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Abstract

Dissolved silicon (DSi) is an essential nutrient for numerous terrestrial and aquatic organisms. In
freshwater systems, including streams, riverslakes, an important class of siliceous algae are
diatoms. Human activities, including land use changes, nitrogen (N) and phosphorus (P)
enrichment, and hydrological alterations, have caused a decrease of DSi availability relative to N
and P. In turn, thesehanges in macronutrient availability may contribute to shifts in
phytoplankton communities that increase the likelihood of nuisance and harmful algal blooms.
Internal loading of nutrient silicon (Si) from bottom sediments is one key process regulating th
availability of DSi in the overlying water column. The magnitude and timing of internal DSi
loading in freshwater bodies are controlled by biogeochemical reactions in sediments whose
mechanisms and kinetics remain to be fully understood. In this thesis,controlled laboratory
experiments to unravel the roles of different reaction pathways in the immobilization and release
of DSi in freshwater sediments. Starting with initially very simple synthetic reaction systems, |
progressively include additionebmponents, specifically iron (Fe) and P, in order to mimic more
realistic biogeochemical reaction networks, and ultimately, perform experiments with real

freshwater sediments.

After an introduction of the Si biogeochemical cycle, a review of the litexagund an outline of

my thesis (Chapter 1), | present a studyttendissolution kinetics of amorphous silica (ASi) as a
function of pH and salinity across the ranges typically found in natural freshwater (Chaptex 2). T
surface propertiesof ASi of various synthetic and naturasourcesare characterized with
potentiometric titrations whose results are interpreted with the hetpcohstant capacitance
model. Nextthe dissolution kineticof ASi are measured ipatch experimentsand the observed
dissoluion kinetics of ASi are fitted to a surface reaction motleé results confirm the previously
reported nodinear relationship betweeithe dissolution rateof ASi and the degree of
undersaturation, implying that at least two dissolution rate constantseaded to describe the
dissolution kinetics at high (typically, >0.4) and low (typically, <0.4) degree of undersaturation.
In addition, the lack of correlation between the total measured electrical charge and dissolution
rate constants provide a way tstimmate the fraction of internal silanol groups in porous ASi
materials. The quantitative relationshspbetweenthe dissolutionrate constantof ASi and

environmental variables, including pH, degree of undersaturatnhsalinity obtained in Chapter



2 cantribute to the general framewofkr predicing dissolution rates of ASi in freshwater
environments. The dissolution of ASi is the first step to recycling ASi back to bioavailabie DSi

surface water

Based on the findings in Chapter 2, the effects of Fe(ll) adsorption on the dissolution kinetics of
ASi are assessed in Chapter 3. A series of batch reactor experiments with variable amounts of
agueous Fe(ll) added to ASi suspensions are conducted urwiéc aanditions. Experimental
results show that the presence of Fe(ll) under anoxic conditions retards the release of DSi, with
the magnitude of the retardation dependent on the initial Fe(ll) concentration. Trace amounts of
Fe(ll) slow down the release DfSi probably by forming bidentaseirfacecomplexesvhichblock

reactive sites on ASi, rather than through the formation of new ferrous iron silicate phases. A
Langmuir adsorption model that incorporates two types of surface grsilipast¢ groups bonded

to the silica lattice via two bridging oxyger@: groups, andgilicate groups bonded to the silica
lattice via three bridging oxygen€s groups) is used to describe the effect of Fe(ll) on the
dissolution kinetics of ASi. The modeling results suggest Be(ll) preferentially adsorbs to the

Q2 groups. In addition, Fe(ll) ions adsorbed to the two types of surface sites have contrasting
effects on the dissolution kinetics of ASi, inhibiting dissolution by stabilizingsi@s, and
enhancing dissolution byatalyzing the detachment ok @oups. Thus, the redox cycling of Fe

can induce an apparent redox dependence of ASi dissolution, which consequently affects the

recycling rate of ASi and the timing of DSi release in freshwater systems.

