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Abstract

In this thesis, the effects of iron(Il) on arsenic(V) removal from acidic sulphate solutions in lime
neutralization systems were investigated. The role of Fe(Il) was analyzed via different types of
experiments. Firstly, 2-stage continuous coprecipitation (CCPTN) circuit experiments were run,
involving variable Fe(Il)/Fe(Ill) fractions whilst maintaining an Fe(tot)/As(V) molar ratio of 4,
and the resultant products were subjected to stability testing. It was found that CCPTN results
were reproducible; that increasing the Fe(II) content resulted in somewhat lower initial arsenic(V)
removal, but still better results than those obtained from equimolar Fe(Il1)-As(V) solutions in the
absence of ferrous pointing to the latter’s beneficial effect on arsenic(V) precipitation and
retention. Coprecipitates aged at constant pH 8, drifting pH and at various temperatures reached
pseudoequilibrium after several months. Notably, long term stability testing of the coprecipitates
showed that up to an Fe(II)/Fe(III) ratio of 1 at 20 °C, As(V) release was maintained below 1 mg/L
after 463 days with “drifting pH” stabilized at 5 increasing only to 1.9 mg/L upon pH adjustment
to 8.

Secondly, the behaviour of Fe(Il) was studied in batch reactor set-ups as part of hydrolysis
and oxidation experiments with and without As(V). It was shown in the absence of As(V), Fe(Il)
precipitated out of solution completely between pH 7.5 and 8.5. Subsequent oxidation of the
ferrous hydroxide slurry was found to proceed via a series of transformations starting from ferrous
hydroxide to green rust, to magnetite and finally goethite. The oxidation kinetics were governed by
oxygen mass transfer. In the presence of As(V) both Fe(Il) and As(V) precipitated from solution
starting at pH 3 with the latter ultimately dropping below 1 mg/L between pH 6.5 to 9 via the
proposed precipitation of a ferrous arsenate compound (symplesite). Subsequent oxidation of the
Fe(I1)-As(V) slurry at constant pH 8 led to destabilization of the ferrous arsenate phase and
concomitant partial release of As(V). The bulk control of As(V) in the latter case switched from

ferrous arsenate to ferric arsenate or arsenate adsorption on freshly formed iron(III) hydroxide.



Résumeé

Cette theése a pour objet d’étudier les effets des ions ferreux (Fe(Il)) sur la stabilisation, par
neutralisation a base de chaux, de I’arsenic (As(V)) contenu dans des solutions acides sulfatées. Le
role des ions ferreux a été¢ analysé a I’aide de différents types d’expériences. Premi¢rement, des
essais de co-précipitation en circuit continu (CCPTN) comprenant deux étapes ont été réalisés
pour différentes fractions de Fe(Il)/Fe(Ill), tout en conservant un rapport molaire Fe(tot.)/As(V)
égal a 4; les produits obtenus ont par la suite été soumis a des tests de stabilité¢ a long terme. Les
résultats de ces tests ont montré de fagon reproductible qu'une augmentation de la teneur en ions
ferreux réduisait D’effet de stabilisation de 1’As(V) initialement présent; ces résultats étaient
cependant meilleurs que dans le cas de tests de stabilisation de 1’As(V) présent dans des solutions
équimolaires de Fe(II1)-As(V), en I’absence d’ions ferreux, validant 1’effet positif des ces derniers
sur la précipitation et la rétention de 1’As(V). Aprés plusieurs mois de vieillissement dans des
conditions variées de pH constant (ajusté¢ a pH 8), de pH non-ajusté et de températures, les
produits de co-précipitation ont fini par atteindre un état de pseudo-équilibre. Notamment, les tests
de stabilité a long terme ont montré que pour une fraction molaire Fe(I)/Fe(IIl) allant jusqu'a 1 et
une température de 20 °C, la libération d’As(V) en solution aprés 463 jours €tait maintenue en-
dessous de 1 mg/L, respectivement 1.9 mg/L, dans le cas d’une solution au pH non-ajusté (se

stabilisant a pH 5), respectivement d’une solution au pH constamment ajusté a pH 8.

Deuxiémement, le comportement des ions ferreux a été étudié a ’aide d’un réacteur
discontinu, dans le cadre de tests d’hydrolyse et d’oxydation, en présence ou non d’As(V). Les
résultats de cette partie de 1’étude ont montré qu’en I’absence d’As(V), les ions ferreux précipitent
intégralement entre pH 7.5 et 8.5. Par la suite, I’oxydation de la suspension d’hydroxyde de fer (II)
procede selon une série de transformations allant de la rouille verte, a la magnétite et finalement a
la goethite. Les résultats ont €également montré que la cinétique d’oxydation était gouvernée par le
transfert de masse d’oxygéne. En présence d’As(V), la précipitation du Fe(Il) et de ’As(V) a été
observée a partir de pH 3, sous la forme suggérée d’un composé d’arséniate de fer (II)
(symplésite), la concentration finale d’As(V) non-précipité atteignant moins d’1 mg/L entre pH 6.5
et 9. Par la suite, ’oxydation de la suspension de Fe(Il)-As(V) a pH 8 constant a entrainé la
déstabilisation de la phase d’arséniate de fer et la remise en solution partielle d’As(V). En effet,

dans ce cas particulier, le control de I’As(V) a entrainé la conversion de la majorité de la phase
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d’arséniate de fer (II) en arséniate de fer (III) ou possiblement son adsorption a la surface

d’hydroxyde de fer (III) fraichement oxydé.
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1 Introduction

