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Abstract 
Anomalously high concentrations of arsenic and phosphate arc found in the 

sediments of the Saguenay Fjord in cornparison to those of the Gulf and St. Lawrence 
Estuary. The source of the phosphate appears to be anthropogenic (i.e.. from regional 
human and indusnial activities) but the source of arsenic is unclear. The latter could be 
supplied to the Fjord by the marine waters which enter h m  the SC. Lawrence Esniary or 
may have accuinulated as a result of historically hiph levels of effluent input. 

In esmarine environrnents. adsorption to suspended particulare rnaner is 
commonly cited as an important vector of trace metals to sediments. in the case of arsenic 
and phosphate. this is especially me when particles are made up of imn oxyhydroxides. 
Nevenheless, manganese and aluminum oxides are also known to be smng adsorbanu: of 
these elements. The waters of the Saguenay Fjord are also characterized by anomalously 
high partmlate aluminum concentrations (i.e.. [Ai] J(Al],,, > 1 ). introduced as a result of 
the aiuminurn refining activity dong the shores of its tribucaries. Gibbsite (Ai(OH),). a 
by-product of this activity. is known to stro~gly adsorb phosphate and menace from low 
ionic strength aqueous solutions. and may act as a veçtor for these two elements to 
sediments of the Saguenay Fjord. 

Expenments conducted in anificial seawater have shown that adsorption of 
arsenate and phosphate to gibbsite from seawater is at l e s t  two orders of magnitude less 
than in dilute solutions. The lirnited adsorption is ascribed to the competition for 
adsorption sites by the major seawater ionic constituents. The competition is a reflection 
of both the specific adsorption affmity of the ions and their relative abundance in 
seawater. The affinity of fluoride ions for gibbsite is probably the major cause of the 
diminished adsorption. The kinetics of phosphate adsorption are made more compiicated 
by this cornpetitive adsorption. The influence of artifcial seawater appears to be lirnited to 
cornpetition for adsorption sites and does noi influence adsorption in regards to ionic 
strength or other factors. 

The small amount of arsenate and phosphate adsorbed ont0 gibbsite h m  
seawater indicates that their adsorption to paniculate aluminum in the water column 
cannoc account for the elevated levels of arsenic and phosphate in the sediments of the 
Saguenay Fjord. 



Résumé 
Des concentrations anormalement élevées d'arsenic et de phosphate ont été 

observées dans les sédiments du Fjord du Saguenay. Le phosphate provient 
vraisemblablement de sources anthropiques (activités humaines et industrielles 
i6gionaies) tandis que la source de l'arsenic est incertaine. Ce dernier poumit provenir 
des eaux marines qui se déversent dans le Fjord à partir de l'Estuaire du St.-Laurent ou 
aurait pu s'accumuler suite à des déversements passés riches en arsenic. 

Dans les environnements estuariens. l'adsorption sur la matière particulaire en 
suspension est souvent cité comme le vecteur principal de métaux traces vers les 
sédiments. Dans le cas de l'arsenic et du phoshore. ce processus s'avère tout 
particulièrement efficace lorsque les particules se composent d'oxihydroxides de fer. 
Néammoins. les oxides de manganèse et d'aluminium sont aussi de très bons adsorbants 
de ces deux élémenis. Les eaux du Fjord du Saguenay contiennent des fortes 
concentrations d'aluminium particulaire ( [Al]J[Al] > 1 ) dont la provenance est associée 

Jiss 

aux activités d'affinement de l'aluminium sur les rives de ses tributaires. La gibbsite 
(AUOH),). un produit intermédiaire du processus dtaffinage et dont l'affinité pour les ions 
arsenate et phosphate est bien documentée dans des solutions de faible force ionique. 
pourrait être un vecteur important de ces deux éléments vers les sédiments du Fjord. 

Des mesures en laboratoire ont démontré que l'adsorption des ions arsenate et 
phosphate sur la gibbsite à partir d'une solution d'eau de mer est plus de cent fois plus 
faible que dans une solution de faible force ionique. L'adsorption réduite est expliquée 
par une compétition pour les sites d'adsorption par les ions majeurs de l'eau de mer. La 
compétition reflete une combinaison de l'affinité spécifique des ions et de leur abondance 
relative en eau de mer. L'afElité de l'ion fluorure pour la surface de la gibbsite est 
probablement responsable de la faible adsorption des ions arsenate et phosphate. La 
cinétique d'adsorption du phosphate semble aussi fortement affectée par cene 
compétition. 

Les faibles quantites d'arsenate et phosphate adsorbées à la surface de la gibbsite à 
partir de l'eau de mer nous permettent de conclure que l'adsorption sur l'aluminum 
l'aluminium particulaire dans la colonne d'eau du Fjord ne contribuent pas de façon 
significative à la concentration de ces deux éléments dans les sédiments du Fjord du 
Saguenay. 
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Chapter 1 Introduction 
in recent years the waters and sediments of the Saguenay Fjord have been the 

object of intense research activity. Part of the activity has been directed iowards 

developing a geochemical mode1 for the behaviour of chemical species that transit 

through the Fjord. This effort has included the analyses of both water and sediments. 

These analysis have revealed peculiar geochemical anomalies (Mucci & Edenborn. 1992: 

Gagnon et al., 1995; Richard. 1997; Alpay et al.. 1998). 

Arnongst these anomalies are the elevated levels of arsenic in sediments of the 

Fjwd compared to the Gulf and St. Lawrence Csniwy. Elevated levels of arsenic have 

also been found in other esmarine environments (Peterson & Carpenter. 1986; F m e r  & 

Lovell. 1986). These anomalies are obviously related to local conditions such as the 

geology of the drainage basin as well as local industrial and urban inputs. Anthropogenic 

sources (Peterson & Carpenter. 1986) as well as naniral enrichment induced by post- 

depositional diagenetic remobilization (Farmer & Lovell. 1986) have been cited as 

causes. Arsenic is strongl y associated wi th iron oxy h ydroxide in lacustrine ( Belzile. 

1988; Belzile & Tessier, 1990; De Vitre et al.. 1991 ; Widerlund & in@. 1996), marine 

(Sullivan & Aller. 1996) and estuarine sedimenû (Maher. 1984). Sediment arsenic is 

reponed to be strongly associated with manganese oxides in coastal sediments and 

interminendy anoxic Fjords (Peterson & Carpenter. 1986). Extremely high arsenic levels 

without associated increases in manganese or iron found in Puget Sound were amibuted 

to a high mthropogenic input (Peterson & Carpenter, 1986). Arsenic in the sediments of 

Lake Washington was found to be strongly associated with iron, manganese and 

aluminum compounds (Crecelius, 1975). Although it seems clear that arsenic is 

scavenged h m  the waters of the Fjord by senling panicles; the precise scavenging agent 

or agents are unknown. There are also questions regardùig the source of the arsenic. 

Elevated levels of phosphorus, in the fom of phosphate are also found (Richard. 1997). 

The source of the phosphorous is more cleariy defined as anthropogenic. primarily from 



agriculmral use of fenilizers and domestic waste water. The chemical sirnilu'ity of 

phosphorous and arsenic suggests a similar scavenging process. 

The adsorption of arsenic and phosphate to various geological materials is well 

established. As both of these elements have considerable importance to agriculture 

(phosphorus as a biolimiting nutrient and arsenic as a pesticide) the majority of the 

research was conducted on soil waters (i.e. low ionic strengths) and results have appeared 

in the soi1 science literature. Phosphate adsorption by soils has been conelated to their 

aiuminum and iron oxide content by rnany authors (e.g. McLaughlan et al., 1981). The 

earliest work dealing with arsenic c;;re!~ted i b  toxicity to plants in various soil ypes; 

arsenic toxicity in plants was found to decrease with increasing clay and iron oxide 

content and was ascribed to the immobilization of arsenic by iron oxides (Albert. 1932; 

Cooper et al.. 1932; Giles. 1936). 

The Saguenay Fjord is distinguished by high parriculate aiuminum anomalies; 

total amount of aluminum present is pa t e r  that the dissolved duminum. The anomalies 

are invoduced by the presence of extensive aluminum production facilities within the 

region. The nature of the production process and chemical considerations make it likely 

that gibbsite (AUOH),) is the phase of the particulate aiuminum. Aluminum oxides have 

been identifieci in the waters of the Fjord fiorn microscopie examination of particulate 

matter recovered on filters of various pore sizes (S. Alpay. pers. comrn.). This 

observation and the established afflliity of arsenate for Al-oxides lead us to the 

hypothesis that adsorption ont0 gibbsite may be the cause for the arsenic and phosphate 

enrichment in the sediments of the Saguenay Fjord. 

1.1 Objectives 

The existence of both particulate aluminum and sediment arsenic anomalies in the 

Saguenay Fjord suggesu a causal link. The known adsorption affinity of arsenate to 

gibbsite suggests adsorption as the active process of the link. The same process may also 



be responsible for elevated phosphate levels. Therefore. the objective of this snidy is to 

establish the effectiveness of gibbsite as a vector for arsenic and phosphate to the 

sediments of the Saguenay Fjord. 

The importance of this mechanism can be determuied by meauring the 

adsorption of arsenate and phosphate to gibbsite from seawater solutions. The influences 

of temperature and the kinetics of the adsorption reaction will also be investigated to 

bener consuain the role of adsorption in scavenging these ions in the water column of the 

Fjord. The adsorption will be described by the use of isothem. 

1.2 Structure of the Thesis 

The thesis is presented in five chapters. The first chapter is an introduction sening 

out the rationale and objectives of the thesis. 

Necessary background to the expenmentd work is presented in chapter two. This 

includes a desaiption of the relevant physical and chernical characteristics of the 

Saguenay Fjord. the main anthropogenic sources to the Fjord. A summary of adsorption 

theory. and a description of the three major components of the experimenuil system. 

Details of previous adsorption studies are presented. The data are used to predict the 

influence of artifical seawater on the adsorption of phosphate and arsenate on gibbsite. 

Chapter 3 presents the methods that were used in the experimental study. Chapter 

4 contains the results and corresponding discussion of the experiments. Adsorption is 

described by isotherms and cornparisons between results of the adsorption snidies are 

made. This includes an attempt to derive a specific surface area. Based on the results. 

adsorption equilibria are proposed. There follows a discussion çonceming the adsorption 

behaviour of sea salts, încluding fluoride. Results of the kinetic. temperature effects, and 

solid solution dependence experiments foilow. interpretations of the adsorption behaviour 

in the artificial seawater are proposecl and a calculation is made to estimate the 

signifiaince of adsorption to gibbsite on the e ~ c h m e a t  of arsenic and phosphorus in the 



Saguenay Fjord sediments. The last part of this chapter is a discussion of other potentiÿl 

causes for the enrichment of the sediments. 

Conclusions are drawn in chapter five. in addition suggestions for future research 

are made. The reference list follows. 



Chapter 2 Background 
in recent years the waters and sedirnents of the Saguenay Fjord have been the 

object of intense research activity. Part of the activity has been directed towards 

developing a geochemical mode1 for the behaviour of chexnical species that transit 

through the Fjord. This effort has included the analyses of both water and sediments. 

These anal ysis have revealed pecu iiar geochemical anomalies (Mucci & Eden bom. 1992: 

Gagnon et al.. 1995; Richard. 1997; Alpay et al., 1998). 

Arnongst these anomalies are the elevated levels of arsenic in sediments of the 

Fjorr! znmpi~ed to the Gulf and St. Lawrence Esniary. Elevated levels of arsenic have 

also been found in other estuarine environments (Peterson & Carpenter. 1986; Farmer & 

Lovell, 1986). These anomalies are obviously related to loci conditions such as the 

geology of the drainage basin as weli as local industrial and urban inputs. Anthropogenic 

sources (Peterson & Carpenter. 1986) as well as natural e~chment  induced by post- 

depositional diagenetic remobilization (Farmer & Lovell. 1986) have k e n  cited as 

causes. Arsenic is strongly associated with iron oxyhydroxide in lacustrine (Belzile. 

1988; Belzile & Tessier. 1990; De Vitre et al.. 1991; Widerlund & in@, 19%). marine 

(Sullivan & Aller, 1996) and estuarine sediments (Maher. 1984). Sediment arsenic is 

reponed to be srrongly associated with manganese oxides in coastal sediments and 

intermittently anoxic Fjords (Peterson & Carpenter, 1986). Extremeiy high arsenic levels 

without associated increases in manganese or iron found in Puget Sound were attributed 

to a high antbpogenic input (Peterson & Carpenter, 1986). Arsenic in the sediments of 

Lake Washington was found to be saongîy associated with iron. manganese and 

aluminum compounds (Crecelius, 1975). Although it seems clear that arsenic is 

scavenged from the waters of the Fjord by senling particles; the pretise scavenging agent 

or agents are unknown. There are also questions regarding the source of the arsenic. 

Elevated levels of phosphorus, in the form of phosphate are aIso found (Richard. 1997). 

The source of the phosphorws is more clearly defined as anthropogenic. primarily from 



agicultural use of fertilizers and domestic waste warer. The chernical similarity of 

phosphomus and arsenic suggests a similar scavenging process. 

The adsorption of arsenic and phosphate to various geological materials is well 

estabiished. As both of these elernents have considerable importance CO agriculture 

(phosphorus as a biolimiting nunient and arsenic as a pesticide) the majonty of the 

research waî conducted on soi1 waters (i.e. low ionic strengths) and results have appeared 

in the mil science Merature. Phosphate adsorption by soils has been comlated to their 

aluminum and iron oxide content by rnany authors (e.g. McLaughlan et al.. 1981). The 

earliest work dealing with arsenic corelated its toxicity to plants in various scii i ; ; ~ ;  

arsenic toxicity in plants was found to decrease with increasing clay and iron oxide 

content and was asaibed to the irnrnobiliûiticn of arsenic by iron oxides (Albert, 1932; 

Cooper et al.. 1932; Giles. 1936). 

The Saguenay Fjord is distinguished by high paniculate aluminum anomalies; 

total arnount of aluminum present is greater that the dissolved aluminum. The anomalies 

are introduced by the presence of extensive aluminum production facilities within the 

region. The nature of the production process and chernical considerations make it likely 

that gibbsite (Ai(OH),) is the phase of the paniculate aluminum. Aluminum oxides have 

been identified in the waters of the Fjord from mimscopic examination of particulare 

matter recovered on tilters of various pore sizes (S. Alpay. pers. comm.). This 

observation and the established f ini ty  of arsenate for Alsxides lead us to the 

hypothesis that adsorption onto gibbsite rnay be the cause for the arsenic and phosphate 

earichment in die sediments of the Saguenay Fjord. 

2.1 The Saguenay Fjord 

The Saguenay Fjord is a long and narrow glacially eroded submerged valley that 

connects the Saguenay River at St. Fulgence to the St. Lawrence Esniary at Tadoussac 

(Figure 2.1 ,Figure 2.2). 



Chicoutimi 

-* 

- 
- St. Lawrence R. 

O 
Rimouski 

t 
N 

-- 

-- P --- - -. --- 
Figuti, 2.1 Regional setting of the Saguenay River and Fjord 

l 

GRANDEBAlE - di LATERRIERE 

- 

Figw 2 2  Saguenay River and Fjord. d Akan iaatity. *mine. 

It has a U-sbapc? mss-section and i s  dcheated by a shallow sill (#hn) at the mtrance to 

the Fjord. The Fjord itsrlf is divided by a second sill (8th depth). 18 km upstmni, into 

two distinct basins. The "exteriof basin naches a maximum depfb of 250 m. The larger 

"interior" bain entends from the sill weshvard to St. Fulgence iraching a maximum and 

nearly constant depth of 275131. The major tributary of the Fjord is the Saguenay River 

that accounts for 90% of the freshwater input to the Fjord. For the purposes of 



identification. the hydrographie system is divided into three parts: the upper Saguenay 

between Lac Saint-Jean and the Shipshaw dam which is unaffected by marine waters and 

is charactenzed by a large elevation drop: 2) the middle Saguenay between the Shipshaw 

dam and Saint Fulgence. 3) and the Saguenay Estuary between Saint Fulgence and 

Tadoussac. 

The water column of the estuary is  characterized by a thin fkeshwater lens. a 

strong near-surface (10-Hm) halocline, and well rnixed waters at depths p a t e r  than 30 

m. The bottom waters. onginating h m  the St. Lawrence Estuary (Themault & Lacmix. 

1975; Seiben et al.. 1979). have a salinity of about 30. are well oxygenated iind display 

only minor annual temperature variations; -1 to 1 OC (Drainville. 1968: Sundby & Loring. 

1978). 

2.1.1 INDUSTRIAL ACTIVITY 

The watershed of the Saguenay Fjord is a heavily industrialized area. The industrial 

activity has historically been unregulated resulting in elevated levels of a variety of 

contaminants in both the waters and sediments of the Fjord (Fortin & Pelletier. 1995). h 

recent years. because of govemment regulations. large reductions in contaminant 

disc harge have been ac hieved. 

The industrial activity is dominated by the aluminum production facilities of 

Alcan. These facilities have inaoduced many contaminants to the Fjord including 

mercury, arsenic and aluminum. The facilities include a large inorganic chemical plan at 

Jonquière (Vaudreuil works) and four srnelters (Arvida, fie Maligne, Grande Baie. and 

Laterrière). Aican also operates its own transport facilities; a major port at La Baie (Port 

Alfred) and a railway (Saguenay and Roberval). The Vaudreuil works includes a large 

Bayer plant (conversion of bauxite to alumina (Alcan, 1990)) as well as plants for the 

production of aluminum fluonde and synthetic cryolite. A chloro-alkali plant (clos& in 

1976) operated for nearly 40 years at this site (Guay & Couiilard. 1980). The srnelters use 



the Hall-Herault electrochemicai process (Cundiff et al.. 1985) to reduce alumina to 

metallic aluminum. The operational process differs between the smelters; the older plants 

(Arvida and Île Maligne) use the SWerberg process (Cundiff et al.. 1985) and the modern 

plants use pre-baked anodes. The Ami& plant fabricates pnmary aluminum as well as 

anodes and cathodes for itself and the Île Maligne plant. The smelter at Île Maligne 

produces aluminum ingots (MOE. 1996). These plants are in the process of 

decomrnissioning; the Arvida plant aiready has 10 of 20 Soderberg potlines 

decornrnissioned (MOE. 19%). The remaining Soderberg lines at Arvida and the entire 

î;e Maligne srnelter are to be replaced by the new Alma smelter t completion 100 1 )  iC?.iJ. 

1998). The modem smelters al1 produce primary aluminum; the facility at Grande Baie 

also manufactures prebaked anodes. Al1 facilities drain to the Saguenay River or to the 

Saguenay Fjord. There are significant differences between the older and modem plants in 

terms of effluent aiurninum load (see Table 2.1). Unmeasured amounts of alurninum 

minerals may also enter the Fjord via wind and losses in transport and handling. Arsenic. 

an impurity of the primary ore material bauxite. is released from the Vaudreuil facility 

during the Bayer process. Histoncally this has been signifiant (see Table 2.1) but the 

effluent load has been greatly reduced by adsorption ont0 y-alumina in decantation pools. 

(J. Labrie pers. comm.) 

Of some imponance are the five large pulp and paper mills located in the region. 

