xpwiiou kat n
mpocopolwon tng mMPoopodnong Tou os TETooU TUMoU edddn. H meploxn mou emiAéxOnke
npog e€€taon BplokeTal Kovtd otnv mOAn tng Bepyivag otn Bopeta EAAGSa kal yapoKtnpiletot
and avriotolyo yewAoylko umoBabpo. Emiong, ol YEwpPYLKEG SpaoTNPLOTNTEG €lval n UOvN
oavOpwroyevig mieon otnv meploxn. H emloyn tng mepLloxng LEAETNG BacloTnKe o€ EKTETOUEVN
Bdon Sedopévwy mapakololBnong umoyelwv VSATWY Tou dnpoupyndnke amod to EAANVIKO
Ivotitouto MewAoyikwv kot MeTaAAeuTIkwy Epeuvwv. ZTnV meployr HEAETNG, KATOOKEUAOTNKE
VEQ YEWTPNON cuvolikol BdBoug 100 péTtpwy e OKOTIO va XPNoLUomoLlnBel amokAELOTIKA yia
™V KAAUYPN TWV EPEUVNTIKWY QVOYKWY KoL CUYKEKPLUEVA yia tn SetypotoAnyia umdyesiou
vepou Kal €8adouc. H opuktoloylky avaAuon Twv edadkwv Selypudtwy mou cuAAéxBnkav
davEPWOE TA TUTILKA XOPOKTNPLOTIKA TWV UTIEPUADLKWV MTETPWHATWY KAOWC MEPLELXAV OPUKTA
OTWC XPUOOTIAN Kol XpwHitn, KaBwE Kal OpUKTA TIOU CUVSEOVTOL HE QUTA, WC AMOTEAECHA
SLaBpwonG TwV MPWTWVY, OTMWE O BEPULKOUAITNG, OVOPEULYUEVA HE HADIKA OPUKTA OMWG
¥Awpitn, yohalio, oAfitn, aipatitn k.a. Ocov adopd otn ¢uclkoxnulky avaluvon Twv
eSadpwkwy deypotwy Stamotwdnke avénon twv TWwv pH pe to PaBog SetypatoAnyiog
QMOTEAECHA TIOU TILBOVWE CUVEEETOL E TNV EVTOTIKOTEPN MOPOUCLA TNG OPYAVLKAG UANG Kal
TWV SLaSIKACLWVY VITPOTOINONG OL OTIOLEG Elval EVTOVOTEPEC OTA AVWTEPO 5adIKA oTpWHATA
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og ouvbuaouo HE TNV Alyotepo £€vtovn mapoucia dalvopévwy SlaBpwaong os peyaAutepa
BaBn. H otolyetlakn avaluon Twy edadkwv Selypdtwy £6el€e otL To e€eTalopevo €dadog nTav
dTwYOTEPO OE 0ldNPO Kal aloupivio, TAOUGLOTEPO OE TUPITIO Kol TepimMou oto PEGO OPO OE
payvnolo, o clykplon pe aAa €5adn avtioTolyou TUMOU, TMAYKOOUIWG. QoTd00, N OXETIKN
adBovia tou payvnoiou £vavtl Tou aAoupLwviou £6el€e éviova Tn CURBOAN TwV UTIEPUADLKWV
UALKWV EVavTL TwV padLkwv oto efetalopevo £6adog.

Mo ouykekpluéva, avodoplkd He TNV Tapoucia Xpwpiou, mpoékuPav Tt akolouba
anoteAéopata. H ocuykévipwon tou xpwuiou (oAlkol) Sev mapouaciacs opolOpopdn KATAVOL
w¢ po¢ to Babog sudavilovrag apxlka PeElwon KATA Ta MTPWTA HETPA, akoAouBoupevn amo
ehadpa avénon ya Babn £wg 10,5 péTpa Kal yevikn taon avénong ya Babn peyaAltepa amno
43 pétpa. Ta anoteAéopata Bplokovral o cupdwvia Pe avtiotolya mou mapouactalovtal ot
BLBAoypadia umodnAwvovtag otL oL Slepyacieg SaPfpwong oL omoieg AauBdavouv yxwpa
ouvnBwg otn pnxn akopeotn {wvn €UVOOUV TNV EKMTAUGCHN OTOLXELWV OTWC TO HAyVNOLO, KOL TN
OUCOWPEUCN AWV OWE 0 6ldnNpPog, To AAOULVLIO KOl TO XpWHLO ota uPnAotepa Padn svw
mapdAAnAa sival kot mo €vtovn n mapoucia pn SLOPPWHUEVWV CEPTIEVTIVIKWY GACEWV. €
ovtiBeon UE TN OUYKEVIPWON TOU OALKOU XPWHIoU, n Ouykévipwon tou e€aobevolg
napouciaoce oxedov ouvexn Ueiwon auvéavopgvou tou Baboug detypatoAniag tou edadoug.
Ocov adopd TNV MOPOUCia XPWHIOU OTO UTOYELO VEPO OL CUYKEVTPWOELC TIOU UETPHBNKaV
avAABav péxpt 91 pg/L oAk XpwiLo Kal €we 64 pg/L e€acBevég xpwito. OL TIEG AUTEG eival
€K TwV uPnAOTEPWVY OL Omoieg €xouv aviyveuBel Taykoopiwg o udpodopeic pe mapouolo
VEWAOYLIKO UTOBaBpo. Kot ot Suo meputtwoel, OAkoU Kal gEaocBevolg xpwpiou, oL
OUYKEVIPWOELS OTO UTIOYELO VEPO HElwONKav oXeSov ypoppka avavopévou tou Baboug
SewypatoAnyiag. Emiong, diamotwOnke uPnAn TLUA CUOXETIONG MEYAAUTEPN TOU 83% peTall
TWV OUYKEVIPWOEWV £faoBevol¢ Kal OAkoU Ypwpiou. EMutAéov, oL €VTIOVEC YEWPYLKEG
Spaoctnplotnteg otnv efetalOpevn TeEPLOXN ElXav WG OMOTEAECHA OXETIKA UPNAEG
CUYKEVTPWOELG VITPLKWYV LOVTWV.

Aappavovtog umoyn oOtL oL kUpleg Slepyaocieg mou kabopilouv tnv TtUXN Tou e€acBevolcg
xpwuiou otoug udpodopoug, TOo OmMolo TMAPAYETAL WE ANMOTEAECUO TNG ofeldwong Tou
TPLoBevoUG, elval n mpoopodnaon kat n avaywyn SlepeuviBnke n mapoucia Twv Slepyaclwv
OUTWV Kol otnv mepimtwon tou efetaldpevou odloABikol eddadoug. H Siepedivnon autn
Baolotnke oto yeyovog mwe ota oPpLoAlBika eddadn sudaviletal pa pin e€aobevoug kat
TPLoBevolg xpwpiou. Qotdco povo To e€aobevég pumopel va ekxuAlotel amnod to £6adog Kal va
£l0€ABeL ota umoyela Udata. Kabwg opwe to £€a0bevEC XPWULO QTMOPOKPUVETAL ATO TO
€dadog, 1o evamopeivov tploBeveg pmopel va ofelbwbel Bpadéweg oe efaobevég wote va
amnokataotadei n wopportia tou edddouc. Me tn oeLpd TOU TO eKXUALOUEVO €0 0OEVEC XpWLLO
uropel va poopodnBei ) va avayBel Eava amo tn oteped ¢pdon. Ocov adopd TNV OvVaywyLKn
Sladlkaola opuktd Tou mepléxouv Slobevr) oldnpo, OmMwg o payvntitng [ o (Hayvnolo)
Xpwuitng, pmopoulv va §pouv we avaywylkd péoa yo to e€ooBeveg xpwplo. H Stepyaoia tng
npoopodnong, ennpedletal évrova amno tnv epdavion Twv (ofu-udpo)oleldiwv tou oldnpou,
ta omoia eivat ol ouvnBéotepol duokol mpoopodnTéG Tou e€aoBevolg xpwuiou.
ErunpooBétwe, ta ofsibia Tou odfnpou Spouv AMOTEAECUATIKA WG TIPOCPOGNTEC Kal yla
AaAAoug avopyovouc pUToUG OTWE T GwodOopPLKA Kol TA VITPLKA LOVTAL.

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

IX



IIEPINHYH Athanasios S. Bouras

Mpokeluévou Aowmov va mpoodloplotolv ot Sladilkaoieg mou eival umelBuveg ylo thv
amopdkpuveon tou e€aobevolg Xpwuiou amod ta umodyela Udata, Sie€nyBnooav melpdpota
SloAelmovtog €pyou (moptidag) pe okomod T Slepevvnon NG enidpaocng Stadopwv
TIOPAUETPWY OTWG To pH, n opuktoloyia, N KOKKOUETpia Tou e8Adoug, N apxLKr) CUYKEVTPpWON
Tou €€aoBevolg XpwHiou, N LOVTIKA WOYXUG Tou SLOAUMATOC Kal N mapousiol GAAWY avopyavwy
pUNWv. Ta anoteAéopata tng mapoloag dLatplBng £detav OTL Tooo N Mpoopddnon 600 Kal N
avaywyn ENMNPEAcaV TNV AmMopAKpuvon Tou e€acBevolg xpwuiou amo to edadiko SlaAupa.
Kat otig dUo Slepyaoieg n amopdkpuveon tou e€acBevols XpwHiou HelwBNKe auEavouevng tng
TWWAC pH. Emiong, otnv mepimtwon NG avaywyng n anopdkpuvon tou efacBevoug xpwiiou
anodbéOnke otnv mapoucia evog £6adpLkol KAAOUATOG HE HAYVNTIKEG LOLOTNTEG TO OTMOio
MeEPAAUPBAVEL POYVNTITN KOL HAYVNOlO-XpWHITN w¢ KUpla opuktd. Ocov adopd otnv
npoopodnon auty mBavwg amodibetal otnv mapoucia dpopdpwv ofu-udpofeldiwv Tou
owdnpou oto £dadoc. H mpoopodnon BpéBnke va elval PeEPLKWC avTIOTPENTH odol Hovo Eva
KAdopa tng mpoopodnuévng moootntag Ppebnke va skpoddtal oto edadikd Stalupa. To
YEYOVOC aUTO odeileTal mBavotata 0TO0 CXNUATIONO CUUNMAOKWY €0WTEPLKAG otolfadog ta
orolat  eival apketd otoBspd, ouUTEPNAUBAVOUEVWY OITOKAELOTIKA LOVTIKWY  R/Kalt
opolomoAlkwy  Seopwv. Qotdoo, kabwg kal ol SUo Slepyaocieg eival emidaveloka
ennpealOUEVEC, LSLaltepa OTNV TIEPLMTWAON TNS avaywyng N enidpacn tng mpoopodnong sivat
OoNUAVTLKA KaBw¢ Tpoarmatteital wg dtadkaoia wote va mpaypatonolnBel n avaywyn tou
g€aoBevolg xpwuiou eml Tng otepedc emipavelag. EmumAéov, n afloAoynon tng mpoopodnong
W¢ oUVAPTNON TOU HEYEBOUC TwV CWHOTOIWV (KOKKOUETpiag) €6el&e OTL TO AEMTOTEPO KAAGUA
Tou €8adoug, To onoio xapaktnELoTtav Kal amno UPNAOTEPN TN €BLKAC eMLAVELAS, ATAV TO
KkoBoplotikd KAdopa oOcov adopoloe otnv Tmpoopodnon. H emibpacn TG OAPXLKAC
OUYKEVTPpWONG Tou e€aoBevoug xpwuiou SlepeuviOnke Kol yio UPNAOTEPEC CUYKEVTPWOELC
QO AUTEC IOV €X0UV HETPNOEel wg amoTéAeopa ynyevougs poéleuaonc. OL .ooBeppeg Langmuir
kot Freundlich mpocopoiwoav pe onuovtikg akpifelo ta melpapatikd  Sedopéva,
UTIOSELKVUOVTAG £TOL TNV TOUTOXPOVN ETEPOYEVELA TWV emlpOVELAKWY BECEWV TwV TOU
odLoALBKoU 6AaPouG KAl EVOEXOUEVWG TOV OXNMOTIOMO LOVOCTPWHUATLKAG PocpOdhnong Tou
e€aoBevolg xpwuiou. TENOG, SLATIOTWONKE N ONUOVTIKA €Midpacn TG LOVIIKAG LoXUoG Tou
edadkol dlalupartog otnv npoopodnon. H anoteAeoUATIKOTNTA TN TPOopOdnong LeLwBnKe
ME TNV aénon TG TWNAG TNG LOVIIKAG LoXVOG UToSNAWVOVTAS TOV OXNHUATIONO GUMITAOKWVY
e€wTepLKNG otolBadag yLo thv mpoopodnon tou e€acbevolg xpwuiou.

ErumAéov, n mpoopodnTkA KAvoTNTa Tou odLoAlBikol edddoug SlepeuvnBNKe yla TOUG
oavopyavoug puToug, dwaodopLkd KAl VITPLKA LOVTA, TIOU TApATNPOUVTAL CUVHOBWE O TIEPLOXEG
ME €VIOVEG YEWPYLKEC OpAcTNPLOTNTEG. AlepeuvnBnKav emiong Kol TOAVEG AVTOYWVLOTLKEC
oAnAsrudpdoelg petafld autwv kKol tou £€aoBevolg xpwpiou. AmO Ta amoteAéopora
npogkue Twg to oPpLoABIko £dadoc mapousioce vPnAl kavdtnTa MPocpodnong yla to
dwodopikd ovra, pe tn Stadikaocia tng mpoopddPnong va ennpedleTal onNUAVILKA and to pH
tou SoAUparoc. Ewdikdtepa, n avénon tou pH HEWWVEL TV TPoopodnon Twv GwodopKwy,
oxebov ypapuikd. Emiong, 6ev mapatnpriOnkav avtaywvioTiKEG aAAnAemidpdoslg otnv
MPOCopPOdNON TWV PWaPopLIKWY LOVIWY KATA TNV TOUTOXpOVN mapoucia e€acbevolg xpwiiou
oto £6adkd Siahupa. AvtiBétwg, n mpoopddnon tou £€aocBevol XpWHIOU EMNPEACTNKE
éviova amo tnv mopoucia dwodoplkwyv oto SdAlupa. Mwa mBavr e€nynon eivol o
OXNMOTLOMOC QTIOKAELOTIKA CUUMAOKWY EC0WTEPLKAG OTORASAC MeTat) TwV Pwodoplkwy Kal
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™¢ odloABIkAG emidaAvelag, SNULOUPYWVTAG QVIAYWVIOUO UE XPWHIKA LOVTA T omoia
oxnuotilouv emiong cUPMAOKA E£0WTEPLKNC oTolBadac. Ma tnv MePIMTWON TwV VITPLKWV
LOVTWY, N mpoopodnon toug oto opLloAlBikd £6adog ATav MoAL xapunAn Kal oxedov undevikn
oe TIHEG pH mou ouvhnBwg amaviwvtol otoug udpodopeic. H emibpaocn tou e¢aoBevoug
Xpwuiou otnv mpoopodnon VITPLKWVY, Kal avtlotpodwe, Ntav oxedov apeAntéa. Autod
mubavotata odeiletal oe SlapopeTIkO TUMO EMIPAVELAKNG CUMMAOKOTIOINGNG VITPLKWY Kol
XPWHULKWY OVIWY, KOBWE ta VITPLKA oxnpotilouv cUMMAoka efwTePKNG otolBadag ot
ovtiBeon He TA XPWHIKA TA omoia oxnuatilouv TO00 OCUUTNAOKA €0WTEPLIKAG OCO Kol
e€wteplkng otolpadag.