In Chapter 4, | imestigate the effects of the oxidative precipitation of Fe(ll) on the immobilization

of DSi in the absence of ASi. | present kineticada the concurrent consumption of aqueous
Fe(ll) and DSi during their eprecipitation in batch experiments, at diffet@H values and in the
presence of variable initial dissolved phosphate (DP) concentrations. The data, combined with
kinetic modeling, indicate that the consumption of DSi during Fe(ll) oxidatioceeds along two
pathways. At the beginning of the expeeints the oxidation of Fe(IPDSi complexes induces the

fast removal of DSi. Upon complete oxidation of Fe(ll), further DSi removal is due to adsorption
to surface sites of the Fe(lll) oxyhydroxides. The presence of DP effectively competes with DSi
via bah of these pathways during the initial and later stages of the experiments, with as a result
more limited removal of DSi during Fe(ll) oxidation. Additionally, results from heterogeneous

column experimemstshow that in porous media the transport of dissibkeactants imposes further

Vi



controls on the oxidation kinetics of Fe(ll) and, therefore, on the removal kinetic of DSi. Overall,
| conclude that the oxidation of Fe(ll) can immobilize DSi, but Bfaitimmobilizationis strongly

diminished in the preseaof DP.

In Chapter 5, | present the results of experimasisga natural sediment collected from a pond

in Cootes Paradigmarsh Ontario. Flowthrough experiments witkedimentolumns are carried

out by flowing anoxic solutions containing variablencentrations of Fe(ll), DSi and DP via the
lower inlet. The outflow side acfachcolumns is exposed to aerated water, hence creating an oxic
upper layer of sediment in the columns. The inflow of Fe(ll) causes the retention of DP in the
sediment as a resulf the precipitation of Fe(lll) in the uppermost sediment. However, the Fe(lll)
enriched surface layer is unable to completelain all the DP supplied to, as well as produced
within, the sediment columneesulting in considerable DP flux across thdisent water interface

In contrast to Fe(ll) and DP, there is little evidence of DSi retentitinin surficial Fe(lll) rich
precipitates when the column surface is exposed to oxic conditions. When anoxia is induced in the
overlying water the release die(ll) and DP from the columns is enhanced significantly. However

no correspondinghangedo DSi efflux are observedpon switching to anoxic overlying water.

The constant net production of DSi in the sediment is likiely tothe dissolution of naturall
occurring biogenic silica. Overall, the results with the natural sediment confirm that, at near
neutral pH, the presence of high Béhcentrationgnhibit the coprecipitation and adsorption of
DSiwith Fe(lll) oxyhydroxideshence preventing DSi reteoiti in sedimentat the interface with

oxic overlying water. Therefore, | conclude that the speciation and stability of legacy P pools in
sediment, as well as recent P inputs exert a control on the capacity of sediment to release or retain

Si by decoupling=e and Si cycling

In the final chapter of my thesis (Chapter 6), | summarize the main findings of my research, as
well as their implications for the recycling of nutrient Si in freshwater environments. | further
present possible future research directions the biogeochemical cycle of this often overlooked

nutrient element.

Vi
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Photo sourceéNational Oceanic and Atmospheric AdministratitfOAA) Okeanos Explorer
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Figure 1.2Harmful algal blooms on Lake Erie. A. Satellite image of harmful algal bloom on Lake
Erie in 2018 (CreditNOAA), b. Photoof harmful algal bloom in Lake Erie (Credit: NOAA
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Figure 1.3. Silicon cycle in andhDelLaRoxhd 8003 ocea
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DSi recycled at theedimenwater interface; fdeep) flux of DSi recycled in deep water; F
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flux of DSi recycled in the surface reservoik, Reolian inputs), and black arronepresent
fluxes of particulate biogenic silicakl, deposits of biogenic silica and reverse weathering
in estuaries; &, the net sink of biogenic silica in sponges on continental shelv@&afposit

net deposit of biogenic silica in coastal angisgal sediments;skrain), flux of biogenic silica
that reaches sedimewiater interface; Eexporty flux of biogenic silicas exported toward the
deep reservoir; fgrossy biogenic silica gross production). All fluxes are irt?@r teramoles