These plants have histoncally contributed primarily organic contaminants including 

dioxins and furans. Metals such as nickel. lead, zinc and copper have also been pan of the 

effluents from these plants. A siWcant load of aluminum was formerly released firom 

the Abitibi-Rice mili at Alma (MOE, 1996). 

The Niobec niobium mine and mil1 located 10 km north of Chicoutimi intmduces 

a small amount of arsenic to the Fjord. The mine and mil1 have been operating since 1976 

with a major expansion in 1981 (Gendron et al.. 1983). The ore rock of this mine is 

reponed to contain up to 20 ppm arsenic (Fournier, 1994). The mining and miiling of the 



ore results in an effluent load of 14.6 kg/y/year of arsenic. Additives used in the rnilling 

process contribute an effluent load of 197.1 kg/year of aluminum (Groupe LGL. 1989). 

The database on industrial effluent loads is sparse (Table 2.1) and effluent loads are 

highl y variable in time. 

Table 2.1 Industrial effluent loads (kgday) 
-- 

Plant (Ysar bullt) Y As P Al Source 
AlcanAnridaNaudreuil(1924) 1976 NIA 2000 Duchesneau & Riverin, 1976 

Alcan île Maligne (1944) 

Alcan Grande Baie (1 980) 

Alcan laterriere (1 989) 

Niobec (1 976) 

Cascades Jonquière 

Abitibi-Price Kenogami 

AbitibCPrice Alma 

Stone-Consolidated Pt Alfred 

Groupe LGL, 1989 
MOE, 1996 
Grcupe LGL, 1989 
MO€, 1996 
Groupe LGL, 1989 
MO€, 1996 
Groupe LGL, t 989 
MO€, 1996 
Groupe LGL, 1989 

2.1.2 ARSENIC IN THE SAGUENAY FJO RD ESTUAAY 

Arsenic levels in estuarine sediments collected near the water-sediment interface 

are reponed to Vary between 10 and 25 ppm (Belzile, 1988; Richard, 1997; Maher, 1984). 

Analysis of surficial sediments of the middle Saguenay River and the upper Saguenay 

Fjord (Ouellet. 1979; Rimeau & Godet, 1983; Mucci et al. 1999) have shown significant 

enrichment in arsenic in the Baie des Ha! Ha! (Figure 2.1) and seaward in the interior 

basin. Near nonnal levels occur in the Bras du Nord, the near shore area at La Baie, and 

with the exception of the immediate area around Arvida, the middle Saguenay River. 

Surface sedimenu (0-1 cm) recovered upsaeam of Baie Etemite have an arsenic 

concentration of 55 ppm (Gobeil. 1996). This is about 2 to 4 times what is observed in 

the St. Lawrence Esniary. 



The source of the arsenic in the sediments is unclear. it has been amibuted to 

anrhropogenic contamination by Ouellet (1979) but no specific source was identified. The 

elevated levels around the outfall of the Vaudreuil works can be attrihuted to the former 

high effluent load h m  that plant but the arsenic in the Baie des Ha! Ha! can not be 

directly traced to Vaudreuil since levels in the Bras Nord are typical for marine 

sediments. The arsenic associared wirh the bauxite shipped through the Fjord and off 

loaded at Pon Alfred is a possible anthropogenic source. Dissolved arsenic in the waters 

of the river and the fkeshwater lens of the Fjord are amongst the lowest levels reponed for 

industialized and "prisrine" estuaies. Rimeau and Goulet ( 1983) reprted levels below 

30 nM for waters of the Baie des Ha! Ha!. Levels as low as 1 nM in the Saguenay River 

increasing to a mean concentration of 19 nM at maximum salinity have been reponed 

(Tremblay and Gobeil. 1990). Similar levels have ken  measured more recendy ( Alpay . 
unpublished data, Mucti et al. 1999). With the tremendous reduction of effluent arsenic 

in recent years. it can be sumiised that current levels of anthropogenic arsenic are 

probably lower than anytime since 1924. The current. most likely arsenic source is 

seawater; oceanic seawater has an average concentration of 26 nM and an A K l  ratio of 

-5 x IO-' (Onish. 1969). Levels in the St. Lawrence Esniary are reponed at approxirnatel y 

16 nM (Tremblay & Gobeil. 1990). 

It is commonly accepted that arsenic will be "scavenged by suspended 

particulate matter (SPM) in estuarine environmem. Ferric oxides and hydroxides (Sadiq. 

1990; Morse. 1994). manganese oxides and organic material have commonly k e n  cited 

as important scavengers. The role of aluminum oxides and hydroxides is to be determined 

in this thesis. With the low concentration of dissolved arsenic in the Fjord. the sediment 

enrichment can not be ahbuted to the precipitation of an authigenic As-beaing phase. 

Since suspended particulate maner (SPM) Ievels in the Fjord and the St. Lawrence 

Esniary are nearly identicai (0.6 and 0.7 mgL) (Richard. 1997), arsenic accumulation in 

the sedimenu of the Fjord cannot be accounted for by this variable. Alternatively, the 



SPM of the Fjord may have a greater scavenging efficiency for arsenic resulting from 

differences in composition, and the highiy stratified nature of the estuarine water column. 

Burial rates are aiso similar, they Vary fiom 4 . 2  to 1.1 c d y  in the St. Lawrence Estuary 

(Silverberg et al., 1990; Jemane. 1992) and are between 0.2 and 7 cm& in the upper 

basin of the Saguenay Fjord (Perret et al., 1995). 

2.1.3 PHOSPHORUS IN THE SAGUENAY FJORD ESTUARY 

Phosphorus in the sediments of the Saguenay Fjord is siightly elevated in 

cornparison to levels in the St. Lawrence Estuary. Levels at the water-sediment interface 

in the Fjord are as high as 0.15%; levels in the St. Lawrence Estuary are around u.1 i %  

(Richard. 1997). The source of the phosphate is undoubtedly anduopogenic. The Lac St. 

Jean region is heavily farmed and thus the application of fertilizer represents a source of 

phosphate. The !cvel of phosphate in the marine waters of the Fjord are less than that of 

the St. Lawren~e Esniary (0.2 pM as opposed ro 0.8 pM). Like arsenate. p a t e r  

scavenging eficiency of phosphate by SPM in the Fjord has been proposed to explain the 

higher sediment concentrations (Lucotte & dTAnglejan. 1988; Richard. 1997) 

2.1.4 PARTICUUTE ALUMINUM IN THE SAGUENAY FJORD ESTUARY 

Particulate aiuminum concentrations in the fieshwater lens of the Saguenay Fjord 

of up to 150.8 ppb in the freshwater lens can be calculated f k ~ m  the suspended particulate 

matter measurements and the elemental analyses of Sundby & Loring (1978) bom 

samples taken in 1974. More recent analyses (samples taken in 19%) show that levels 

have failen in recent years to a maximum of 100 ppb (Alpay. unpublished data). The 

amount of paniculate aiuminum in bie freshwater lens decreases with distance from the 

Saguenay River. The rnajority of the particulate aiuminum can be amibuted to 

anthropogenic sources, specifically the smelter at Alma and the combined plant at 

lonquière. Observeci reductions can be amibuted to impmvements in env ironmen ta1 

controls at Alcan facilities and consequent reductions in effluent Ioading. It should be 



noted that the exact nature of the particulate alurninum has not been identified except for 

FEG-SEM/EDX of grains composed of aluminum and oxygen that may be gibbsite. 

Although gibbsite is theoretically unstable in seawater in the presence of silica. work by 

Crane (1998) has shown gibbsite to be metastable in seawater for periods of up to seven 

months. The matenai entering the Fjord is likely either gibbsite or y-alumina since both 

are manufactured by Alcan. The stability of y-alumina in seawater is unknown and has 

apparently not been. Aluminum has been detected in sediment analysis (Mucci & 

Edenborn. 1992). The aluminum may corne from the feldspars and clay minerais in the 

scUi~~<xs  iri addition to the alurninum minerals. 



Figui. 23 Arsenic in Saguenay Fj rd  Wments  



2.2 Adsorption and the Solid-Solution Interface 

Surface science and more specifically the characterization of mineral-solution 

interfaces is an area of extensive smdy suppomd by a voluminous literature. As any 

piecemeal review of such an extensive body of work would be likely inadequate. the 

following is denved mostly h m  the excellent reviews of Davis & Kent ( 1990) and 

S N ~ I  6 Morgan (1 996). 

2.2.1 THE HYDROUS OXIDE-SOLUTION INTERFACE 

Original Surface-metals with Coordination spbm completed 
incompkte coordiiration by water moleculer 

Matal ion O Oxygen ion 
Figun 2.4 Development of surface hydroxyl groups on oxides (after Stumm 8 Morgan. 1996) 

In the presence of water an oxide will becorne covered in surface bydroxyl groups 

(Figure 1.4). Schemwically these groups are represented as variants of the functional 

group ES-OH. The full range of these groups is predicted by Schindler ( 1985). 

2.2.2 ADSORPTION 

Adsorption refers to the attachment of dissolved species to a solid surface such 

that the species do not enter or fom the structure of a soiid phase. Where such a 

distinction is not possible the more general term of sorption is commonly used as it 

includes CO-precipitation and absorption. 

2.3 Empirical Appioaches to Adsorption Modeling 

B many cases. a non-mechanistic approach to adsorption is al1 that is tequired for 

a model. These empincal approaches are widely used in geochemical transport or other 



global models where the computational simplicity and low data requiremenrs outweigh 

the greater applicability of an analytical approach. No attempt is made to describe the 

process by which adsorption occurs, the reliability of the predicted results is the goal. 

Such approaches provide a correlation or fining coefficient between the amount of 

adsorbed solute and the solute concentrations in solution. The simplest of the comlations 

r,= [J, J K a  [2-11 
w here [J,l = concentration of solute 

TJ adsorption density (moles r-' or mole g-') 

This coefficient gives a simple linear relationship between adsorption density and 

concentration. An adaptation of this equation. the generai panitioning equation of 

Honeyman & Leckie (1986). accounts for proton exchange; 

w here = apparent ratio of moles of protons released per 
mole of solute J adsorbed. 
surface density of uncomplexed adsorption sites 

Results of a large number of adsorption studies have been represented by the 

Freundlich and the Laigmuir isotherms. The Freundlich isotherm is an exponential 

r, =WJ K,Y 
w hem P = empincal parameter. 

When the parameter is equal to 1 the Freundlich isotherm reduces to the simple partition 

isotherm. The Langmuir isothem takes into account the finice number of adsorption sites 

on a surface. The Langmuir isotherm also assumes identical energies for aii adsorption 

sites and monolayer coverage. The mass law equation is written as: 

w here ST = density of al1 adsorptive sites 



A number of other isotherms have been proposed which include additional 

adjustable parameters such as the Langmuir-Freundlich. Redlich-Peterson. Toth and 

Dubinin-Radushkevich isotherms (see Kinniburgh. 1986). Multiple site versions of the 

Langmuir and Freundlich isothemis have also been suggested (Kinnibuqh. 1986). These 

isotherms have been used with variable success. However. with increasing parameten. 

the computational benefits of the empirical approach are diminished. 

2.3.1 SURFACE COORDINATION THEOR Y 

To design a mechanistic model of adsorption it is first necessary to develop a 

model of the forces and interactions at an interiace. Tme forces promote adsorption. In 

order of increasing strength they are van der Waals interactions. electrostatic forces. and 

chemical afti~nity. The forces are not exclusive of each oiher and so adsorption is the sum 

of the interaction of the three forces. van der Waals interactions are pnerally weak and 

are largely insignifiant when the other forces are in operation. Electrostatic forces result 

fiom the allocation of surface and dissolved species of opposite charge. Chernical afinity 

refers to the formation of surface complexes with some degree of covalency. This cype of 

adsorption. also known as chemisorption. is so strong that electrostatic or mass law 

constraints rnay not apply. 

Rigomus interpretations of adsorption are based on the concept of surface 

coordination. Surface coordination extends the ion pairing and complex formation that 

occurs in solution to include chemical species on surfaces. The basic tenets of surface 

coordination theory are: 

1. A surface is composed of specific functional groups that react with dissolved 

solutes to fom surface complexes (coordinative complexes or ion pairs) in a manner 

analogous to reactions in homogeneous solution. A surface may have a single or multiple 

types of surface functional groups. The arnount of functional groups is finite and is 

expressed as a density/ 



2. Equilibria of surface complexation and ionization reactions c m  be descnbed by 

mass law equations with corrections for variable electrostatic energy. 

3. Surface charge and surface elecaical potential are necessary consequences of 

chernicd reactions of the surface functionai gmups. Specific chemical interactions 

dominate the electrical pmperties; the electxic field and electrostatic effects are secondary 

factors resu 1 ting frorn the surface coordination reac tions. 

4. Apparent binding constants of the mass law equations are empirical parameters 

related to thennodynamic constants via the activity coefficients of the surface species. 

The surfacc hydroxyl groups of a hydrous oxide have similu doiior properties as their 

dissolved solutes, such as hydroxides and carboxylates. The most important adsorption 

(surface complex formation) equilibria are (from Sturnm & Morgan. 1996): 

Acid Base Equilibria 
&OH + H' t, &-OH,' 

&-OH + O H  tt &-O-+ H20 
Metal Binding 

&-OH + M" o &o~'"'''+ 
2 &-OH + ML* t3 (=S-O)~M(*"'+ 2H+ 

&OH + ML+ + H20 t-1 IS-OMOH'~-~'++ 2H' 
Ligand Exchange 

&OH + L' H =SOL + OH' 
2 =$OH + L' t, &,-L' + 20K  
Temary Surface Complexation 

&OH + L- + Mat, rs-L- M" + OH- 
&OH + L- + M'+W SS-OM-L(*~)++ H' 

w here &-OH = surface functional group 
=MG metal of charge Z - L- ligand 

As iîiustrated by Figure 2.5, ions can also be part of the diffuse swarm. The 

chernical bonded ions represent imer-sphere adsorption whereas the ion pairing is 

referred to as outer-sphere complexation 



Diffuse ton 

Outer-sphere 
Co mplex - Inner-spher e complex 

s a p a  

B 
Figure 2.5 (A) Surface complex formation of an ion on a hydrous oxide surface. (8) Schematic 

portrayal of hydrous oxide surface. After Sposito (1 989,1984) 

ui Figure 2.58, the planes associated with surface hydroxyl groups ("s"), imer-sphere 

complexes (a). outer-sphere complexes ("P") and the diffuse ion s w m  ("d) are shown. 

There is a great deal of difference between the two adsorption complexes so much so that 

imer-sphere and outer-sphere complexes of the same ion must be treated as different 

chernical entities. The two types can be distinguished by the efTect of ionic swngth on 

adsorption- a suong dependence on ionic strength is typically observed for outer-sphere 

adsorption. Outer-sphere adsorption is aho less stable as it involves electrostatic bonding 

and so is  influenced by a greater number of factors than inner-sphere adsorption. 

2.3.2 CHARGE DISTRIBUTION AT SOLID-SOLUTION INTERFACES 

The boundary between any two distinct phases is an area of dissymmetry. In the 

case of the interface between a mineral and a solution, the dissymmeny is countered by a 

structural reorganization that reflects the competing interactions of the bulk phases. The 

smictwai reorganization ~sults in a charge separation and the consequent creation of an 

electrical potential relative to the bu& solution phase. 



Charges that develop on the surface of the minera1 are of three types 1 ) permanent 

structural charge. 2) coordi~t ive  surface charge. and 3) dissociated charge. A permanent 

charge develops as a result of isomorphic substitutions in a mineral. such as the 

replacement of Al3' for si* in the crystai lanice of phyllosilicates. Such substitutions are 

rare in oxides and hydroxides and thus permanent surface charge is generally absent from 

such minenls. The coordinative charge is the charge directly associated with the surface. 

It results from the ionization of the surface functional groups (equations 2.5 and 2.6). The 

dependence of surface charge on pH is evident. The surface charge is also a result of the 

coordinative binding of a sol ute to the surface or adsorption (equiiiions 2.7-1.1 3) 

The total surface charge, the sum of permanent and coordinative charges. is 

expressed as a density. in units of charge per unit area. The net surface charge density of 

a hydrous oxide is given by 

Op = RrH roH + x(zMrM) + x(zArA)l [2.14] 
w here OP = net surface charge density (C m") 

F Faraday constant (%490 C mol-' ) 
2 valency of sorbing ion 
r adsorption density (mol rn-') of K. OH-. metal 
ions. and anions 

The net proton charge a" (C m"), the charge resulting h m  the bindinp of protons ro the 

surface - also known as surface protonation- is 

OH = WH - r*+) 
Similarly a coordinative complex charge is the sum of the densities of the adsorbing ions. 

To express a charge in terms of mass (i.e. C kg-'' it is necessary to multiply the sorption 

density by the specific surface area (m2 kg-') of a particle. 

The charge that develops at the surface of a pamcle as balanced by the charge of 

ions in the difise swarm which whiîe free in solution. remain near enough to a surface 

to balance the surface charge thus 



where 
=D 

= difise charge 

&ch ion in the diffuse swarm contributes to the diffuse charge. The effective charge of 

an individual ion i c m  be apponioned by 

where 
v 

2. = valence of ion 
c, (d concentriition of ion a[ point x in the solution 

Co,, concentration of ion in bulk solution 
m rnass of solid adsorbent 

The integral in equation 2.17 is applied over the entire volume of the aqueous solution 

containing the adsorbent. The equation represents the distribution of the charge of the ion 

in aqueous solution. The equation applies equally to al1 ions in solution including H' and 

OH- and the total difise charge is the sum of the individual ion charges. 

An imponant parameter in explaining the adsorption behaviour of a hydrous 

oxide is its point of zero charge. The point of zero charge ( p t c )  is the pH at which the net 

surface charge is equal to zero. thus 

at pzc: a, = O [2.18] 

This point is also refereed to as the isoelectric point (iep). the condition wheiz particles 

will not move in an applied electrical field. A pzc estabtished solely due to the binding of 

W or OK may be distinguished as the point of zen> net proton churge (pznpc). 

at pznpc: a,, = O [2.19] 

23.4 SURFACE COORDINATION AND IN TERFACE MODELS 

Rigorous surface complexation models have been used in relatively simple 

systems. They have an advantage in that they can be applied under a wide range of 

conditions. Their drawback is that they require an extensive database. Underlying ail 



models is a paiticular interpretation of the solid-solution interface. As illustriated 

previously. the elecnic state of a surface is dependent on the dismbution of free charge in 

its neighbourhood. The distribution is usuaily ideaiized as an electric double iuyer, the 

surface charge is seen as one layer and the second is the diffuse charge which is 

distributed diffusely in the liquid in contact. This is a representation of the Gouy- 

Chapman model. 