Uranium mills in northern Saskatchewan are processing ores that contain high concentrations of
arsenic. Before acidic effluent waters may be released back into the environment, they must first
be neutralized in order to precipitate out toxic elements like arsenic, nickel, selenium and
molybdenum just to name a few. Following precipitation, the neutralization sludge is deposited in
a tailings pond where the pore waters are subjected to regular toxic element analysis [1]. The
major and long term goal is to produce a stable form of arsenic-bearing precipitate, which will not
dissolve back into the environment for literally tens of thousands of years. Although initial arsenic
removal is very effective and the average concentrations are in general below regulatory limits it is
of interest to understand the stability of such arsenic-bearing precipitates and its relation to the

method of production if further improvements to the tailings management practice are to be made.

Arsenic (preferably as As(V)) removal in such neutralization operations is achieved by
continuous coprecipitation (CCPTN) involving excess iron in solution so that arsenic
“coprecipitates” with iron upon pH adjustment. Such co-precipitation process has always been
considered to require the excess iron to be in ferric form with molar ratio Fe(IlI)/As(V) >3 [2].
However, actual process effluents from uranium mills contain significant levels of soluble ferrous
iron (Fe(Il)/Few=10 % [3], 44-93 % [4], 37 % [5], 57 % [6-7]). As a result, the role of ferrous iron
on arsenic(V) removal and retention in the CCPTN system deserves to be studied. The available
literature on the effect of ferrous on the removal of arsenic(V) is limited compared to what is

available on the subject of ferric iron and arsenic precipitation.

Previous research by the McGill Hydrometallurgy group has focused on the effect of
process parameters on the efficiency of the Fe(Ill)/As(V) CCPTN circuit and the stability of the
generated coprecipitates [8]. In this thesis, the role of ferrous iron during coprecipitation of As(V)
with mixed Fe(IL,III) media is investigated at different levels. First the best conditions for
operating the Fe(III)/As(V) CCPTN process as determined by De Klerk [8] were validated and
subsequently the CCPTN circuit was operated with increasing amounts of ferrous iron in the initial
solution followed by accelerated ageing/stability testing of the newly formed precipitates. This
part of the work is described in Chapter 4. Chapters 2 and 3 cover the background technical

literature and experimental methods respectively.



With the objective of interpreting the behaviour of ferrous iron during arsenic(V)
coprecipitation in the continuous circuit additional tests were performed involving various batch
investigations. Thus, in addition to CCPTN, this thesis includes a chapter dedicated to the
hydrolysis of ferrous iron alone and in mixture with arsenic(V) over a wide range of pH (Chapter
5). In Chapter 6 the oxidation kinetics of ferrous iron in solution or as ferrous hydroxide slurry by
oxygen/air sparging at various pH set points are investigated. The final chapter provides a
summary of the major findings from the preceding chapters and makes suggestions for future

work.



2 Literature Review

This literature review comprises two distinct sections concerned with the removal of arsenic from
solution. The first section (2.1) focuses on the coprecipitation of arsenic(V) with iron(Ill) by
neutralization of acidic effluent solutions in terms of the effects of process parameters on the
production (removal of arsenic) as well as the ageing (long term stability) of the generated
products. In particular, the nature of the various phases in which arsenic(V) is removed from

solution are discussed.

The second part provides a comprehensive review on the chemical behaviour of ferrous
iron(II) that can have an influence on the performance of continuous coprecipitation circuits aimed
at removing arsenic(V) from solution. The review includes the hydrolysis of ferrous iron over a
wide range of pH, the oxidation reaction kinetics of ferrous ion and ferrous hydroxide, the
formation of mixed-valent iron(ILIII) phases and their behaviour in an oxidizing environment
together with arsenic(V), and finally the solubility of various precipitated ferrous arsenate phases

(read symplesite).

2.1 Coprecipitation of Ferric Arsenate and Arsenical Ferrihydrite

2.1.1 Introduction

Arsenic a is poisonous element that is typically found in process effluent solutions in two
oxidation states, as arsenate (AsO4”) and arsenite (AsOs>) species, with the latter one being 6
times more cytotoxic [9]. Some parts of the world contain naturally occurring high arsenic
concentrations (e.g. Taiwan, India, Chile, Bangladesh and southern US [10-12]) in ground water,
that can affect human populations thus requiring effective arsenic removal technologies for ground
water purification. Recently, the US Environmental Protection Agency maximum contaminant
level (MCL) [13] and Canadian maximum acceptable concentration (MAC) [14] for arsenic have

been decreased from 0.05 to 0.01 mg/L for drinking water.

On a different note, arsenic is the 33" most abundant element on the earth’s crust (2ppm)
[15] and a major impurity in several valuable mineral feedstocks that inevitably ends up
accumulating in waste effluent streams of mining and milling operations of gold [16], uranium [3]

and copper industries to name a few [17-19]. In Canada, regulations such as the MMER [20] are



put into effect limiting the discharge concentration of arsenic into the environment in a controlled

site at 1 mg/L for a grab sample and 0.5 mg/L as the monthly mean concentration of a deposit site.