(o) BRI o= - TS 5

Figure 1.4. Silicon cycle in terrestrial systems (Figure source: Taylor Maavara). Black arrows
represent fluxes of dissolvedlicon (DSi) or reactive particulate Si (RPSi), the main
biogeochemical processes that drive the fluxes are shown in the figure. The red arrow
represents internal DSi loading from sediments. (Figure: courtesy of Taylor Maavara).
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Figure 1.5. The morphology astructure of amorphous silica (ASi). a. SEM image of freshwater
diatom Cyclotella meneghiniangthis study); b. SEM image of Aerosil OX 50 (Source:
http://www.icare.univiillel.fr/progra2/database/index.hjimlc. SEM image of freshwater
diatomaceous earfthis study); dlllustration of ASi showing different surface species. Grey
balls from left to right correspond to singly, doubly, and triply coordinated surface sites. Red
and white balls represent oxygen and hydrogen atoms that are bound to suciacatiins.

The sticks represent Si (grey) and O (red) in the bulk solid. Molecular model produced using
Avogadro V1.2 (Hanwell et al., 2012).......ccooeeiiiiiiiiiiiiee e 11

Figure 1.6. Speciation of silicic acid and phosphoric acid as a function of pH (left) and surface

complexation formation of DSi and DP on the Fe oxyhydroxide surface (right)....... 13

Figure 2.1. Surface charge density of various amorphous silica (ASi) as a function of pH. The data
points are calculated with Equations (2.5) and (2.6) using the results of théqmoégnc
titrations; the solid squares are obtained by subtracting the charges of the diatomaceous earth
measure at pH 5.5 from the charges measured at p3. This correction assumed that the
charges measure at pH 5.5 are associated with nailiceous detrital constituent in the
diatomaceous earth. The lines are-g¢pendent surface charges calculated the constant

(or= ToT=Tod 1 =1 [of SN0 4o To L= S 35

Figure 2.2. Dissolution kinetics of the different ASi in 0.01 M NaCl, pH 7.5 suspensions with (a)
1 g L't solid to solution ratio at room temperature£20C), and (b) 0.2 g £ solid to solution
2= 1[0 I L 22 3 e PSSR 40

Figure 2.3 The di s s o l|Navculaopellicklosdiustulds mesbateh £xperiment (0.
ASi in 1L matrix solution with0.01 M NaClandpH 7.5 25t1 °C). (a) DSi concentration
versus time(b) loglinear plot of [Ceq- C)/Ceq versus time (Equation (2.8). The slepaf
the red |ine in panel (b) <cor rke.s.p.andd40t o t he

Figure 2.4. Dependence on pH of the surface area normalized dissolution rate céhsiant (
various ASi materials. Note that tlyeaxis is logarithmic. Data for bamboo phytoliths are

from Fraysse et al. (2006) who used mixed flow reactors instead of batch experiments. Fast
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dissolution is the dissolution of ASi under high degree of undersaturation. Slow dissolution

is the dissolution oASi under low degree of undersaturation...............ccccevvvvieeeeeeeen. 42

Figure 2.5. Effect of NaCl concentration on the dissolution rate of Aerosil OX j3id 6t8 and
25+ 1 °C and at a solid to solution ratio of 1 g. The solid line is the fit of the date to

[0 [N = U0 o N 2200 PSPPI 44
Figure2 . 6 . Probability distribution of degree of
and fAsl owdo ASi di ssolution has been obser v

Berger et al., 1994; Dove et al., 2008; Gallinari et al., 2008; Rickéd, ZeeberdgIverfeldt

et al., 2005; Van Cappellen and Qiu, 1997b; Wu et al., 2017; Wu et al., 2015; Zhang et al.,
2015. The studies were conducted with cultured biogenic ASi, recent sediments,
diatomaceous earth and quartz. For the numerical valuesadéginee of undersaturation, see
1= o] 1= SRR 48

Figure 2. 7. Ef fect of NacCcCl concent roaltOX80n on t
at pH 6.8 and 8.2, and aglL? and25t1 °C).......ccovvuiiieiiiiieeceiiieeeee e 48