The Gouy-Chapman model relates surface charge density, op. to the potential at 

the surface. yu (volt): 

w here 

Equation 2.20a is 

op = d 8 ~ l e e ~ c  X 103 sinh (a: R T )  
2 

R gas law constant (8.31 4 J moir K-') 
T Absolute Temperature (K) 
E Relative dielectric constant of water (78.5 @ 
25°C) 

et, Perminivity of free space 
(8.854 ' 1 O-'* C V-' rn-' (c2 J-' m-') 

molar electrol yte concentration (M) 
valence of ion 

valid when the electrolyte is symrnemcal (2 = ionic charge). The hi11 

denvation of the equation is available elsewhere (Sposito. 1984) At low potential. 

equation 2.20a cm be linearîzed as 

The Debye parameter. K, is defined by 

The double layer thickness in meters is the reciprocal of die Debye parameter. A 

schematic of the mode1 is aven below (Figure 2.6A). 



kgabive Diffuse La 
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Figure 2.6 Schematic drawings of electrical double layer models. A: Gouy-Chapman B: Stern 
(after James 8 Parks, 1982) 

2.3.4.2 STERN-G~HAME MODEL 

The Gouy-Chapman model is not adequate when the product of the distance fiom 

the surface and the Debye parameter is small and the surface potential is hi@. Under 

these conditions, the Gouy-Chaprnan model predic~ excessively large local 

concentrations of ions near the surface. This prediction is the consequence of considering 

ions as point charges and neglecting their ionic diameter. Altematively. Stem (1923) 

suggested dividing the interface into two regions. a compact layer of ions adsorbed at the 

surface and a second diffuse layer. The compact layer could include ions with specific (or 

imer-sphere) adsorption potential. This compact region is given a finite limitation on the 

concentration of ions within it (Figure 2.6B). Grahame (1947) expanded the model by 

dividing the compact region into two layers; an inner layer of specifically adsorbed ions 

and an outer layer of non-specifically adsorbed ions. These two layers are called the 

imer and outer Helmholtz planes respectively (W. OHP). 

2.3.5 MODELS OF HYDROUS OXIDE-WATER INTERFACE 

Stumm & Morgan (1996) argue that the oxide water interface requires its own 

model of interface structure to describe electmstatic energies of adsorption. Westail & 

Hohl (1980) have summarized the proposed models mnging h m  the simple to the 



complex such as the StemGrahame based triple layer model. The central issue is how to 

relate chernical concepu of the interface to electrostatic principles. 

Most models use one of the two classical EDL models to define the interface 

structure. This results in consideration of surface reactions and electrostatic corrections. 

All models reduce to a set of numencally solvable simultaneous equations. The equations 

include: (1) mass law equations. (2) mole balance equations for surface sites. (3) surface 

charge. and (4) smctunl constraint equations. 

The majority of the models have used a diprotic representation of the oxide 

surface. Thermodynamic constants for the iünization reactions (qu-5or.s 1.5.2.6) can be 

determined. For equation 2.5 the constant is 

In practice the activity coefficients of the surface species are not readily determinable so 

that it is necessary to define an intrinsic equilibrium constant. 

Products (including surface species 
"lFy0 [2.22b] K(int) = heactants (including surface species);] exp 

where n = number of protons in the reacüon. 

The standard state for adsorption equilibria is determined at the point of zero charge. This 

represents adsorption ont0 a surface of nuil net cjarge and is more akin to chernical 

adsorption than elecmstatic adsorption. 

The generalized fom of surface coordination is as follows (Sposito. 1984): 
~(=soH)+~M"+~'+~H'+oH~-(so) a ~ p ( ~ ~ ) y H x ~  [2.23] 

~ ( s o H ) + ~ L ~ + x H ' ~ = s  b H X Q  L  M OH- [2.24] 

where 6 = pm + s - a - ql - y and = x + b - ql are valences of the surface complexes 

formed. The valences conaibute to the coordinative surface charge. Al1 models mat 

adsorption of strongly bound inner-sphere complexes (specificaiiy adsorbed) ions in 

accordance with equations 2.20 and 2.21. The models differ in theîr approach to weakly 



bound ions and the EDL model used. The different models use electrostatic correction 

factors that are consistent with the interfacial structure of the EDL model. 

Buk Bulk 
Bulk 

A B C 
Figure 2.7 Schematics of surface complexation models A) Diffuse Double Layer Model B) 

Constant Capacitance Model C) Triple Layer Model (After Stumm 8 Morgan. 1996) 

A simple model of the interface is obtained by including al1 surface species as part 

of op and considers a single surface potential y, = y, and one charge density a, = aD. 

Chemical inputs are total surface site density and mass law constants for specifically 

bound ions. This diffuse double layer model (DDLM) (Figure 2.7A) was developed by 

Smmrn et al. (1970) and Huang & Stumrn (1973). The DDLM incorporates the Gouy- 

Chapman model. The effect of ionic strength on adsorption is accounted for by the 

dependence of the surface charge on ionic strength (Equations 2.20 a-c). Surface 

reactions are described in terms of amphotenc hydroxyl groups and inner-sphere co- 

ordination reactions. The mode1 incorporates two layers; a surface plane that 

encompasses proton transfer reactions and i~er-sphere coordination complexes and a 

diffise layer plane; this represents the distance of closest approach for al1 countenons. 

The constant capcitance model (CCM) (Figure 2.78) is a special case of the 

DDLM and is applicable to systems at high ionic strength. It was developed by Schindler 

& Karnber (1%8) and Hohl & Stumm (1976). The EDL is approximated to a paraiiel 



plate capacitor. The rnodel considers only the surface plane for the adsorption of protons. 

hydroxyls and al1 inner-sphere adsorption. The relationship between coordinative charge. 

. and potential is 

The 

w here 

capac i tance 

a =CY O [2.25a] 
= constant integral capacitance of minerai water 

interface (Farad m"). 

parame ter found via trial and 

however be divided into two components: a Gouy (difise) component. CG. and the 

Helmholtz (compact) component. CH, 

c-' = c + c -' 
Ci H 

[2.25b] 

The Helmholtz capacitance can be described by: 

C H = E'E, /~  [2.25c] 
w here I' = local value of the dielecmc constant 

d Stem layer thickness 

Under conditions where the dielectric constant is independent of surface charge density. 

two domains of nearly constant capacitance under varying surface charge densities exist. 

When CG » CH(high ionic strength). C n C M. when CG << CH (lower ionic suength). C 

n CG. If the surface potential is small (less than 25 mV). then CG z = 2 .34  (25°C) . 

The model also requires constants for al1 mass law equations involving surfacr species. 

The triple layer model (TLM) (Figure 2.7C). fim proposed by Stem (1924). is a 

model that incorporates the Stem-Grahame electrical double layer model. The model 

allows a distinction between i ~ e r  and outer-sphere complexes. This is accomplished by 

the incorporation of a layer for outer-sphere complexation (the inner Helmholtz plane 

(IHP) or plate). The capacitance of the layer between the IHP and the plane of closest 

approach of dissociated counterions (outer Helmholtz plane (OHP)) is igiored. The 

model requires capacitances for the Stem layer and the [HP as well as rnass law constants 

for di adsorption equilibria including the outer-sphere (i.e. ion-painng) equilibria Four 



layer models (Bousse & Meindel 1986), that incorporate additional distinctions in 

adsorption type. have also been proposed but have met with limited success. 

2.3.5.1 COMPUTER MOOELING 

Modeling adsorption using mechanistic models requires the solution of a series of 

simultaneous equations. Solving the equations is computationally intensive and for this 

reason it often done by a cornputer model. An exmple of such a mode1 is REQL 

(Herbelin & Westall. 1994; Westail. 1982) which calculates adsorption equilibrium 

parameters based on experimentai data. The code uses a nonlinear squares method and 

can be run using a choice of adsoryiic;; inodels: constant capacitance, diffise layer. Stem. 

and niple layer. In the gibbsite adsorption literature. FITEQL has been run exclusively in 

the constant capacitance mode. 

2.4 Components of Experimenta I System 

2.4.1 PHOSPHORUS 

Phosphoms is an essential nutrient to photosynthetic plants. It is often considered 

a contaminant since it prornotes excessive plant growth and may lead to eutrophification 

of water bodies. It is cornmon; 0.10% of the total mass of the Earth's crust is phosphorus 

and is found in rnost rock types. The number of phosphornus minerals is large (Korimig. 

1978) but apa.jte is the most common and is of greatest importance. Phosphoms is 

reteased into the aquatic envimnment through the weathering of phosphoms bearing 

rocks. Phosphoms has no volatile compounds; thus. there is no aunosphenc transpon 

except associated with particles. Anthropogenic sources include mining and subsequent 

indusaial and agiculmai use. The fonnerly wide spread use of phosphates in detergents 

was also a significant source. 

Phosphorus is removed h m  solution by precipitation. biotic uptake. and 

adsorption. The ultirnate fate of phosphorus is ocean sediments but the major nutrient 

stanis of phosphorus is indicative of the complexity of the phosphorus cycle. The oniy 



stable redox state of phosphorus in aqueous solutions is +V. thus inoqanic phosphonis is 

always present as phosphate and in mm the phosphate will be almost exclusively 

orthophosphate (HPO:- at seawater pH). Phosphate can exist as the anion. as a cornplex 

with metal ions. or as an organic cornplex. The concentration of organic phosphorous 

often exceeds phosphate in oceanic surface waters. 

Phosphonis concen~ütions in seawater range fkom 1 ppb to 50 ppb (Drever. 1988) 

although an extreme value of 370 ppb has been reponed (Reedy et al.. 1968). Phosphonis 

in near surface waters is controlled by biologic activity and at depth concentration is 

determined by the regeiïct~ricrddcgradation of settling organic rnattei and ultimately by 

the solubility of apatite. These controls result in a prototypical nutrient distribution in 

seawater. surface values are nearly zero and reach a maximum at about 100 meters 

(Millem & Sohn. 1993). 

Arsenic is a metalloid that is notonous for its use as a homicidal poison; it has 

also been widely used as a broad-spectnim pesticide. Arsenic behaves sirnilarly to 

phosphorus and will replace it in biochemical iractions leading to an inhibition of 

oxidative phosphorylation and p w t h  (NRCC. 1978; Planas & Hedy. 1978; Sayer. 

1981). the cause of its acute toxicity. Arsenic is present in the E h ' s  crust at an average 

abundance of 1.8 ppm (Krauskopf, 1979) and locally can reach concentrations of up to 

2900 ppm in iron-nch seâimentary rocks (Boyle & Jonasson. 1973). In nature. arsenic 

occurs occasionally as a solid in its elemental state but is most often found in 

combination with sulfur and or other metals (Boyle Br Jonasson. 1973). It is released into 

aquatic and terresrrial environrnents as result of enision of rocks and soil. volcanic 

emissions, and the release of soil gases. Anthropogenic sources. such as smelter 

emissions. fossil fuel consumption, and histoncal use of arsenical pesticides. represent 

significant inputs. 



Arsenic is removed from solution by biotic uptake. adsorption. and precipitation. 

in most aquatic environments. precipitation will be uisignificant since most arsenic 

minerals are highly soluble. The ultimate fate of arsenic is ocean sediments. however its 

reactivity ensures an extensive cycling through biotic and abiotic componenu of aquaac 

and terrestriai systems. The cycling of arsenic is complex; b t z y  & Mackenzie's (1994) 

"simple" mode1 of the oceanic arsenic cycle involves 29 fluxes. 

In the dissolved phase. arsenic c m  be present as inorganic arsenite (As(iII)) and 

arsenate (As(V)) species as well as methylated arsenate compounds (Cullen & Reirner. 

1980) rsee Figure 1.8). Arsenic will initially hydrolyze to arsenite bul. under oxygenated 

conditions. will oxidize funher to arsenate species. The rate of oxidation is slow but it 

cm be acceletated by chemical oxidants such as manganese or iron hydroxides (Oscarson 

et al.. 198 1 ab; De Vitre et al.. 1991 ) or by bacmial activity (Cullen & Reimer. 1989). 

hcreased saliniry also promotes oxidation (NRCC. 1978). The reduction of arsenate to 

arsenite can occur as result of biochemical processes associated with phytoplankton 

blooms in oxygenated surface waters (Andreae. 1978). 

PH 
Figura 2.8 pepH diagram for A i i l 2 0  system at 25" C. Dissoived (As] 0.7 pM 

After Cherry et al. (1 979) 



Arsenic in seawater shows a nutrient type distribution with a shallow regeneration 

cycle (Bruland. 1983). Thermodynamics suggest that arsenate species should be the 

dominant species under oxygenated conditions and this is confirmed by speciation 

measurements conducted in a variety of aquatic environments (Abdullah et al.. 1995; 

Riedel, 1993; Sadiq, 1992). The concentration of arsenic in seawater ranges fiom 13 to 

53 nM and is mi. believed to be solubility limited although the thennodynamic database 

for arsenic mineral and solid phases is extrernely limited. Over 100 arsenic minerais are 

known (Boyle & Jonasson. 1973) but data is available for less than 10% of the minerais. 

One solid phase that has been proposed as solubility limiting in fiesh water is h r i m  

arsenate Ba 3 (AsOl), (Wagemann, ! 978; Crecelius et al.. 1986). Crecelius et al. ( 1986) 

believe the calculation to be erroneous, and attribute the misinterpretation to major 

discrepancies in the thermodynamic data of Chukhlanstev (1956). There is no evidence 

for its geologid occurrence. Under anoxic conditions. reduced sulfur limits arsenic 

solubility by the formation of arsenic sulfides (Figure 2.9). Coprecipitation andor 

adsorption to iron sulfides represents a significant removal mechanism. Arsenic is known 

io be strongly associated with iron sulfides especially pyrite (Boyle & Jonasson. 1973). 

Authigenic framboidal pyrite found in the Saguenay Fjord (Mucci et al. 1999) and the 

Gulf of St. Lawrence (Belzile & Lebel. 1986) contains up to 1 0 û  ppm arsenic. 



Figun 2.9 pepH diagram for As-S-H20 system at 25" C. Total dissolved As species at 66 nM 
Total S species at 0.1 mM. 

Hatched area represents presence of solid phases. After Cherry et al. (1979) 

2.4.3 GIBBSITE AND OTHER ALUMINUM OXIDES 
Gibbsite [a-AMOH), or Al,03.3H,0] is the most comrnon of the hydrated 

aiuminum oxide rninerals. It is usually the major component of bauxite and is a comrnon 

soi1 constituent in its natural state it often contains traces of Fe, Si. C a  and Mg (Paiache 

et al.. 1944). It is also found as a pure synthetic mineral. a product of chemically refined 

bauxite also known as alurnina trihydrate. 

Gibbsite is typically white in colour although the shade of white is variable. h n  

in impure gibbsite leads to a reddish yellow colour. Polymorphs of gibbsite are bayerite 

and nordstmdite; bayente differs h m  gibbsite in its layering pattern. Gibbsite has an 

ABB A pattern and bayerite is layered AB AB. Nordstrandite is an intermediate phase 

altemating gibbsite and bayerite layering (i.e. ABBAABAB) (Goldberg et al., 19%). 

Amorphous aluminurn hydroxide has die same chernical formula but has no crystallinity. 

A gel of aluminurn hydroxide and water f o m  when aîuminum hydroxide is synthesized 

in the presence of bomn (Beyrouty et al.. 1984). 



Other common aluminum oxides are gamma and alpha alumina (corundurn) (y- 

AI.0,. a-Al-03, boehmite (y-NOOH) and diaspore (a-Al00H). Gamma alurnina is 

produced by the thermal dehydration of gibbsite and is the intermediate stage in the 

production of aluminum. It is suggested that the gamma alumina surface is similar to 

edge faces on gibbsite (explained below) and that studies of the alumina surface may be 

applicable to gibbsite with respect to patterns of adsorption behaviour rather than 

absolute measurements (Goldberg et al.. 1996). The adsorption propexties of alpha 

alumina have also received some attention, but the relationship to the adsorption 

behaviour of gibbsite is not as strong. 

2.5 Gibbsite Crystallography 

Gibbsite is a monoclinic mineral that typically forms tabular pseudo-hexagonal 

crystals. 

Figura 2.10 Sphere muciel of gibbsite structure. Large spheres represent hydroxyl ions, smaller 
spheres trivalent aluminum ions. Part of upper hydroxyl rayer removed for clarity. (after Goldberg 

et al., 1996) 

The larger OH- ions are arranged in a close-packed double layer structure with the srnailer 

~ l ~ *  ions occupying the interstices between the two layers (Figure 2.10). Two types of 

interstices (cation sites) occur. The srnaller tetrahedral sites are surmunded by four of the 

larger spheres. three in one layer, one on top. The larger octahedrd sites are smunded 

by six spheres; ihree from two adjacent layers. ~1~ ions occupy 2 3  of the octahedral 



coordination sites. Each  AI^ ion is coordinated to six OH- ions and each OH- ion is shared 

by two ~ll' ions. Crystai growth occurs by layer extension (o and b direction) or by layer 

stacking (c direction). Surface hydroxyls of an ideal basal plane will coordinate to two 

Al3* ions and edge plane hydroxyls will coordinate to one ~1~ ion. The structure of 
3- 

gibbsite can also be seen as a series of rings. A single ring of 6 Al ions is joined 
O+ 

above and below by six pairs of bridging OH- ions creating a Ai(OH),, functional unit 

(Figure 2.1 1 A). 

Figure 2.1 1 Sphere mode1 of polyrneric ion AI,(OH),,(H,O),>. (A) singe polymetic ion with 
upper hydroxyl and wate: layer removed. (8) Two complete polymeric ions (After Goldberg et al.. 

1 996) 

The excess charge on each  AI^ retains a pair of water molecules (Figure 2.1 1). 

These "edge" sites are believed to be the only adsorption sites on gibbsite (Parfia et al., 

1977; Russell et al., 1974). The 001 surface, although forming the majority of the surface 

area of gibbsite, is inen with respect to adsorption. The AI(OH)6 unit can also be viewed 

as a octahedron (Figure 2.12), the apices being the centre of an OH- ion. Two octahedra 

are joiwd dong one edge by sharing a pair of OH- ions i.e. A l ( 0 ~ ) J l ~ .  Six joined 

octahedra form the ring structure of the sphere model. This model shows the "holes" in 

the srnicm diat occur due to the dioctahedral arrangement of Nr. 



Figura 2.12 Octahedral mode1 of gibbsite structure. mree coalesced AI,(OH), rings and two 
additional aluminum ions (After Goldberg et al., 1996) 

2.5.1 GIBBSITE SURFACE PROPERTES AND VARIABILITY 

Production conditions in an industrial setting are poorly consuained; thus 

introducing variability in surface propenies of the gibbsite. To a lesser degree. variability 

is also found in chernical grade g i b bsi te. Measurements of surface properties have 

revealed these differences (e.g.. van Riernsdijk & Lijklema. 1980a: Pyfia et ai., 1977). 

The variability can be traced to both the analytical method and to the gibbsite itself. Not 

only wiil gibbsite have a natural variability, additional variability is introduced by the 

gibbsite retaining a memory of its history (Le synthesis. pretreatment. grinding) (Davis 

and Kent, 1990). 

Sperific surface areas for gibbsite have been reponed in a range of 26 to 50.5 

mfg .  Unfomately only one of these measurements was accompanied by a grain size 

measurement. Manning and Goldberg (19%) npon a 45.0 m21g surface area for grains of 

less than 500 pm. Higher specific surface area values reponed by Okazaki et aL(1989) 

appear to be measurements of arnorphous aluminum hydroxide rather than gibbsite. A 

few low values have also been reported (Alvarez et ai.. 1976; Helyar et al., 1976a). 

Sources of variabiîity in specific surface area are the grain size, the gibbsite itself as well 

as uncertainties associateci to the measurement technique. If specific area is known. 



adsorption behaviour can be normalized and results of different studies c m  be compared. 

However most results are reported in terms of m m .  