To emoépevo BrApa tng mapovoag Slatplprg adopoloe otn cUYKPLON TNG TPOCPODNTLKAG
ouuneplpopdg tou odloAlBikol edddoug pe ekeivn evog kabBapou ofeldiov Tou oldrpou. To
o&eld10 Tou TPLoBevoUC odrpPou ToU EMIAEXTNKE NTAV O YKALTTNG adol Beswpeital and ta
mAéov adBova ofeibla tou o16rpou oTo yewmnepPAAloV Kal £vol amo To To ouvnBLoUEVa oTa
odpLoAlBika edadn. O ykartitng e€eTAOTNKE WC MPOC TV MPOCPOGNTIKA TOU LKAVOTNTA YL
e€aoBevéc xpwplo, Pwodoplkd Kol VITPLKA Lovta. AlepeuvnBnkav emiong ot TOAVEG
OVTAYWVLOTIKEG oAANAerdpdoelg HeTall Twv efetalOpevwy aviovtwy. To TIELPAUATIKA
amoteAéopata £€6et€av OTL 0 yKaTitnNG elval €vag AMOTEAECUATIKOC TIPoopodNnTNG ylo To
XPWHLKA Kol Ta dwodopikd LovTa aAAd OxL yla ta vitplkd. H abénon tou pH tou SLaAUpaTog
odnynos oe peiwon ™G MPOOPOPNTIKAC LKAVOTNTAG TOU yKaltitn yla OAoug Toug
g€etalOpeVoUG PUTIOUC WG CUVETTELD TNG APVNTIKNG GOPTIONG TNG EMIPAVELAG TOU yKaLTitn yLo
VPNAEG TIHEG pH TPOKOAWVTAG OMWOTIKEG SUVAMELG HETALY TWV AVIOVTWVY TWV PpUTTWV KAl TNG
erudavelag. EmumAéoy, n enidpacn TNG MAPAUETPOU TNG LOVTLKAC LoXVOG oTn mpoopodnon tou
€€aoBevolg xpwHiou OlepeuvnBnke wg £€vag TPOmog amokdAuyng Tou €eidoug NG
MPoopPOdNoNG WG TPOG TN dNpLoLPYLa CUMIMAOKWY. H avénon tng LovIIKnG Loxvog odnynoe oe
olobnt) peiwon ™ mpoopodnong tou eacBevolg ypwpiou, umodelkviovtog £Tol TO
OXNMOTIOMO OUUMAOKWY €€wTeplkng otolBadag, ta omoia Paociloviar oe aocBeveig
NAEKTPOOTATIKEG SUVAUELG. H Slepelivnon mBavwy aviaywvioTIKwV dAANAETOpAoewY HETAED
XPWULKWV Kot dwodopLlkwV LOVIWY KATA TV IPocpOdhnor Toug otnv emidAVELa TOU YKaLTiTn
£€6¢elle OTL N mMpoopodnon Twv dwodopkwy Sev eMNPeAleTAL MO TNV TMOPOUGCLO XPWULKWV.
AvtiBeta, mapatnpnBnke onuavtiky emnidpacn otn MPoopodnon TWV XPWHUIKWY UTO TV
TOUTOXPOVN TIapoucia pwadoplkwy LOVIWY oto StdAupa. To yeyovog autd mibavwe odeiletol
OTO YEYOVOG OTL T XPWHLKA, TTPOCPOPWVTAL KAl LECW CUMMAOKWY €EWTEPLKNG oTolBadag evw
T Pwodoplkd TTPocPoPwWVTAL HOVO UECW CUUMTAOKWY £0WTEPLKAG otolBadag. Ooov adopd
OTOV OVTOYWVIOUO UETAEY YPWHLKWVY KOL VITPLKWY LOVIWY, Ta amoteAéopota £6sl€av OtTL N
MPOCPOGNON TWV XPWHIKWY EAATTWONKE UMO TNV TAPOUCILA VITPKWVY. TO YEYOVOG AUTO
mOavweg odelletal otn onUOVTIKN Sladopd TwV CUYKEVTPWOEWY TIOU XpnoLponotionkayv otnv
napovoa Sotplp. H onuovtikd uPnAotepn OUYKEVIPWON VITPIKWV LOVIWV Snuloupyel
TOAVWE AMWOTIKEC NAEKTPOOTATIKEG OUVAUEL; OL omole¢ umopel va ennpedoouv Ttnv
CUMITAOKOTIONON TWV XPWHLIKWY, Loloitepa Twv CUUMAOKWY efwTeplkng otolBadag. Itnv
MEPIMTWON TWV VITPWKWY, N NN xaunAn anodoon mpoopddpnong dev emnpedoTnke amod Thv
TIAPOUCLA XPWULKWVY LOVTWV OTO SLAAUUAL.

Aappdvovtog umodn to TEWPAPOTIKA OmoTeEAEopaTa TIou Tipogkuav amd Ta MEelpApATo
SloAelmovtog €pyou, O EMOUEVOG OTOXOG QUTNG TNG SlatplBng ntav n mpocopoiwon NG
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Sladkaoiag Tng mpoopodnong sdbapuoloviag POVIEAA emibAVELAKNG cUUMAoOKomoinong. H
cupumnepldopad, n Hetadopd Kal YEVIKOTEPA N TUXN TwV BapéwVv HETANWY Kal TWV avOpyavwv
pUTWV oTo YewTeplBAaAAov, e€aptatal oe peydlo Babuo amo tig avtidpaoelc mpoopodnong Ue
Ta €dadlkd CUOCTATIKA KOl EMOMUEVWG €lval TOAU onuaviikd va SlepeuvnBoUv TETOLEG
avtdpaocslg. Mapdtt SLadopeTIKEG EUMELPIKEG TPpOoEYYLoelg £€xouv xpnoldomolnBel ywa tn
MEAETN TNG TPOCPOGNTIKAG ocupnepldopds Twv edadwv, £xouv Tmapatnpndel apketol
TEPLOPLOUOL, KABWE AUTEC oL IPOoEeYYioelg dev umopouv va Adfouv umoyn Tig aAAayEg OTIG
DUCLKOXNILKEG LOLOTNTEG TWV UTOYeLwV USATwv. Tig Suo teleutaieg dekacetieg die€nxdbnoav
EKTETOUEVEG UENETEC XPNOLLOTIOLWVTOC HMOVTEAQ €eTULAVELAKC CUUTTAOKOTOLNONG yla TNV
neplypadn t™Ng mpoopodnong Papéwv HETAAWV KAl oavopyovwv pUTIWV HE OPKETA
UTTOCXOMEVO amoTeAéopata. Ta Hoviéha emipavelakng cupnAokomnoinong Bactlovtal yevikd
oTnV TapoxN oG Beppoduvapikng Teplypadns TwV avildpAcewy PETAED TWV EMLPOVELAKWY
OMASWV KAl TWV TIPoopodnNUEVWY LOVTWY, HUE Baon tooluyla doptiou Kal palag. Qotdoo, oTIG
TEPLOOOTEPEG UEAETEG £XOUV XpnolpomolnBel kaBapd opuktd Kot povo Alyec &€ autwv
avadépovtal o Gualkd UAKA kot olaitepa oe €dadn OmMwe otnv mapouvca Slatplpn.
EmunpooBeta, £vag akOUn TEPLOPLOUOG TTOU UTIAPXEL EYKELTAL OTO YEYOVOG MWC KABs poVTEAO
erupavelakng cupmiokonoinong Paciletal oe SL0POPETIKEC OCUYKEKPLUEVEG TOPASOXEC
OXETIKA ME TN Odlemiddvela OTEPEOU-UYpPOU, oL omoleg ekdppalovial Ue OLAPOPETIKEC
avtlOpAoel  €TLPAVELOKNAG OCUUTTAOKOTIOINONG KOl OUVETWG OladOpeTIKEC  oTaBEPEC
MPOCcPOHNONG OTIC OVTLOPACELS TIOU XPNOLUOTOLOUVTAL. JUVETIWG, OL TIUEG TTou Aappavovtol
Sev pumopoULv va xpnolponotnBouv oe SLapOoPETIKA LOVTEAQL.

Jtnv mopouoa Slatplpr, Tpia amd to Mo KOWA HOVTEAA emibOVELAKG CUUTTAOKOTOLNONG
XPNOLLoToBnKav ylo TNV TPOCOUOLWON TWV TELPOUATIKWY OeSopévwy. Autd ATov TO
povtédo TPMANG otolBadag (Triple Layer Model, TLM), to povtého otolBadag Siaxuong
(Diffuse Layer Model, DLM) kot to povtédo otaBepnc xwpntikotntag (Constant Capacitance
Model, CCM). MNa tnv edopupoyn Twv HOVIEAWV Snuloupyndnkav ol avtiotolxeg BAoelg
QVTLOPAcEWVY ETLPAVELAKNG CUMMAOKOTIOINONG oL omoleg ewonxBnoav oto Aoylopikd Visual
Minteq. H epapuoyn twv nmpoavadpepBéviwy HovtéAwv BacioTnKe otV MPOCEYYLON KATA TNV
ormola n empavela tou edadoug Beswpeital eviaia kot pe Bla xapaktnplotika (general
composite approach, GC) mapd tnv mapoucia SladopeTIKWY OPUKTWYV. MO0 CUYKEKPLUEVA N
npoogyylon Bewpel otL N olvBeon tou edddoug sival Wolaitepa TePMAOKN WOTE VA KATAOTEL
Sduvatn n S1AKpLON Kol N TOCOTIKOTOLNoN TWV HEMOVWHEVWY GACEWV/OPUKTWVY KoL CUVETIWG
omodéxetal £va yevikOd TUMO evepywv Bécewv otnv emidpdavela tou £8ddouc oTIC omoieg
TMPAYHOTOTOLETOL N Tpoopodnon. Auth n umoBeon amaltel TN XPAON OCUYKEKPLUEVWY
QVTLOPAcEWY HE TIC avriotolxeg otabepég Toug (ouvteheotég K) oL omoieg Ba mpokuyouv
£UMeca amod TNV Tpooopolwon amoteAeopdtwy ta omoia Pacilovtol Oe TELPOUATIKA
Sebopéva. Etol, oL Snuioupyolpeveg BAcelg avtidpdoswv emidavelakng cupmAokomnoinong Oa
UropoUV va xpnotpomnoln8olv LeTaBAAAOVTOG LOVO TIG TLUEC TWV oTABEPWY TWV aVTLOPACEWV
CUUITAOKOTIOLNONG WOTE yLla va Tolpldlouv e Tta Telpapatika dsdopéva. Emiong, petal twv
TAPAUETPWY TIOU AMOLTOUVTOL 08 KABE UOVTEND, LA TTOUPAETPOC TTOU ATaLteital os OAa ta
MOVTEAQ TIPOKELEVOU VAl TIpayaTomnolnOel n mpooopolwaon glval n cUYKEVTPWON TOU OTEPEOU
oto SLGAuU. ITNV MEPIMTWON TIOU XPNOLUOTIORONKE 0 YKALTITNG WC MPoopodnTKO UALKO, N
TLUA OUYKEVTPWONG TIOU Xpnolpomotnbnke Ntav bl He TtV T Tou Xpnolpomnolndnke ota
nelpapata Staheimovrog €pyou. QotOC0, OTNV MEPLMTIWON MPOCOUOLWONG TWV TMELPAUATIKWY
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QIOTEAECUATWY TIOU TPOEKUYIAV Ao TO TMELPAUOTO ToU odploABikol edadoug efetaotnkav
TPELG SLadOPETIKEG MEPUTTWOELS 600V adopd TNV TIUAR TNG CUYKEVTPWONG Tou mpoopodnth.
Me Sedopévo OTL dev GUUUETEXOUV OAa Ta £6adLKA 0pUKTA Tou 0dLloAlBikol e6ddoug otn
Sladkaoia tng mpoopodnong Kal Pe TNV UOBeon OTL N MPoopodnaon eAEYXETAL KUPLWG Ao
NV mapoucia ofeldiwv Tou oL8nNpou Kal apylhiou urtoAoyilotnkay TPl SLOPOPETIKEG TLUEG
OUYKEVIPWOEWV Tpoopodntr. MNa Tov UTIOAOYLOUO Toug Xphotuomol)Bnke to wollylo palag
BaolOUEVO OTIG METPNOELS OTOLXELAKWY avaAUcewv e ¢Boplopd aktivwv X (XRF) kat tng
TMOOOTIKNG avaAuong pe TmeplBlaon aktivwv X (XRD). Ta tpia Sladopetikd oesvapla
OUYKEVTPWOeWV otepeol nepAapuPfavay tn cupdPoln otnv mpoopodnon eite a) Twv ofeldiwv
oldnpou kal aAouptviou, gite B) povo Twv ofeldiwv Tou oLdrpou eite y) HOVOo TWV ApopPwV
ofeldilwv Tou oLdpou, XPNOLUOTIOLWVTOC TIC TPELG AUTEG TLUEG CUYKEVTPWOEWYV O KaBEva amno
Ta Tpla mpoavadepBEvTa PovTEA eMLPAVELAKAG CUTAOKOTIOINONG.

H edappoyn tou povtédou TLM yia tnv mepypadn tng Stadikaciog tng mpoopododnong oto
odpLoABIkO £6adog odAyNoe O LKAVOTIOINTIKA QmoTEAEopATA ylo OAA Ta avidvta Tou
gfetdaotnkav. H mpooopoilwon tng mpoopodnong NTav OMOTEAECUATIKI KATA TN HETOBOAN
OAwv Twv efeTalOPeEVWY TOPOUETPWY OMWE TO PH, N LOVTIKA OYXUC KOL OL QVTAYWVLOTIKEG
OAANAETUOPACELC HETALY TWV LOVIWY, OTIC TIEPUTTWOEL KOTA TIG Omoleg BewprnBnke mMwg n
npoopodnan eAEyxetal lte and tnv nmapouvaoia ofeldiwv oldripou Kot apythiou, gite povo and
ta ofeibla Tou obnpou. AvilOETwg, n Tpoocopoiwon Sev ATAV QMOTEAECUATLKA OTOV
XPNOLWOTIOWONKE N OCUYKEVTPWON HOVO Twv auopdwv ofeldiwv Tou ONPOoU WG TN
OUYKEVTPpWONG tpoopodnT umodeilkviovtag £Tat OTL aUTh N oteper dAacn Sev avTIOTOLKEL 0TN
OUYKEVTPpWON TNG oteped¢ ¢paong mou cupPBalel otnv mpoopodnon. Mpocopolwvtag tnv
EMdpaon TNG LOVTIKAC oxVog Slamotwbnke OTL 0 XOAUNAEC TIMEG n mpoopodnon Twv
XPWULKWVY LOVTWV UMOPEL va meplypadel Le TO OXNUATIONO CUUMAOKWY ECWTEPLKNG oToLBadag,
elte pe ovumloka evog Ssopol (monodentate), eite Suo Ssopwv (bidentate), kabBwg Kat pe
cupmAoka e€wteplkng otolBadag. Evroutolg, n avfnon tng LOVTIKAG LoxUoG £6elfe OTL N
npoopodnon tou e¢acbevolg xpwiuiou pnopel va meplypadel amoTeEAEOUATIKA UOVO UE TO
oxnuotwopo bidentate cuumAdkwyv. O oxnuatiopog bidentate CUUMAOKWY TWV XPWULKWV
LOVTWV HE TNV emudavela tou e8adoug pmopel emiong va meplypdPeL TIG QAVIOYWVLOTLIKEC
oAAnAerudpdoelg unmd TNV Tapoucia Pwodoplkwy Kol VITPLKWV LOVIwy. Emumpoobeta,
ETILTUYXAVETAL LKAVOTIOLNTIKA TPOCOUOLWaN TG Tipoopodnong ¢wodoplkwy Kol VITPLKWV
LovVTwy efattiag tou Bavol aviaywviopoU ToUuG ME XPWULKA Lovta oto edadiko SidAupa.
Juvenwg, onwc mpoavadpépdnke, o TLM eival Lkavo va TeplypAPEL AMOTEAECUATIKA TV
npocpodnon tou e€acBevolg xpwHiou Kal Twv avopyovwy pUTIWY 0To oPLoALBiko £6adog. 2
avtiBeon pe ta anoteAéopata mou mpoékuav amnod to TLM, n mpooopoiwon MEPAUATIKWY
Sebopévwv xpnolpomnotwvtag To poviédo DLM €6etée 6tL n edappoyn autol Tou povtélou Sev
glval Kat@AAnAn ywa tnv akptpn nepypadn tng Stadikaciog mpoopoddpnong oto odpLoAldiko
£6adog. Mapd to yeyovog mwe To poviéAo DLM Atav tkavo va TPoCoUOLWAOEL TNV Pocpodhnon
TWV YPWHIKWY KoL VITPIKWV LOVTWY, Tapatnpnénke pikpr) akpifsia otnv mepintwon
npocopoiwong mpoopodnong twv dwodopkwy. EmutAéov, to DLM 6ev pmopsos va
TPOoBAEYPEL TOV aVTAYWVIOUO OTnNV Mpoopodnon HeTaly tou e€aobevols ypwuiou Kol Twv
avopyavwy pUTwv. Mia iBavr] e€fynon sivat n mapadoxr katd tnv epoppoyn tov DLM Bdon
¢ omolag Aappavetal umtoPn o oXNUATIOUOC CUMTAOKWY LOVO OTNV E0WTEPLKN oTtolBada Kat
povo monodentate tUMou. Agv gival Pkt AOUTOV N MPOCOUOLWON OXNUATIOUOU CUUMAOKWVY