Figure 3.1. Overall design of dissolution experiment. 1.8tgrphous silica (Aerosil OX 50) was
suspended into 100 mL oxic solution and the suspension was continuously stirred for three
days. 100 mM Fe@lsolution was added to the suspension to achieve Fe(ll) concentrations
of 0, 20, 200, 500, 1000, 2000 uM Fe(H)the anaerobic chamber. After equilibrating for 12
hours, the suspensions were diluted 10 times,1.00 g ASi ! with 0, 2, 20, 50, 100, 200
UM Fe(ll). The anoxic condition was maintained by sealing with rubber stoppers and
aluminum caps to keepz@ree. pH of the suspensions was maintained at 7.0+0.1 during the
experiment. Temperature was kept at 251 °C. Samples from anoxic bottles were collected

in the anaerobic chamber to avoid the contamination of oxygen..........c.cccc.vvvvueee.... 58

Figure 3.2. The effect of ferrotsrric iron reactions on the dissolution of ASi. Ttexis indicates
the amount of KO2added into the ASi suspension; thaxis indcates the concentration of
DSi after 5 days of dissolution. The data were collected after 5 days of dissolution at room

temperature and in a 10 mM NzE{s solution with a pH of 8.5. Boxes and whiskers in the
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figure show minimum, first quartile, median,irth quartile, and maximum values of six

groups of NUMBEIS (N = 4) e e 60

Figure 3.3. Fe(ll) adsorption edge on Aerosil OX 50. atigorption experiments were conducted
by adding 20 uM Fe(ll) into 1g-Lof ASi suspension at 25+L. Concentrated NaOH and
HCI were used to adjusted pH, and the total volume changed by less than 1%. Black squares
represent the average values of duplieageeriments (difference between duplicates is less
than 3%). Dashed line is the result of a monodentate mononuclear surface complex reaction
(Table 3.3), and solid line corresponds to a bidentate binuclear surface complex reaction
Q=11 [STC T3 ) TSRS 62

Figure 3.4. Fe(ll) adsorption data and model prediction at constant pH 7.0£0.1 and constant silica
suspension concentration (1 g Berosil OX 50) for varying initial Fe(ll) concentrations (n

= 6). The dashed and solid lines are the result of monodentate and bidentate model predictions.

Figure 3.5. The effect of varying initial Fe(ll) concentrations on the dissolution kinetics of Aerosil
OX 50 under anoxic conditions. The dissolution experiments were conducted by suspending
1.0 g ASiin 1 L solution of varying conceation of initial Fe(ll) at pH 7.0+0.1 and 252C.
Anoxic conditionswere created by vigorously sparging with fér at least 3 hours and

maintained by sealing the serum bottles with rubber stoppers and aluminum caps66

Figure 3.6. The dissolution rate constant of Aerosil OX 50 (ASi) in the presence of variable initial
Fe(ll) at pH 7.0£0.1. The rate constants were calculated usirigstherder kinetic law}Y
TP 66QR wiReEset he reacthlp@i st atthee (cOommoclenmt r at i or
LY) Ceds the solubility of the retactkimg tahmeo r p
reaction rate constant scal ed Py Sdumesspeci:
represent the results of duplicate experiments; and the dashed line correspaoaigs to
constants predicted by the surface reaction model (Equation (3.4)) with a mikfraaine
of 0. The inset panel (top right) shows the distribution of Aerosil OX 50 surface species at

pH 7.0£0.1 with varying initial Fe(ll) concentrations..............ccccevvvvviimeee e eeeeeeeeeeeiinns 68
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Figure 3.7. lllustration of amorphous silica showing different surface species in the presence of Fe.
Si atoms are shown in grey, Ored, H in white and Fe in orange. Silcorresponds to a free
doubly coordinated surface site (free gdoup); Si2 corresponds to a free triply coordinated
surface site (free €group); Si3 corresponds to a Qroup that is occupied by Fe(ll) forming
a bidenate mononuclear surface complex; and Si4 and Si5 correspond ta tyroups that
are both occupied by Fe(ll) forming a bidentate binuclear surface complex. Balls represent
surface atoms; sticks represent atoms in the bulk solid (Constructed with Avegtidare).

Figure 3.8. The effect of Fe(ll) concentration on the dissolution rate constant of Aerosil OX 50.