Given that adsorption will only occur on edge sites. the percentage of specific 

surface area represented by edge faces is of great importance. Very few measurements 

have been made of this property. van Riemsdijk and Lijklema (1980a) calculated an edge 

area percentage of 14 based on shadowed electron microwmphs and similar analyses by 

Russeil et al (1974) and Parfiln et al. (1977a) yielded percentages of 7 and 20 

respectively . 

Parfitt et al. (13776) csiiinated that the basal plane of yibbsite contains 

approximately 12 hydroxyl p u p s  per nm2 whereas edge planes contain 4 groups. Proton 

acceptor and donor sites are estimated at 2.8 and 5.6 sites per nm- respectively (Sposito. 

1981). Directly measured isoelectric points via electrophoresis have been reponed at pH 

= 9.6 (Goldberg et al.. 1993a) and 10.0 (Kavanagh et al.. 1975). Potentiometric titration 

measurements of the pHpzc have yieldeû values of 7.8.9.5 (Hingston et al.. 1972) and 9.8 

(Kavanagh et al.. 1975). 

2.5.2 GIBBSITE SOLUBIL~  

The solubility of gibbsite is largely pH dependent. in fresh water. dissolved 

aluminum occua as d. AIOH", Al(OH)*+. ANOH):. and AI(OH),* (Roberson & Hem. 

1%9). The totai concentrations of al1 aluminum species are at a minimum at a pH of 6. 

Solubility increases rapidly with decreasing pH and at a lesser rate with increasing pH. in 

seawater. the presence of sulfate and fluoride anions increases solubility by 

complexation. Using the solubility constants of Stumm & Morgan ( l996), the sol u bility 

of gibbsite in seawater can be calculated (Figure 2.13). The complexes increase solubility 

by about 1 log unit at pH 6 and by 1.25 log units at pH 4. At higher pH the influence of 

seawater anions becomes negligible. 
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PH 
Figure 2.1 3 Calculated solubility of gibbsite in freshwater and seawater (S=35). 

Calculated using compilation of Stumm 8 Morgan (1996). 

The kinetics of gibbsite dissolution are very slow. Su & Harsh (1994) report 

equilibnum h m  gibbsite dissolution in low pH solutions occunng at over 450 days. 

Gibbsite has been show to remain stable in artifcial seawater for periods up to seven 

months (Crane. 1998). even in the presence of hi@ silica concenmtions. Under these 

conditions. themodynamics would predict its conversion to kaolinite or Na- 

monnnoflionite 

2.6 The Adsorption Behaviour of Glbbsite 

The bound water molecules associated with unbalanced AI'* ions cm be replaced 

by an adsorbed single hydroxyl p u p  (Goldberg et al.. 19%).The resulting surface 

complex is an aluminol îùnctional group (AkûH). The protonation and deprotonation 

reactions can be described by : 

and the general surface coniplexation reactions by : 



AkOH + H 3 X o A I ~ X & +  H20 + 2"+ [2.30] 
w here X =  trivalent anion complex or single anion 

Revious investigations of the adsorption of arsenate and phosphate on gibbsite 

are listed in Table 2.2. 

Table 2.2 Arsenate and phosphate adsorption studies on gbbsite 

Authors Adsorbent 
Bache, 1964 PO4 
Muljadi et al., 1 966a,b PO4 
Hingston et al., 1971 As04 
Kuo & Lotse, 1974 PO4 
Kyle et al., 1975 PO4 
Helyar et al., 1 976a PO4 
Parfitt et al., 1977 PO4 
van Riemsdijk lL Lijklerna, 198Oa.b PO4 
Manninq & Goldberg, 1996 As04 PO4 

Smdies conducted on alumina and on amorphous alurninum hydroxide have also been 

c h e d  out; these have some applicability with respect to gibbsite. 

Table 2.3 Adsorption studies on alumina; amorphous AI(OH)3 

Authors Adsorbate Adsorbent 
Chen et al., 1972 PO4 a-Alumina 
Huang, 1975 PO4 yAlumiiia 
Anderson et al., 1976 As04 AI(OH)3 
Peinernann & Helmy, 1977 PO4 ? Alumina 
Anderson 8 Malotky, 1979 As04 AI (OH)3 
Anderson 8 Malotky, 1 979 PO4 ~Alumina 
Lijklema, 1 980 PO4 AI(OH)3 
Bolan et al., 1 986 PO4 AI(OH)3 
Xu et al., 1988,1991 As04 a-Alumina 
Okazaki et al., 1989 P04, As04 AI(OH)3 
Violante et al., 1991 PO4 Ahxide (?) 

The conditions and the materials used in these studies Vary; including time, 

concentrations, and the gibbsite itself. Most of these studies have determined the amount 

of arsenic lost h m  a solution and amibuted the loss to adsorption. A notable exception is 

the work of Xu et al. (1988. 1991) who used the radioisotope "AS as a m e r  and 

measured the activity of n ~ s  adsorbed ont0 the gibbsite. 



The studies have shown relatively consistent adsorption envelopes for al1 

aluminum substrates (Hingston et al.. 197 1 ; Chen et al.. 1972; Huang. 1975; Anderson et 

al.. 1976: Xu et al.. 1981; Okazaki et aï.. 1989; Violante et al.. 1991; Manning & 

Goldberg. 1996). Peak adsorption is observed ai pH 4 to 5: adsorption declines linearly 

frorn that point as pH increases but some adsorption still occurs up to pH of 10 (Figure 

2.14). No data were found descnbing adsorption above a pH of 10. The finite quantity of 

the adsorbate within the experimental system allows for the complete adsorption of the 

adsorbate. This is seen on an adsorption envelope as a flat line. As pH increases. 

adsorbates will remain in solution and so the envelope retums to a n o d  shayc 

(Anderson et al.. 1976. Manning & Goldberg. 1996). The adsorption envelopes appear to 

be independent of PZC, there is no narrow adsorption edge which should otherwise be 

present at pH 9-10. This is indicative of inner-sphere adsorption where changes in 

adsorption with pH are related to adsorbate speciation. This concept is developed fùnher 

in the discussion of die results of this study 

Figun 2.14 Adsorption envelope of arsenate and phosphate to giWsita 133 (iM PO4 O 133 PM 
As04 + 266 MM As04 (Manning 8 Goldberg, 1996) L 270 pM Asû4 (Hingston 1971) 



The kinetics of adsorption di ffer between arsenate and phosphate. Arsenate 

adsorption is a straight fonvard. one-step and rapid process. Anderson et al. (1976) 

observed arsenate adsorption to amorphous aluminum hydroxide being essentially 

complete afier 24 hours. Xu et al. (1988). at a lower sampling rate. show adsorption king  

completed after 5 days. This rapid equilibration was also obsenied by Livesey & Huang 

(1981) in adsorption studies on Al-rich soils. The kinetics of phosphate adsorption are 

greatly complicated by the precipitation of aluminum phosphate solid phases. As a result 

it is more accurate to describe the process as phosphate sorption - Sorption being a 

generai rem to describe al1 ion-surface interactions. The process has been broke!: d o m  

into two steps by van Riemsdijk & Lijklema (1980a); an initial rapid adsorption and a 

slower precipitation of an alurninum phosphate phase. Bache (1964) theorized that a third 

additional step also occurs. the slow adsorption of phosphate to the precipitate. Helyar et 

al. (1976a) report phosphate sorption to gibbsite to be incomplete after periods of more 

than % houn. Sirnilarly Kuo & Lotse (1974) observed sorption being ùicomplete at 48 

hours. whereas Kyle et al. (1 975) allowed for an equilibration period of 141 - 1 9 1 hours 

before conducting their isotopic exchange studies. Temperature studies show increased 

phosphate adsorption to gibbsite at higher temperature (Muljadi et ai.. 1966b; van 

RieWjk & Lijklema. 1980b). No published work has been found on the influence of 

tempemure on arsenate adsorption to gibbsite or odier durninum minerais. 

Revious arsenate and phosphate adsorption snidies have been mostly undenaken 

at concentrations two or three orders of magnitude larger than concentrations nomially 

encountered in natuml environmenu. Adsorption of phosphate CO gibbsite has ken  

described by the Langmuir isothenn in many studies (Figure 2.15) (Bache. 1964; Muljadi 

et al., 1Ma;  Helyar et al.. 1 9 7 6 ~  Parfitt et al.. 1977). This treatment has also k e n  

applied to results of saidies carrieci out on a-alumina (Chen et al.. 1973). y-alurnina 

(Huang, 1975) and non-crystalline aluminum oxide (Violante et al.. 1991). The Langmuir 

isotherm mode1 is also applicable to iower concentrations as well (Figure 2.16). 
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Figun 2.1 5 Adsorption of phosphate to gibbsite in low ionic strangth solutions. 0 pH 5 m 9 *IO. 
Data from Muljadi et al. (1 966a) 
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Figun 2.16 Adsorption of phosphate to gibbsite (pH 5.5) Data fmm Helyar et al. (1977a) 

Adsorption isothenns for arsenate adsorption to gibbsite are less well established. 

in fact, none of the published data have been modeled in t e m  of isotherms. Isotherms 

have ben reported for other aluminum subsaates. The work of Anderson et al. (1976) 

and Anderson & Malotky (1979) on morphous aluminum hydroxides shows that 

adsorption can be describeci by the Langmuir isotherm. However, at concentrations below 

50 W. the adsorption data can also be desaibed with some success by simple Iinear 

isothemis (Figure 2.17). 
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Figure 2.17 Adsorption of arsenate onto amorphous aluminum hydroxide pH 7 . 7.5 A 8. 
Data from Anderson et al. 1976 and Anderson & Malotky 1979. Solid lines are Langmuir 

isothems for pH of 7 and 8 of Anderson et al. 1976; dashed lines are simpîe linear isotherms 
calculated fmm concentrations below 50 PM. 

It is readily apparent h m  work on iron oxyhydroxides (Pierce & Moore. 1982) 

that arsenite adsorption is much less than that of arsenate. Manning & Goldberg (1997) 

showed that on amorphous aluminum hydroxide arsenite adsorption was 20 to €XI% less 

than that of arsenate. Raven et al (1998) have shown arseaite to adsorb more snongly by 



fenihydrate when the initial arsenic concentration is high. But the adsorption of arenite 

may in fact be the formaaon of femic assenite. 

2.6.2 SURFACE COORDINATION MODELINO OF ADSORPTION TO GIBBSITE 

The constant capacitance mode1 of Stumm et al. (1980) has been used to mode1 

arsenate and phosphate adsorption on natuai mils. aluminum and iron oxides and 

hydroxides (Goldberp & Sposito. 1984: Goldberg. l986a. b; Goldberg & Glaubig, 1988: 

Manning & Goldberg. 1996). niese studies have ail used the FITEQL computer code 

(Westall. 1982) to derive surface complexation constants from experimental data. 

The studies have al1 used a capacitance value or 1.06 F m-2. The values of the 

intrinsic protonation-deprotonation constants (K' and K*)were an average of the intrinsic 

protonation-deprotonation constants of various aluminum oxides reponed in the 

limainire. The snidy of Manning and Goldberg (1996) treated the constants as adjustable 

parameters; diey were constrained by pHPLCso that 

PZC = 0.5jllog KI + llog ICI] [2.32] 

h al1 cases, a fixed and consistent surface site density was used. A surnrnary of the values 

found are iisted in Table 2.4 where log K is the intrinsic constant for the complexation 

reaction 



Tabk 2.4 Surface coordination rnodeling results 

Source Data Source log log Speies log log log 
K+ K- K1 K2 K3 

Goldberg & Parfitt, 1977 7.38 -9.09 PO, 9.46 5.26 0.62 
Sposito, 1984 
Goldberg & Hingston et al., 7.38 -9.09 PO, 11.1 1 3.98 -3.75 
Sposito, 1984 1974 
Goldberg & Helyar et al., 7.38 -9.09 PO, 9.01 2.56 WA- 
Sposito, 1 984 1976a 
Manning & Manning & 9.10 -10.5 PO, 9.90 3.20 -4.70 
Goldberg, 1996 Goldberg, 1996 
Goldberg, 1986a Hingston et al., 7.38 -9.09 AsO, 9.72 3.41 -3.58 

1971 
Manning & Manning & 9.10 -10.5 AsO, 8.60 2.20 -5.70 
Goldberg, 1996 Goldberg, 1996 

None of the constants are reported w i h  uncstainties. No numerical assessrnent of iiie 

goodness of the fits to the model was reported but visually the models of Manning & 

Goldberg (19%) and Goldberg (1986a) appear to reproduce the &ta sets although the fit 

is weaker at lower pH. As there were no figures of the relevant data presented in 

Goldberg & Sposito (1984) it is impossible to assess the quality of fit of the model. The 

assumptions made in the model such as the value for capacitance and the inainsic 

protonation and depmtonation conditions are probably responsible for the discrepancies 

in the constants since theoretically they should al1 be the same. 

2.7 Adsorption in the Presence of Seawater Constituents 

Although aluminum phases have often been cited dong with imn and manganese 

oxides as active "scavengers" for a variety of elements. adsorption studies in seawater are 

rare. Choi & Chen (1979a). as part of a wastewater treatment smdy. evaluated the ability 

of bauxite and alumina to remove fluoride in diluted artificial seawater. Balistrieri & 

Murray (1982) have studied the adsorption of heavy metals (Cu, Pb. Zn. and Cd) on 

goethite in seawater. Adsorption behaviour in seawater should be different fkom that of 

fkshwater due to a madcedly different chernical composition and a considerable increase 

in ionic strength. Adsorption may be âirectly or indirectly affected by the compositional 

clifference. Choi & Chen (1979a) reponed that saiinity h a .  no effect on fluoride 



adsorption to alumina nad bauxite. Balistrieri & Murray (1982) report that seawater has a 

variable effect on the adsorption of the trace metals; they concluded that sulfate increases 

adsorption of cations, rnagnesium decreases it and chlonde has no effect. The overall 

effect of the seawater is related to the pH of the normal adsorption edge of the meuls. 

Mefals with adsorption edges at pH from 3 to 6 have increased adsorption density; metals 

with adsorption edges h m  pH 6 to 9 have dimminished adsorption. The two studies 

suggest that the effect of seawater on adsorption can not be generalized; each adsorbate- 

adsorbent combination will react differently. The lack of direct studies necessitates a look 

at related studies; these siudir~ cm provide useful information as to uhat rnight be 

expected in seawater 

2.7.1 IONIC STRENGTH 

Surface complexation theory predicu that ionic strength in an hdifferent 

electmde should increase adsorption below the point of zero charge by increasing 

positive surface charge (Bowden et al.. 1977) but experimental evidence (Hayes et ai.. 

1988) shows no effects on inner-sphere adsorption for .O01 < 1 < 1. This was confirmed 

by studies of the adsorption of copper (Okazaki et al.. 1986) and boron (Goldberg et al.. 

1993b) to gibbsite for 0.1 < 1 < 1. 

2.7.2 SOLUTION INTERACTIONS 

Arsenate and orthophosphate in seawater may be unavailable for adsorption 

because of ion pairing and complexation with seawater ions. There is signifiant ion 

pairing between orthophosphate and seawater ions. At a pH of 8.1. 65% of phosphate is 

in ion pair complexes (Turner et al., 1981); a feature made apparent by the variation of 

apparent or stoichiometxic dissociation constants of phosphoric acid with salinity (Kesrer 

Br Pytkowicz, 1967). The same relationship has been predicted but not obsented for 

arsenate (Lowenthal et al.. 1977). There is some disagreement with respect to arsenic 

complexation in seawater. Tmer et al. (198 1). through a calcdation involving 58 trace 



elements in seawater, shows that only free arsenate ions form. However a second 

chernical speciation calculation (Crecelius et al.. 1986) produces arsenic-fluonde 

complexes (HASOP- and ASO,F:-) at fluoride levels (1 S8  ppm) similar to seawater; the 

complexes account for up to 10% of the total As(V). 

Tabk 2.5 Adsorption studies on gibbsite and alumina involving major seawater ions 

Hingston et al., 1972 gibbsite F, SO,', Cr 
Huang & Stumm, 1973 y alumina Mg2', Ca2*. S P  
Helyar et al., 1 976a gibbsite Ca2+, Na*, K. Mg2', HCO; 
Helyar et al., 1976b gibbsite Sr" 
Choi 8 Chen, f979a activated alumina F 
Choi & Chen, 1979b activated alumina WH),* 
Hingston, 1 98 1 gibbsite F 
Farrah et al., 1987 gibbsite F 
Hao 8 Huang, 1986 yalurniria F 
Xu et al., 1988 a-alurnina SO; 
Goldberq et al., 1993a. b gibbsite B(OH),* 

The physical Limit in the number of adsorption sites generates cornpetition for the 

sites. Cornpetitive adsorption studies between arsenate. molybdate. and phosphate in mils 

(Roy et al., 1986) and oxides (Manning & Goldberg. 19%) have indicated that adsorption 

of any one anion is significantly diminished by the presence of the other anions. Davis & 

Kent (1990) suggest that essentially al1 electrolyte ions will fom complexes with surface 

hydroxyls on oxides; the level of adsorption of any one ion will be a combination of 

concentration and chernical finity. Ions that are not electrostaticall y adsorbe- (spe cific 

adsorption) will be adsorbed out of proportion to their concentration. 

Chionde is reponed to adsorb non-specificaily to gibbsite (Hingston et al.. 1972). 

Adsorption of m a t e  to a high Al soil was unaffected by the addition of chloride 

(Livesey & Huang 1981). Sulfate is reporteci to show a similar behaviour (Hingston et 

al., 1972, Livesey & Huang. 1981). Xu et al. (1988) have show that at lower pH (below 

6) sulfate can reduce arsenate adsorption on alumina; however increasing the sulfate 

concentration does w t  fuither reduce adsorption. Bicarbonate at solution activity levels 



of 1 to 5.8 * 1 0  M (mifiaal seawater is 2 * IO-' M) has no measurable effect on 

phosphate adsorption (Helyar et al., 1976a). No work on bromine adsorption to gibbsite 

or other aluminum minerais has been found: chernical periodicity suggests that bromide 

behaviour would be similar to chloride. Boron exists as an anion in solution and its 

adsorption to aluminum oxides has received some attention. An inner-sphere adsorphon 

mechanism has been suggested with peak adsorption occumng between pH 6 and 8 

(Goldberg et al.. 1993a). Boron adsorption to alumina is reported to decrease with 

increasing salini ty (C hoi and C hen, 1 979 b). 

Of 4 1  seawater anions. it would appear that fluoride is the anion that will compete 

most effectively for adsorption sites. The studies of Hingston (et al.. 197 1. 198 1 ) have 

show strong adsorption of fluoride to gibbsite in w& electrolyte solutions (Figure 

2.18). The data of Farrah et al. (1987) indicate a signifiant removai of fluoride from a 

solution containing gibbsite. The authors suggest that the removal is due to the formation 

of aqueous aluminum fluoride complexes that are not directly detectable. Kuo & Lotse 

( 1974) show fluoride causing desorption of phosphate from gibbsite. The removal of 

fluoride from solution by activated dumina is well known: it is used widely in 

wastewater treament (Choi and Chen. 1979a; Hao & Huang. 1986). Choi & Chen 

(1979a) show that fluonde removal by alwnina is rapid and is unaffected by salinity. 

Fluoride is an essential component of the electmchemical production of aluminum. 