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

xiii



IIEPINHYH Athanasios S. Bouras

e€wTtepLKAG oTolBAadag OMwG AVOUEVETAL yla TI( TMEPLUTTWOEL] TWV XPWULIKWY KAl VITPLKWV
LOVTWV. AuTO emaAnBelel mepaltépw ta amoteAéopota mov eAndOnoav katd tnhv edappoyn
tou TLM 10 omoio meplhapBAvel ToV OXNUATIOUO CUUTMAOKWY e€wTeplkng otolBadac. MNa tnv
nepintwon epappoyng tou poviédou CCM SlamiotwBnke mwg eival LKAvO vo TPOCOUOLWOEL
NV MPoopodnon Tou KABe pUTIOU XWPLOTA WOTOCOo epdAvioe TOAU HIKpH oKpifela otnv
MEPIMTWON AVTOYWVLOTIKNAG Tpoopodnong HETafl Twv XPWHIKWY KAl Twv dwodoplkwv
LOVTwyv. H kaAUtepn mpooopolwon Tng mpoopodnong tou e€aobevouc xpwpiou n omoia
enetel)XON o oUyKplon He to DLM odeiletal mBavwe oto oXNUATIONO CUUTAOKWY bidentate
avadelkviovtag £T0L TN onuooia Toug otnv npoopodnaon tou e€acbevols xpwiiou.

Télog, n edapuoyn HOVTEAWV emipavelakng cupmAokomoinong ylo tnv meplypadn g
TPOOPOGNTIKNG CUUTIEPLPOPAG TOU YKALTITN 08rynoe O€ TMAPOUOLEG SLOTLOTWOEL UE QUTEG
Tou odloAlBikov edadoug. To povtédo TLM mepléypal e LkavomoLnTIKA TNV mpoopodnaon Tou
g€aoBevolg XpwHiou Kol TwWV avopyavwy pUMWVY, KoBwWC Kal ToV OVIOYWVIOUO TOUG OThV
emidpavela Tou ykaltitn. H mpooopoiwon €6el€e OTL TA XPWULKA LOVTA TIPOCPOPWVTAL LECW
OUUMAOKWV €0WTEPLKAG Kol e€wTteplknG otolBadag. To yeyovog auto emaAnBeltnke amo
pelwon TNg amoteAeopATIKOTNTOC TNC TPpoopodnong Adyw tng av€énong tng LOVTIKNAG Loxvoc. H
OUUMAOKOTOINGN TWV XPWHLKWY LOVIWV Bewpeital otL SLEMeTal and to oxnuatiopd bidentate
OUUMAOKWV HE TN oteped emidpavela. H mpoopddnon dwopoplkwyv Kot VITPLKWV LOVTWV aAAd
KOL Ol OVTOYWVIOTIKEG OAANAETIOPACELS TOUG HE TO £€A0OEVEC XPWHLO TIPOCOUOLWVOVTL
£MioNG HE HeYAAn akpifela. AvtlBETwg, n mpooopoiwan tng mpoopoddnong tou e€acbevoug
XPWHIOU KOl TWV avopyavwyv pUNMWV XPNOLUOTIOLWVTAG To Hovtého DLM dev ntav efioou
anoteAeopatikny. Mwa mbavn e€nynon gival n untdéBeon otnv onoia Baciletal n epappoyr tou
KOTQ TNV omoia elval duvatdc O QIMOKAELOTIKOG OXNUATIONOC monodentate CUUTTAOKWV
E0WTEPLKAG oTolBadag ayvowvtag Tnv mbavr mapoucia CUPNMAOKWY eEWTEPLKAG oTolBadac.
KAelvovtag, n edappoyn poviéhou CCM yla mpocopoiwon mpoopodnong tou e€acBevoug
XpWHIoU KAl TwV avopyavwy puntwy amedelxdn Lkavr vo TIPOCOUOLWOEL ATTOTEAECUATIKA TNV
MPOCopPOGNON TOU €KACTOU PUTIOU WOTOCO SeV UMOPOUCE VA TIEPLYPAPEL TIC OVTAYWVLOTIKEG
oAANAeTdpaoelg mou SnuoupynOnkav Hetofl Twy eEeTAlOUEVWV LOVTWV.
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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(Ill)] and the hexavalent [Cr(VI)] forms. Under the physicochemical conditions
prevailing in geoenvironment, Cr(lll) 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.

Selection of the area Investisation of the
with the desirable 8 . Adsorption
. removal capacity of the . X .
geological background . simulation using
oL ) tested sediment for
(ophiolitic/ultramafic) . . surface
P Cr(VI) and inorganic .
and determination of . complexation
. . contaminants.
the mineralogical and . . models based on the
- : Comparison with pure .
physicochemical experimental data.

s mineral.
characteristics

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(lll) 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(Vl) 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(VIl) 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(Vl) 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.

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

5






LITERATURE REVIEW Athanasios S. Bouras

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 "ypwpa"
since it forms many colorful compounds that cover the visible spectrum, from violet [Cr(lIl)
salts] to deep red [some Cr(VI)] (Figure 2.1). These compounds are mainly oxygenated and

most contain the mineral chromite (FeCr,0; or FeCr,0.). 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% Cr,0s.

CI'C|3 FeCrzO4 chr207 KzCTO4 CI'203

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 OCr, *Cr, *Cr and *'Cr
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(lll)], [Cr(VI)] and very rarely as
elemental chromium [Cr(0)] (Jacobs & Testa, 2005).

2.2 Legal framework regarding chromium in water
Cr(lll) 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(Ill) is that potentiates the action of insulin in peripheral tissue. However, in high
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concentrations Cr(lll) 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 pg/day which corresponds to 0.71 - 2.9
ug/kg-day for a 70 kg adult. The Food and Drug Administration (FDA) has selected a Reference
Daily Intake for chromium of 120 pg/day (Anderson, 1989; USEPA, 1998). A recommended
intake dose in the range 25-200 ug/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(lll) (ATSDR, 2000). Toxic and carcinogenic effects from industrial
Cr(VI) pollution have been demonstrated since the 19™ 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 pg/L Cr(VI1), respectively. USEPA has also set an oral RfD for Cr(VI) equal to 0.006
mg/Kg-day or equivalently 210 pg/L. Results of occupational epidemiologic studies of Cr-
exposed workers across investigators and study populations consistently demonstrate that
Cr(Vl) 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 pg/L based on mouse
studies (CalEPA OEHHA, 2011). A Tolerable Daily Intake (TDI) for Cr(VI) equal to 5 ug/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 pg/L and regards Cr
(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 pg/L, as
the limit of Cr(VI) in drinking water.

In the case of groundwater the established environmental quality standards for Cry,; 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 Cry; equal to the drinking water
standards of 50 ug/L, without separating Cry: and Cr(V1). 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 pg/L Cr(Vl) and 110 pg/L Cry;, while the effluent
concentrations are 30 pg/L Cr(V1) and 200 pg/L Cri.

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
21* 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)Ill)] 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(lll) is the most common form of chromium occurring as insoluble Cr(lll) oxides (Cr,0;) and
Cr(lll) hydroxides [Cr(OH);] in several minerals. Most of the Cr(lll) minerals contain Cr(lll) ions
in octahedral coordination with oxygen. Since the octahedral radius of Cr(lll) is similar to those
of Al(l), Fe(ll), Ti(IV) and Mg(ll) it is possible the formation of several isostructural compounds
and minerals, as a result of ion substitutions between Cr(lll) and the aforementioned metals in
the octahedral sites. Thus the most common minerals containing chromium in their structure
are chromite (FeCr,0,), Cr-magnetite and chromium mixed (Al, Mg, Fe) spinels. FeCr,0,, also
called iron(Il)-Cr(Ill) oxide, is the principal ore of chromium. FeCr,0, is a magnetically weak,
iron-black, brownish-black to silvery white mineral. FeCr,0, 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. FeCr,0, in the geoenvironment is
rarely pure. Theoretically it is composed by 68% Cr,0s, 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% Cr,0; 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 Iherzolite. 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(lll)-
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 (PbCrQ,). 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 (CaCrO,) and Cr(VI)-ettringite
(CagAl;y(Cr0,)3(0H)1,24H,0) in the Judean desert in Israel (Sokol et al., 2011) and as barite-
hashemite (BaSO,-BaCrQ,) 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(lll) occurs only at trace concentrations, since for the pH range of natural
waters it forms insoluble compounds. Cr(lll) 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(lll) 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-H,0-0) system, under standard conditions, the Cr(lll)
stability zone occurs over a wide Eh and pH range under both reducing to oxidizing and acid to
alkaline conditions. Cr(lll) 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); is formed, although small quantities of Cr(lll) 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), ] are formed. In aqueous environments under low Eh conditions,
the main Cr(lll) species are the chromic cations and CrOH** (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(lll) 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
Cr** + H,0 <> CrOH* + H* -3,57
CrOH*" + H,0 <> Cr(OH)," + H* 9,84
Cr(OH)," + H,0 <> Cr(OH);° + H" -16,19
Cr(OH);° + H,0 <> Cr(OH), + 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(lll)
stability field as shown in the Cr-H,0-0 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 (CrO,”) 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
(Cr,0,7), bichromate (HCrO,) and chromate (CrO,”) anions. Figure 2.3 shows the
predominance diagram for the three species as a function of chromium concentration and pH.
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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, Lead chromate, zinc chromate, barium chromate, calcium
plastics) 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(lll)
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) (Kotas 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(lll) 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 Cr,; 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 NH4;NO;, 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 Na,CO;-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(lll), 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(lll). 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(lll). Thus any possible risk can be
created by the Cr(lll) oxidation caused by oxidative factors of soils. The possible oxidative
factors for Cr(lll) will be discussed in the following paragraphs. However, the oxidation of Cr(lll)
species contained in such materials has been proved to be a much slower process compared to
geologic Cr(lll).

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 (FeCr,0,), 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.
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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(lll) and Fe(lll) 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 AI**, Fe** and Ti*" in
the octahedral sites and Mg*, Ni**, Zn** and Mn*" in the tetrahedral sites. In addition,
isomorphic substitutions between Cr(lll) and Fe(lll) is a common phenomenon during
hydrothermal and CO, metasomatism of ultramafic rocks, which leads to the formation of Cr-
silicate minerals. Substitutions of Al(lll) and Cr(lll) 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 (PbCrQ,), 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) Criot (Mg/Kg) Analytical method Reference
Hypermagnesian brown soil 19,000
Ferralitic oxidic soil 124,500 ; ;
) A P
1 New Caledonia 0.2 DTPA & AAS mir and Pineau,
Ferrallitic oxidic colluvial soil 30,700 2003
Saprolite 2,800
Highly weathgred and sFroneg 0-057 20,526 — 21,211
desaturated soil on the piedmont o .
Colluvio-alluvial soils with some diacid digestion (2:1
2 New Caledonia - 0-0.51 18,474 — 19,158 HNO;:HCl ratio) & ICP- Becquer et al., 2003
poorly weathered silicates AES
Alluvial soils su.bject to temporary 0-0.39 13,684 — 21,895
water logging on terraces
New Caledonia Backslope 38-57 23,947
3 x:;[cshggr: th;:jjtce:;tg:f Colluvial 40-51 23,947 dlgest|(|)(r:1pv_v|:;c|: LiBo & Becquer et al., 2006
&P Alluvio-colluvial 26 -39 26,000
ultrabasic rocks)
Soil summit 0-0.12+ 3,146 — 3,967
Soil backslope 0-0.18+ 3,421 -4,653 HCI-HNO; & e
4 north-western Italy Soil footslope 0-1.65+ 2,326 — 8,552 HF digestion and AAS Bonifacio et al., 1997
Soil toeslope 0-0.75+ 958 — 1,095
Horizon A 822
. . . . Horizon AC 1,074 HCI-HNO; and e
5 North-western ltaly Soil (Entisols and inceptisols) Horizon Bw 378 HF digestion & AAS Bonifacio et al., 2010
Horizon C 745
dithionite-citrate-
. Ultramafic soil 0-0.70 28 - 209 bicarbonate extraction &
6 southwestern British ICP-AES Bulmerl and
Columbia Ammonium oxalate Lavkulich, 1994
Ultramafic soil 0-0.70 17-44