The rate constantsese calculated using the firstder kinetic law'Y QX 6 6 Qry wher e

Ris the reactih®nCirsattehe( @moonlcemtrHytCiqos ©Ohe DS
solubility of the react i nlpy, akmosd pthineu sr esd dtiica

constant scaled by the sphd)c.i fTihce ssuorlfiadc & ianree

rate constant prejdi dthed dwisthtre dEq u antei arms (t h.e5

fregr@Qups:2g(rforuepes Qeabeandance with increasi
and thWetdesh | ine is the prsgdioupsdocauei ednd

Figure 4.1. lllustration of surface adsorption anepcecipitation interactions. A. The oxidation
and precipitation of Fe(lll) oxyhydroxides and the subsequent adsorption of DSi and/or DP.
B. The ceprecipitation of Fe, Si and/or P dugirFe(ll) oxidation, DSi and/or DP can be
incorporated by surface adsorption, lattice replacement (inclusion, also known as isomorphic
substitutions, a previous study has shown that Si may not substitute for Fe in the goethite
structure (Gomez et al., 20)}1)and adsorption inside (occlusion, also known as the

Imperfection iN the Crystal)..........cooo e 82

Figure 4.2. Photo of agarose columxperiment. 1% agarose (wt. %) was melted under anoxic
conditions, Fe(llwas added to the solution for the three columns pictured on the right, and
the solution was allocated to 10 mL metal male-loek glass syringes to solidify in the
anaerobic chambeAfter the solidification of the agarose, columns were taken out of the

chamber and exposed to air at one end. This photo was taken after 6 hours of exposing the
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columns to air at 25+1 °C. The three columns shown on the left contain background solution
with sodium resazurin to show the diffusion of oxygen (Uzarski et al., 2017). The diffusion
of oxygen in these columns is evident by the gueple colour that can be seen in the near
surface agarose. The three columns shown on the right contain abqu¥i3a@ial Fe(ll)

concentration in their background SOIULION............co.viiiiiiiiiiee e 87

Figure 4.3. The oxidation kinetics of 300 uM Fe(ll) in 10 mM NaGuson at pH 6.5, 7.0 and
7.5 in the presence of 2¥00 uM dissolved silicon (DSi). The data points are experimental
data points. The solid line is the output of model prediction at pH 6.5, and the dashed line is
the output of model prediction at pH 7.theToxidation kinetics of Fe(ll) at pH 7.5 was so
fast that both pH and DO changed during experiment. Therefore, kinetic information was not

used for modeling at PH 7.5 .. .ueeiii e 90

Figure 4.4. DSi removal during Fe(ll) oxidation in the absence of DP. The relationship between
precipitated Fe and Si at different pH values (Initial Fe and DSi 285#5 and 270+10QM,
respectively, in the abseno€DP). Number 1 and 2 represent different stages corresponding

to the removal of DSi during the oxidation of Fe(ll). The red star represents the initial status.

Figure 4.5. The removal of dissolved phosphate (DP) during oxidation of Fe(ll) in the presence of
dissolved Si (Initial dissolved Fe and DP w2855 and 150+fM, respectively, initial DSi
concentration WaB70£L0MM). .....cooiiiiiiiiiiiii e e e e 94

Figure 4.6. The relationship between DSi and DP concentration remaining in solution during Fe(ll)
oxidation (the initial Fe concentration was 285.uM, the initial DSi concentration was
270t10uM, and there were different initial P concentrations). (a) The effect of variable initial
DP concentrations on the removal of DSi during Fe(ll) oxidation at pH 7.0. (b) The effects
of different pH values on the removal of DRdaDSi during Fe(ll) oxidation. It should be
noted that DP remaining decreases with the progress of oxidation. The rightmost data points
of each groups with different initial P concentrations represent samples collected at the
beginning of experiments, aride leftmost represents the last data points collected in each

experiment. The arrows represent the direction of the progress ofineaspitation reaction.
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Different colours represent the progress of oxidation reactions: O indicates almost no

oxidation of Fe(ll), 1 indicates the complete oxidation of all Fe(ll)..............ccovvvevnnenns 96