Molten ayolite [Na,AlFJ and small amounts of non-clecomposing fluoride additives 

(e.g. aluminum, calQum, magaesium. lithium) act as a solvent for the durnina The 

interaction between fluonde and aluminum is illustrated by the complexation of 

aluminum and fiuonde. As shown earlier, the complexation is strong. It is responsible for 

an increase in gibbsite solubility in seawater as well as interferhg in fluonde anaiysis. 
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Figure 2.1 8 Adsorption of fluoride to gibbsite. 
pH 6 m6.5 8 r . Data from Hingston (1 981 ) 

Cations can also be adsorbed by gibbsite from seawater solutions. Magnesium. calcium. 

and strontium. in order of strength, are al1 reported to be specifically adsorbed on y- 

alumina with adsorption increasing gready at pH greater than 8 (Huang & Stumm. 1973). 

The adsorption of the univalent cations has not been investigated directly but their lack of 

effect on phosphate adsorption (Helyar et al.. 1976a) suggests that adsorption is minimal 

and non-specific. 

hcreased phosphate adsorption has been amibuted to the presence of major 

seawater ions. Chen et al. (1972) observed that adsorption of phosphate to a durnina 

increases with the addition of calcium and magnesium chloride. The same effect was 

observed by Helyar et ai. (1976a) on gibbsite upon the addition of CaCI, at lower pH (Le. 

5.5). Strontium nitrate also has been show to increase adsorption at pH 5.5 (Helyar et 

al., 1976b). Aldiough not directly stated, the two sets of authors attribute the increase to 

the formation of temary surface complexes. Chen et al (1972) have suggested that at 

higher pH divalent cations increase phosphate adsorption by decreasing repulsion 

between the negative surface and negative adsorbents. This is similar to the formation of 

a type A temary complex (Smrnm & Morgan, 19%); 



=Al-OH + CC + HPO=* H =AI-OCa-HP0 4 - + H' [2.33] 

Helyar et al. (1976a) propose the formation of a surface complex that involves two 

phosphate ions and a central divalent cation of appropriate size. charge and coordination 

properties. nus .  phosphate is able to occupy a surface at a greater density. This is 

equivalent to a type B temaxy complex (Stumm & Morgan. 1996); 

2.7.4 KINETIC EFFECTS 

A study of phosphate and arsenate adsorption onto oxic estuarine sediments of the 

Saguenay Fjord in artificial seawater (Harris. 1996) shows arsenare adsorption 

equilibnurn being reached within 24 hours. Phosphate showed a rapid initial adsorption 

step of 24 h followed by a gradua1 uptake that continued up to 40 days. As the 

mineralogical composition of the sediments was not detennined. it is not possible to 

assess the direct relevance of the snidy to adsorption to gibbsite or even the influence of 

seawater of the kinetics. A study of phosphate adsorption to goethite in artificial seawater 

(Shaw. 19%) showed equilibnum being reached within 7 days. This is in agreement with 

experiments in low ionic strength solutions. There is however no distinguishable break in 

the removd: i.e. adsorption and precipitation can not be distinguished. 



Chapter 3 Materials and Methods 

3.1 Materials 

Al1 reagents used were ragent grade or better. Specific grades used for various 

procedures or techniques are described in the relevant section. NanopureTM water was 

used for al1 solutions except where indicated. Al1 glassware and reusable plasticware 

were rinsed with NanopureTM watrr A r  soaking in a 10% nirric acid bath for at last 12 

hours. 

3.1.1 GIBSSITE 

Gibbsite (Aluminum rrihydnte) was obtained from Alcan. The gibbsite was a 

bulk sample of the gibbsite produced at the Vaudreuil plant. The gibbsite is powdered to 

a size of less han 500 microns. The gibbsite was white in colour with a slight pink tone. 

Powder x-ray diffraction analysis (Figure 3.1) showed a perfect match to reference 

gi b bsi te (JCPDS 29-04 1 ). 

I D:Alcan abmnurn hydnde If U1 Scan 

I I h i n  a i  mil LI I I B Y I L  r i mi m l  
f igwr 3.1 X-ray diifractibn spectrurn of gibbsite used in study 

The x-ray fluorescence anaiysis (Table 3.2) indicates that the gibbsite is essentially pure 

with minor silica and sodium impurities. Phosphorus (as P,05) is reponed at 0.005 % and 

arsenic is below the detection iimit of 1 ppm. 



Tabk 3.1 X-ray diffraction peak index 

Alcan aluminum hydrate JCPOS 29-41 (Gibbdte) 
d 1% d 1% 
(inter-planar spacing A) (peak intensity I 

max peak intensity) 
4.8698 100.0 4.853 100 
4.3965 33.1 4.380 36 
2.3903 19.0 2.389 16 
2.4596 12.8 2.456 12 
2.0528 t 2.7 2.052 12 
1.8085 9.9 1.8074 10 
3.3218 9.4 3.31 8 9 
1.9978 9.1 1 9973 8 
4.3256 8.7 4.328 18 
1.7547 6.0 1.7542 9 
2.1 692 8.1 2.169 7 
3.191 1 7.7 3.1 89 7 

Table 3.2 Gibbsite geochernistry (XRF) 

Si02 0.25% Ca0 0.03 % Cu 10 PPm 
Ti02 0.009 % Na20 0.35 % Ni 3 PPm 
Al203 64.94 '/O K20 0.03 % Sb 2.8 ppm 
Fe203 0.08 % Pz05 0.005 % Ge 2.7 ppm 
Mn0 0.03 % Cr203 15 pprn LOI 34. Mo/0 

The specific surface a r a  of the gibbsite was not determined but a gibbsite of 

sirnilar grain size was found to have a N- BET surface area of 45 d i g  (Manning & 

Initial experiments revealed significant surface contamination by phosphate. A 

cleaning procedure was thus instituted; gibbsite was cleaned by soaking in 1 N HCl for 

24 hours followed by multiple rinsing with NanopureTM water. The gibbsite was then 

dried at 110' C in an oven for a period of 24 hours. Subsequent experiments indicated 

that most of the sudicial phosphate had been removed. 

Artificiai seawater was prepared in 20 kg batches according to the method of 

Kester et al. (1%9) except that NaHC03 was added only as required to adjust pH (see 



below). The seawater was prepared using doubly distilled water. The stock solutions of 

volumetric salu (MgCI , CaCl, SrCl,) were standardized by titration against a silver 
2 

nitrate solution itself standardized against a solution of NaCl of known concentration. 

The salinities of the two batches prepared for this study respectively were 34.6 t 0.5 and 

34.4 I 0.4 as determined by titration with a silver nitrate solution standardized against 

lASPO standard seawater. 

3.2 Adsorption Experiments 

Arsenate and phosphate seawater solutions were prepared by diluting 10 rnM 

stock solutions obtûined by dissolution of the following salts As,05e-3H-O and KH,PO - 
4 in 

NanopureTM water. The stability of the phosphate stock solution required that it be 

prepared fiesh for each experiment. The arsenic stock solution stored under refiigeration 

was stable for periods of up to 6 months. To prepare an experiment. stock solutions were 

diluted in artnificial seawater to an intemediate concentration of 100 W. From the 

intermediate solution. nominal concentrations of 1. 2. 5. 10. 20 and 50 p M  were 

produced. The set nominal concentrations varied to a small degree between experiments. 

pH was adjusted to the desired value by addition of either a 10% HCl solution. NaHCO 3. 

or Na,CO,. Treated gibbsite was weighed and added to acid-washed glass or disposable 

polystyrene 50 ml centrifuge tubes. Forty ml of the experimental solutions were then 

added to the tubes. A single experiment used adsorbate-Nanopurem water solutions that 

were pH adjusted in the same manner as the seawater solutions. Glass tubes were used for 

phosphate because phosphate is known to adsorb strongly to most plasticware (Murphy & 

Riley, 1956; Morse et al., 1982). nie use of disposable plastic tubes for arsenic 

eliminated the possibility of contamination h m  improperly washed glassware and was 

operationally more efficient; in addition ptevious studies of arsenate adsorption have 

utilized plastic reaction vessels (Hingston et al., 197 1 ; Manning & Goldberg, 19%). The 

majority of experiments were carrieci out with 50.0 * 0.5 mg of gibbsite but the influence 



of varying the solid/solution ratio was investigated by mnning experiments at 100.0 and 

200.0 I 0.5 mg. Glass tubes were sealed by double layers of ParafilmThl; polystyrene 

tubes with the supplied screw caps. 

Experiments were run to determine the rate and extent of adsorption of arsenate 

and phosphate ont0 gibbsite h m  seawater. A single experiment was run in NanopureTh' 

water for cornparison purposes. The adsorption envelope approach taken in previous 

snidies is of limited use in a smdy of seawater since the pH range of marine waters is 

narrow. Altematively. initial pH levels were set between 6.5 and 8.5 to cover the range of 

values found in iiatural marine environments where fuial pH varied between 7 and 8. 

Expenments were run both at room temperature (20 t 2 OC) and in a refngerator at 3' + 
l a  C. The higher solid/solution ratio experiments were only run at room temperature. To 

establish the extent of adsorption to the walls of the containers the seawater-adsorbate 

solutions were added to tubes in the absence of gibbsite and camied through the 

equilibration periods. Enough tubes for each concentration/ternperature combination 

were prepared to cover sampling at selected dates. initiai experiments were run for 28 

days with sampling times at 1.3.7.14 and 28 days. As steady state conditions were 

established within a few days for arsenic, later experiments were run for 7 days with 

sampling at 1.3. and 7 days. The phosphate experiments were also shortened to the same 

length to permit a cornparison between the adsorbates. (Extemal factors caused two 

experiments to be extended to 8 and 14). The final experiments were sampled only at 7 

days. Al1 tubes were shaken by hand at least once per day. At the beginning of each 

experiment aliquots of the pH-adjusted seawater-adsorbate solutions were taken for 

irnmediate analysis (phosphate) or were preserved for later analysis (arsenate). 

On sampling dates. cenmfuge tubes and pH buffers were temperature equilibrated 

by resting in a water bath for 2 hours at 20°C. This rnight have shifted adsorption 

equilibnum for the 4' experiments to a smail degree. In the case of experiments 



conducted at room temperature. the equilibration was not required since the buffers and 

the samples had temperatures that were within 1 C of each other. 

Al1 pH rneasurements were carried out using an Accumet" 25 pH meter with an 

AgCVAg ORiONTM combination electrode and temperature probe. The meter was 

caiibrated using three NIST-traceable buffers of 4.00.7.00. and 10.00. The pH of a TRIS 

buffer solution prepared in amficiai seawater (Hannson, 1973; Dickson, 1992) was dso 

detennined in order to convert al1 measurements to the total hydrogen concentration 

scale. The difference between pHw and pHm was between 0.1 and 0.2. The NanopureTM 

*;;aiPr expriment pH are reponed on the NlST scald. 

hitially. following pH measurements, slumes were cenmiùged at 1500 rpm for 

15 minutes before sampling but this step later proved to be unnecessary. Afier settling. 

samples were withdrawn from the tubes with a 10 ml plastic synnge. After nnsing the 

syringe with the experimental solution an aliquot was filtered through a 0.45 micron MSI 

Acetate Plus or Millipore HA filter into either a 30 mL NalgeTM high density 

polyethylene bottie (arsenate) or a 20 mL glass test tube (phosphate). At l em 10 mi was 

taken for each analysis. Samples for arsenic and alurninum analysis were preserved by 

the addition of a 1 % equivalent volume of concenmted high purity HCI (i.e. 0.1 ml to 10 

ml) and refkigerated. Insipificant losses of As(V) have been reponed for 100 nM 

anificial seawater solutions stored in glass. high density polyethylene and PTFE 

containers for penods up to 28 days (Massee et al., 198 1 ). Phosphate analyses were 

carried out on the sarnpling day. 



Table 3.3 List of experiments 

# Ratio Conc. Time Final pH f Comment 
1 As04 1.25 1,2,5,10,20 28 7.7-7.9 60th pH uncontrolled 

60th 
60th 
60th 
Both 
60th 
Both 
60th 
60th 
Bot h 
60th 
Both 
23" 
23" 
23" 
23" 
23" 
23" 
23" 
23" 
23" 

pH uncontrolled 
Indicated surface PO4 
pH uncontrolled 

Affected by Ice Storm 

1 pM samples low pH 

Data In-Fill Exp. 
NanopureTM water 
Exmiment Failed 

3.3 Analysis 
3.3.1 X-RAY DIFFRACTION 

The X-ray diffraction analysis was conducted by the author using the facilities of 

the Geochemical Laboratones in the Department of Eanh and Planetary Science McGill 

University. A 12 kW rotating anode RIGAKU D/Max 2400 X-ray diffractometer was 

used. A single sample of the aluminum trihydrate supplied by Alcan was analyzed in a 

backfiilled aluminum mounr The scan was from 2-theta values of 6 to 60. The step size 

was .02" and a scan time of .3 seconds for a scan speed of 4'/minute. A copper x-ray 

source was used and the analysis was conducted at 40 kV and 160 mA. 

3.3.2 X-RAY FWORESCENCE 

The X-ray fluorescence analysis was perforrned by the Geochemical Laboratones 

at the Depamnent of  Eanh and Planetary Sciences McGill University. The instrument 

used was a Phiiips PW2400 3 kW automiued XRF spectrometer system with a Rhodium 



60 kV end window x-ray tube. Major eiements (e.g. Si. Al. Fe) were analyzed using 32 

mm diameter fused beads prepared from the sample powder and a lithium tetrabordte 

mixture at a ratio of 1 5. Trace elernents (e.g. As. Cd, Ni, Sn) were determined h m  JO 

mm diameter pressed pellets prepared with a mixture of sample powder and Holchat Wax 

MicropowdeP (5: 1 ratio). The instrument is calibrated using I S l O  Certified 

international Reference Materials. Accuracy is reported as king within 0.56 for silica; 

within 1% for other major elements and within 5% for trace elements. Instrument 

precision is reporteci by the Geochernical Laboratories to be within 0.6% and overall 

precision is within 1% for brads and within 0.65% for pellets. Detection liai!:; (ppnd are 

as follows; 

Table 3.4 X-ray fluorescence detection limits (pprn) 

Si02 60 Na20 75 V 10 Cd 2.0 
Ti02 35 K 2 0  25 Zn 2 I 1 .O 
Al203 120 p205 35 LOI 1 O0 Sb 0.5 
Fe203 30 Co 10 Mo 1 .O Sn 1 .O 
Mn0 30 Cr203 15 Pb 1 .O Ag 2.0 
Mg0 95 Cu 2 As 1 .O Ge 1 .O 
Ca0 15 Ni 3 Se 1 .O 
-- -- 

3.3.3 ARSENIC 

Analysis for total arsenic was conducted by the author using the hydride 

generationfatomic absorption spectrometric (AM) method of Aggett & Aspe11 (1976) 

using a Perkin Elmer 5100 AAS equipped with a FIAS 200 80w injection system and an 

AS 90 autosamplet. No attempt was made to detemine the arsenic speciation. Analysis 

was canied out w i t b  two months of sampling. Sarnples were diluted volumeûically 

with NanopmfM water to nominal concentrations of less dian 10 ppb (max. dilution 

factor 500). The operational range of the method is 2-20 ppb. Aqueous standard solutions 

were prepad on the &y of anaiysis h m  a certified reference standard of 1000 ppm. 

Standard concentrations were usuall y at 2.4,6,8,1 O, 12.14 and 16 ppb. Standard 

calibrations were always at an R' ievel of at least 0.999. Sarnples were nin in niplkate; 



samples with RSD% values above 10 were re-analyzed when possible. Outliers at values 

greater than 4 standard deviations fkom the mean were rejected. Concentrations were 

determined by multiplying by the dilution factor and taking into account the addition of 

the HCl preservative. 

3.3.4 SOLUBLE REACTIVE PHOSPHATE (SRP) 

Phosphate was measured on the &y of sampling. as ir proved impossible to 

preserve the samples without precipitation of an unknown white solid andor considerable 

loss of phosphate. Phosphate was analyzed by the heptarnolybdate spectrophotometric 

method of Koroleff ( 1976) with the fcllowing modifications; no turbidity reagent was 

used and a 10 mm cuvette was used. The use of a smaller cuvette results in an increase in 

the detection Limit of the method to 0.1 pM. The upper limit of the rnethod is reponed as 

28 pM. The spectmphotometer was a Bausch and Laumb Spectronic 21 with standard 

g las  cuvettes. Calibrations were conducted for each analytical session using dilute 

KH,P04 solutions i l  to 25 pM) prepared on the day of the analyses. Standards were 

analyzed in niplicate and correction for blanks was made on individual cuvette-position 

combinations. R' of the calibration curve was always above 0.9990 and generally above 

0.9995. Samples were measured in duplicate and RSD% values were generally under 5% 

3.3.5 ALUMINUM 

A srnail number of samples were analyzed for aluminum to establish the general 

level of aluminum within the samples. Aluminum analysis was conducted within one 

rnonth of sampling using the catechol violet spectrophotometric method of Dougan & 

Wilson (1974). This method has an operational range of up to 400 ppb. Based on a molar 

extinction coefficient of 6.94 x 10' ilrnolewn, the lower detection limit is 78 ppb. The 

method is subject to minor interference fîom fluonde and phosphate although the effect is 

unimportant for die purposes here. Calibration curves were established by the use of 

standards (1-250 ppb) prepared on the day of analysis h m  a 1000 ppm stock standard 



alurninum solution. 

made on individual 

57 

Standards were analyzed in aiplicate and correction for blanks was 

cuvette-position cornbinations. R' values. were always above ,9900. 

Since the required precision of aluminum analysis was not high. only single 

determinations of samples were made. The spectrophotometer was a Bausch and Laumb 

Spectronic 2 1 with standard 10 mm glass cuvettes. 

3.3.6 FLUORIDE 

The possibility of fluoride adsorption was investigated by analyzing the later 

arsenate experiments for fluoride. Reserved samples were analyzed within 1 month of 

sampling. Fluoride analysis was perfonned using a FisheP Ruoride Ion selective 

electrode, an ORIONT" Double Junction Reference Electrode and an Accumetnf 25 

pWion meter. The general theory for the operation of the electrode is aven in Frant & 

Ross (1%6). The measurements were carried out in the presence of the sodium cinate 

total ionic strength adjusting buffer (TISAB 1) of Frant & Ross (1968). This buffer has 

been often used for seawater fluoride analysis (Warner. 1969; 197 la. b) and is reponed to 

be effective in minimizing aluminum interference (Kauranen. 1977). 

The samples were analyzed using the standard addition method of Warner 

( 197 1 a) except that a different quantity of sample was analyzed. This method is preferred 

to the potentiometric mothod of Warner (1971a) since the total concentration of soluble 

fluoride in seawater is available without a calculation involving salinity. The necessary 

calculations are performed by the ion meter but the result must be multiplied by the 

dilution factor inaoducect by the addition of the buffer. 

To detennine the response siope of the etectrode, standards of 200,100.50 and 25 

pM were prepared h m  a 0.1 M fluoride standard stock solution supplied with the 

electrode. The response of the electrode was detemiined on the &y of the analysis. The 

slope for ail segments was within the operating guidelines of -59 4 mV (Fisher 

Scientific, 1990). The ion rneter did not achieve stability at thes of up to 30 minutes. 