extraction & ICP-AES
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7 Northwestern Spain chloritized veins in serpentinites n.a. 137 -11,837 XRF Buurman et al., 1998
rock >1.4 2,262 )
8 (SerF;":]:icr‘:'ites) soil 1-1.4 5812-8,675 | -orand HICJI? after 1CP- | iilaud et al., 2009
P Soil 06-1 6,756 — 7,466
France (Vosges soil (Hypermagnesic Hypereutric dithionite—citrate—
9 Mountains ultramafic yp & . P 0-0.6 2,350-2,490 bicarbonate (DCB) Chardot et al., 2007
Cambisol) .
toposequence) extraction & ICP-AES
10 eastern Taiwan soil over serpentine regolith 0-1.5 1,060 - 1,663 Sequent|a|1:I;Ax;ractlon & Cheng et al., 2011
soil from glacial till composed of
serper.1t|n|.te & met.ag.abbros, 900 - 2,300
amphibolites, prasinites and
chlorite schists
western Alps (Natural soil composed of serpentinite
11 Park of Mont Avic, Aosta . P p . 0-0.5 BaCl, extraction & FAAS D'Amico et al., 2008
Valley, Italy) with traces of prasinites, 1,700 - 2,800
v, ftaly amphibolites and chlorite schists
serpentinite till lying on a hard,
unweathered serpentinite 1,400 - 1,900
bedrock
soil <10 705 - 6,000
soil 10-20 8,848 - 10,620 o .
12 south-east Cameroon il 520 16,070 acid digestion & ICP - MS | Dzemua et al., 2011
serpentinitic rock 1,437
bedrock (gnw.eathered 2,053
peridotite) Ikali fusion with lithi
13 New Caledonia soil 1.6 9,578 ateirlatij:z:emg ICFl-OIIlEJSm Fandeur et al., 2009
soil 0.8 13,684
soil 0.1 15,052
14 central Eastern Desert, rock (serpentinites) 2,463~ 5.'337 n.a. Farahat, 2008
Egypt serpentine
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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
soil max 0.9 312 -2,912
16 (eastern Alps Swiss) soil max 0.54 676 — 2,808 XRF Gasser et al., 1995
soil max 0.6 676 —3,224
17 (SW Poland) rock (serpentine with mesh n.a. 2,397 XRF Gunia et al., 2000
texture)
18 Taiwan (serpentine soil 11-27 443 - 894 HF - HNO, - HCIO Ho etal., 2013
mining site) digestion & FAAS
. soil from summit 0-0.9 1,550 - 3,100
" e?\;f::;?r']wfgrg:;gng” soil from shoulder 0-2 1,700 - 2,720 HF - HNO; - HCIO, - Heeu 2006
S soil from backslope 0-3 200 - 420 H,S0, & FAAS !
serpentinitic rocks) -
soil from footslope 0-3 440-1,180
western Mojave Desert, rock 1,020 EDXRF L
20 USJA rock n-a 155 digestion & ICP-OES Izbicki et al., 2008
21 Bavaria soil n.a 725 Sequential extraction KauPean;;:n etal,
soil horizon A fine fraction 2,805
soil horizon A coarse fraction 3,147
22 Poland soil horizon A/C fine fraction n.a. 3,079 LiBo digestion & ICP-AES | Kierczak et al., 2007
soil horizon A/C coarse fraction 3,763
rock 3,900
USA (serpentinitic
23 Wetland & Surrounding soil 0-0.15 75-240 dithionite & ICP-OES Lee et al., 2001
Landscape)
24 | northern California, USA soil 0-2 2,100 aqua regia and ICP Lee etal., 2004
(serpentinitic landslide)
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
soil 0,01-0,135 1,725 -4,760
26 Californi : : . ’ id digestion & ICP-AES Oze et al., 2004
alifornia bedrock serpentinite 580-2,280 acid digestion e
27 Northwest Spain soil over peridotite 0-0.20 546 Aqua regia & AAS Paz—GorzmzaE)Igz etal,
28 Cuba.(r'rTo.a—bara.coa uvarovite (sgrpennmzed n.a. 49,947 - 115,630 Microprobe analyses Proenza et al., 1999
ophiolitic massif) ultrabasic rocks)
Sources ar.1d extractliblllty soil (over ultramafic bedrock) 0-08 315 - 1,880 sequential extraction &
of chromium and nickel ICP-AES .
29 in soil profiles developed Quantin et al., 2008
P >lop bedrock n.a. 1,802-3,206 | acid digestion & ICP-AES
on Czech serpentinites
30 | Pennsylvania (Maryland Serpentinitic soil 0-17 1,000-6,000 | acid digestion & ICP-AES | Rabenhorst, 1982
Soils from serpentinite)
31 Leon Valley, Mexico rock n.a 265 —-4,115 acid digestion & FAAS Robles-Camacho and
v 9 ’ & Armienta, 2000
32 Albania (serpentines) Serpentinitic soil 0.15 365 - 3,865 HNO5/H,0, & ICP-AES Shallari et al., 1998
soil (ophiolite complex consists of
33 Albania a sequence of aIt(.ered ultramafic 0-01 843 -3,385 acid digestion & AAS Shitza et al., 2005
formations)
litho-serpentinite - 1,525-1,725
0-12 5,000 fusion at 110°C with Na
. soil (laterites developed on 12-20 16,507 metborate and HCl and
34 Fast Africa peridotites) 20- 40 4,730 ICP-AES/ XRF in the Trolard et al., 1995
33-69 7,300 residual
south-east Cameroon soil (summit) 16 - 46 5,474 - 13,684
e soil (top slope) 10-22 1,505-14,984 . Yongue Fouateu et
35 laterit Extract d ICP-AES
(laterite cover on soil (middle slope) 16-23 2,121-12,316 xtractionan al., 2006
serpentinites) -
soil (base slope) 14 - 20 13,889 — 18,953
36 Sri Lanka (Ussangoda <oil n.a 11,352 Aqua regia & AAS Rajapashka et al.,

Ultramafic Complex)

2012
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37 Sri Lanka (l.Jssangoda soil na. 11,031 XRF Vithanage et al.,
ultramafic coast) 2014
38 Mouriki-Thiva Area, Surface soil samples related to 01 277 dlgestlon. with hot aqua Antibachi et al., 2012
Central Greece ultrabasic rocks regia & FAAS
39 Greece (Pindos ophiolite chromite rock n.a. 19,773 — 623,687 Electron microprobe Al-Boghdady and
complex) Economou, 2005
40 Asopos basin, Greece Soil (related to ultramafic rocks) 0.20 67 - 200 aqua regia and ICP-MS Econo;g;ti etal,
Korinthos, Greece
(ultrabasic rocks & . . . Kelepertzis et al,
41 Neogene & Quaternary soil 0.1 920 digestion, ICP-ES 2001
deposits)
rock 2 3,100 - 3,200 XRF
42 Thiva Valley (central soil over rock 0.2-2 2,440 - 3,440 XRF Kelepertzis et al,
Greece) ) max 856 . 2013
topsoil 0.2 (median 299) aqua regia & AAS
43 central Euboea, Greece soil 0.2 1,300 aqua regia & GFAAS Megremi, 2010
. . . 40-2,500 - . Skordas and
44 Agia, Thessaly, Greece Soil (related to ultrabasic rocks) 0.1 (300 mean) acid digestion & ICP-AES 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 Al.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)
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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(lll) 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 (CrO,%).

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(VIl) 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(lll) (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(lll) 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(lll) will
be given at the following paragraphs) and finally desorbed in groundwater as Cr(VI). Cr(VI)
concentrations in the range 0.2 - 180 pg/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 pg/L of Cry: 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 Cry; and Cr(VI) concentrations in groundwater at aquifers related to ultramafic/ophiolitic geological background

max (Cryot) Analytical Cr(VI1) Analytical
A/A Area Depth (m Reference
/ pth (m) (ng/L) method (ng/L) method
Western Mojave Desert, .
1 . } n.a 60 GFAAS 60 FAAS Ball and Izbicki, 2004
California
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
) Robles-Camacho and
6 Leon Valley, Mexico n.a 14.9 FAAS 8 1,5-DPH )
Armienta, 2000
Calabria National Perk, Sila
7 . n.a 10 ICP-MS <10 1.5-DPH Apollaro et al., 2011
Piccola, Italy
8 Tuscany, Italy n.a 49 ICP-OES 49 HPLC/ICP-MS Lelli et al., 2014
Sacramento Valley, ]
9 . . 31-87 46 n.a. 46 n.a Manning et al., 2015
California, USA
Central California Coast ) . )
10 o Spring 49 ICP-MS 52 Modified DPH McClain and Maher, 2016
Range Serpentinite Belt
SW Sacramento Valley, .
11 ) . 17-26 n.a. n.a. 180 ICP-MS Mills et al., 2011
California
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
. Economou - Eliopoulos et
14%* Asopos basin, Greece 180 - 200 180 GFAAS 180 1.5-DPH
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 pg/L Cry, in drinking water. Cr(VI) concentrations in
such aquifers ranges between 0.2 and 180 pg/L. A more detailed look at these studies proves
an interesting correlation between Cry; and Cr(VI), since Cr(VI) fraction corresponds to a
percentage higher than 80% of Cr,. 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 pg/L regardless the geochemical conditions of
the aquifers.

Especially for Greece, the concentrations of Cr(VI) up to 212 pg/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.

LEGEND
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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.

Reduction
(e~ donar)
—»
CrV1) Sorption 44— —— Cr{lll} Precipitation
P Cr{ViI) Cr{liny
— Cr(lll) Sorption
..‘__
Oxidation (g~ acceptor)
[MnC,/Bacteria)

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(lll) and Cr(VI). The
oxidation of Cr(lll) 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) H,0/0,(aq), b) Mn(Il)/Mn(1V),
c) NO,/NOs, d) Fe(ll)/Fe(lll), e) S*/SO,> and f) CH,/CO, (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(lll) 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(Ill) couple is very high (0.6 V), only few oxidants are able to oxidize
Cr(lll) in geoenvironment, as will be described below.

Manganese oxides is the most common and strongest oxidant of Cr(lll) in the geoenvironment
(Fandeur et al., 2009). Particularly, mixed-high-valence Mn(IV/lll)-oxides, such as birnessite
(Fendorf and Zasoski, 1992), pyrolusite, and cryptomelane (Eary and Rai, 1987) as well as
hausmannite (Mn**Mn®*",0,) and manganite (Mn*OO0H) (Cooper, 2002), which are presented
usually as coatings on soil/rock grains, have been referred as potential oxidants for Cr(lll).
Bartlett and James (1979) were the first who observed that Cr(lll) was oxidized to Cr(VI) more
readily in soils with high elemental manganese contents than in other soils. The oxidation of
Cr(lll) 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

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

26



LITERATURE REVIEW Athanasios S. Bouras

processes of the oxidation of aqueous Cr(lll) 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(lll) onto Mn oxide surface sites,

ii.  Diffusion of Cr(lll) into Mn(IV) vacancies in the MnOg octahedra sheet,
iii.  Oxidation of Cr(lll) to Cr(VI) by Mn(lV),
iv.  Desorption of the reaction products Cr(VI) and Mn(ll)

+ 3+
— Cr3 (aq) — > Cr S
(sorbed)
2- <
Crodz.(sorbed) CFO4 (aq)
{lyj pH<8
A : —— Fe2+ resorb
chromite v
Cr-magnetite (Cr,Fe)OCH L 5
precipitation pH>8
mobile

Source: (Chrysochoou et al., 2016)
Figure 2.9 Cr(lll) oxidation by manganese oxide considering chromite as the host mineral.

Low solubility of Cr(lll) compounds is the limiting factor of the oxidation reaction. Cr(VI)
formation is affected by Cr(lll) 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(lll). On the
other hand, the pH increase enhances complexation and precipitation of Cr(lll) with the
hydroxyl anions (OH’), impairing the oxidation efficiency of Cr(lll). The alteration of pH of the
soil solution can also affect the redox potential between Cr(lll) and manganese oxides. Thus, at
low pH values manganese oxides can oxidize the more soluble Cr(lll) easier due to the higher
oxidation potential.

Cr(lll) oxidation by several manganese oxides has been reported in the literature. Amacher and
Baker (1982) mentioned that Cr(lll) oxidation by the common naturally occurring 6-MnO,
oxide, was observed over a range of Cr(lll) concentrations and pH values, with oxidation
efficiency being limited as pH and Cr(lll) concentrations increased. The increase of pH at values
higher than 5 declined significantly the oxidation rate while the high presence of Cr(lll) caused
surface alterations that prohibited the extension of the oxidation. In addition, they postulated
that the formation of Mn(ll) and Cr(VI) as reaction products did not inhibit the oxidation
process despite the fact that Mn(ll) cations formed were strongly adsorbed by the §-MnO,
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(lll) oxidation by 6-MnQ, that occurs in the
aquifers as proposed by Amacher and Baker (1982).
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Cr** + 1.5 8-MnO, + H,0 <> HCrO, + 1.5Mn*" + H* (Reaction 2.1)

As observed from the reaction above, 1.5 mol of Mn(ll) is released after the oxidation of each
mol of Cr(lll). 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(lll) 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(lll) compounds [CrPO,, Cr(OH); and Cr,Fe(OH)¢] by 6-MnO, showing
that the rate and extent of oxidation of Cr(OH); and Cr,Fe(OH)s decreased with increasing pH,
while CrPO, was not oxidized by 6-MnO,. Eary and Rai (1987) verified Cr(lll) oxidation using -
MnO,, mentioning that Cr(lll) 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(lll) oxidation. The
inhibition of Cr(lll) oxidation by B-MnO,, 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(lll) oxidation by y-MnOOH or manganite have been provided by Johnson and Xyla
(1991). y-MnOOH or manganite is thought as an important type of manganese oxides in the
geoenvironment able to oxidize Cr(lll). Cr(lll) 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(Ill) oxidation is more difficult at acidic pH values. The restricted factors for Cr(lll) oxidation
were found to be the Cr(lll) initial concentration and the presence of organic ligands.

Another parameter able to affect Cr(lll) oxidation is the concentration of dissolved oxygen (DO)
in groundwater. Schroeder and Lee (1975) demonstrated low Cr(lll) oxidation rates under the
presence of DO in a period of a month using water collected by a lake. Low rates of Cr(lll)
oxidation by DO were observed by Rai et al. (1986) who found that DO oxidizes Cr(lll) into
Cr(VI), but the oxidation rate at room temperature is very slow and, thus, enables Cr(lll) to be
involved in faster concurrent reactions such as sorption or precipitation. Therefore Cr(lll)
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(lll) were oxidized by DO at highly alkaline
pH values, indicating that the oxidation rate is sufficiently slow in the geoenvironment
rendering, thus, Cr(lll) available to be involved in other reactions mainly sorption before being
oxidized by DO.

Cr(Ill) oxidation may also occur by chemical compounds possibly found in the geoenvironment,
such as hydrogen peroxide (H,0,) and permanganate (MnO,’). Under alkaline conditions H,0,
may act as a Cr(lll) 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(lll) by
adding H,0, in alkaline environment, by determining the possible formation of chromates
proposing the following reaction:

Cr’* +3H,0, + 100H = 2Cr0,* + 8H,0 (Reaction 2.2)
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Regarding the effect of MnO, on Cr(lll) 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(lll) oxidation by permanganate can be quantitatively effected
according to the following reactions, which are supposed to take place in alkaline medium:

cr + Mn”" > Cr® + Mn™ (Reaction 2.3)
cr’* +3Mn” > Cr® + 3Mn®* (Reaction 2.4)
2.5.1.2. Reduction of chromium

Contrary to Cr(lll) oxidation, Cr(VI) reduction is a more common reaction with several
geoenvironmental agents acting as reductants. Cr(lll) is oxidized to Cr(VI) only under the
occurrence of high redox potentials and can be easily reduced again to Cr(lll) at common
environmental conditions. The most important geoenvironmental reductants for Cr(VI) are
ferrous iron [Fe(ll)], organic matter, sulfides and microorganisms.

Fe(ll) can act as an electron donor for the reduction of Cr(VI) even presented in the aqueous or
in solid phase (minerals). Fe(ll) 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(ll)-containing minerals (Palmer and Puls, 1994). Table 2.5 presents the most
common minerals able to contain Fe(ll) in their structure. Cr(VI) reduction by soluble Fe(ll) 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(ll)-bearing minerals

Class Group Mineral Chemical formula
Olivine (Mg,Fe**),Si0,
Augite (Ca,Mg,Fe”", Ti,Al),(Si,Al),0¢
Pyroxenes - T
Hedenbergite CaFe”'Si,0¢
Hornblende Ca,[Fe®*,(Al,Fe**)]Si;AlO,,(0OH),
. Amphiboles Cummingtonite (Mg,Fe?*);5ig0,,(0OH),
Silicates - pra.
Grunerite Fe™;(Sig0,,)(OH),
Biotite K(Mg,Fe)5(AlSi3)O10(0OH),
Micas Phlogopite K(Mg,Fe)s(SizAl)O44(F,0H),
Glauconite (K,Na)(Fe*",Al,Mg),(Si,Al),015(OH),)
Chlorites (Mg,Fe,Al)g(Al,Si)4010(OH)sg
Magnetite Fe*Fe*,0,
Oxides lImenite Fe'TiO;
Wuestite Fe**0
Sulfides Pyrite Fe®'s,
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Richard and Bourg (1991) proposed a general reaction (Reaction 2.5) for Cr(VI) reduction by
Fe(ll) hosted in hematite or biotite.

3Fe(I1)O + 6H" + Cr(VI)jag) €> Cr(Il1)aq) + 3Fe(lll)aq) + 3H,0 (Reaction 2.5)

In the case of hematite and biotite, Cr(VI) reduction observed in the aqueous phase as a result
of Fe(ll) release in small amounts in the solid solution (Eary and Rai, 1989). On the contrary,
Cr(VI1) 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(ll)] and ferric [Fe(lll)] iron
species. The presence of Fe(ll) 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(ll) occurring
in the minerals presented in Table 2.5, Cr(VI) reduction has been referred due to the presence
of small amounts of Fe(ll) existing in clay minerals in certain low-pH soils (Eary and Rai, 1989)
and by the Fe(ll) presented in the Fe(ll)-Fe(lll) hydroxysalt green rusts leading to the formation
of Cr(lll)-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 (SHA)
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):

2Cr,0,” +3C% + 16H" > 4Cr** + 3CO, + 8H,0 (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(Vl) 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(lll), 2) bacterial
production of reductants like Fe(ll) (Wielinga et al., 2001) and S* (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(VI1) to Cr(lll) are readily isolated from soil (Turick et al., 1996; Camargo et al., 2003).