Thus, it is of great significance to improve arsenic removal technologies for humanitarian
and environmental reasons. Among the various arsenic removal technologies the most notable one,
at least in the case of mining/metallurgical process effluents, is the coprecipitation of arsenic with
iron by neutralization. A good example of such coprecipitation process is the McClean Lake
uranium mill that involves processing of arsenic-bearing raffinate solution through a two tank
continuous lime neutralization circuit [6]. The performance of the process in terms of effective
arsenic removal and stability of the produced coprecipitated solids depends on a number of

parameters. These are discussed in the next section.

2.1.2 Coprecipitation

Previous research has investigated the effect of the Fe(Ill)/As(V) molar ratio during
coprecipitation [2, 4, 21]. Figure 1 taken from the work of Robins et al. [21] clearly indicates that
at a ratio greater than three acceptable arsenic removal is achieved. Furthermore it can be seen that

as the Fe/As ratio increases the effectiveness of arsenic removal is extended to wider pH range.
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Figure 1: Effect of pH and Fe/As molar ratio on the removal of arsenic from solution [21]



Other research has looked into the effect of co-ion solutes on the “batch” coprecipitation
process indicating that sulphate media [22], calcium [22-24], nickel [24-25], ferrous (albeit for
groundwater arsenic removal) [26], and aluminum [27] provide improved arsenic removal.
Furthermore, it has been demonstrated that both calcium [22, 24] and aluminum [27] provide
improved arsenic retention over time. Until recently, there was only one published study where the
investigation used a continuous coprecipitation (CCPTN) circuit (mill scale) [3]. All other studies

involved batch experiments.

De Klerk of the McGill Hydrometallurgy Group [8] conducted the first laboratory scale
continuous coprecipitation (CCPTN) circuit experiments and successfully correlated various
process parameters to arsenic removal and retention. It was shown that the use of slaked lime, as
opposed to more aggressive sodium hydroxide, as the base of choice and the use of a two reactor

CCPTN circuit yielded the best results in terms of arsenic retention and subsequent ageing.

It is worthy to discuss the arsenic removal efficiency observed as a function of staging in
CCPTN as compared to batch reactor coprecipitation. Neutralization to pH 8 by NaOH of an initial
solution containing 1400 mg/L arsenic at a Fe/As molar ratio of four in a single continuous reactor
provided effluent arsenic concentrations of 150 and 26 pg/L. with NaOH and Ca(OH), base
respectively [8]. These results show the benefits of using slaked lime as a base in order to yield
lower residual arsenic concentrations. Moreover, it was shown that using two or three continuous
reactors resulted in an effluent with lower arsenic concentrations when compared to a single
continuous reactor [8]. Although the difference in residual arsenic concentration between the two
and three stage circuits was relatively small (8 vs. 10 pug/L), the two stage circuit was deemed as

the optimal choice for future experiments due to better coprecipitate ageing results.

2.1.3 Nature of As-bearing Coprecipitates

Currently, there is an ongoing debate on the type(s) of arsenic-bearing phase(s) that form as a
result of coprecipitation. Clearly, neutralizing solutions of high Fe/As molar ratios will yield
ferrihydrite (FH) due to the excess iron. This dominant phase having a high surface to volume
ratio has the capacity to adsorb arsenates and arsenites via surface complexation [17, 21]. The
precipitation and subsequent adsorption reactions can be represented by Equations (1) & (2) [17].
Fe3* + (34 x)H,0 = FeO(OH)(H,0),,, + 3H* (1)

FeO(OH)(Hy0)q4y + AsO3™ = As03™ - FeO(OH)(Hy0)14, (2)
5



Fuller et al. [28] showed that the co-precipitation of Fe(Ill) and As(V) in the pH range 7.5-
9 resulted in the fast adsorption of arsenates up to a density of 0.7 mole As(V) per mole Fe.
Despite the high concentrations of arsenic in the precipitates, EXAFS spectroscopy did not find
evidence for ferric arsenate or any other As-bearing surface precipitates [28]. They suggested the
high adsorption of As(V) is due to the extremely small FH particles which during polymerization
were “poisoned” by strong arsenate bidentate adsorption [29]. These arsenates subsequently inhibit
the normal crystallization of FH to more stable products such hematite [30]. In other words the
adsorbed arsenates stabilize the structure of FH and prevent particle growth and transformation

[17].

On the other hand, results from mill-scale experiments correlated with a geochemical
model (taking into account both scorodite and FH as equilibrium phases) have suggested that
between pH 2.4 and 3.1 arsenic is controlled by “scorodite” (although more likely this is poorly
crystalline scorodite or ferric arsenate (FA)) before dissolving incongruently at pH>3.1. The latter
involves re-precipitation of dissolved iron into FH which becomes the dominant phase that adsorbs
the arsenate anions at higher pH region [3]. Langmuir ef al. [4] on the other hand showed that
during neutralization of solutions containing Fe and As at a molar ratio between 3-5, ferric
arsenate began to precipitate at pH 1 and persisted to higher pH regions becoming the dominant
form of arsenate in the tailings. Subsequent ageing tests suggested the breakdown of FA to explain
the rate of release of dissolved arsenate into porewaters. In 2006, the same authors conducted an
extensive review of the available literature on the solubilities of crystalline scorodite and
amorphous ferric arsenate [5]. They showed that as the Fe/As molar ratio of an acidic solution
being neutralized (generating a mixture of ferric arsenate and ferric hydroxide) is increased (1.6,
5.8 & 14.4), the solubility product, K,, of ferric arsenate decreases at pH 2. Furthermore, they
showed that increasing the pH set points for neutralization of an actual raffinate solution with an
Fe/As molar ratio of 3.72 decreased the solubility of FA indicating a more crystalline scorodite
present at higher pH values, a rather unexpected postulation. Concurrently, over the same pH
range the solubility of precipitated ferric oxyhydroxide (FO) (equivalent to ferrihydrite) increased
indicating an amorphous FO unable to crystallize due to arsenate and sulphate adsorption onto its
surface. In sum, Langmuir et al. attributed the low concentrations of arsenic in tailings pore waters