Because of this. measurements were made on a timed basis. Initial readings were taken 

afier 5 minutes of immersion of the eiectrodes and the final reading was taken 5 minutes 

afier the standard addition was made. Given the lack of stability of the ion meter and the 

unknown effects of storage on F' the accuracy of the fiuonde measuremenu is 

questionable. 

3.4 Data Treatment 

Adsorption density was calculated by subtracting the concentration of a sample 

Rom the initial concentration of the batch and dividing by the solid/solution ratio (r). 

w here adsorption densi ty 
initial concentration 
final concentration 

Percentage removal of an adsorbate has been used as a masure of adsorption in 

studies under seawater conditions (Shaw. 19%; Harris, 1996). but the low levels of 

adsorption that were found and the cornputational dificulties inherent in cornparhg such 

results to previous studies led to the use of a more conventional adsorption density 

measurement. in this study the absence of a specific surface area measurement 

necessitated the use of a rnass/mass density expressed in ternis of micromoles of 

adsorbate pet gram of gibbsite. 

The lack of pH conml resulted in a scattering of pH values. To have sufficient 

data points to plot isotherms it was necessary to use relatively large pH groupings. The 

groupings were a half pH unit wide thus 7.0 t 0.25, 7.5 t 0.25. 8.0 + 0.25. Since there 

was a near symmetricai distribution about the centrai values anifacts induced by this 

treatment are miniinal. 

Isotherms were fined to the data using least squares regression using Microsoft 

Exceln. The empirical parameter for the Freundlich isothem equation was fîned for 



each data subset by the goal seeking hction of the program. The fits of Langmuir 

isothem were checked by the linearization method of Vieth & Sposito (1977). 

3.5 Sources of Error 

Most emrs oiher than random erron will be positive and would suggest greater 

adsorption than actually happened. This is due to the indirect nature of the measurements: 

the toial loss of the adsorbate is assumed to be due to adsorption. Random e m r  is always 

present in analysis and is minimized by the use of multiple analytical determinations and 

statisticai treatment. 

Enor introduçed by the presence of impurities in the reagents is corrected for by 

the use of blanks and by the anaiysis of the initial arsenate or phosphate seawater 

solutions. Losses of adsorbate other than by adsorption are possible but were accounted 

for by the use of blanks. Errors of this type would increase apparent adsorption. 

Negative enors would result fiorn the unintentional addition of phosphate or 

arsenate to the reaction vessels. These additions could be the result of contarninated 

plasticware or glassware. or contamination from airborne dust. Both possibilities were 

minirnized by the cleaning and the sealing of reaction vesssls. The influence of oqanisms 

could create positive or negative emrs. 'The expenments were not conducted under 

sterile conditions and any biotic influence would be unconuolled. Any influence of this 

type would probably be ineproducible. 



Chapter 4 Results and Discussion 

4.1 Adsorption isotherms 

4.1.1 ARSENATE 

0.0 10.0 20.0 30 .O 40.0 50.0 

Final solution concentration (PM) 

Figure 4.1 Arsenate adsorption in artificial seawater after 7 days and 23 î i"C 
pH 1 7  + 7.5 A 8. 

Arsenate adsorption on gibbsite h m  artificial seawater at pH 7. 7.5 anci 8 can be 

reasonably represented by Freundlich isotherms (Figure 4.1 and Table 4.1 ). Some of the 

scaner in the data is amibutable to the broadness of the pH groupings (see Table 4.2). At 

concenaatioas greater than chose used in this study. adsorption behaviour rnight be 

described by a Langmuir isothem as reporteci in srudies M e d  out in dilute solutions 

(Anderson et al, 1976; Anderson & Maikoty. 1979) since at low concentrations the shape 

of a Freundlich isothenn is sirnila.. 



Tabie 4.1 Parameters of arsenate isotherms 

parameter 
7 5.82'1 o ' ~  0.22'1 o ' ~  0.97 0.9741 

Table 4.2 Arsenate isothem pH group data 

p H  #of points m a n  maximum minimum RSD 
7 11 7.0 7.24 6.80 2 */O 

7.5 20 7.5 7.69 7.35 1 
8 20 8.0 8.24 7.75 2 

The influence of pH is clear even if it is not directly quantifiable by the 

Freundlich isotherm (the exponential parameter is not held constant). Recalling the 

Freundlich isotherm equation descxibed earlier. 

it can be seen that if the exponential parameter of the Freundlich isotherm (p) is set to I 

then the isotherm is reduced to the simple linear isotherm. For the isotherms in Figure 
.1 

4.1. the reduction to a simple linear isotherm results is a near linear relationship (R' = 

0.9997) between the partitioning coefficient 5 and pH. 

Tabk 4.3 Parameters of simple arsenate isothems 

Resulu of the experiment carried out in Nanopurem water show that the menate 

adsorption to gibbsite at pH 7.5 can be fitted using a Langmuir isothenn with an excellent 

goodness of fit (R' = 0.97) (Figure 4.2). Recalling the Langmuir isotherm equation. 

the Langmuir coefficient (KL ) is 4.36 and the totai site density ( S r  ) is 2.26 polelg. 
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Figure 4.2 Adsorption of arsenate to gibbsite from NanopureTM water and artifical seawater at pH 
7.5 and 23.C after 7 days Nanopurem water * artificial seawater. 

The adsorption pattern of the freshwater experiment is consistent with results of 

oher smdies (Anderson et al., 1976; Anderson & Malkoty. 1979). The specific 

adsorption of arsenate to gibbsite is illustrated by the limited effect that concentration has 

on adsorption behaviour (Figure 4.2). The apparent maximum adsorption density of the 

gibbsite (2.26 p o V g )  is much lower that densities reportcd previously but as noted (see 

Section 2.5.1) the great variability in surface properties makes inter-expriment 

cornparisons impractical. Hingston (1 98 1 ) suggests that anion adsorption to gibbsite 

conforms to a Langmuir isothenn at low concentrations but adsorption density never 

reaches a maximum and that adsorbtion densities will increase linearly with 

conentration. If this explanation is mie then the plateau apparent in Figure 4.2 can only 

be regarded as an artifact of the limited concentration used in the experiment. In either 

case it is apparent that the calculation of maximum adsorption density is dependent on the 

range of concentrations used. 



A comparison of the adsorption isothems in artificial seawater and in 

Nanopurem water (Figure 4.2) clearly shows that some property of the artificial seawater 

is responsible for the diminished adsorption density. The strong relationship between 

adsorbate concentration and adsorption density observed in the experiments conducted in 

artificial seawater is not observed in the NanopureTu water experiment. 

Blanks showed no significant deviations from the initial solution concentrations. 

Thus all removal processes are related to adsorption to the gibbsite and there was no 

detectable contamination. 

4.1.1.1 ESTIMAUON OF SPECIFIC SURFACE A m  

The measurement of specific surface area of the gibbsite was not made primarily 

because of difficulties in gaining timely access to analytical facilities. in addition. the 

specific surface area is not a requirement of the modeling approach that was chosen so 

that the knowledge of the specific area was not critical. in an experimental study of the 

adsorption of arsenate to gibbsite. Manning & Goldberg (1996) used a gibbsite with 

similar grain size as chat used in the present study (less than 500 microns). This gibbsite 

had a measured specific surface area of 45 m21g. The similarity of the gibbsite with 

respect ro the grain size ailows for an estirnate of specific surface area to be made. 

The calculated maximum adsorption density h m  the NanopureTM water 

expriment suggests that the specific surface area is lower than the 45 m'lg reponed by 

Manning & Goldberg (1996). Their gibbsite at a pH of 7.5 shows an adsorption density 

of - 60 pnol/g at a f d  concenuation of 150 pM and - 40 pnoUg at a final 

concentration of 33 p M  (Figure 4.3). Fitting an isothenn through two data points has no 

meriç there is however no other adsorption study which used different initial arsenate 

concentrations and for which the specific surface area of the gibbsite was detennineâ. 

With this in mind, the data of Manning & Goldberg show a trend that could be describeci 

by a Langmuir or a Freundlich isothenn but no definitive limitation of site density cm be 



made. The maximum observed density of 60 pmoWg is more than 10 times p a t e r  than 

what was observed for the gibbsite used in this study. This difference is p a t e r  than the 

range of gibbsite specific surface' areas reported in the literanire ( 10-60 m2/g). It is more 

likely that most of the difference in the maximum adsorption densities is accounted for by 

a difference in the percentage of specific surface site area provided by the edges of the 

gibbsite crystals. the only adsorption sites on the gibbsite crystal. The difference in the 

specific surface area or the edge area could be attributable to differences to the synrhesis 

conditions of the gibbsite. The Alcan gibbsite was synthesized from bauxite on an 

industrial scale, whereas the gibbsite of Manning & Go!dbei.g ( 1996) was synthesized 

from aluminum chloride at laboratory scale. There are also differences in the ueatment of 

the gibbsite; the gibbsite of Manning & Goldberg (1996) was p u n d  by rnortar and the 

Alcan gibbsite was not. The grinding creates additional edge surface area. The 

experimental procedure may be partiy responsible for the decreased adsorption density. 

The study of Manning & Goldberg was only conducted for 4 hours and experiments were 

continually agitated during that time. whereas the experiments in this smdy were 

conducted over 7 days and were only shaken once per day. Although the gibbsite used in 

the present study became well dispersed upon agitation, the settling of the gibbsite will 

bring grains into contact. The senled gibbsite particles will have a large percentage of 

theu surface area in contact with one another and this rnay prevent adsorption. However 

@en the fonn of the gibbsite (plates) the rnajority of the intergrain contact will be 

between the non-adsorbing faces of the gibbsite. There will be some degree of contact of 

the edge faces but the pattern wiil be random and utilikely to repeat itself afier agitation. 

Thus. intergrain contact can not account for the order of magnitude difference in 

maximum adsorption density. 
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Flgun 4.3 Adsorption of arsenate to gibbsite from a 0.1 N NaCl solution at 22OC after 4 hours. 
Calculated frorn experimental data of Manning 8 Goldberg (1 996) 

4.1.2 PHOSPHATE 

The data describing phosphate adsorption had a greater degree of scatter and 

efforts to denve a well-fitted isothenn were less successful (Figure 4.4 and Table 4.4). 

An insufficient number of data points precluded an isothenn for pH 7. The grouping for 

pH 8 includes two data points greater than 8.25 (Table 4.5). Adsorption at both pH levels 

could be finecl with a Freundlich isotherrn although rhe conelation coefficient for pH 7.5 

is low. 



Final Solution Concentration (PM) 
Figure 4.4 Adsorption of phosphate to gibbsite in seawater at 23OC after 7 days 

pH 7.5 18.0 0 

Taôla 4.4 Parameters of phosphate adsorption isothems 

Table 4.6 Phosphate isotherrn pH gtoup data 

pH t of points mern mrximurn minimum RSD 
7.5 15 7.5 7.73 7.26 2% 

The blanks were, within IO%, the same as the original solutions. Thus, al1 

phosphate removal is related in some rnanner to the presence of the gibbsite. 

4.1.3 COMPARISON BETWEEN ARSENATE AND PHOSPHATE ADSORPTION 

Phosphate adsorption density is greater than that of arsenate, the difference 

decreases as pH rises (Figure 45). Phosphate has been previously reported to adsorb to 

gibbsite and amorphous aluminum hydroxide at greater densities than arsenate (Manning 

Br Goldberg. 19%; Okazaki et al.. 1989; Hingston et al., 1971). There is thus a greater 



afin@ between the gibbsite surface and phosphate. The physical cause of this is 

unknown although Hingston (1981) suggests that it is related to stenc (Le., size) effects. 

A phosphate surface complex will occupy less space (45 hanion) than an arsenate 

surface complex (61 hanion). It is suggested that a fluoride complex will occupy even 

less space (20 &anion). A more detailed discussion of the adsorption mechanism and 

inter cornparisons appear in Section O. Since the adsorption of anions is coupled with a 

release of OH- ions. adsorption is favoured by lower pH 

O 20 40 60 

Final Concentration (PM) 

Figure 4.5 Comparison of adsorption of phosphate and aisenate to giWsite in artificial seawater 
at 23°C. pH groupings in parenthesis. 

The relatively constant initial concentration of fluoride ( 6 7 2  pM) found in the 

anificial seawater does not offer an adequate database for the consmiction of an isothenn 

to mode1 fiuoride adsorption. The analysis of fluoride in the experimental system was an 

extension to the original scope of the thesis and so there was a wide disparity in the 

storage of the samples which may explain the poor quaüty of the data. Neverdieless, a 

correlation between fluoride adsorption density and pH was noed for experimenu run in 



the presence of 20 ph4 As (Figure 4.6). The samples of this set received identical 

treamient in ternis of storage. The observed trend agrees with the pH relationship 

established in dilute solution studies (Hingston es al.. 1972; Hingston. 1981; Farrah es al.. 

Figure 4.6 Fluoride adsorption to gibbsite from artificial seawater. 
Fluoride - 70 VM, arsenal8 - 20 PM 

4.2 Speciation of Adsorbates and Surface Complexes 

The narrowness of the pH range used (7-8) makes a full consideration of 

adsorption envelopes inelevant. However, since the adsorption envelope reflects the 

speciation of both the solute and the surface it is important to consider the relationship of 

pH with adsorption. The speciation of the solutes and die gibbsite surface are shown as 

Bjemm plots in Figures 4.74.9. 
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Figure 4.7 Bjerrum plot for aisenate (50 PM) in seawater. pK, 1.828. pK, 5.966. pK, 9.656 on total 
proton scale. Constants from Lowenthal et al. (1977). Converted to total proton s a l e  with 

constants of Dickson & Riley (1 979a). 

log 
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Figure 4.8 Bjerrum plot for phosphate (50 PM) in seawater. pK, = 1.68 pK, = 6-00 pK, = 8.71 on 
total proton concentration scale. Dissociation constants from Dickson & Ailey (1979b) Converted 

to total proton scak with constants of Dickson 8 RHey (1979a) 



Although the monoprotic species dorninate over the pH rdnge investigated in this 

study, the decline in adsorption densities. expressed as srnaller distribution coefficients. 

with an increase of pH coincides with a decline in the relative concentrations of the 

diprotic species. The pH range eeamined coincides with the pH range where diprotic 

concentrations are decreasing and monoprotic concentrations are relatively constant. 

Although a full adsorption-pH relationship was not developed. the relationship is similar 

to what is seen in low ionic strength solutions (see Section O). Whereas there is no direct 

evidence of the preferentially adsorption of the diprotic species, the data sugpst it. 

Figura 4.B Speciation of gibbsite surface species. lntrinsic constants from Manning 8 Goldberg 
(1 996) 

The gibbsite surface over the pH range of the present study is dominated by the 

NO&' species (Figure 4.9). The relative abundance of this surface species only declines 

at a pH th is much closer to the PZC (-9-10 for gibbsite). 

The adsorption behaviours of arsenate and phosphate suggest that they are not 

dominated b y electrostatic interactions or outer-sp here complexation. Adsorption 

declines slowly in the 7-8 pH range used in this study as refiected in smaller distribution 



coefficients as pH increases. An outer-sphere adsorption mechanism would show a rapid 

decline in adsorpaon densities as pH nears the PZC (-9-10 for gibbsite) and would 

occupy a narrow pH range. This is reflective of a change in surface speciation as 

illustrated in Figure 4.9. in contrast, inner-sphere adsorption is believed to be panially 

covalent in nature and essentially independent of surface charge. thus the adsorption 

envelope is not dictated by the PZC of gibbsite (pH,, = 9-10) but by adsorbate 

speciation. The decline in adsorption with increasing pH is related to the decline of the 

concentration of the preferentially adsorbed species. Hingston ( 198 1) has shown that the 

pH of inflexion points of anion inner-sphere adsorption envelopes coincide with pK, 

values (i.e. pK, = -log KJ of the corresponding conjugate acids (Figure 4.10). In the case 

of arsenate and phosphate. adsorption declines in concert with the decline of the diprotic 

species concentration. This is seen by the p& for onhophosphate show in Figure 4.1 0. 
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Figum 4.W Relationship b t w w n  pKa and pH at the change of slope of adsorption envelopes. 

Adsorbents O, goethite; O gibbsite. Adsorbates: F fluoride; Mo, molybdate; t-P. tripalyphosphate; 
p P ,  pyrophosphate; o-P, ufthophosphate; Se, selenite; Si, silicate: As, arsenate. (From 

Hingston, 1981 j. 

The adsorption of fluoride is also believed to be imer-sphere (Hingston. 1981); 

the observed decline in adsorption density is attributable to a change in fluoride 

speciation (Figure 4.1 1). Hingston et al. (1972) show p& fîuoride adsorption at pH 5 

and decline in adsorption in bth directions widi respect to pH. The decline at lower pH, 

however, is poorly defined. Furthemore, Farrah et al. (1987) show no decline in 

adsorption with decreasing pH and a decline in adsorption with increasing pH beginning 

at a pH of 4 to 5. Taken together the two studies would suggest that HF' is the species 

being preferentially adsorbeci. 



Figun 4.1 1 Bjerrum diagram of fluoride and adsorption of fiuoride to gibbsite. Dissociation 
constant from Sturnm and Morgan (1996). Adsorption data from Hingston et al. (1 372) 

Huonde adsorption to gibbsite is notable in its deviation fkom the direct correspondence 

of pH of inflexion points and pKa values (Figure 4.10 and Figure 4.1 1). This difference 

appears to be the result of an unspecified strong chernical interiction between fluonde 

and aluminum in addition to adsorption. This anornalous behaviour is not observed for 

adsorption ont0 goethite whereas gibbsite behaves normally with other adsorbates. One 

possible cause of the discrepancy may be associated with analytical uncenainties. The 

dificulty in measuring fluoride in the presence of alurninum has k e n  noted (Wamer. 

1%9; Kauranen. 1977). The fluonde in alumino-fluoride complexes is undetectable by 

an ion-selective electrode (Pickering, 1986; Farrah et al.. 1987). if adsorption is 

measured indirectly then the fluoride that is in alumino-fluoride complexes would be 

included in the quantity of adsorped fluoride and thus adsorption would be overestimated. 

The overestimate of adsorption wiil shift the adsorption envelope. HF" dissociates and 

presumably desorbs at higber pH and the free fluoride would cornplex with dissolved 

aluminum. As the solubility of aluminum is dictated by pH. i n m i n g  pH will diminish 

the concentration of dissolved aluminum. In turn. a decrease in dissolved aluminum 



concentration tesults in a reduction in the aamount of the alurnincAuonde complexes 

thus leaving a greater concentration of the free fluoride ion. This explanation assumes 

that gibbsite will dissolve. However. as noted earlier. the dissolution of gibbsite is slow 

and it is not likely that great quantities of aluminum will be present dunng the short time 

m e s  of the adsorption experiments. In addition, the interference of alurninum is 

rninirnized by the prevention of the formation of the complexes by the addition of TMSB 

1 (Kauranen. 1977) during the analyses. Interference by fluonde on the analysis of 

aluminum by the catechol violet spectrophotomenic method is minor (Dougan & Wilson. 

1974). so it is not likely that alurninum levels hürr becn underestimated. The low 

concentrations of H F  at pH >5 sugpsts a mechanisrn other than adsorption to explain 

the experimental results. The removal of fluoride is potentially due to the precipitation of 

cryolite (Na3AIFb). Its formation could occur in low ionic strength solutions in the 

presence of sodium (fiom a supponùig electrolyte) (Figure 4.12). Cryolite is 

rnanufactured synthetically from gibbsite according to the reaction that also dictates the 

stability fields. 