Concluding, Cr(VI) reduction by Fe(ll) exhibits the fastest rates, while under neutral to alkaline
pH values and under anaerobic conditions Fe(ll) controls primarily Cr(VI) reduction (Pettine et
al., 1998; Stanin and Pirnie, 2004). Since Fe(ll) and organic matter are ubiquitous in soils and
groundwater, Cr(VI) can be reduced to Cr(lll) 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(lll) species cannot occur in the geoenvironment since under the
physicochemical conditions that typically prevailed these species form unstable compounds.
Cr(lll) reacts in agueous 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)*, Cr(OH),", Cr(OH)s;, and Cr(OH),. The solid Cr(OH)s)
equilibrates with the Cr(lll) dissolved species (Rai et al., 1987). Amorphous Cr(OH); can also
crystallize as Cr(OH);-3H,0 or Cr,0; (eskolaite) depending on the existing conditions (Palmer
and Puls, 1994). Cr(lll) can also form complexes with inorganic and organic ligands. The most
common inorganic ligands are SO,>, NH,", and CN". Organics can complex with dissolved
Cr(lll), eliminating its availability for precipitation (Hawley et al., 2004). Another factor that
controls significantly Cr(lll) precipitation is the presence of ferric iron Fe(lll), since Cr(lll) can
precipitate in the form of mixed hydroxide Fe,Cr,(OH); (Eary and Rai, 1988; Richard and
Bourg, 1991). The formation of mixed iron-chromium hydroxide enhances the precipitation of
Cr(lll) in aqueous media with neutral and slightly alkaline pH values. The kinetics of the
precipitation reaction with Fe(lll) is fast making iron a controlling factor for Cr(lll) fate in
groundwater (Sass and Rai, 1987). In general, Cr(lll) 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(lll) compounds of very low solubility.

Regarding Cr(Vl), chromate (CrO,>), hydrogen-chromate (HCrO,") and dichromate (Cr,0,%) are
soluble in aqueous media, in all pH range. In the typical pH range of groundwater (6.5-8.5),
Cr(VI1) is mainly presented as chromate. However, chromate can exist as an insoluble salt with a
variety of divalent cations, such as Ba*, Sr**, Pb*", Zn*", and Cu®" (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 CaCrQ,, hashemite (BaCrO,) and
crocoite (PbCrQ,) (Smith et al., 2003). However, these solids are not much common and are
not considered as a removal mechanism for Cr(VI1). Contrary to the case of Cr(lll), the presence
of Fe(lll) 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(lll)
and Cr(VI) have been reported by the research teams of Baron et al and Olazabal et al. The
KFes-(CrO,4),(OH)gs) and KFe(CrO,),-2H,0 phases have been identified in Cr-contaminated
soils (Baron et al., 1996; Baron and Palmer, 1996; Baron and Palmer, 1998), while the
FeOHCrOy) and FeOHCrO4-2Fe(OH);) 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(lll) solid phase] under acidic conditions.

Table 2.6 Solid phases incorporating Fe(lll) and Cr(VI) ions.

Reaction log Ksp
KFe(CrO4),-2H,0() = K* + Fe*" + 2 CrO,” + 2H,0 -19.4
KFes3(Cr0,),(OH)g(s) + 6H = K* + 3Fe® + 2Cr0,” + 6H,0 -18.4
FeOHCrOy ) = Fe*" + CrO,” + OH’ -22.5
FeOHCrO,-2Fe(OH)s = 3Fe® + CrO,” + 70H" -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(lll), 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(lll) 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(lll) 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(lll) and the surface. Cr(lll) 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(lll) sorption on iron oxides and clays is a fast process
that is completed in one day. One more factor able to strongly enhance Cr(lll) 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(lll) adsorption (Sposito,
2008).

On the contrary, Cr(VI) is presented in anionic forms H,CrO,”* (mainly as CrO,> and HCrO,")
under the physicochemical conditions occurring in the geoenvironment. The ratio of HCrO, to
CrO,” is a function of pH. Thus Cr(V1) 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(VIl) 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(lll) and Cr(VI) on Fe,0;
surfaces, as a function of pH. The results verified that Cr(lll) 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 H,Si0,> is present.
On the contrary, chromates either increase or have no effect on the sorption of heavy metals
(e.g. Cd*, Co®*, Zn*") 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 NO; 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 (NO,), as well as Total Organic Nitrogen (TON). Organic nitrogen
consists of truly dissolved organic nitrogen (DON) and particulate organic nitrogen (PON). NO,
and NOjs 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):

NH," +3/20, > NO, + 2H" + H,0 (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):

NO, +1/20, > NO5 (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.
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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/m? 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):
e over fertilization of crops
e 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
e cultivation of seasonal crops (soil is bare for high period annually, especially in winter)
which require high amounts of fertilizes
e intensive agricultural rotation cycles involving frequent ploughing
e drainage systems which lead to drainage of fertilizers
e organic fertilizers form animal waste/by-products
e 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
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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 (NH,). 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 Sillanp&a, 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/N, (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)
Fe* +e > Fe” 0.77
NOs; +e >N, 0.75
I, +2e > 21 0.54
Cu”*+2e > Cu 0.34
Cu¥ gt e > Cu'g 0.13
2H" +2e" > H, 0.00
Pb** +2e > Pb -0.13
250,” + 19H" + 16e” > H,S + HS + 8H,0 -0.22
S0,” +8H" + 6e" > % + 4H,0 -0.33
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Fe’* +2e > Fe° -0.44
Zn* +2e > Zn -0.76
AP +3e > Al -1.66
Mg* +2e > Mg -2.37
Na"+e > Na -2.71
Ca™*+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 Sillanpaa, 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 (H,PO,>, 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 (HsPO,), such as H,PO,” and HPO,?, exist under acidic and slightly alkaline
pH values, respectively, and both are preferentially absorbed by plants. In alkaline pH values
the predominant specie is PO,>~ (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):
e total PO,~P < 0.05 mg/L in a stream at a point where it discharges into a lake or
reservoirs,
e total PO,~P < 0.1 mg/L in streams that do not discharge directly into lakes or
reservoirs,
e total PO,~P < 0.025 mg/L for reservoirs.

For the purpose of monitoring and water rating the following are the useful requisite levels of
total PO,—P (Oram, 2005; Fadiran et al., 2008):

e <0.03 mg/L: level in uncontaminated lakes;

e 0.025-0.1 mg/L: levels at which plant growth is stimulated;

e 0.1 mg/L: maximum acceptable for avoidance of rapid eutrophication;

e >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 Cas(PO,)s;(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)PO,], a rare earth metal phosphate and vivianite [Fe2+3(PO4)2-8HZO] 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 agueous 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 (Cas(PO,;)30H) and others like strengite (FePO,-2H,0),
vivianite (Fes(P0O,),-8H,0) and variscite (AIPO4-2H,0) (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 Ca” 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
guantitative 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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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.
lonization 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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o [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 (Ky). 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):
e Adsorption occurs on a homogenous surface forming a monolayer between the
adsorbate and the outer surface of adsorbent.
e Adsorption sites are identical and equivalent from thermodynamic aspect.
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e No interactions occur between the adsorbed molecules

The mathematical expression of the Langmuir isotherm is given by Equation 2.1:

Ce

+=C, (Equation2.1)

1
de Q*b

Q|+

Where C. (mg/L) is the concentration of adsorbate remaining in the solution at equilibrium, q.
(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):

logq, = logK + %logCe (Equation 2.2)

Where C. (mg/L) is the concentration of adsorbate remaining in the solution at equilibrium and
ge (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

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

47



LITERATURE REVIEW Athanasios S. Bouras

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).
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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 (CI') and nitrates
(NO3) are adsorbed as diffused ions or by forming outer-sphere surface complexes. On the
contrary, oxyanions, and mainly phosphates (PO,*), arsenates (AsO,>), selenate (SeO,”) 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
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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):

e Surface complexation modeling provides a thermodynamic framework for determining
the adsorption reactions of contaminants.

e 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.

e 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.

e The results of SCM modeling can be efficiently applied in transport modeling, which take
into account chemical processes.

e 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* ¢> SOH," = [SOH;] P
2 *~ fsoma “Prr!
s [SOT]{H*} ~—Fy
2 SOH < SO +H =
- som PLRT ]

where F: the Faraday constant, : 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.
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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:

e all surface complexes are inner-sphere complexes and located in a single surface o-
plane, with anion adsorption occurring via a ligand exchange mechanism,

e 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,

e alinear 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
e o . SoMM-DI(H* m—1)F
1 SOH + M™ ¢« SOM( 1) +H KM — [ ]{+ }exp[( ) l/J]
[SOH]{M™*} RT

_ (SO),MUMBHYE  (m = 2)Fy

2 | 2SOH+M™ &> (SOL,M™ +2H" | g, =
(50): M sorpEmy - SP R
a-D- (-
3 |SOH+L"+H <> st +H,0 L= [SL ] exp (- DF ‘/’]
[SOHI{L""}{H*} RT
-2)- (-
4 | 2SOH+L"+2H" > S,L" + 21,0 Sl ] (- 2F l/’]

K = romeaym e P kT

where, M represents a metal cation with charge m+, and L an anionic ligand of charge I-.
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
e o . SOMM-D1H+ m—1)F
1 | SOH+M™ & soM™ +H Ky = [ ]{+ }eXp[( ) ¢]
[SOH]{M™+} RT

50),MM=D{H+}? —2)F
2 | 2SOH + M™ ¢> (S0),M™? + 2H" Ky = (50)2 1t exp (m = D
[SOH]2{M™+} RT

[SLU-D7] —(l-1Fy
oM <P /T

]

3 | SOH+L"+H &> sL™ +H,0 K, =
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4 | SOH+L"+2H' & SHL"™ + H,0

SHLU=2)7]
L~ oM

~(-DFy,

exp[ RT

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 B-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 B-

plane. Thus, in the TLM, metal—-anion pairs may occur either on the o-plane, or on the B-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 + M™ > SOM™" + H* M= [5[05122']:;%%*} exp[(m ;;)Fw]
2 2SOH + M™ ¢ (SO),M™ + 2H" M= (50[;201\2(]"2‘;;15?;}2 eXp[(m ;;)Flp]
3 SOH + L™+ H' ¢ SL"™ + H,0 K, = [SO[;?;_:)}_{L+} exp " ;;)Flp]
4 2SOH + L" + 2H" ¢> S,L"" + 2H,0 K, = 50 ;;f;;igﬁ}z exp[_(l I_;)F ‘/’]
5 SOH + M™ ¢> SO-M™ + H' Ky = [SO[; O_Hlﬁ;xl;ﬂ [F(ml’lgT_ l’bo)]
6 | SOH+M™ + H,0 <> SO-MOH™ + 21" | g, = B0 _[Sl‘gzl]q{zxi{m}z il (o ;);Z’B ~ o,
7 SOH + L™+ H' ¢ SOH,"—L" K, = [SSOOHH]%LI_-}L {l;} exp[F(woR; W),
8 SOH + L' + 2H" ¢ SOH,™LH(" K, = 5[ ggi];LlL_’; ;;i)}_z] explr b0~ }(?IT— D),
9 SOH + C" ¢> SO—C" + H" c= [50[;0_H§;g£§1+} exp[F(lp’;; lpo)]
10 SOH + A"+ H' ¢> SOH,"—A K, = [S“Z (;ﬁf;; }’?;} exp[F(”b‘;e; ”Dﬁ)]

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:

e the component additivity (CA) approach and

e 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 The assumption for generic surface sites at
different adsorbents included in soils. the tested material is made.

Site densities are quantified by measuring
the surface area and by fitting the
experimental data for the soil.

Reactions’ constants and stoichiometry are
obtained by fitting to the experimental data
of the tested soil.

Site densities are quantified according to the
presence of each surface in the soil.

Reactions’ constants and stoichiometry are
obtained from studies with single minerals.

Adsorption is considered to be the sum of The site types and the constant values used
adsorption efficiency of each individual are those that best simulate experimental
adsorbent. 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(ll) adsorption on a natural well-characterized soil. The CA approach under-predicted Zn(ll)
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.  lonic 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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Experimental steps and analysis performed during this thesis

v

v

v

v

—»| capacity for Cr{Vl}, phosphates and
nitrates with that of goethite

Verification of the ophiolitic origin of Investigation of the removal capacity Simulation of Cr(V1) adsorption
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inorganic contaminants. Comparison
with pure mineral (goethite). Determination of specific surface
Soil physicochemical analysis —*| area of soil using BET analysis (TGA
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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

Parameter Contaminant
Adsorbent lonic strength Aim
pH Cr(VI1) PO, NO;
as NaCl (M)

0.01 250 pg/L - - The effect of soil particle size on Cr(VI) adsorption (4 fractions used)
0.01 250 pg/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 pg/L - - The effect of ionic strength on Cr(VI) adsorption

Soil 3.9 0.01 - 8 mg/L - Adsorption of phosphates
oi -
0.01 250 pg/L 8 mg/L - Competitive adsorption of Cr(VI) and phosphate
0.01 - - 5 mg/L i )
Adsorption of nitrate
0.01 - - 50 mg/L
0.01 250 pg/L - 5 mg/L o ) )
Competitive adsorption of Cr(VI) and nitrate

0.01 250 pg/L - 50 mg/L

0.01&0.1 250 pg/L - - The effect of ionic strength on Cr(VI) adsorption
0.01 - 250 pg/L - )

Adsorption of phosphate
0.01 - 8 mg/L -
Goethite 3-9 0.01 250 pg/L 250 pg/L - . .
Competitive adsorption of Cr(VI) and phosphate

0.01 250 pg/L 8 mg/L -
0.01 - - 50 mg/L Adsorption of nitrate
0.01 250 pg/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 Cry; 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 Al.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.
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.

S . - Marmara
Pierian Mt. consisting mainly of ophiolites g \
snd flysch-phullitic serles with limestane A 7 W<™~E
lenses and ophloliticolistoliths 2 ;
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*.
“u
Q‘. Seu
v

G0X \:{l\'- 1AL

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:
(@) 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, @ 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 m? 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:

e Sand (0.02mm<d< 2mm)
e Silt (0.002 mm < d<0.02 mm)
e C(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):

v= pz  (Equation 3.1)
18y

where:

ys the specific weight of soil

yw the specific weight of water

D the diameter of the spherical granule
U 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 um 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 Il.

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 um. 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.

weight of water

Moisture content = x100 (Equation 3.2)

weight of oven dry soil

Then the LL is calculated using the following formula, in which the moisture content (W)

expressed as a percent is multiplied by (N/25)**

(Equation 3.3):

calculated for specific number of drops

LL = Wx(N/25)%'2  (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)*** 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):

. e weight of water
Plastic limit = 8

* 100 (Equation 3.4)

weight of oven dried soil

Plasticity index
The range of water content, over which the soil remains plastic is called the plasticity index

(P1). 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.

Plasticity index = Liquid limit - Plasticity limit (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 Pl = 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 °C for 24 h and crushing to —100 um. 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

A= VVs,o - VVS

Wyo(1— Wy)

Where:
Ws, o0 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 °C 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):

Weight of soil
Weight of soil +Weight of flask filled with water — Weight of flask filled with water and soil

Density = (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 °C 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 NH,OH-HCI (0.25M) and HCI (0.25M). The solution was placed at a
waterbath at 50 °C 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(ll)] 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(ll) ions with 1,10-
phenanthroline (Cy;HgN) forming a deep red solution which becomes darker as the
concentration of iron increases. The method is suitable for solutions with Fe(ll) 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(ll) 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 KCI) 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 Il) 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 (NO, ) were determined spectrometrically according to 4500-NO2-B standard method.
The US EPA 375.4 turbidimetric method applied for determination of sulfates (SO,>).
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 CaCOs/L) were performed by titration with
H,S0O4 (0.01 — 0.1 N) to pH equal to 4.5. The HCO; 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 (CsHsNHNHCONHNHCgHs) under
acidic conditions (Equation 3.7). After this reaction the solution is colored as red-violet
regarding Cr(VI) concentration.

Cr,0,% + 3 HyL + 6H" = [Cr(I)(HL),] + Cr** + HoL + 7H,  (Equation 3.7)

Where:
(HsL) = 1,5 diphenylcarbazide & (H,L) = 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 (PO,3, HPO,?, H,PO,), 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.