at near neutral pH to the stability of partially crystalline scorodite (very small fraction) with



respect to a rather unstable amorphous FO. This is represented by the ferric arsenate/iron

hydroxide equilibrium reaction (3):

FeAsO, - 2H,0(s) + H,0 = Fe(OH)5(s) + HAsO;2 + 2H* 3)

Jia et al. [31] used X-ray diffraction to compare prepared standards of poorly crystalline
ferric arsenate to As-FH adsorption samples prepared from solutions of relatively high arsenic
concentration (1400 mg/L) with Fe(III)/As(V) molar ratios ranging between 2 and 8 and final pH
values between 3 and 8. It was proposed that at acidic pH (~3-4), adsorption of arsenate on FH and
the ensuing surface complexation transitioned to a ferric arsenate surface precipitate showing up as
a similar XRD spectrum to poorly crystalline FA. Between pH 4-5, both FA and FH are equally
important as indicated by the two components on the first band (28° & 34° 20 in Figure 2).
However, at higher pH (~8), the surface complexation dominates the process and the XRD of

coprecipitates resemble those of plain FH.
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Figure 2:Effect of pH on the XRD patterns of arsenate-ferrihydrite sorption materials with initial molar ratio Fe/As=2 and
equilibrium time of two weeks [31]



Chen et al. [7] undertook the task of characterizing coprecipitates obtained from actual
raffinate solutions with an Fe/As molar ratio of 4.4 ([As]=732 mg/L, [Fe]=2400 mg/L) from
AREVA’s McClean Lake uranium ore processing facility by means of x-ray absorption fine
structure spectroscopy. These researchers prepared and characterized crystalline scorodite (CS),
poorly crystalline scorodite (PCS), arsenic-adsorbed goethite (As-G and/or As-FH) and Fe/As=4
coprecipitates neutralized to pH 4 & 8 using NaOH (CPT) reference materials to be compared with
coprecipitates from the raffinate solution neutralized with Ca(OH), or NaOH (indicated by pH
values in iftalic) up to pH set points 2.01, 2.18, 3.15, 4.04, 6.09, 7.08. Firstly, the results showed
that the synthetic Fe/As=4 solution neutralized to pH 4 produced CPTs that had As-Fe inter-
atomic distance and coordination numbers close to those of PCS. Nevertheless, the same solution
neutralized to pH 8 produced CPT much closer to As-G. Next, they showed that raffinate solution
neutralization up to pH 7 resulted in coprecipitates that had the same local structure as that of PCS
and that only at high enough terminal pH values (pH>8), the As-FH species becomes dominating.
One may now plead the case that coprecipitates with Fe/As molar ratios greater than 1 may be
composed of PCS and arsenate adsorbed ferric oxyhydroxide or equivalently ferrihydrite).
According to Chen et al., the PCS features stand out until a threshold pH value (pH 7-8) beyond
which the coprecipitate structure resembles that of the As-FH phase. Coincidentally, this pH
region is also known to be the upper region of scorodite stability in the Fe-As-H,O Ep-pH diagram

published by Langmuir et al. [4].

Ultimately, regardless of the actual phase in which arsenic is bound, at high Fe/As molar
ratio the removal of arsenic has been shown to be effective up to pH 8 and deemed stable enough

for long term stability in tailings management facilities.

2.2 The Chemical Behaviour of Ferrous Iron
2.2.1 Introduction

Previous research involving the removal of arsenic, whether be from industrial process solutions
and effluents, acid mine drainage or naturally occurring toxic arsenic cycling in the subsurface
such as in ground waters, was mainly preoccupied with the use of ferric iron to precipitate and/or
adsorb the arsenic out of solution. Not much attention has been given to ferrous iron (Fe(Il)). It is
conceivable that this species of iron may oxidize during coprecipitation and report as ferrihydrite

or ferric arsenate in the solids. Alternatively it may precipitate first as ferrous hydroxide and later
8



be oxidized to ferric hydroxide (ferrihydrite) on which arsenic adsorbs or simply precipitate as
ferrous arsenate. Hence it is essential to investigate the behaviour (in terms of oxidation and
precipitation) of ferrous iron in solutions similar to those encountered in Fe/As coprecipitation

operations.