Figure 4.7. Dissolved Fe and DSi concentratiepth profiles afteexposure to air for 6 hours.
Oxidation front (red line) is the boundary of oxic and anoxic zone in the agarose column: oxic

zone is above the oxidation front, anoxic is below the oxidation frant...................... 98

Figure 4.8. The evolution of dissolved Fe profiles in agarose columns with time. Each subplot
representing a different elapsed time and sacrificial sampling of the columns. Before exposure
to air, the initial chemical composition is homogeneous throughout the agarose columns with
Fe(ll), P, and Si concentrations being 270, 54, and 150 uM respectively. Points represent
experimental data of dissolved Fe extracted, and solid lines represdet predicted

dissolved Fe(ll) concentrations (See details in DISCUSSION).......c.ccceeeeeeiiiieeeieeennnn. 100

Figure 4.9. The evolution of dissolved Si (D&oncentratiordepth profiles in agarose columns
with time. Each subplot representing a different elapsed time and sacrificial sampling of the
columns. Before exposure to air, the initial chemical composition is homogeneous throughout
the agarose columns thi Fe(ll), P, and Si concentrations being 270, 54, and 150 uM
respectively. Points represent experimental data of DSi extracted, and solid lines represent

model predicted DSi concentrations (See details in DiSCUSSION)............ccoeeeeiiennes 101

Figure 4.10. The evolution of Fe (lll) oxyhydroxides concentratiepth profiles in agarose
columns with time. Each subplot representing a different elapsed timesaamificial
sampling of the columns. Initial Fe(ll), P and Si concentrations are 270, 54 and 150 pM
respectively. The initial pH is 7.0 with 20 mM HEPES as the pH buffer and temperature of
oxidation is controlled at 2521 °C........oooiiiiiiiiiiiee e 103

Figure 4.11. Solid phase Si or P versus solid phase Fe precipitated in agarose calumta®4

Figure 4.12. Model prediction of the homogeneous (black lines) and heterogeneous oxidation (red
lines) rates of Fe(ll) at pH 7.0. Solid lines correspond to the oxidation of 300 uM Fe(ll) in
the abskce of complexation agents; dashed lines correspond to the oxidation of 300 uM Fe(ll)
in the presence of 270 uM DSi; dadbtted lines correspond to the oxidation of Fe(ll) in the
presence of 270 uM DSi and 80 pM DP. Homo is short for homogeneous oxidbEefil),
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including free Fe(ll), Fe(IEDSi complexes, as well as Fe{DP complexes. Hetero is short

for heterogeneous oxidation Of FE(I1)........coooviiiiiiiiiiiieeee e 106

Figure 4.13. Model prediction of the DSi removed by homogeneous oxidation of Fe and DSi
complexes (black lines) and by surface adsorption (red lines) at pH 7.0. Solid lines correspond
to the oxidation of 300 uM Fe(ll) in th@resence of 270 uM DSi and in the absence of DP;
dash lines correspond to the oxidation of 300 uM Fe(ll) in the presence of 270 uM DSi and
80 uM DP; daskdotted lines correspond to the oxidation of Fe(ll) in the presence of 270 uM
DSi and 150 uM DP. FeO$epresents products of homogeneous oxidation of Fe(ll) and DSi
complexes. >FeQOSi represents products of DSi adsorbed by surface sites of Fe(lll)

(001477 010 [£0 ({0 {2 PP PP PP PPPPPPPPPP 108

Figure 4.14. The species composition of agueous Fe(ll) in the absebce (a) and presence (b) of DP.
Fe(OH) does not precipitate at pHs below 8.5. Initial P:Fe(ll) in panel b is 300:300 puM.
Stability constants for different B8 species in this figure were sorted from a previous study
(Mao et al., 2011). Vivianite starts to precipitate at pH above 5.3, and Fe(lokg not
precipitate at pH below 8.5. Overall, more than 95% of Fe(ll) is in aqueous phase at pH below
G 78 TN 111

Figure 4.15. Modepredicted dissolved oxygen profiles in an agarose column and its evolution