6HF + Al (OH) 3 + 3NaOH o Na,AIF6 + 6HP [4- 1 1 

Once fonned, the cryolite çould remain in association with gibbsite by some weak force 

or it might exist as separate parjcles. which would be difficult to detect optically since 

cryolite has almost the m e  refractive index as water. 



Log FI 
Figure 4.12 Stability fields of cryolite and microcrystalline gibbsite and their solubilites in relation 
to pH and (q at 2S°C and 1 atrnosphere total pressure. lonic strength 0.10 , ([Na] = 0.1 M). 

From Roberson 8 Hem (1969). 

The stability line will shifi to the right (deaeasing fluonde) with the increased level of 

sodium in seawater. The concentration of total fluoride in the artificial seawater is 70 nM 

(-1.3 ppm). Based on thennodynamic considerations alone it would not be possible to 

form cryolite in seawater from gibbsite since the free fluoride concennation is lower than 

the stability field of cryolite. In seawarer and in the presence of aiuminum the majority of 

fluonde ions wiil be present as ion pairs and aiuminum-fluonde complexes. However as 

equilibrium with gibbsite was not achieved and aluminum concentrations were very low 

(see below), a large portion of fluonde (49%) would be present as free fluoride (MiIlero 

& Schreiber, 1982). On the other hand, the elecnosratically positive surface of the 

gibbsite over the pH range of this snidy could act as a concentration mechanism for 

fluoride and thus create a 1ocaiized concentration of fluoride sufficient to allow the 

precipitation of cryolite. The adsorption behaviour of fluoride ont0 gibbsite h m  artificial 



seawater has not been investigated. if the behaviour is similar to that in dilute solutions 

then the co-precipitation of cryolite is a possibility. The formation of cryolite has not 

been detected in fluoride adsorption studies (Hingston et al.. 1972; Farrah et al.. 1987) 

but in these studies the surface was not direcdy investigated. X-ray diffraction analysis of 

gibbsite that was in an artificial seawater for periods of up to 7 months showed no 

evidence of cryolite formation (Crane. 1998). However. the nnsing of the gibbsite to 

remove residual sea salts could dissolve traces of cryolite which rnight prcipitate. In 

addition. cryolite may be undetectable by X-ray diffraction. Only one of the 4 primary 

diffraction peaks of cryolite would be detectable in a gibbsite-seanaie: -;jsic!m. nie  

strongest peak coincides with the major peak for halite. the major residual sea salt. The 

second peak would have a 2-theta value of 73. which is outside of the range examined. 

The fourth peak is close to the strongest peak for gibbsite. A peak corresponding to the 

third peak of cryolite is sometimes present but at small amplitude and within background 

noise (Crane, 1998). Thus. no defini te conclusion on the presence of cryolite can be made 

based on avdable x-ray diffraction spectra. 

4.2.1 PROPQSED SURFACE COORDINA TlON EQUIL~BAIA 

To detennine the most likely coordination reaction it is necessary to take into 

account the changes that occurred in pH during the experiment and the surface charge of 

the gibbsite following adsorption. pH in the experiments varied. but in general it rose by 

0.2 to 0.8 uni6 over the 7 days of quilibration. Since the adsorption of anions is coupled 

with a release of OH-. the adsorption of anions is indicated. Given these considerations it 

can be surni id  that adsorption reactions involving the release of protons are relatively 

unimportant. The surface charge after adsorption was not measured andit is not clear 

what the charge should be. Since the triprotic species are not important in the pH range of 

this smdy they do not need to be considered. The limited pH range of the present smdy 

does not dlow for the role of die triprotic species at lower pH to be established. The 



orientation of the adsorbate ions (4 oxygens around a central atom) allows for bidentate 

(2 surface sites) complexes but effectiveiy prevents the formation of tridentate 

complexes. The adsorption equilibria that can be considered based on the rise in pH are: 

4 I - O H i  + H2X-o =Al-H,X' + OH- 14-21 

-AI-ûH; + HX-2 e =AI-H, X + OH- [4-31 

2~Al-OH; + HX-* o (dl),-H$' + H20 + OH- [4-41 

=Al-OH; + x4 e =Al-HX + O K  [4-51 

~EAI-OH,' + XJ o(-AI),-HX + O K  [4- 61 

There are many other possibilities. such as those involvin= ai! mchuged surface species 

(=Al-OH"). However. since adsorption decreases with increasing pH as =Al-OHd 

becomes more important. such reactions will probably be unimpomt. Given the 

observed relationship of adsorption density and diprotic adsorbate abundance. reaction 

4.2 is likely predominant although other adsorption reactions may be taking place. The 

adsorption If unprotonated phosphate ion should be considered at the higher pH range of 

this study.. The experiments at higher pH occasionally showed minor declines in pH (less 

than 0.2 units. The cause of this decline was not established. The pH decline is probably 

not due to a change in surface speciation since at the pH of the experiments (8-8.2) the 

quantity of negatively charged species is insignifiant. A realistic possibility is that 

inner-sphere adsorption of rnagnesium, calcium and strontium to gibbsite causes 

desorption of protons and thus decreases pH. The specific adsorption of seawater cations 

to y-alumina has k e n  reported to increase greatly above a pH of 8 (Huang & Stumm, 

1973). Such a reaction would be sirnilar CO equation 4.7. 

4I-OH; t Ca2'- 41-OH-Ca2* + H' [4*7l 

It is also possible that the decline in pH is related to the buffering of the system by the 

carbonate ion present in the solution. The pH of naturai seawater is 8.1 at Z 0 C  and 1 

am. (pH, = 8.2). The precise structure of surface complexes can not be detennined 



without a direct characterization of the surface complexes. Brown ( 1990) gives a review 

of snidies involving this type of characterization. 

It is unlikely that the adsorption of fluonde can be described based on a single 

equilibrium given the previously mentioned strong chernical interaction. Based on the 

Bjemm plot of fluoride speciation and the observed decline in adsorption with increasing 

pH above 5 (Hingston et ai. 1972; F d  et d.. 1987) it would appear thar HF' is the 

adsorbed species. This equilibna could be described by a combinacion of the following 

reactions 

=AI-OH; + HF' o =Al-HF + H, O [4.8a] 

=Al-ûH; + H e  o zAI-F + H, O + H' [4.8b] 

Note the similarity of these reactions with reaction 4.1. 

4.3 Temperature Effects 

5 t O  15 20 
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Figurr 4.1 3 Arsenate adsorption onto gibbsite from artificial seawater as a function of 
temperature at pH 7.5 and 8. Data points removeâ for clarity 



Arsenate adsorption is diminished at the lower temperanire (Figure 4.1 3). The 

adsorption of phosphate is dso diminished at the lower temperature but the change is 

insignifiant (Figure 4.14). 

Final Solution Concentration (PM) 

Figun 4.14 Phosphate adsorption onto gibbsite from artificial seawater as a function of 
temperature at pH 8 solid line and. 23OC, dashed line and Ci 4°C 

An increase in adsorption with temperature has been reported previously for phosphate 

ont0 gibbsite in dilute solutions (Muljadi et al.. 1%6b: van Riemsdijk & Lijklema. 

1980b). The variation in adsorption with temperanire at equilibnum is a reflection of the 

thermodynamics of the reaction. The rise in adsorption with temperature indicates that 

the specinc adsorption reaction is endothedc. The smaller temperature dependence of 

phosphate adsorption indicates that the heat of the reaction is smaller than that of arsenate 

adsorption. The cause of the smaller temperature dependence is unknown. These results 

contrast with those reported in earlier studies (Muljadi et al., 1966b; van Riemsdijk and 

Lijklema, 1980b) where the temperature dependence was observed to be much greater. 

The complex nature phosphate sorption (see section 4.4) rnight be partly responsible as 



the multiple stages of sorption could have differenr temperature dependencies. The 

shoner length of the earlier experiments may have prevented al1 stages of phosphate 

sorption from o c c u ~ g .  

4.4 Adsorption Kinetics 

It is dificult to detennine the effect of seawater on the kinetics of adsorption 

since the kinetics in freshwater have not been quantified. Only guideline ranges are 

available. Arsenic adsorption from seawater appears to reach equilibrium between 3 and 

7 days and > 95% of adsorption occurs within 3 days (Figure 4.15); this is in the same 

range as the urnes reponed in low ionic suength solutions (Anderson et al. 1976; Xu et al. 

1988; Livesey & Huang. 1981). The experiments that ran to 28 days showed no 

signifiant change in adsorption density after 7 days. 
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Figura 4.15 Kinetics of arsenate adsorption to gibbsite tom seawatet at 23°C and pH 7.5. 
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As reported for experimenis in low ionic snength solutions (Bache 1964; Helyar 

et ai., 1976a; van Riemsdijk & LijMema, 1980a), the kinetics of phosphate adsorption are 

of greater cornplexity. It is clear that steady state conditions were not achieved within 7 



days (Figure 4.16). The two p m  of the "sorption" process cm not clearly be 

distinguished. It is possible that adsorption is complete by day 7 and the remaining 

"sorption" is c+precipitation. The 'co-precipitate' has never been identified in 

experimental work but previous studies on the adsorption kinetics of phosphate to 

gibbsite suggest its presence (Bache. 1964: van Riemsdijk & Lijklema ( 1980a). The 

precipitate has been proposed to be variscite ( AI(OH).H.P04) (Bache. 1964) and tarankite - - 
(H K Al(W ) ) (van Riemsdijk & Lijklerna. 1980a). van Riemsdijk & Lijklema ( 1980a) 

6 3 4 1 

suggest that the formation of the co-precipitate is analogous to the formation of rust on a 

meral. slowing the precipitation reactiori by acting as a physical bmier. The two siûge 

"sorption" pmcess is also supported by the need for rate equations with multiple 

constants (Kuo & Lotse. 1974). 
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F igwr 4.16 Kinetics of phosphate adsorption to gibbsite in seawater at 23OC and pH 7.5. 
M v M B S p M i  10pM*20pM 

Further complexity of phosphate kinetics is that the majority (around 70%) of the 

exprimenu show peak phosphate adsoiption afier one &y. Figure 4.16 shows an 

experiment where al1 concentrations showed this behaviour. Phosphate was released back 



to the solution at day 3. At day 7 there was no consistent behaviour; in some cases 

phosphate was partialiy removed whereas in othen further desorption occurred. In the 

absence of other studies on phosphate adsorption from complex electrolyte solutions, one 

cm only speculate about possible causes. There are two possible causes for this 

behaviour. cornpetitive adsorption and removal mechanisms other than 

adsorptioddesorption. 

Cornpetitive adsorption in this case may be a result of rhree separate factors: 

kinetics, abundance. and affinity. Desorption of phosphate has not been observed in other 

phosphate adsorption studies in dilute solutions. This suggests that the prcs-nce oi' the 

seawater ions may be responsible for desorption. The adsorption of the major seawater 

constituents might be slower that of phosphate. A combination of low adsorption affinity 

and high abundance of other seawater ions could result in desorption of phosphate. The 

ability of F and EDTA to desorb phosphate has been noted previously (Kuo & Lotse. 

1974). The speed of the phosphate adsorption could be related to its affinity. Its 

subsequent desorption rnay be explained by the greater abundance but lower adsorption 

affinity and reaction kinetics of the major seawater anions. One would expect the 

electrostatic interaction between cations and the surface to be minimal since the surface 

of the gibbsite is positively charged up to its PZC of -9-10. 

Other removal processes could be responsible but they would have to be related to 

other interactions to the gibbsite surface. Biological activity is one possibility. Organisms 

such as bacteria attached on the surface could rapidly take up phosphate leading to a 

rapid population growth; this growth would be followed by a crash and a consequent 

release of phosphate upon the decay of the organisms. The source of organisms is 

uncfear. It could be associated with the gibbsite but given the highiy aikaline and high 

temperature conditions of gibbsite synthesis such a possibility is remote. Bactena may 

have been inaoduced into the solution and in addition the experimental system was not 

sterile. 



4.5 Solid:Solution Ratio 

Variations of the s01id:solution ratio have no effect on adsorption density for 

either phosphate or arsenate (Figure 4.17). 
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Figure 4.17 Adsorption of arsenate to gibbsite from artificial seawater at variable solid:solution 
ratios and pH (7.4-8.1 ) 4 1.25 g/L O 2.5 gil U 5 giL. 

Fieundlich isotherm Kt=0.087 n=0.57 F12=0.877 

The so1id:solution ratio does however affect the adsorption kinetics in a rninor way. The 

reaction at higher so1id:solution ratios is slower, this is probably due to a greater 

percentage of the solids being unexposed to the solution (due to interpin contacts). 

4.6 Aluminum Levels 

The limiteci number of aluminurn analyses tbat were performed showed very low 

levels of dissolved aluminurn (Figure 4.18), well below those thermodynamicaiîy 

preâicted for equiiibrium of gibbsite in seawater (caîculated from compilation of Snimm 

& Morgan, 19%). Given the slow dissolution of gibbsite reporteci elsewhere (Su & 

Harsh, 1994; Crane, 1998) it is likely that these levels reflect non-equilibrium conditions. 

It is uniikely thiit adsorption of arsenate, phosphate or other ions impeded dissolution 

since adsorption was minimal. The presence of fluoride is more likely to promote 



dissolution by increasing solubility. The low levels of aluminum suggest that the 

dissolution of gibbsite was minimal and so can not be a cause of diminished adsorption. 

Figure 4.18 Measured dissotved aluminum in experimental artificial seawater solutions. The line 
represents equilibrium concentration in seawater with respect to gibbsite. Constants from 

compilation of Stumm & Morgan (1996) 

4.7 Application of Results 

It is clear that the presence of seawater salts diminishes the adsorption density of 

gibbsite for both arsenate and phosphate. The lirnited adsorption can not be attributed to 

experimental error since the non-random errors wiii tend to over-estimate adsorption 

rather than underestimate it. Contamination by arsenic or phosphate is unlikely given the 

precautions taken. 

The exact cause of the diminished adsorption density has not ken  esüiblished. It 

is clear that fluonte will adsorb to gibbsite to some degree but the lack of precision of the 

ion selective electrode method precludes an accurate measure of adsorption. The addition 

of activated (finely divided) dumina is comrnoniy used as a treatment method to remove 

fluonde fiom indusmal waste waters (Choi & Chen, 1979a). The soi1 science literature 



also abounds with evidence of the adsorption of fluoride to gibbsite (Farnh et al.. 1987: 

Hingston et al.. 1972; Hingston. 198 1). Major ionic constituents of seawater (especially 

Na. Cl. and SO,) may also compte for sites with arsenate or phosphate. although they 

most ükety have a smailer aftinity for the gibbsite surface. Their abundance could 

overwhelm the relatively small amounts of phosphate or arsenate (e.g. [CI']/[AsOJ 2 

10'1. The aqueous complexation and ion pairing of the adsorbates mi@ also explain their 

limited adsorption h m  seawater. Phosphate is known to fotm ion pairs in seawater in 

great abundance. Calculations show that approximately 70% of HPO," in seawater is 

present as ion pairs. mostly with Ca" and Mg" (Miliero & Sohn. 1992). The ion pairing 

of arsenate is undocumented but most likely is of  the sarne magnitude. 

4.7.2 ADSORPTION TO GIBBSITE AS A VECTOR TO SEDIMENTS 

The small amount of adsorption that occurs in seawater leads to the conclusion 

that adsorption to gibbsite is not a significant rnechanism for the enrichment of phosphate 

and arsenate in Saguenay Fjord sediments. The maximum adsorption found in this study 

was 1.97 pmoVg at a concentration of -50 pM As and pH 7.5. At concentrations (1 pM) 

closer to, but still two orders of magnitude greater than nonnal marine waters (-50 nM). 

adsorption is in the range of 0.10 - 0.40 pnoVg. The adsorption level at maximum 

arsenic concentration (17 RM) in the Fjord. calculated h m  the Freundlich isotherm for 

pH 7.5, is 6.5 *  IO^ pnoVg. The time needed for the enrichment to occur. if adsorption to 

gibbsite is the only €!~~hInent process. can be calculated. It is necessary to rake into 

account the diagenetic concentration process. 
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Figure 4.19 Sediment profiles of arsenic. 
W Baie des Ha! Ha! post flood (Mucci, unpublished data)+ St. Lawrence Estuary (Gobeil, 1996) 
OSaguenay Fjord 4û0 21 9' N 70" 24.5' W (Upper Basin(Gobeil+1996). Spike at 25 cm in 0aie 

des Ha! Hal is preflood originial sediment-water interface. 

The processes of diagenesis lead to a concentration of arsenic near the sediment- 

water interface (Figure 4.19). A detailed explanation of the process is given elsewhere 

(Aggen & O'Brien. 1985). in summary. arsenate deposited in association with an 

adsorptive mineral phase rnay be reduced to arsenite upon burial in the anoxic zone of the 

sediments. Arsenite. having a smaller adsorption affinity then arsenate. would desorb and 

enter pore waters. As the arsenite and diffuses upward it could oxidize to arsenate. This 

reaction would be accelerated by the presence of maganese oxide. The arsenate rnay then 

readsorb to adsorbtive mineral phases. 

The diagenetic enrichment process necessates an assumption of steady state 

deposition. That is to say the amount of arsenic buried is equal to the arnount of arsenic 

reaching the sediment water interface. This assumption allows an input to be calculated 

by multiplying [As1 at depth by the sedimentation rate. nie average concennation of 

arsenic over the fïrst 40 cm of sediments in the Interior basin of the Saguenay Fjord is 



between 5 and 10 ppm (Figure 4.19). Given that arsenic is abundant in the cnist of the 

e h .  some amount of this arsenic is "natural. The arsenic is deposited by processes that 

act in al1 estuaries. Sediments in the St. Lawrence Estuary samples show average 

concennations of 2 to 5 ppm over 40 cm. (Belde. 1988. Gobeil. 1996; Richard. 1997). 

Coastal sediments of the Amazon shelf show similar concentrations (Sullivan & AlIer. 

1996). Arsenic levels in undifferentiated shales are reponed to range between 6 and 18 

ppm (Onish & Sandell. 1955). The midpoint of the estuarine sediment range (3.5 ppm) is 

probably a good approximation of the natural steaây state level of arsenic in sediments. 

The exchangeable arsenic associated with suspended particulate mater in the Saguenay 

Fjord is much larger (28 ppm (Mucci et al. 1999)) then the arsenic at depth in the 

sediments. A degradation of the SPM at the sediment-water interface may be responsible 

for a release of exchangeable arsenic. As a result the exchangeable arsenic associated 

with SPM is not a gwd mesure of arsenic input. 

The average rate of sedimentation in the Saguenay Fjord is taken to be 0.3 cmly 

(Perret et al. 1995; Mucci. pers. cornrn.) and the Alcan plant at Jonquière has been 

operating for -75 years which means that about 22.5 cm of sediments have accumulated 

over this period. At a density of 1.375 tam*'. the middle of the standard range for dry, 

mud-sized sediments, and approximating the area of the intenor basin of the Fjord to 100 

k d  - an approximation made by Gobeil (19%) and suficient for the purposes of diis 

calculation- the amount of excess arsenic in the sediments of the Fjord is. 