2.2.2 Effect of pH on Ferrous Iron Oxidation
2.2.2.1 Ferrous Oxidation at pH<4

At low pH, although the oxidation of Fe(Il) with oxygen is thermodynamically favorable it is
considered extremely slow. Sato et al. [32] briefly reported that the oxidation of iron(Il) sulphate
at pH<3 with oxygen at both 25 °C and 50 °C is very slow. They attempted to increase the rate of
ferrous oxidation by addition of a catalyst and various complex-forming agents. It was found that
the copper(I) sulphate catalyst slightly increased the rate of oxidation yet not as successfully as
complex-forming species such as ethylenediaminetetraacetic acid and sodium triphosphate, whose

effects were limited to their added concentration.

2.2.2.2 Rate Laws for the Oxidation of Ferrous Iron at Near Neutral pH

The most commonly verified rate equation for the oxidation of ferrous iron at near neutral pH is
represented by Equation (4) [33]:

_d[Fe(1D)]

=2 = k(OH™)?Po, [Fe(ID)] 4)

Where Fe(Il) is given in mol L', 0O,asa partial pressure (atm) and OH" as an activity [33]
or as the concentration of hydroxyl ions [34]. If conditions are such that the pH and oxygen partial

pressure remain constant, this equation reduces to a pseudo first order rate expression:

_d[Fe(D] _

o = ki[Fe(D)] (5)

Where k; = k(OH _)ZPOZ has units of inverse time. By integrating Equation (5) we yield
(6), which should give a linear curve with slope —k; when the natural logarithm of iron
concentration is plotted over time.

In[Fe(I)] = —k,t+ In [Fe(I)], (6)

Multiple authors have performed oxidation experiments at different constant pH and

oxygen partial pressures to confirm this general rate law [33-35].



As Davidson and Seed [33] discuss, in the range of pH investigated and reviewed (5.6-8.2),
the rate constant k is highly sensitive to the precision of pH measurements such that values of k
measured by different workers could effectively differ by up to a factor of 6 (based on a possible
error in the absolute determination of pH of only £0.2 units). Based on their review and own
experimental results, Davidson and Seed provide the justification for a “universal” rate constant of
2x10" M? atm™ min™ for pH range 6.5-7.4. It must be noted that their rate constant is the result of

the evaluation of homogeneous systems.

It has been shown [36] and confirmed [34] that a decrease in oxidation rate can be
attributed to the presence of some anions (rate constant k decreasing in the order C1O4", NO;, CI,
H3Si047, Br', I', SO4), which have a tendency to form complexes with ferrous iron. However,
phosphate and fluorides were shown to have catalytic effects [36] and ferric iron (due to

adsorption) had an autocatalytic effect on the rate constant [33-34, 37].

2.2.2.3 Rate of Oxidation at pH>7

At pH values above 7, the formation of ferric hydroxides as the oxidation of ferrous progresses,
has an increasingly important heterogeneous catalytic effect [34]. This effect is incorporated in the

rate law by the addition of a second rate constant, Equation (7):

_d[Fe(D)]
dt

= (ky + ko[Fe(ID]) [Fe(ID)] (7)

Where k; is the homogenous rate constant and k; is the heterogeneous rate constant (given
in M min™). Furthermore, it was shown that k, = k¢ [0,]K /[H*] where k; is the surface rate in
M min™, [0,] is the concentration of oxygen in solution and K is the adsorption constant of
ferrous iron on ferric hydroxide. Further manipulation of Equation (7) by Sung and Morgan [34]
revealed good agreement between predicted values and their experimental results along with data

from other researchers [36].

Moreover, based on their “universal” rate constant (see Section 2.2.2.2), Davidson and

Seed [33] calculated half-lives for ferrous iron at pH values of 6.5, 7.0, 7.5, 8.0 to be 361, 36, 3.6

and 0.36 minutes respectively at 20 °C. This demonstrates that beyond pH 7.5, ferrous oxidation

and the ensuing autocatalysis is so rapid to the point where the rate of oxidation is limited by other

factors such as the rate of oxygen mass transfer. The latter can be manipulated by gas flow rate,
gas type, agitation speed and impeller type [38].
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Tamura et al. [36] make a final remark concerning the oxygenation of ferrous ions at pH of
9 or higher. They observed a very fast reaction start, which slowed down considerably towards the
end with the formation of magnetite (Fe;O4) and no further oxidation. This presents a situation

where the reaction product has a negative impact of the reaction rate.

2.2.2.4 Generalized View on Ferrous Oxidation Over a Wide Range of pH

Morgan and Lahav [39] attempted to generalize the oxidation kinetics of soluble ferrous iron in
solution over a wide range of pH. In their review, the rate of oxidation of Fe(Il) with O, was
presented using log Fe(II) species-pH diagrams in order to correlate the rates of oxidation split into
three distinct regions with regards to the species present. It was explained that hydrolyzed ferrous
species, such as Fe(OH), and FeOH", are more readily oxidized than Fe" likely due to the
efficiency of the OH™ ligands to donate electron density towards the reduced metal ion thus
facilitating its oxidation. Furthermore, the authors highlight the fact that once Fe(OH), precipitates
its oxidation depends only on the rate of introduction of the oxidant into the solution. As such, a
rate constant separating the individual species that may be present at a given pH was proposed by
Millero (8) [40].