L1 R 1 4 (ST TR ORI 113

Figure 4.16. Modepredicted homogeneous (black lines) and heterogeneous oxidation (red lines)
rates of Fe(ll) at different depths of in a simulated agarolsenn (The oxidation of 270 uM
Fe in the presence of 150 uM DSi and 54 uM DP at pH 7.0). Solid lines correspond to the
oxidation rates of Fe(ll) at a depth of 1.2 cm; dashed lines correspond to the oxidation rates
of Fe(ll) at a depth of 3.0 cm. Homo isoshfor homogeneous oxidation of Fe(ll), including
free Fe(ll), Fe(IhDSi complexes, as well as Fe(ll) and DP complexes. Hetero is short for

heterogeneous oxidation Of FE(I1)...........cooiriiiiiiiiiieiee e 113

Figure 5.1. Diagram of the flowhrough column system (top) and a photo of the experimental set
up (bottom). Illustrated in the top diagram, from left to right of: deoxygenated influent

reservoir with a Tedlabag (5 L, Millipore Sigma) filled with pure H\a peristaltic pump for
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maintaining the flow rate of 5 mLh the sediment column with overlying water and a top
plate with openings that remain open during oxic periods and are closed under anoxic
conditions, a falcon tube for sampling the outflow of overlying water, and compressed air to
keep overlying water well oxygenated (during OXiC Periods).......cccceeveeeeeeeeeeeniiinnnnn 119

Figure 52 Experi ment plan with 10 sediment col umn

porewater, ADSi o0 is APW with the addition o
addition of dissol wved DfSerr owss AiPPWo rwi (t fhe (t Ihle) )a
Fe(ll) and Si, nFe, PoO is APW with the addi

APO i s APW wi tDOP. Qxib &ad andxit représenhoveohfing water with and
without dissolved @ respectivly. The sediment columns in this figure represent different
scenarios: (i) columns 1 and 2 (DSi) were designed as comparison with the supply of DSi
under oxic and anoxic conditions, (ii) columns 3 and 4 (Fe,-Brecipitation) were designed

to promote tk ceprecipitation of Fe(ll) and DSi, (iii) columns 5 and 6 (DP orpcecipitated

Si) were designed to promote them@cipitation of Fe(ll) and DSi under oxic conditions

and to study the effect of DP on the release eprexipitated DSi under oxic arahoxic
conditions, (iv) columns 7 and 8 (Si ad/desorption) were designed to promote the adsorption
of DSi on the surface of newly precipitated Fe(lll) oxyhydroxides and to study the effect of
DP on the desorption of adsorbed DSi, and (iv) column 9 andR @G DSi adsorption) were
designed to promote the adsorption of DSi on theregipitates of Fe and P. Note that
another two columns were flushed with only
(o0 11 (o] PR TP 121

Figure 5.3. The normalized concentration/@) of Br and DSi measured in the effluents from
the columns over time (n = 10): i€ the concentration of Bor DSi in the eluents at time t,
Co is the (constant) concentration of Br DSi in the influent. Cof Br is the average of
columns 1, 2, 3, 4, 5, and 6. Columns 1 ani¢
columns 3, 4, 5 and 6 were supplieddCwith 0l
values for DSi imply production of DSi in the sediment catsmlikely through the

dissolution of amOorphous SIlICA............ciiiiiiiiii e 125
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Figure 5.4. Concentration of dissolved Fe, P, and Si in the overlyitey efacolumns 2, 4 and 10
as a function of time. White portions in the panels correspond to time period of oxic
conditions, grey portions correspond to time period of anoxic conditions. Column 2 was
supplied with ADSiIi 0 f or lubn4dreferssto the mvtrage vatug i ¢

c

of columns 3 and 4) were supplied with AdFe,

10 was firstly supplied with #fAFe, Po for 6

conditions. When switching to anoxicrca i t i on s, al | columns wer

containing iNflUENT SOIULIONS. ...ttt e e 127

Figure 5.5. Concentration of dissolved Fe, Si amdl the overlying waters of columns 6 and 8 as
a function of time. White portions in the panels correspond to the time period of oxic

conditions, grey portions correspond to time period of anoxic conditions. Column 6 was

firstly suppli®ddawd.,h drFde ,t DS owiftor APO f or

column 8 was firstly supplied with AFeo for

with APO for 12 days under oxic conditions.