PO,> + 12(NH,),M00, + 24H* > (NH,);P0,*12M00; + 21NH," + 12H,0  (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 ug P/L. More details about the exact experimental procedure followed is
provided at Appendix Il.

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.

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

66



METHODS AND PROTOCOLS Athanasios S. Bouras

3.5.5 Determination of chlorides concentration

The determination of chlorides was performed using the Iron(lll)-Thiocyanate method (LCK
311, Hach-Lange). According to this method, during the reaction of chloride ions with mercury
thiocyanate the slightly dissociated mercury(ll) chloride is formed. Simultaneously an
equivalent amount of thiocyanate ions are set free, which react with iron(lll) salts to form
iron(lll) 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 agueous 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
ug/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 HClI/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 um 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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COC_ 5 %100 (Equation 3.9)

0

%removal =

Where:
Co (ng/L) is the initial concentration of Cr(VI)
Ct (ug/L) the final concentration of Cr(VI) in the equilibrium solution

After removal of the supernatant and filtration, the recovered soil was added againtoa 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(Vl)removed = Cr(VI)added (250 pg/L) — Cr(VI)remaining in solution at the given pH (Equation 3.10)
Cr(VI)adsorbed = Cr(VI)reIeased in solution at pH 11— Cr(Vl)naturally occurring in soil (Eq uation 3-11)
Cr(V1)reduced = Cr(V1)removed = Cr(V1)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(Vl) 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.
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3.6.1.3. Effect of initial Cr(VI) concentration

A K,Cr,0; 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 (PO,) concentration used in the batch experiments was equal to 8 mg/L. PO,>
were added using a 100 mg/L stock solution of sodium phosphate monobasic (NaH,PO,).

Nitrates (NO;) were added using a 500 mg/L stock solution of NaNO;, 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 N,/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(VI1), phosphates and nitrates. In addition, binary systems of these chemicals were used in
order to determine the effect of phosphates and nitrates on Cr(VIl) adsorption. The
concentration of goethite and temperature kept constant in all series of experiments at 10 g/L
and 25 °C, 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 HCI/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:

e Constant Capacitance Model (CCM)
e Diffuse Layer Model (DLM)

e Triple Layer Model (TLM)

e Basic Stern Model (BSM)

e Three Plane Model (TPM)

e 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).

Ground
o Topsoil
) 10m A
% Clayeysand with gravel .
20m 4
Densegreenclay-sand mixture 35, I~ /
with greenrock fragments
v 40 m A\ /
¥ GWtable 43 m X ¢
som o
Sandy clay or dense clayeysand — B |
) 60m |
' T~ o/
70m Kk
N y /, Gravels | Soil
_ som 4 I
Clayey gravelwith sand - aquifer \ 7
90 m g~ A Screen
\I Filter | PVC
100 100 m \‘! !//
86 mm
—
101 mm

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 D, 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 D3y and Dg, 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 D;p, D3y and Dgp active sizes.

Active size D1 D3 Deo
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 (C,) (Equation
4.1) and b) coefficient of curvature (C.) (Equation 4.2). They are defined as:

D
C,=->2 (Equation 4.1)
Deo

2
_ D3y
=
D10Dso

(Equation 4.2)

The C, and C. 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 C, > 6 and C.= 1 - 3 values are well graded, while the
corresponding values for gravels are C,> 4 and C.= 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).
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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 Pl 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 NaAlSi;0g 6.8
Chlorite (Mg,Fe)e(Si,Al),0414(0OH), 8.8
(Magnesio)Chromite (Fe,Mg)Cr,0,4 3.5
Chrysotile Mg3Si,0qH4 35.3
Hematite Fe,03 1.6
Quartz Sio, 12.6
Vermiculite Mg3.41Si2.86Al1.14010(OH),(H,0)3 7 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),O¢) 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
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chlorite as well as muscovite (KAIl,(AlSi;)O14(OH),) 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.
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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.
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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).
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The presence of chromite (Fe*'Cr,04) and Cr-magnetite (Cr-Fe**F>*,0,) as observed by the
XRD analysis was also verified by SEM-EDS analysis (Figure 4.8; Table A3.1 Appendix Ill). SEM
analysis showed the occurrence of a spinel mainly covered by bulk serpentinized mass (black
area).

A8 o~ Szl

Figure 4.8 SEM image of a soil sample with grain size -0.5 mm (circle: Cr-magnetite (Fe’*Fe**,0,);
rectangular: chromite (Fe2+Cr204)).

The presence of chromite and magnetite with isomorphic substitutions between Mg with Fe**
and Cr with Fe** 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(ll), 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(Il)] and accumulation of acid-forming cations [Al(lll) and
Fe(lll)] (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 [ c [ mMn [ co| N | crv)
(m) (8/Kg) (mg/Kg)

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
GSC 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 104 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 14
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 11
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 924 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 13
GSC: Gravelly sand with clay, CL: sandy clay, GCL: sandy clay with gravel

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING
79



SOIL AND GROUNDWATER PHYSICOCHEMICAL ANALYSIS Athanasios S. Bouras

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). Cr.; 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 Cry,; 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 Cr, 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).
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Figure 4.9 Cr,, concentration profile along 100 m depth.
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On the contrary, Cr(VI) exhibited the opposite trend compared to Cr,, 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 Cry, in the soil. This observation may be related to factors that
influence Cr(lll) oxidation like the decrease of weathering at higher depths, rendering Cr(lll)
less available for oxidation.
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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 - SiO, — (Fe,03 + Al,03) 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 SiO,— MgO — (Fe,0; + Al,O;) 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 | Cry: | Cr(VI)
Depth 1
pH 0.79 1
Mg 0.08 |-0.17 1

Al 0.07 |0.23 |-091| 1

Si 0.54 |0.56 [-0.44 065 | 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

Criot 0.58 (0.18 | 0.32 |-0.14 |0.10 |-0.14| 0.18 | 0.06 | 0.24 |-0.26| 1
Cr(vl) | -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 Cry,, 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 (4™ 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 Cry, 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 IIl).
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Table 4.5 XRF analysis for the tested soil fractions using a bulk sample of 44 m depth.

. Grain size Elements (mg/Kg)
Soil sample d
(mm) Fe Al Cr Mg Si Mn | Co [Cr(VI)
1% fraction d>4.75 52,563 | 19,170 | 1,724 |152,220 |226,240 830 | 117 | n.q.
2" fraction 2<d<4.75 64,323 | 13,511 | 3,632 173,820 |210,700 | 1,032 | 156 | n.qg.
3" fraction 0.5<d<2 67,179 | 12,515 | 4,767 |171,000 (207,386 | 1,092 | 162 n.g.
4" fraction 0.25<d<0.5 61,062 n.g. | 2,148 n.g. ng. | 1175 | n.q. | 0.67
5" fraction 0.075<d<0.25 63,800 n.g. | 1,658 n.g. ng. | 1,248 | n.q. | 0.76
6" fraction d<0.075 69,786 n.g. | 1,522 n.q. n.q. | 1,458 | n.g. | 0.81
“Bulk” soil d<0.5 74,270 | 17,350 | 3,754 [150,720 {209,766 | 1,215 | 153 | 1.47
“Non-magnetic”
. d<0.5 61,278 | 18,281 | 2,361 {144,480 |207,386 | 1,164 | 149 | 0.87
fraction
“Magnetic”
fracti d<0.5 129,290 | 3,857 |14,197 |153,240 {148,820 | 1,264 | 263 | 0.94
raction

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(lll) spectra its edge is
placed in the 6070 eV resembling the presence of pure chromite (FeCr,0,), including low
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content of Cr(lll) oxyhydroxides. Similar analyses performed by Fandeur et al. (2009), who
mentioned that Cr(lll) 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(lll) (peak at 6558 eV), Mn(IV) (peak at 6561 eV) and Mn(ll) (peak at 6553
eV) (Figure 4.12b) indicating the presence of chromium oxidants. Fandeur et al. (2009) showed
that in lateritic soils the Mn(lll) and Mn(1V) species occurred in shallower depths, while deeper

the Mn(ll) occurred predominantly.
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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 m?/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 -OH, 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 °C (red horizontal axis) was attributed to soil’s humidity
and hard-bound water.

5 50 75 100
1 Il Il

Figure 4.13 TGA diagram of soil sample with grain size -0.5 mm.
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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 [Lob™| w1 | w2 | w3 s NW

Depth| (m) n.a.? n.a. n.a. n.a. 44 57 78 92
Crt | (ng/L) 0.1 91 44 34 33 71 55 42 35
cr(Vl) | (ng/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 |(uS/cm) 798 694 664 516 650 628 633 631
T (OC) 22.1 19.8 18.7 | 18.8 19.8 20.0 19.6 19.1
HCOs | (mg/L) 471.1 | 380.8 | 433.2 | 3429 | 695.2 | 673.5| 543.2 | 5214
cl | (mg/L) 5 17 <5 7 <5 8 9 12 25
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S0,~ | (mg/L) 5 23 6 7 7 <5 <5 <5 7
NO; | (mg/L) 22| 40.1| 159 9.0 2.5 548 | 78.3 79.6 | 69.9
NO, | (mg/L) | 0.007 | 0.095 | 0.088 | 0.082 | 0.076 | 0.032 | 0.026 | 0.045 | 0.035
PO,* (mg/L) 1.5 <1.5 <1.5 <1.5| <1.5 <1.5 <1.5 <1.5 <1.5
NH," | (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

ca® | (mg/L) 01| 260]| 41.4| 155]| 114 723| 73.0| 119.0| 11838

Mg®* | (mg/L) 0.01 105 64 %94 77 86 86 86 87

Si (mg/L) 2.5 144 | 18.7 11.1 | 129 111 11.2 115 11.3

Dlimit of Detection, “INot 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 pg/L) and Cr(VI) (max 64 pg/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 Cry, and Cr(VI) decreased, almost linearly as shown in Figure 4.14, with increasing depth.
Regarding Cry 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(VI1) 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 HCO; anions are consumed in order to maintain
equilibrium with respect to calcite. One more important observation was the high correlation
between Cr(VI) and Cry,, 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(lll), which is highly insoluble.
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Figure 4.14 Cr(VI), Cry: and HCO; 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-HCO; type.

100

ca cr
CATIONS ANIONS
BWExisting Wells ®New Wells

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-HCOs;) and Ca
hydroxide (Ca-OH") type. The Mg-HCO; 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-HCO; type (Figure 4.16a). In addition, the Mg-Si-HCO; 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.

OH 0?00

(b)

chlorite
% 50

serpentine

X 10

0o 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Ca Mg Mg e Si
mExisting Wells ¢ New Well = Existing Wells + New Well

Figure 4.16 Ternary Mg—Ca—HCO; (a) and Mg-Si—HCOs; (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-HCO;" molar ratios. Groundwater
of Mg-HCO; 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 HCO;™ anions (Fantoni et al., 2002). The groundwater samples collected from the new well
exhibited HCO;/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
HCOs/Mg ratio. The Ca/Mg ratio provides information about the influence of rocks rich in
calcium and magnesium on groundwater chemistry. Mg-HCO; waters related to serpentinites
exhibit Ca/Mg ratios lower than 1/3 contrary to Ca-HCO; 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-HCO; 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-HCO; waters on the
groundwater composition. All these observations confirm the ultramafic origin of groundwater
in Vergina area.
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Figure 4.17 HCO; - Mg”* (a) and Ca”* - Mg”" (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(V1) 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 pg/L, when the pH of a mafic soil
solution increased above 8, as a result of desorption.

Regarding the addition of nitrates, as NaNOj; salt solution, the results showed that almost no
desorption of chromates caused, either using the lower nitrates concentration (620 mg/L NO5/,
NaNO; = 0.01 M) or the higher one (6.2 g/L, NaNO; = 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 NaNO; (620 mg/L NO5) and two different
concentrations of phosphates, added as NaH,PO,¢H,0 0.01 M (940 mg/L PO43') and 0.1 M (9.4
g/L PO,*), 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(VI1) leaching using different types of extractants related to inorganic contaminants usually
occur in groundwater (nitrates and phosphates).

Extractant Liquid/Solid (L/g) | pH Cr(VI1) (ug/L) | Cr(VI) (mg/Kg)
NaOH (0.1 M) 0.05 11.04 15 0.75
NaNO; (0.01 M) 0.01 7.78 5 0.05
NaNO; (0.1 M) 0.01 7.71 5 0.05
NaNO; (0.01 M) and

0.01 8.66 32 0.32
NaH,P0O,¢H,0 (0.1 M)
NaNO; (0.1M) and

0.01 8.52 33 0.33

NaH,P0O,¢H,0 (0.1 M)

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(lll) by soil constituents able to act as reductants such as
divalent iron, which leads to strong retention due to Cr(lll) immobilization, and is
characterized by lack of reversibility.

ii. lrreversible 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.

The 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)]o = 250 pg/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 (pHp;c=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(VIl) 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.

2 Fraction Mass of magnetic fraction
Sample SSA (m“/g) .
percentage (%) | per mass of “bulk” soil (g/g)
“non-magnetic” fraction 55.95 100% 0.10
0.25mm<d<0.5mm 45.84 44% 0.19
0.075mm <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)]o = 250 pg/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
m?/g (Villalobos and Perez-Gallegos, 2008) and chlorite with SSA values in the range of 25 - 150
m’/g (Sparks, 2003). Quartz and generally serpentine minerals exhibit low SSA values, 1-2 and
about 7 m?/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 m” 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 m?/g, respectively, the
adsorption capacity of the ophiolitic soil was equal to 0.4 nmol/m?. In addition, the maximum
adsorption capacity of the non-magnetic fraction is equal to 0.8 nmol/m? 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? 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 pg/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°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
pg/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):

6Fe?*Fe3t0, + 2Cr03~ + 4H* - 9yFe,0; + 2CrOOH + H,0 (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(ll) 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(ll)/Kg of soil. This Fe(ll) 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(ll)
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 pg/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 (R®> = 0.99) (Figure Al1.3). 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 (R?) 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; Vazquez 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 0C).

Langmuir Freundlich

pH Adsorption Removal Adsorption Removal
Q b R | Q b R? K n | R K n | R

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 |33.002.83E-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)]o=250 ug/L)

Similar results were obtained in several studies that investigated the effect of ionic strength on
Cr(VI1) 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
KCl 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 NaNO; 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(NOs), 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 Veselska et al. (2016)
using as sorbents natural clays (illite and kaolinite) and synthetic minerals (birnessite and
ferrihydrite). lonic strength was determined using KNO; 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
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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. ahigh 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)(H,P0,4),(0OH)s.,, where n <
1 at high pH values.
3. alow 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 Ca** 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).
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Figure 5.6 Effect of Cr(V1) on phosphates adsorption ([PO,>],=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 PO,*). More specifically, phosphates adsorption decreased with increasing pH
exhibiting a linear trend (R?=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 (H,PO,, HPO,”, PO,%),
which further affects the phosphates reactivity towards soil surfaces. The HPO,> and PO,>
ionic forms occur for pH values higher than 7 and, consequently, are the most important
species in the geoenvironment. The HPO,> and PO,> anions present higher affinity for soil
surfaces than H,PO, 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 HPO,” 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(VI1) 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.
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Figure 5.7 Effect of phosphates ([P0, 1,=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 PO,*, SO,%, H,Si0,, 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 lJiang 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.
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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 (o) in soil particles. Increasing the pH, the
oy 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(lll) 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; Komarek 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 pHp;c values that have
been reported for goethite, usually in the range 7.5-9, render a-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 m%/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 pHp, 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).
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Figure 5.10 Effect of ionic strength on Cr(VI) adsorption at goethite

lonic 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-
OH,"** and Fe-OHY?, releasing surface structural H,0 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).
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Figure 5.11 Adsorption of phosphates (250 pg/L and 8 mg/L) on goethite, in the presence (250 pg/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 HPO,” 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 HPO,” concentration offsets the
decrease in electrostatic potential with the pH increase. As a result, phosphate adsorption
decreases slowly until the pK, of H3PO,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
HsPO,is fully dissociated (pK,), 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 pHp;c 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)," sites are fewer reflecting the adsorption decrease.
In addition, the pH values affect the protonation of phosphates. In the pH range 3-6, H,PO, 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 ug/L as PO,”), 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 pg/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 pg/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.
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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 Sillanpaa, 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.
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Figure 5.13 Adsorption of nitrates (50 mg/L) on goethite in the presence (250 ug/L) and the absence of
Cr(V1).