- d[Fe?*]
dt

= (ko[Fe?*] + ky[Fe(OH)*] + ky[Fe(OH)3 o] + k3[Fe(OH)31)Co,(aq) (8)

Based on this rate equation, Morgan and Lahav [39] graphically and logically explained the
rationale behind the pH dependant region between ~5<pH<~8 that is flanked by two pH
independent regions at pH<5 and pH>8. In short, below pH ~4, Fe’" cations dominate and are
independent of the hydroxyl group hence the oxidation rate is pH independent. Above pH ~5, the
concentrations of the Fe(OH), and FeOH" species rise steeply and linearly with pH therefore
establishing an oxidation rate that is pH dependant up to pH 8. In other words, the first two terms
of Equation (8) are dropped giving rise to an oxidation rate that is second order with respect to
[OH]. Finally, beyond pH 8, FeOH" and Fe*" concentrations drop significantly leaving Fe(OH),

as the dominant species. Since its concentration remains constant with respect to pH the rate of

oxidation of ferrous iron reverts back to a pH independent region.

It is important to reiterate that the anions present in a solution tend to slow the rate of

oxidation down due to the formation of complexes that are less favorable for oxidation compared
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to hydroxyl complexes [39]. This is the case when preparing Fe(II) solution from ferrous sulphate

or ferrous chloride with the former one being relevant to the present study.

2.2.3 Products of Ferrous Iron Oxygenation

Randall et al. [41] highlighted the fact that air oxidation of precipitated intermediate ferrous
compounds produces either lepidocrocite (y-FeOOH) or magnetite (Fe;O4) depending on the rate
and pH of oxidation. In particular, Misawa et al. [42] reported on the end products of the oxidation
of dissolved ferrous iron (0.4 M) in neutral and slightly basic solutions (NaOH) at constant pH.
Their results indicated that rapid aerial oxidation converted the intermediate products into -
FeOOH and slow oxidation yielded Fe;O4. Similarly, Sung and Morgan [34] have characterized
their oxidation products via infrared spectroscopy and X-ray diffraction to reveal that ultimately
the product of oxidation was y-FeOOH irrelevant of the type of media (e.g. CI or SO4). They
conclude that in the long run lepidocrocite is unstable with respect to goethite but that the short

term sorption behaviour is governed by the nature of this intermediate oxygenation product.

2.2.3.1 Formation of Magnetite in Aqueous Solutions

Perez and Umetsu [43] were able to produce crystalline magnetite without the use of a high
temperature process and time consuming post production treatment for better crystallinity. They
proposed the oxidation of ferrous iron as means to remove metal ions from solution such as in acid

mine drainage.

Upon fast addition of 0.4 M KOH base (10 mL/min) to the dissolved ferrous iron solution
(0.012 M, pH=3), the pH rose to 11 and was maintained at that pH where a green rust II-type
(GRII) compound precipitated. Simultaneously, air was sparged at a constant flow rate and
oxidation took place as well as the transformation of the precipitates to magnetite. It was observed
that the initial dark green precipitate (GRII) turned to a black one (Fe;O,) after 10 min contact
time. Additional oxidation led this initially highly magnetic precipitate to change colour to dark
brown with reduced magnetic responses. After 22 min of oxidation, the rate of protons released for
pH adjustment became negligible and coincided with the end of oxidation or, in other words, the

equilibrium condition between oxygen and the aqueous solution had been achieved.
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2.2.3.2 Oxidation of Ferrous Hydroxide

Lin et al. [44] investigated the oxidation of ferrous hydroxide ([Fe(II)]=0.22 M) in a slightly basic

750 mL solution by sparging oxygen through a fritted-glass disk at a rate of 18.5 mL/min. An

[Fe(II)] to [OH] molar ratio of 7:12 was selected yielding a white precipitate in suspension at pH

equal to 8.2. At the onset of sparging, the white iron(Il) hydroxide started to oxidize and changed

color to green, then blue and ended as an orange-yellow slurry. Figure 3 shows a pH curve over

time showing the evolution of pH (without pH adjustments) with ongoing oxidation from the onset

of sparging at t=0.
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Figure 3: Change in the pH of an Fe(OH), solution undergoing oxidation over time (sample times are indicated) [44]

Supporting XRD diffraction patterns of solids collected at each of the time intervals is

shown in Figure 4.

50 60

0 &0 % 100 110 120 130 140 150

Time (min)

13



' ¢6 665 G 37 min

AHJL*J_hﬂiJuhHhJﬂmmum—a_J—

| G
ﬂ Gl Gl{ﬁ: MGgMM 48 min

Intensity

0 20 410 60 20 100
Two Theta(Degree)

Figure 4: X-ray diffraction pattern for samples withdrawn at times corresponding to those in Figure 3. The peaks are
identified as: G, GRII; M, Fe;0y; a, a-FeOOH, and v, y-FeOOH [44]

The authors show that oxidation of a slightly basic Fe(Il) suspension from FeSO4 media
precipitates as a white, air sensitive Fe(OH), solid. This precipitate suspension oxidizes to GRII at
pH 8 during the first stage of oxidation of which the end is marked by a first pH drop (Figure 3).
Green rust is said to form as Fe(Il) oxidizes to Fe(IIl) and subsequently combines with Fe(II). This
mixed-valence green complex, having a proposed empirical formula [(Fe(IT))(Fe(IIL))(OH (O],
gets further oxidized at pH 6.2 to form Fe;04 or y-FeOOH or mixture of both.