(7.5- 3.5) ppm X 1.375 PmJ X Id m2 X 0.225 m = 1.2 X 10' t [4.9] 

Using the calculated adsorption density reponed above. the amount of gibbsite required 

to adsorb the excess arsenic c m  be calculated to be, 

1.2X 102t/6.5~104~rnol/g=2.5X d t  [4.1 O] 

The total load of al1 measured effluent alurninum, calculated from the highest recorded 

effluent levels (Groupe LGL. 1989; MOE, 19%), is 521 i/year. The exact nature of the 



released aluminum is unknown but given the low solubility of aluminum compounds it is 

likely to be particulate. The aluminum effluent load has not been constant over time. nor 

have the plants been operated for the same lengths of time. The measured load does not 

include aluminum introduced to the Fjord fiom the loss of bauxite. gibbsite and alumina 

at the various storage and transport facilities of Alcan. The uncertainties associated with 

the effluent load require that the result of the calculation be treated as an order of 

magnitude. For the adsorption of arsenate to gibbsite to be the sole cause of the 

e~chment  of the sediments. the time required would be 

As the oldest indusaial plant has only been operating for 75 years. adsorption of arsenate 

to gibbsite could only be responsible for less than 0.0002% of the enrichment. 

The nature of the particulate aluminum in the water column is not known so it 

rnay be that the phase can adsorb a grearer quantity of arsenate. To be responsible for 1 % 

of the enrichment within a reasonable time (75 years) the adsorption ability of the 

aluminum phase would have to be 4 orders of magnitude greater than that of gibbsite. 

The possibility can not be dismissed out of hand since adsorption of arsenate to 

amorphous aluminum hydroxide has been reponed as high as 1600 p o V g  (at low pH 

and high solution concentration) in low ionic strength solution (Anderson & Malotky. 

1979). 

A similar calculation can be made for phosphate. The steady state concentration 

of phosphate in the sediments of the Fjord at the confluence of the Baie des Ha! Ha! and 

the North Arm is 300 ppm iRichard, 1997). The sarne author reports levels in the St. 

Lawrence estuanne sedirnents at 150 and 225 ppm. in the absence of other data the 

midpoint of these two numbers is taken as the nanual level. Using the same numbers as 

for the arsenic calculation (Sediment depth 0.225 m. are! of Fjord 10' m'. sediment 

density, 1.375 thn3), the excess phosphate is estimated at: 



(300-188 ppm) X 0.225 m X 10' m2 X 1.375 tfm3 = 3.8 X ld 1[4.12]. 

At a calculated adsorption density of 5.9 X 10-' pno1.g-' (SRP = 0.2 pM and pH 7.51 the 

quantity of gibbsite required would be; 

At the same aluminum effluent load (521 tly). 

are required to supply this amount of gibbsite to the Fjord. ûnly 0.002% of the required 

gibbsite would have been supplied in 75 years. An alternative aluminum phase would 

require an adsorption density 3 orders of magnitude greater to account for 1% of the 

phosphate ~ M C ~ ~ I ' H K  As is the case for arsenate. such a possibility can not be 

immediately discounted. in both cases. it is likely that the cornpetitive adsorption that 

affects gib bsite will affect an y other alurninum phase. The increased adsorption density 

would require more than a simple multiplication of the specific surface area. Note that the 

above calculations were undertaken using adsorption densities calculated at 23°C. Actual 

water temperatures in the Fjord are much colder (bottom waters average 1°C). Thus the 

adsorption densities are overestimaied and the results of the calculations are 

underestimates. 

The residence time of particulate aluminum in the freshwater lens. calculated 

based on freshwater input, is on a scale of days (Fortin & Pelletier. 1995). Based on the 

renewal rate of the boaom waters (Gratton, 1995; Themault & Lacroix. 1973, the 

residence t h e  in the marine waters is cenainly less than 1 year. Arsenic and phosphate 

that is adsorbeci to gibbsite before it enters the marine waters would still be subject to the 

influence of the seawater as the gibbsite senles. The ions present in the seawater could 

cause the desorption of the arsenate and phosphate. Ruonde has been show to cause 

desorption of phosphate (Kuo & Lotse. 1974).. 



4.7.3 ALTERNATIVE VECTORS 

Even if adsorption onto gibbsite or other aluminum solid phases is not responsible 

for the e~chmen t  of the sediments. adsorption might still be responsible. It is commonly 

acce pted that iron ox y hydroxides strongl y aâsorb arsenate and phosphate (Pierce & 

Moore. 1982; Boweil. 1994; Lucone & d'Anglejan. 1988). Large pmiculate iron 

anomalies have been observed in the Fjord ([Fe] J[Fel,,, > 1) (Richard. 1997; A. Mucci 

pers. comrn.). These rnay originate from the iron associated with the bauxite off loaded 

by Alcan at Pon-Alfred (La Baie) or produced authigenically following mixing of 

freshwater with seawater (Sholkovitz. 1978). The effect of seawater on adsorption t 

goethite appears to be less than the effect on adsorption to gibbsite. Adsorption of 

phosphate to goethite from seawater at solid/solution ratios and adsorbate concentrations 

similar to those of this study is reponed to be very efficient (>80 % adsorption) (Shaw. 

1996). Preliminary work by Y. Gao (pers. comrn.) shows similar behaviour for arsenate 

and only minor differences between adsorption affiniry From seawater and fkom low ionic 

snength solutions. 

Adsorption to manganese oxides also is a possibility. Adsorption of arsenic to 

rnanganese oxides is weii document& (Oscarson et al.. 1981a.b, 1983). Particulate 

manganese is found at elevated levels in the Saguenay Fjord: 1090 ppm in the fkeshwater 

lens and 3500 ppm in the marine waters (Cossa & Poulet, 1978). The high particulate 

manganese levels result h m  the precipitation of dissolved manganese or the coagulation 

of coiloidal manganese oxides foîlowing esaiarine rnixing (Shokovitz. 1978). The source 

of the dissolved manganese is a combination of both anthropogenic and naturai sources. 

The rnost important anhpogenic sources are the pulp and paper mills and the Niobec 

mine (Group LOL, n.d.; MOE, 19%). 

A m e r  possibility is adsorption to organic substances. Thanabalasingam and 

Pickering (1986) have investigated arsenic sorption to humic acids and report arsenate 

and arsenite adsorption densities at pH 8 for initial arsenic concentrations of 5- 100 pM 



CO mnge from 80 to 120 p o V g .  They report that fluoride causes significant desorption of 

arsenic. but they do not suggest that fluoride is adsorbing. There are. however. a rnyriad 

of other organic compounds in the Saguenay Fjord both naniral and anthopogenic that 

might serve as vectors of arsenic and phosphate to the sediments. Any such compounds 

must be particulate or be coaguiated upon seawater mixing to serve as a vector. The total 

organic content of sediments in the Saguenay Fjord is 2-3% (Ouellet, 1979) and a peak of 

14% was found in La Baie near the Stone-Consolidate Mill (Ouellet, 1979). Such 

measurements are in line with normai levels of organic content. in geochemical sampling 

associated w ith gold exploration. positive arsenic anoniaiies have been found to be 

associated with swamps (D. Walker. pers. cornrn.), an environment that is associated with 

high levels of dissolved organic compounds. 

Potentially, any process that inmduces deposits arsenic or phosphate to the 

sediments could be responsible for the enrichement. It may also be a combination of a 

number of processes. The enrichment would be the result of a greater amount of arsenic 

and phosphate being deposited than what is "normal" for an estuary. The unique 

conditions of the Saguenay Fjord must play a major role in the enrichernnt of the 

sediments. 



Chapter 5 Conclusions 
The objective of diis research was to establish the importance of gibbsite as a 

potential vector for phosphate and arsenate to the sediments of the Saguenay Fjord. The 

objective was achieved by conducting labotatory batch adsorption experiments of 

arsenate and phosphate to gibbsite from seawater under conditions that simulated the 

natural environment. The influences of temperature and solid:solution ratios were 

examined. The kinetics of the reactions were also established. The conciusions that cm 

be drawn are surnmarized below. 

Phosphate adsorption to gibbsite from seawntet was slightly geater than arsenate. 

This observation is consistent with results of studies carried out in low ionic strength 

solutions (Manning & Goldberg. 1996; Okazaki et al.. 1989; Hingston et al.. 197 1). 

Arsenate adsorption at the low concentrations used in this study can be modeled 

adequately by a Freundlich isotherm. Phosphate adsorption data also fit a Freundlich 

isotherm but parameters cany larger uncerrainties. Adsorption densities decline with 

increasing pH for both phosphate and arsenate. The adsorption of both arsenate and 

phosphate are significantly diminished in seawater compared to freshwater. The limited 

adsorption in seawater is believed to be largely a result of cornpetition with major 

seawater ionic constituents. especially fluonde. for surface sites. Ruoride adsorption was 

inadequately characterized in this study to form a definite conclusion although it appears 

that fluoride behaviour in seawater is similar to what is observed in dilute solutions 

(Hingston. 198 1). Nevenheless, the aqueous complexation of arsenate and phosphate can 

not be discounted as a cause of diminished adsorption. 

Seawater has no disoinguishable Muence on the kinetics of the arsenate 

adsorption reaction. Adsorption equiîibnum for arsenic was reached within times (i .e. 3- 

7 days) similar to those reporteci in low ionic strength solutions. Phosphate showed 

kinetic behaviour that can not be explained by a simple mechanism and is possibly the 

result of an interaction of the different adsorption kinetics of c o m p e ~ g  ions. 



Both arsenate and phosphate adsorption densities decreased with decreasing 

tempemre. The influence of temperature on phosphate adsorption was less than that of 

menate. The temperature relationship is consistent with what has been observed in low 

ionic strength solutions (Muljadi. 1966b; van  Riernsdijk & Lijklema. 1980b). NO 

solid/solution ratio effects were detected other than an artifact which could be ascribed to 

increased interbpin contacts at higher ratios. 

Dissolved alurninum concentrations were below thermodynamically predicted 

levels for seawater in equilibriurn with gibbsife. The low levels reflect the slow rate of 

gibbsite dissolution. as observed in other studies (Su & Harsh. 1994; Crane. 1998). The 

low levels of arsenate and phosphate adsorption suggest that adsorption did not hinder 

dissolution. 

The adsorption densities of arsenate and phosphate onto gibbsite from seawater 

are small at naniral concentrations. The Freundlich distribution coefficient for arsenate in 

artificial seawater was 3.83 x 10" . In NanopureTM water, the data was fined to a 

Langmuir isotherm. The value of the Langmuir coefficient was 4.36. A direct numencal 

cornparison is not possible. but graphically the difference is striking. The adsorption 

density in seawater is h m  2 to 0.5 orders of magnitude less than in the NanopureT" 

water. Settling of gibbsite through the water column cannot be a signifiant vector of 

arsenate and phosphate to the Saguenay Fjord sediments and dius cannot explain their 

enrichment in this environment. Vector phases would need CO have adsotption densities at 

least 1000 times greater than gibbsite to be of any significance to the e~chment  for 

phosphate or arsenate. This assessrnent was based on conditions that are at the extreme 

ranges of condinoas in the Saguenay Fjord and would tend to exaggerate adsorption. 

Actual adsoiption in the Fjord would likely be much less. Potential vector phases could 

be detritai or authigenic iron oxides which are present in the Fjord. 

5.1 Suggestions for Future Wor k 



Although the very low level of adsorption is clear, a tighter set of data might be 

desirable. Some changes in the experimental methods might help. Direct measurements 
74 

of adsorption using radiolabeled adsorbents (i.e. As) as in the work of Xu et al. (1988, 

1990) would eliminate a data reduction step and its consequent emr. Accuracy of arsenic 

measurements might be irnproved by the use of an analytical merhoci that covers the 

concentration range without a dilution step. The adsorption of phosphate could be 

determined with greater precision and accuracy by changes in experimental and 

analytical methods. Interpretation of phosphate adsorption data would be improved by a 

cûmplete sterilizatioa OC dl components. This would eliminate the potential role of 

bacterial uptake. Analyzing for total phosphorus (not just soluble reactive phosphate) 

may also be desirable, as it would give a more refined estimate of phosphate sorption. 

The conversion of phosphate to organic phosphorus could be evaluated. in the case of 

fluoride analysis. it is clear that the ion selective electrde method is inadequate for 

adsorption studies and an altemate method such as ion chromatopphy should be used. 

The influence of fluoride could also be determined by ruming experiments in fluoride- 

fiee seawater. 

The full development of a surface complexation mode1 is unwarranted in this 

study given the insignificance of gibbsite as a potential vector of contarninants to the 

Saguenay Fjord sedimenu. However if it were to be developed it would require an 

extensive experimental program to determine a) adsorption of al1 major seawater ions to 

gibbsite in a indiffemt electrolyte at the ionic strength of seawater and b) the 

quantifidon of interactions of arsenate and phosphate with seawater ions. It would aiso 

be necessary to suictly control pH with indifferent seawarer buffers. 

Identification of the nature and quantities of aluminum phases in the water 

column of the Saguenay Fjord wouîd aüow for more conclusive statements on the role of 

particulate aluminum. The levels of paniculate aluminum have likely been highly 

variable with tirne due to a considerable anrhropogenic influence. in the absence of 



historical data, it is unlikely that an accurate reconstruction of the release of aluminum 

phases to the Fjord can be made. The Saguenay Fiood of 1996 eroded more than 6 x 1o6 

metric tonnes of post-glacial sediments that were redeposited in the Baie des Ha! Ha! and 

the North A m  of the Fjord burying the indigenous contaminated sediments under 3M0 

m of "clean" silty clays. It will now be possible to monitor the levels of dissolved and 

associated arsenic in both the water column and the sediments of the Saguenay Fjord with 

time. This knowledge combined with a more extensive characterization of the 

composition of the w a m  of the Saguenay Fjord could lead to the identification of the 

exact mechüîsrn of enrichment. It will also be possible to determine if the mechanism is 

still operating. 
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Appendicies 
Appendix 1.1 Arsenate Adsorption to Gibbsite in Artificial 

Seawater at 23OC 
ID pH Final As Ads. 

UM umoVa 

1 9-07- 1 0-7.4 
15-07-20-RT 
1 1-08-01 -RT 
15-07-05-RT 
1 5-07-1 0-RT 
1 5-07-01 -RT 
15-07-02-RT 
16-07-20-RT 
19-07-05-7.2 
16-07-05-RT 
1 9-07-05-7.4 
1 6-07-02-RT 
1 9-07-20-7.4 
1 9-07-50-7.6 
19-07-1 0-7.6 
1 9-07-50-7.4 
1 1 -08- 1 O-RT 
1 1 -08-20-RT 
16-C7-5GRT 
16-07-1 O-RT 
1 3-07-1 O-RI 
1 9-07-20-7.6 
13-07-20-Ri 
1 1 -08-02-RT 
1 3-07-1 042 
1 9-07-20-8 .O 

ID pH Final As Ads. 
VM vmom 

1 3-07-0242 7.61 1.8 0.1 
19-07-50-7.6 
1 3-07-2042 
1 6-074 1 -RT 
1 3-07-05-R 1 
1 1 -08-05-RT 
07-07-20-RT 
1 O-08-05-RT 
1 9-07-1 0-8.0 
1 0-08-0 1 -RT 
1 3-07-02-RI 
1 3-07-0 1 -R 1 
05-07-0 1 -RT 
1 9-07-50-8.2 
07-07-1 O-RT 
1 9-07-20-8.2 
t 3-07-05R2 
07-07-05-RT 
19-07-50-8.0 
1 3-07-0 1 -R2 
1 O-08-20-RT 
19-07-20-8.4 
10-08-1 0-RT 
1 O-0842-RT 
05-07-05-RT 
19-07-1 0-8.4 
1 9-07-50-8.4 



Appendix 1.2 Aisenate Adsorption to Gibbsite in NanopureTM 
Water at 23" C 

10 pH Final As Adsorption 
PM iJmoVg 

20-07-05-RT 7.98 3.0 2.1 
20-07-1 O-RT 7.99 7.8 2.2 
20-07-20-RT 7.85 17.0 2.2 
20-07-50-RT 7.83 47.2 2.3 

Appendix 1.3 Phosphate Adsorption to Gibbsite in Adficial 
Seawatei at 23" C 

Final P Ads. 

ID pH pM pmoU 



Appendix 1.4 Fluoride Adsorption to Gibbdte in Artifical 

10 pH As Final F F Ads. j ID pH As Final F F Ads. 
pM pM pmoiig i pM pM pmoVg 

05-07-0 1 -RT 

Seawater 



Appendix 1.5 Arsenate Adsorption to Gibbsite in Artifical 
Seawater at 4" C 

ID pH Final As Adsorbtion 

05-07-0 1 -CT 
1 1 -08-02-CT 
1 1 -08-20-CT 
1 1 -08- 1 O-CT 
07-07-02-CT 
07-07-05-CT 
1 0-08-0 1 -CT 
1 O-08-2GCT 
1 0-08- 1 0-CT 
1 1 -08-05-CT 
10-08-OS-Cf 
1 O-06-02-CT 
05-Of-204T 

Appendix 1.6 Phosphate Adsorption to Gibbsite in Artificial 
Seawater at 4°C 

Final P Adsorption 
ID PH PM ~imovg 
08-07-05-CT 7.76 5.2 0.6 
08-07-20-CT 7.80 20.6 1 .O 
09-07-20-CT 7.84 20.4 0.9 
08-07-1GCT 7.85 10.1 0.3 
09-0742-CT 7 -96 2.8 0.4 
09-07-10-CT 7.98 25.9 0.9 
08-07-02-CT 7.99 2.0 0.2 
09-07-05-Cf 8.03 6.3 0.3 
12-O?-10-CT 8.13 1.8 0.2 
1 2-074-CT 8.1 7 1.3 0.2 
1 2-07-2GCT 8.25 2.6 0.2 
1 2-07-02-CT 8.27 1.0 0.2 



Appendix 1.7 Adsorption Kinetics of Arsenate to Gibbsite in 
Artif iclal Seawater 

Initial 1.24 PH 2.39 5.42 10.16 19.62 
( M) 

,Ads.-Ad~. pH Ads. pH A&. PH- 

Appendix 1.8 Adsorption Kinetics of Phosphate to Gibbsite in 
Artif ical Seawater 

Initial concentration (PM) 2.1 
.I ... .... ...-..*- - 4.1 7.6 14.5 

D ~ Y  Ads. pH Ads. pH Ads. pH Ads. pkP 

Appendix 1.9 Adsorption of Arsenate to Gibbsite in Artificial 
Seawater with Respect to Solid:Solutfon Ratio 

Solid:Solutiun Final As Adsorption 



Appendix 1 . I O  Levels of Dissolved Aluminum in Artificial 
Seawater 

Sarnple ID pH Al 
P P ~  

O5-03-Ol -RT 
05-01 -01 -Cf  
OS-07-0 1 -CT 
05-1441 -CT 
05-01 -02-RT 
05- 14-02-M 
05-01 -02-CT 
05-03-02-CT 
05-01 -05-RT 
05- 1 4-05-RT 
05-01 -05-CT 
05-07-05-CT 
05-01 -1 O-RT 
05-03-1 O-CT 
05-01 -20-Rf 
05-01 -20-CT 
05-03-20-CT 
04-oo100-XX 
04-03- 1 0-RT 
04-03-1 OICT 
04-26- 1 O-CT 
04-03-20-RT 
04-03-20-CT 
04-28-20-CT 