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.
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Figure 5.14 Effect of nitrates on Cr(VI) adsorption on goethite
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6 ADSORPTION SIMULATION OF Cr(Vl) 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:

e Solid concentration (g/L)

e Specific surface area (m?/g)

e Site density (#sites/nm?)

e Inner capacitance (C;) (F/m?)

e Outer capacitance (C,) (F/m?)

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
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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(VIl) 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’T).

Mineral Medium PzC
Quartz S,R 1.2-3.0
Albite SR 2
Chlorite S,R 9.5
Chrysotile S >8
Vermiculite S 2.9 (PZNPCQ)
(Magnesio)Chromite S 7.2-7.7
Magnetite S 52-6.8
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
qguantitative 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 (Fe,03s-H,0), and hematite (Fe,0;) 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 (Al,O3) 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

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

120



ADSORPTION SIMULATION OF Cr(VI) AND INORGANIC CONTAMINANTS  Athanasios S. Bouras

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:

mg amor. Fe L mg amor. Fe
180 x 20 — = —
L kg soil kg soil

In batch experiments 1 gr of soil added in 50 mL of solution and so the concentration of
amorphous iron is:

mg amor.Fe 1 grsoil _ gr amor. Fe

kgsoil  50mL L

3600

Assuming that amorphous iron is presented as Fe,0; amorphous oxides, the concentration of
amorphous oxides in the soil is equal to:

ramor.Fe MW Fe,0 160 r amor. Fe, 0
8 278 _ 0,072 x—— = 0.103 & 273

0.072 L 2xAWFe 112 L

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)
Il. Solid concentration = 1.1 g/L, including the iron amorphous oxides as calculated by the
XRD and XRF analysis (Table 6.2)
IIl.  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 m?/g. The values of inner (C;) and
outer (C,) 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/nm?, 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/nm?) 2.3 Goldberg, 2014
Inner capacitance, C; (F/m?) 1.4 Villalobos et al., 2001
Outer capacitance, C, (F/m?) 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 (RES’T) 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 PSl, and PSI,,
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 Ill) 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(VIl) 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 ( Iid ——
o er solid concentration ;
Reactants Products R P Ps. S, Reference reg?rdlng the type
No. of reaction used
Soil | Ligand1 | Ligand2 Product 1 Product 2 1.5g/L 1.1g/L | 0.103 g/L
1 | SOH “ SO’ H* 9.0 -1
" " Goldberg et al., 2007
2 SOH H & SOH, 4.2 1
3 | SOH Na* & SONa H* -9.29 -1 1
- " Villalobos and Leckie, 2001
4 SOH cl H &~ SOH,CI 8.43 1 -1
5 | SOH PO, H* e olJoXa H,0 19.0 20.5 30.0 2
6 2SOH PO43' 2H" &~ S,0,P0, 2H,0 25.2 25.0 30.0 -1 Antelo et al., 2005
7 2SOH PO43' 3H" &~ S,0,PO0OH 2H,0 29.2 30.0 37.0 0
8 SOH NO;’ H* & SOH,NO; 9.0 9.2 10.3 1 -1 Villalobos et al., 2001
Reactions at the Bidentate Minteq Database
9 2SOH CrO42' 2H" &~ S,CrO,4 2H,0 14.5 14.5 15.8 0
> " Villalobos et al., 2001
10 SOH CrO, 2H &~ SOH,-HCrO, 16.0 16.4 17.2 1 -1
11 SOH CrO42' H* &~ SOH,CrO, 11.2 114 13.5 1 -2 Rai et al., 1988
Reactions at the Monodentate Minteq Database
12 SOH Cr042' H &~ SCrO, H,0 8.0 8.0 15.1 -1
> " Villalobos et al., 2001
13 SOH CrO, 2H &~ SOH,-HCrO, 16.0 16.4 17.2 1 -1
14 SOH CrO42' H* &~ SOH,CrO, 11.2 114 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 (Fe,0;=1.1 g/L) and aluminum (Al,03;=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(V1) 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 NacCl). 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 R values the slope of the linear equation in the
case of monodentate complexes at high ionic strength values is higher than 1.
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® Cr(VI) (250 pg/L) (1=0.01M) ® Cr(VI) (250 pg/L) (1=0.1M)
Cr(VI1) (250 pg/L) (1=0.01M) bid Cr(VI1) (250 pg/L) (1=0.1M) bid
= = = Cr(VI) (250 pg/L) (1=0.01M) mono = = = Cr(VI) (250 pg/L) (1=0.1M) mono
Figure 6.1 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 pg/L) using the
TLM.

The effect of ionic strength on Cr(VI) adsorption using NaCl as electrolyte was investigated by
Azizian (1993) mentioning that higher ionic strength resulted in lower Cr(VI) 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. lonic strength also affects the activity coefficient ratios
which are directly related to the O-plane or the B-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 (), 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 g surface
potential and increases the exp(F(o - Y3)/RT) factor. Consequently, the [SOH,-HCrO,] and
[SOHZ—CrO42'] 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 NaNOs;) 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
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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 NOs', CI, Br, I and ClIO, 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(VIl) 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 PO,> (8 mg/L) in the presence (250 pg/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 pHp;c 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 NOs’, Br,, CI, I and CIO, 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 -OH, 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.
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Figure 6.3 Adsorption simulation of nitrates (5 and 50 mg/L) in the presence (250 pg/L) and absence of

Cr(VI1) using the TLM.

% NO3 adsorption

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(VI1) adsorption as a function of pH.
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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(VIl) and NOj’, 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(Vl), 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 (C,) and outer (C,) 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 C; parameter,
since the value of C, is mostly taken as constant to 0.2 F/mZ. The C, value directly affects the
proton surface charge and relates the charge at the inner plane of adsorption (o,) with (o) to
the drop in potential at a distance B, with {3 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 C, is considered as 1.4 F/m?, while that of
outer capacitance C, equal to 0.2 F/m? 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, C, values between 0.1 and 2.0 F/m?* 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/m?* 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 (C;) on Cr(VI) adsorption as obtained by applying the TLM model.
The simulation was performed using 250 pg/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/m”. 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/m? 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 C, values 0.8 and 2 F/m’ compared with the results of
obtained for C; equal to 1.4 F/m’ used for adsorption simulation with the TLM.

) Bidentate Monodentate
C: (F/m°)
pH=35 | 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
guantitatively only the concentration of iron amorphous oxides (Fe,0;) 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.
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Figure 6.6 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 pg/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 (SOPO,*) 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 S,0,POOH 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.
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Figure 6.7 Adsorption simulation of PO,” (8 mg/L) in the presence (250 pg/L) and absence of Cr(VI) using
the TLM model for solid concentration equal to 1.1 g/L.

% PO4 adsorption

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 SOH,-NO; 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 pg/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 (C;) on Cr(VI)
adsorption as obtained by applying the TLM model. The simulation was performed using 250
pg/L at a soil solution of 0.01 M ionic strength.
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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/m” 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/m?* 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 C, values 0.8 and 2 F/m’ compared with the results
obtained for C, equal to 1.4 F/m’ using the TLM model for solid concentration equal to 1.1 g/L.

2 Bidentate Monodentate
C, (F/m?)
pH=35 | 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

III

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 pg/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.
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Figure 6.12 Adsorption simulation of PO,” (8 mg/L) in the presence (250 pg/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 SOH,-NO; 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.
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Figure 6.13 Adsorption simulation of nitrates (5 and 50 mg/L) in the presence (250 pg/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 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 Ill) 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.
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Table 6.7 Reactions and their corresponding values of adsorption constants (logK) applied at the DLM.

Reactions

N Reactants Products logk | PSl, | Reference

O.

Soil | Ligand1 | Ligand 2 Product1 | Product 2

1 |SOH & SO H -9 -1 | Goldberg et al.,

2 |SOH H* & SOH," 4.2 2007

3 | SOH Na* & SONa H -9.29 Ermakova et al.,
4 | SOH cr H* © scl H,0 8.43 2001

5 [SOH | PO/ H < | SPo” H,0 18 | -2

3 N - Mathur &

6 |SOH| PO, 2H" | &> | SHPO, H,0 22| 1 | psombak, 2006

7 | SOH PO,> 3H* & | SH,PO4 H,0 30 0

8 |SOH| NO; H || sno, H,0 88 | 0 GOIdt;%rgft al

Inner sphere & Monodentate Complexation

9 |SOH | Cro/ 2H* <> | SHCrO, H,0 162 | O Mathur &

10 [SOH | CrO,” H* || scrog H,0 10.25 | -1 | Dzombak, 2006

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).
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Figure 6.15 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 pg/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 Veselska 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 pHs;, 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-
H,P0O,, >FeO-HPO, and >FeO-PO,*, 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, CaCl, and
FeCl; was also investigated by Moharami and Jalali (2015).
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Figure 6.16 Adsorption simulation of PO,” (8 mg/L) in the presence (250 pg/L) and absence of Cr(VI)
using the DLM model for solid concentration equal to 1.5 g/L.

% PO4 adsorption

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 pg/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.
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Figure 6.18 Simulation of competitive adsorption of Cr(VI) with inorganic contaminants using the DLM.

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

144



ADSORPTION SIMULATION OF Cr(VI) AND INORGANIC Athanasios S. Bouras
CONTAMINANTS

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 Ill) 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
. Reactants Products logk |PSlo | Reference
Soil Ligand 1 | Ligand 2 Product1 | Product 2
1 | SOH o SO- H* -9 -1 | Goldberg et
2 | SOH H* & | SOH,' 42 | 1 al., 2007
3 | SOH Na* & | SONa H* 929 | 0 | Grossletal,
4 | SOH cr H < scl H,0 843 | 0 1997
5 | SOH PO,*> H & | sSPO” H,0 16 | -2
6 | SOH | PO 2H | & | SsHPOS H,0 231 | -1 Gol‘;:esrg’
7 SOH PO,*> 3H* &~ SH,PO, H,O 29.8 0
8 | SOH | NOy H* | ¢ | SNOs H,0 87 | 0 Gg:szzrgft
Inner sphere & Bidentate or Monodentate Complexation
9 SOH Cro,” 2H" x4 SHCrO,4 H,0 16.2 0
10 | SOH | cro2 H* | & | scrog H,0 102 | -1 Groi‘: 9e7t al.
11 | 2SOH Cro,” 2H" x4 S,CrO, 2H,0 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 (I1=0.01M). Using the same logK values, while increasing the
ionic strength value, adsorption simulation was not efficient for pH values lower than 5.
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Figure 6.19 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 pg/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).

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

146



ADSORPTION SIMULATION OF Cr(VI) AND INORGANIC Athanasios S. Bouras
CONTAMINANTS

100
90

80 -

70
60
50
40
30
20
10

0

% PO4 adsorption

¢
}}i

3,5

4,0 4,5 5,0 5,5 6,0 6,5 7,0 7,5 8,0 8,5 9,0
pH

& PO43- (8 mg/L) ® PO43- (8 mg/L) & Cr(VI) (250 pg/L)

—— P0O43- (8 mg/L) CCM

PO43- (8 mg/L) & Cr(VI) (250 pg/L) CCM

Figure 6.20 Adsorption simulation of PO,” (8 mg/L) in the presence (250 pg/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).
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Figure 6.21 Adsorption simulation of nitrates (5 and 50 mg/L) in the presence (250 pg/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(VI1) especially in the presence of phosphates in the soil solution (Figure 6.22).
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Figure 6.22 Simulation of competitive adsorption of Cr(VI) with inorganic contaminants using the 2pk-
CCM.
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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 N,/BET adsorption method
and was equal to 9.09 m?/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 CO, 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 (m?/g) 9.09
Inner capacitance (F/m?) 1.4
Outer capacitance (F/m?) 0.2
Site density (nm™) 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 Ill)
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 PSIl, and PSIl, parameters represent the Boltzman's
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factor and referred to the o- and B- 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
Reactants Products LogK | PSI, | PSl,

No ™ Solid Ligand 1 | Ligand 2 Product1 | Product2

1 FeOH © H* 9 -1

2 FeOH H* o FeOH," 4.2 1

3 FeOH Na* < FeONa H* 929 | -1 1

4 | FeOH cr * o FeOH,Cl 843 | 1 -1

5 | FeOH PO,> ' < FeOPO,* H,0 155 | -2

6 | 2FeOH PO,> 2H" © Fe,0,P0, 2H,0 20 -1

7 | 2FeOH PO,> 3H* < |  Fe,0,POOH 2H,0 33 0

8 FeOH NO; H* < FeOH,NO; 9.8 1 -1

1* scenario for bidentate modeling

9 | 2FeOH CrOs” 2H" | & Fe,CrO, 2H,0 14 0

10 | FeOH CrOs~ 2H" | <> | FeOH,-HCrO, 19.9 1 -1
11 | FeOH CrOs” H* © FeOH,CrO, 10 1 -2

2" scenario for monodentate modeling

12 | FeOH CrOs” H* © FeCrO, H,0 12.1 -1

13 | FeOH CrOs” 2H" | &> | FeOH,-HCrO, 19.9 1 -1
14 | FeOH CrOs” H* & | FeOH,CrO4 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 Al1l.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.
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Figure 6.23 Simulation of the effect of pH and ionic strength on Cr(VI) adsorption (250 pg/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 pHs, (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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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 PO,> (8 mg/L) in the presence (250 pg/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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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
(Fe0),P0O, and the bidentate protonated (FeO),(OH)PO. At higher pH values and specifically at
the pH range 7.5 to 9 the dominating complex is (FeO),P0O,. 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 (Fe,0,P0,) 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),(OH)PO] and unprotonated [(FeO),PO,] 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 ug/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 FeOH,NO; 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 (logKyo3-=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 C; is considered as 1.4 F/m?, while that of
outer capacitance C, equal to 0.2 F/m” 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, C;
values between 0.8 and 2.0 F/m? 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/m? (Hayes et al., 1991; Sverjensky, 2001; Villalobos et al., 2001). Figure
6.29 presents the results of sensitivity analysis of inner capacitance (C,) on Cr(VI) adsorption as
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obtained by applying the TLM model. The simulation was performed using 250 pg/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/m”. 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.
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Figure 6.29 Sensitivity analysis of the inner capacitance parameter on Cr(VI) adsorption by goethite
using the TLM.