The rate of oxidation of Fe(Il), or equally, the molar fraction of Fe(Il) iron remaining in
suspension over time (% Fe(Il)) is plotted in Figure 5 and shows that there is a clearly constant
rate of Fe(Il) depletion during formation of GRII by the oxidation of iron(Il) hydroxide (t=0-37
min) and continuing linear trend during GRII oxidation to ultimately form y-FeOOH (t=37-107
min). The linearity of the plot suggests that either the reaction is zero order in terms of ferrous

concentration or most likely that the reaction is controlled by oxygen mass transfer.
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Figure 5: Oxidation of Fe(II) slurry as a function of time with a drifting pH ([35])

Finally it is worthy to mention the interesting work of Ruby et al. [45-46], who through
measurements of ORP and pH were able to provide/monitor the pathway through the
precipitation/oxidation/transformation of ferrous species to Fe(OH), then to GRII and finally to

FeOOH.

2.2.4 Effect of Fe(ll) on As(V) Removal by Oxidation

Up to this point I have explored the oxidation behaviour of ferrous iron over a wide pH range and
its subsequent conversion into various types of intermediate phases at constant or drifting pH. In

this section, it is discussed how this relates to an arsenic removal system.

2.2.4.1 The Effect of Fe(ll) on As(V) Adsorption on Ferrihydrite

Reductive dissolution of iron, that is, the reduction of Fe(IIl) to Fe(Il), is a mechanism by which
arsenic associated with ferric iron may be released into the environment. Ferrous iron’s ability to
inhibit bacterially driven dissimilatory iron reduction coupled with its ability to adsorb onto solid
Fe(IIT) hydroxides possibly leading to a transformation of Fe(Il) into a mixed iron phase prompted
Mukiibi et al. [47] to investigate the effects of Fe(Il) on adsorption of arsenate on the surface of
amorphous ferric hydroxide (AFH or Ferrihydite). Firstly, they showed decreasing adsorption of
arsenate on AFH in the absence of Fe(Il) with increasing pH. At the same time they showed
increasing uptake of Fe(Il) onto AFH by adsorption in the absence of As(V) with increasing pH.
Supported with adsorption isotherms, these results led them to conclude that sites available for
AsO,> adsorption are not favorable for Fe*" adsorption. Next, the authors proved that at higher pH

15



(>7.5) part of the Fe(II) adsorbed irreversibly onto AFH either by simple chemisorption or through
formation of a new phase at the surface. Another series of experiments was conducted in an
attempt to see the effect of pre-equilibrating AFH with Fe(II) followed by addition of As(V) and
vice-versa. According to the obtained results, the pre-adsorption of Fe(II) onto AFH was found to
actually improve later arsenate adsorption. The same was observed for the opposite scenario and
therefore Mukiibi et al. [47] suggested a cooperation between the two species upon sorption.
Moreover, they observed a “darkening of the ferrihydrite to a blacker, more magnetite-like color”
indicating the formation of a mixed iron oxide phase. Unfortunately no solids characterization was

conducted to further verify this observation.

Similarly, De Klerk [8] investigated the 2-stage CCPTN of arsenic with added nickel
(Fe/As=4, Ni/As=0.5). The results indicated that Ni*" does not compete for adsorption sites on
ferrihydrite and suggested that there is a likely interaction of nickel with either ferric arsenate or
ferrihydrite in the form of surface complexes creating a stabilizing effect against dissolution.
Furthermore, constant pH 8 ageing data revealed the slow uptake of nickel by the coprecipitates
thought to correspond to surface precipitation after initial complexation. Jia and Demopoulos [24]
gathered analogous results for batch coprecipitation including nickel (Fe/As=4, Ni/As=1, pH=8)
also indicating an enhanced uptake of As(V) and Ni itself with the formation of a nickel arsenate

surface precipitate.

2.2.4.2 Adsorption of As(ll1,V) on Green Rust Intermediate Compounds

As previously mentioned in Section 2.2.3, with the presence of an oxidizing agent such as oxygen,
ferrous hydroxide could partially oxidize and form a known intermediate mixed-valent iron(IL,IIT)
hydroxide with layered structure known as green rust. This compound has the general formula
Fey(H)Fex(HD(OH)ngrzy_zz(SO4)Z and consists of sheets of Fe(II)OHg where Fe(III) replaces some of
the Fe(Il) resulting in a positive layer charge [41]. That positive charge is countered by the
inclusion of anions such as CI” or SO4* and COs> between the layers giving these green rusts their

specific names GRI(CI), GRII(SO4*) and GRII(COs™) respectively.

Green rust is known to be unstable in an oxidizing environment but its existence isn’t ruled
out in naturally occurring mildly reducing environments. Regardless, this compound is of interest
for it is presumably prevalent at pH 8-8.2, which is the discharge pH in certain industrial As(V)-

Fe(ILIII) coprecipitation circuits as those employed by the U-milling industry in Northern
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Saskatchewan. Unfortunately the literature available on the topic of adsorption of arsenic(V) onto
green rust is limited and occasionally contradictory so the following presented discussion is

considered rather tentative.

Jonsson and Sherman [48] conducted several experiments to investigate the adsorption of
As(III) and As(V) onto secondary Fe(Il) or mixed Fe(Il)/Fe(Ill) phases such as siderite (FeCOs3),
fougerite (carbonate green rust [Fe(Il)sFe(Ill)>(OH),2][CO3CO32H,0]) and magnetite (Fe;O4) to
explain the release of arsenic, when reductive dissolution of iron(II) hydroxides under anoxic
conditions occurs. Their hypothesis was that if the adsorption of As(V) on these precipitates were
weaker than that on original iron(Ill) hydroxides, the arsenic release into solution could be
accounted for. According to the generated data, As(V) was found to adsorb strongly onto GR at
pH<8 through a surface inner-sphere complex having a maximum arsenic sorption capacity of
>3300 pmol g”'. Compared to the adsorption capacity for sulphate and/or chloride, GR reported to
be >1000 pmol g™ for arsenate at pH 7 [49], the authors attributed their higher sorption results to
the formation of symplesite (Fe(II);(AsO4),8H,0) as a surface precipitate or through
transformation of fougerite. Similar results were found for magnetite, where adsorption for As(V)
was highest at pH<8. Normalization of the data for arsenic adsorption per gram of solid showed
better performance for magnetite vs. fougerite. Moreover, Jonsson and Sherman reported the
formation of symplesite as a pale blue-green coating onto black magnetite (confirmed by XRD)

with increasing arsenate loading (As/Fe=0.55).

Refait et al. [50] investigated the effect of As(V) adsorption onto GRI(CI’) and its effect on
the subsequent transformation, growth and crystallinity of GRI into final Fe(III) compounds. Their
experiments involved the oxidation of solutions containing 0.12 M Fe(Il) and As(V) at different
molar ratios (Fe/As=24, 12 and 4.8) through exposure to air by vigorous agitation. No pH
adjustments were made. At lower arsenate concentrations (Fe/As=12, 24) two reaction stages are
present as determined by ORP monitoring, suggesting the completion of Fe(OH), oxidation into
GRI(CT') at the first inflection point and the end of the latter intermediate product’s oxidation at
the second inflection point as seen in Figure 6. This is however not seen at the highest As(V)
concentration (Fe/As=4.8), where formation of the intermediate product, GRI(CI'), seems to have

been inhibited. The authors also report a decrease in pH from ~8.5 down to 4.5-5 for lower arsenic
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concentrations and 5.9 for the highest [As]. Such pH drops have also been observed during other

oxidation experiments not containing arsenic [44].
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Figure 6: Evolution with time of the potential during the oxidation of the Fe(I) compound precipitated from FeCl, 4H,0,
NaOH and Na,HAsOy: (a) curve obtained without Na,HAsQy,, (b) curve obtained for Fe/As=24 (c) Fe/As= 12 and (d) Fe/As=
4.8 [50]

The intermediate products were characterized at the end of the first oxidation stage (t; in
Figure 6) and the final products were shown to have differences as confirmed by XRD, micro-
Raman spectroscopy and FTIR. Table 1 summarizes the phases present for each experiment as

characterized by the three techniques.

It was concluded that arsenates inhibited the growth and crystallization of GRI leading to a
nano-crystalline or “amorphous” Fe(II-III) intermediate compound similar to GR [50]. It is
proposed that this nano-crystalline product is formed as arsenate adsorbed onto clusters of
Fe(OH)g octahedra thereby preventing them to form brucite-like sheets as seen in regular GR.
Instead, these clusters aggregate trapping the anions and arsenate. Moreover, with increasing
arsenate concentration, the final products changed from lepidocrocite to mixtures of ferrihydrite
and feroxyhite to amorphous Fe(Ill) oxyhydroxides. It was also found that no reduction of As(V)
to As(III) occurred.
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Table 1: Summary of the intermediate and final phases of oxidation of Fe(II) compounds precipitated from FeCl,-AsO,
solutions at Fe/As molar ratios equal to 24, 12 and 4.8 (Data taken from [50])

Sample Intermediate Products Final Products
XRD* Raman XRD Raman FTIR
Banlds at 430 and 500 [y-FeOOH v-FeOOH
cm” > GRI(CI) Lepidocrocite) |(Lepidocrocite
No As added N/A oo sase |7 ) Lep ) N/A
363 cm™ 2 GRI(CI)
Most diffraction Broader bands at 430  [y-FeOOH +
[As]=0.05 [lines of GRI(CI') |and 500 cm’ FeOOH
mol L™ are seen. ->GRI(CI) (Ferrihydrite) N/A N/A
They are sharp and [Bands at 250 and 384 |OR 6-FeOOH
Fe/As=24  |suggest a crystalline cm™ > y-FeOOH (Feroxyhite)
compound
GRI(CI) Broader bands at 430  3-FeOOH + “6- Typical -FeOOH  Broad O-H bands at
[As]=0.01 |Diffraction lines and 500 cm™ line” FeOOH + |OR FeOOH + peak 3370 cm™ typical of
mol L™ more difficult to see | GRI(CI) y-FeOOH for y-FeOOH FeOOH + water O-H
Smaller bands for GRI IAs-O stretching mode |bending mode peak at
Fe/As=12 disappear >GR at 840 cm’™! 1625 cm™ + AsO,* As-
modified by arsenate O stretching band at
800 cm’'
One broad hump  |Broader bands at 430  [6-FeOOH Shift in 2™ broad band/As-O stretching region
[As]=0.025 between 20-60° 20 and 500 cm’™* towards left + 1 (~800 cm™) shows more
ol L'll - amorphous ->GRI(CI) shoulder at 320 cm™  (intense peak thanl fo