Cr(VI1) 250 ppb (1=0.01M) bid c1=1,4
Cr(V1) 250 ppb (1=0.01M) bid c1=2

The effect of C; capacitance on Cr(VI) adsorption was also tested by Sverjenksy (2001) using
goethites with low surface area, below 50 m?/g. The results showed that goethites with BET
surface areas lower than 50 mz/g, do not present significant variations on adsorption due to
alteration of C; 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 (m?/g) 9.09
Site density (nm™) 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 Ill) 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 PSI, parameter represents the
Boltzman’s factor and refers to the o- surface plane. The PSl, 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
No. Reactants Products logk | PSI,
Solid Ligand 1 | Ligand 2 Product 1 Product 2

1 FeOH o FeO H* -9 -1
2 FeOH H* © FeOH," 4.2
3 FeOH Na* o FeONa H* -9.29

4 FeOH cr H* © FeCl H,0 8.43
5 FeOH PO, H* & FePO,” H,0 18 -2
6 FeOH PO, 2H" & | Fe0,P05 H,0 26 -1
7 FeOH PO,> 3H* & | Fe,0,POOH H,0 32 0
8 FeOH NO; H* © FeNO; H,0 9
9 FeOH Cro~ 2H" @ FeHCrO, H,0 19.5

10 | FeOH Cro,” H o FeCrO, H,0 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 pg/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 pg/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 PO,” in the presence (250 pg/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 ug/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.
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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 (m?/g) 9.09
Inner capacitance (F/m?) 1.4
Site density (nm™) 2.3
Solid concentration (g/L) 10

Table 6.14 presents the reactions used for data simulation. A literature review (Table A3.4,
Appendix 1) 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 PSl, parameter represents the
Boltzman’s factor and refers to the o- surface plane. The PSl, 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
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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
. Reactants Products logk | PSI,
Solid Ligand1 | Ligand 2 Product 1 Product 2
1 | FeOH o FeO H* 9 -1
2 | FeOH H* © FeOH," 4.2 1
3 FeOH Na* & FeONa H* -9.29 0
4 | FeOH cr H* © FeCl H,0 8.43
5 | FeOH PO,> H* < | FePO,” H,0 15 -2
6 | FeOH PO,” 2H" || Fe,0,P0; H,0 25 -1
7 | FeOH PO,” 3H" | ¢ | Fe,0,POOH H,0 32 0
g8 | FeOH NO; H* © FeNO, H,0 9 0
9 | FeOH Cro,” 2H"  |<> | FeHCrO, H,0 20 0
10 | FeOH Cro,” H* & | FeCrO, H,0 9 -1
11 | 2FeOH Cro,” 2H* < Fe,CrO, 2H,0 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 ug/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 NaNO;) 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 PO, in the presence (250 ug/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 pg/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.
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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(V1) | Cr(VI)/ PO,> | Cr(VI)/NO; | PO,> [PO,>/Cr(VI)| NO; |NOs/Cr(VI)
TLM Yes Yes Yes Yes Yes Yes Yes

Soil DLM Yes No Yes No No Yes Yes
CC™M Yes No No No No Yes Yes
TLM Yes Yes Yes Yes Yes Yes Yes

Goethite 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.
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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 lll).
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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(llI)-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 pg/L) and hexavalent (up to 64 pg/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 yw 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(VIl) 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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Figure Al.1 Spatial distribution of chromium in the topsoil and subsoil in Europe (source:
http://www.gsf.fi/publ/foregsatlas/).

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

196



APPENDIX I - FIGURES

Athanasios S. Bouras

P oot R e 22°HOE
v ) [ 1D 5 ¢ 10km |y
VVV (] AT L) ) (S
W VYYYVYY p—
V'1600my V VYV e +
VVVYy - h e + %
ARG lllll A\ + o+
LD A, y 4l ++
\AY - e
Y + 4
% |ALMOPIA =
% : s
/,‘;r 500 v e
A ¢ D SN
130m 'y PAIKON D
v DR
'V N
S Y N e
/Y o N0
PV VY ! Tk e e
T300m™ v s .
S v V VY WA T
S Y V" (TR ER] DO
LY vVy N AN
/ By |\ Te s e e
VV\V Gianitsagls = = = 2
VX 20 N 5
'I 2 —
£ T e Pella—:
s A S -
O SYile g & fu s 1T =S
o PAS A A A 4. \
& ;O ";, ,'r S2 . - 7 A AL
0% ° Z ,'!‘AA AAAA..LA A::
oo ° 450 5 IXA*A e ™ »
6 o Yo SN AR RS 7 A
co. 8"0% o o ¥ or 1’ IS4k %
°of 0%00D \= L =i} ~ ol
25 0% o 29\ % I‘:; - it
° 3
Vo;\-,coco = ‘kLA:* A:: ’/
112000 m 8,99 ”Ot":\:‘mc ‘:L‘A:A‘g Vs
° 6 0%°%, 2 5 s )
0,0 0q, © b o +? '
29 9% o ™ SAh ,/ D
= 9 oo W Nea
I L T : I ‘} T 90 L N ikomedia?
| O I 1 O o5 A
S O | O 0% 0 30 o
{ FET [ | s 0 ST Lliakme,, £
o © \VeriaN y) e L 8
o
o2
00° ¢ =1 PIERIA 2
VERMION! 00 L= < deg
[Sl=t=1—0—]-—F—F el —_—_* ° *
LL.L.L.L.I.T : | 22°40E
D Holocene alluvial deposits in @ Mesozoic limestones, \ Fault line
plains and valleys marbles S Probable fault Neotithi
5 eolithic
Pleistocene conglomerates - Mesozoic ophiolites \2 u settlement
Z Major river
° 2
ne | rine - fluviatil N 3 = Cities
u dN:og;‘se Ncasfrine= fluvistile + + 4 Mesozoic granites = X
P e ioll;m::-9li'an0:;ilas @ Borehole
i i . ake
Pliocene volcanic rocks (trachytes) Lalacozoic gneisses;

schists

Massif

Source: (Ghilardi et al., 2008)
Figure Al1.2 Geological background of the Thessaloniki Plain and borehole locations.
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Figure A1.3 Trend of maximum adsorption capacity of the ophiolitic soil versus pH.
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Figure Al1.4 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 (25°C).
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Figure A1.5 Values of correlation factors (R?) during simulation of Cr(Vl) adsorption by
ophiolitic soil (solid concentration = 1.5 g/L) as a function of ionic strength.
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Figure A1.6 Values of correlation factors (R®) 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 (R®) during simulation of nitrates adsorption by
ophiolitic soil (solid concentration = 1.5 g/L) and competitive effects with chromates.

50 - y = 1,0087x
R?=0,9774

c
0 40 -
=)
2
o
3 y = 0,9558x
T 30 - -
* R?2=0,9792
(7]
o
=
S 20 ~
oo
£
]
B 10 -
£ y = 0,6559x
R?2=0,9774
0 T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50
Experimental values (% adsorption)

@ Cr(VI) (250 pg/L) & PO43- (8 mg/L) bid B Cr(VI) (250 pg/L) & PO43- (8 mg/L) mono

A Cr(VI) (250 pg/L) (1=0.1M) bid @® Cr(VI) (250 pg/L) (1=0.1M) mono

X Cr(VI) (250 pg/L) & NO3- (50 mg/L) bid ® Cr(VI) (250 pg/L) & NO3- (50 mg/L) mono
—— Ipopptkn (Cr(V1) (250 pg/L) & PO43- (8 mg/L) bid) —— Ipapptkn (Cr(VI) (250 pg/L) & PO43- (8 mg/L) mono)

Tpaputkn (Cr(VI) (250 pg/L) (1=0.1M) bid) —— pappkn (Cr(VI) (250 pg/L) (1=0.1M) mono)

—— popptkn (Cr(VI) (250 pg/L) & NO3- (50 mg/L) bid) Ipappikn (Cr(VI) (250 pg/L) & NO3- (50 mg/L) mono)

Figure A1.8 Values of correlation factors (R?) 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 (R?) during simulation of Cr(Vl) adsorption by
ophiolitic soil (solid concentration = 1.1 g/L) as a function of ionic strength.
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Figure A1.10 Values of correlation factors (R?) 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 (R?) during simulation of nitrates adsorption by
ophiolitic soil (solid concentration = 1.1 g/L) and competitive effects with chromates.
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Figure A1.12 Values of correlation factors (R?) during simulation of Cr(Vl) 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 (R?) during simulation of Cr(VI) adsorption by
goethite as a function of ionic strength.
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Figure A1.14 Values of correlation factors (R?) during simulation of phosphate adsorption by
goethite and competitive effects with chromates.

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

203



APPENDIX | - FIGURES Athanasios S. Bouras

10 +

(0] o
1 1

~N
1

y = 0,945x [ | y =0,7033x

2_ R?=0,9204
R?=0,9078 /

[e)}
1

modeling values (% adsorption)
(0]

4 .

3 .

2 .

1 .

O T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

Experimental values (% adsorption)
& NO3- (50 mg/L) B NO3- (50 mg/L) & Cr(VI) (250 pg/L) bid
NO3- (50 mg/L) & Cr(VI) (250 pg/L) mono —— Ipappkn (NO3- (50 mg/L) )
—— popptkn (NO3- (50 mg/L) & Cr(VI) (250 ug/L) bid) Mpaputkn (NO3- (50 mg/L) & Cr(VI) (250 pg/L) mono)

Figure A1.15 Values of correlation factors (R?) during simulation of nitrates adsorption by
goethite and competitive effects with chromates.
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Figure A1.16 Values of correlation factors (R during simulation of Cr(VI) adsorption by
goethite and competitive effects with inorganic contaminants.
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1. Procedure for the determination of particle size distribution of the finer fraction

e Place 50 - 100 g of dry soil into a soil dispersing cup. Record the weight to at least 0.1g.

e 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.

e Add 5 ml of 1IN sodium hexameta-phosphate Na(POs)s. Allow to slake (soak) for 15
minutes (high-clay soils only).

e Attach cup to mixer; mix 5 minutes for sandy soils, 15 minutes for fine-textured soils.

e Transfer suspension to sedimentation cylinder; use tap water from squirt bottle to get all
of sample from mixing cup.

e Fill cylinder to 1000-mL mark with tap water.

e 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.

e 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).

e 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.

e 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.

e 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 ( X3+X11)

2. Clay g % = n (X;+X1,)

3.Sand g % = 100 - n(X;+Xr1)

4. Silt g % = 100 - (Clay + Sand)

where:

X;= hydrometer’s indication after 40 s

Xr1= hydrometer’s temperature correction at first time
X,= hydrometer’s indication after 2 h

Xr» = hydrometer’s temperature correction at second time
n = constant parameter equal to 2.

GEOCHEMICAL FATE OF HEXAVALENT CHROMIUM IN OPHIOLITIC SOILS AND GROUNDWATER; QUANTITATIVE
ADSORPTION SIMULATION USING SURFACE COMPLEXATION MODELING

205



APPENDIX Il - EXPERIMENTAL PROTOCOLS Athanasios S. Bouras

2. Procedure for the determination of Cr(VI)

Reagents

e Reagent water: Reagent water should be monitored for impurities.

e Potassium dichromate stock solution: Dissolve 141.4 mg of dried potassium dichromate,
K,Cr,05 (analytical reagent grade), in reagent water and dilute to 1 liter (1 mL =50 ug Cr).

e Potassium dichromate standard solution: Dilute 10.00 mL potassium dichromate stock
solution to 100 mL (1 mL =5 ug Cr).

e Sulfuric acid, 10% (v/v): Dilute 10 mL of distilled reagent grade or spectrograde quality
sulfuric acid, H,S0,, to 100 mL with reagent water.

e Diphenylcarbazide solution: Dissolve 250 mg 1,5-diphenylcarbazide in 50 mL acetone.
Store in a brown bottle. Discard when the solution becomes discolored.

e 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 H,SO, 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

e Sulfuric acid (H,SO,4) 5N: Dilute 70 mL concentrated H,SO,to 500 mL with distilled water.

e Antimony potassium tartrate solution: Dissolve 1.3715 g K(SbO)C,H,0¢ *%:H,0 in 400 mL
distilled water in a 500 mL volumetric flask and dilute to volume. Store in a glass
stoppered bottle.

e Ammonium molybdate solution: Dissolve 20 g (NH,)6Mo0,0,, *4H,0 in 500 mL distilled
water. Store in a glass-stoppered bottle.

e Ascorbic acid, 0.1M: Dissolve 1.76g ascorbic acid in 100 mL distilled water. The solution
is stable for about 1 week at 4°C.

e Combined reagent: Mix the above reagents in the following proportions for 100 mL of
the combined reagent: 50 mL 5N H,SO, .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 H,SO, 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 NO; interfere to give results about 3% low at concentrations of 1
mg/L and 10 to 15% low at 10 mg/L. Sulfide (Na,S) 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*, CI", Ag', Pb*, Zn**, Ni**, Fe*', cd*" Sn**, Ca**, Cu*, Co®, Fe®*, Cr® 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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Procedure for the determination of chlorides

Interferences

The ions SO,*, NO5,, Pb*, zn*, Ni**, Cu®, Cr**, Cr®, Cd*, CN", S* 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(lll)
salts interfere with the determination.
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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 (Fe**F**,0,)

Elmt | Spect. Type %Element % Atomic | Compound % Nos. of ions
SiK ED 0.16 0.20 Si02 0.35 0.02
CrK ED 0.94 0.62 Cr203 1.37 0.06
Fe K ED 63.44 39.14 Fe203 90.70 3.91
0] 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 (Fe**Cr,0,)

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 Al203 25.53 1.49
CrK ED 23.50 13.03 Cr203 34.35 1.34
Fe K ED 11.00 5.68 Fe203 15.72 0.58
0 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.
Nr:igf::g:agt:zr,‘;)t 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
10 194 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 | Rundbergetal., 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
logK value Reference
Tables 6.4 & 6.10
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 2491 +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.
Itlr:'b?:::.:a; :’_‘1?: 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 . . LogK
Reactants Products PSI, PSI, logK (per solid concentration) goethite
No Solid | Ligand1 | Ligand2 Product 1 Product 2 15g/L| 1.1g/L | 0.103g/L 10 g/L
1| SOH < Ne) H -1 9.0 -9.0
2 | SOH H < SOH," 1 4.2 4.2
3| SoH Na* & SONa H -1 1 -9.29 -9.29
4 SOH cr H* & SOH,CI 1 -1 8.43 8.43
5 SOH PO43' H* & SOPO32’ H,0 -2 19.0 20.5 30.0 155
6 | 2SOH PO43- 2H" 4 S,0,P0;, 2H,0 -1 25.2 25.0 30.0 20
7 | 2SOH PO43' 3H* 4 S,0,PO0H 2H,0 0 29.2 30.0 37.0 33
8 SOH NOs H* 4 SOH,;NO; 1 -1 9.0 9.2 10.3 9.8
Reactions at the Bidentate Minteq Database
9 | 2SOH Cr042_ 2H" & S,CrO4 2H,0 0 14.5 14.5 15.8 14
10| SOH CrO42' 2H" 4 SOH,-HCrO,4 1 -1 16.0 16.4 17.2 19.9
11| SOH CrO42- H* x4 SOH,CrO, 1 -2 11.2 11.4 13.5 10
Reactions at the Monodentate Minteq Database
12| SOH CrO42' H* 4 SCrO4 H,O -1 8.0 8.0 15.1 121
13| SOH Cr042_ 2H" & SOH,-HCrO,4 1 -1 16.0 16.4 17.2 19.9
14| SOH CrO42- H* x4 SOH,CrO, 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
No. Reactants Products PSI, | logk soil goI:fhKite
Solid | Ligand1 |Ligand 2 Product 1 | Product 2
1 | SOH 4 SO H* -1 -9 -9
2 |SOH H* 4 SOH," 1 4.2 4.2
3 |SOH Na* 4 SONa H* -9.29 -9.29
4 | SOH cr ¥ 4 Scl H,O 8.43 8.43
5 |SOH | PO* ' < | spo,” H,0 -2 18 18
6 |SOH PO, 2H* <> | SHPO, H,O -1 22 26
7 | SOH PO,*> 3H* <> | SH,PO4 H,O 0 30 32
8 | SOH NO; H* 4 SNO; H,O 8.8 9
9 | SOH Cro,” 2H* <> | SHCrO,4 H,O 16.2 19.5
10 | SOH Cro,” H* < | SCrO4 H,O -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
< Reactants Products PSlo | LogK soil gc::tghKite
o.
Solid | Ligand1 | Ligand 2 Product1 | Product 2
1 SOH &~ SO H* -1 -9 -9
2 SOH H* &~ SOH," 4.2 4.2
3 SOH Na* &~ SONa H* -9.29 -9.29
4 SOH cr H* &~ SCl H,O 8.43 8.43
5 | SOH PO,> H* & | sopoy” H,O 22 16 15
6 | SOH PO,> 2H" & 5,0,P0, H,O -1 23.1 25
7 | SOH PO,> 3H* &> | 5,0,PO0H H,O0 29.8 32
8 SOH NO; H* &~ SNO; H,O 8.7 9
9 SOH CrO42' 2H* &~ SHCrO,4 H,O 0 16.2 20
10 | SOH CrO42' H* &~ SCrO, H,O -1 10.2 9
11 | 2SOH CrO42' 2H" &~ S,CrO, 2H,0 0 10 10
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