during ano3C INCUDALIONS.........uuiiiiiie e eeees e ean 128

Figure 5.6. Net release rates of Fe, DSi, and DP to the overlying water under oxic and anoxic
conditions. Positie values (+) indicate the net release of the dissolved elements to the

overlying water, negative valueg {ndicate the net retention of dissolved elements supplied

by the influent solutions. Column 2 was sup

conditions; column 4 was supplied with ndFe,

(the value in the figure is the average of column 7 and 8); column 10 was firstly supplied with

nFe, P60 for around 6 days, a nnditionshTdeninfluentt h A D ¢

to col umns 2, 7, 8 and 9 was switched to nDSES

supplied with AFe, DSi 6 for around 9 days,

conditions; col umn 8 owafso rf iarrsotulnyd s6u pdpalyise, d tw
around 3 days, and finally with AP0 for aro
columns 6 and 8 was switched to APO under a

with AAPWO onl y eriméant(datadgrdnoSakdur, 2010 Cokimns 2, 4, 10 and
control columns were incubated under anoxic conditions for 32 days. Columns 6 and 8 were

incubated under anoxic conditions for 23 dayS...........ccevieiiiiiiesiiiie e 130
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Figure 5.7. Vertical distributions diuffered ascorbateitrate (BAC) extractable Fe, Si and P, and
NaOH extractable ASi. The top panels show r
was sacrificed after the oxic periad., 9 days), the bottom panels show results of column 2
(suppliedwi t h A DSi o0, and s acre,f32 days @fteraahoxie eayclea n o X i ¢
Solid lines represethe concentrations of 1 M NaOH extractable ASi in initial sediment prior
to the supply of influent solutions. Dashed lines represent the concergratioBAC
extractable Fe, Si and P in initial sediment prior to supplying influent solutions. Note that
NaOH extractable ASi was 20% of total NaOH extractable Si in Tablei®.2,the

contribution of silicate minerals Was COIMeCted...........vvuvineeeiieee e 133

Figure 5.8. Vertical distributions diuffered ascorbateitrate (BAC) extractable Fe, Siand P, and
NaOH extractable Si. The top panels showresukts col umn 5 (supplied w
was sacrificed after oxic periode., 9 days), the bottom panels show results of column 4
(supplied with AFe, DSi 0 under oxic conditi
for 32 days, and was sacriftt@fter anoxic period). Solid lines represtm® concentrations
of NaOH extractable ASi in the initial sediment prior to use. Dashed lines represent the
concentrations of BAC extractable Fe, Si, and P in the initial sediment prior to use. Note that
NaOH tractable ASi was 20% of total NaOH extractable Si in Table &e2, the
contribution of silicate minerals was COrrected..........oveeeeiiiiiieeeiiie e 134

Figure 5.9. Release rate of dissolved Fe, Si and P from column 2 (open columns), and change rate
of buffered ascorbateitrate (BAC) extractable Fe, Si and P, and 1 M NaOH extractable ASi
(solid columns) in columns 2 after oxic and anoxic incubation pericalanths 2 was firstly
supplied with ADSiIi 06 for around 9 days under
for around 32 days under anoxic conditions. Note that the change rate of solid phase during
oxic periods was calculated from column 1 that hadstime treatment as column 2 but was

sacrificed at the end Of OXIC INCUDALION.. ... .cueee e 136

Figure 5.10. Release rate of dissolved Fe, Si and P from column 4 (open columns), and change
rate of buffered ascorbat#trate (BAC) extractable Fe, Si and P, and 1 M NaOH extractable
ASi (solid columns) in column 4 after oxic and anoxic incubation psri@blumn 4 was

firstly supplied with dFe, DSi o for around
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with ADSiIi 6 for around 32 days under anoxi c
phase during oxic periods was calculated from column 5hhdtthe same treatment as

column 4 but was sacrificed at the end of oxic iINnCUbALON........c.vveveeiieiiieeeeeeeee. 136

Figure 5.11. Concentrations of dissolvétbpphate (P) and silicon (Si) in column effluents under
oxic conditions (n = 6, data points between 4 and 6.3 days). Open triangles and circles are
data points sorted from the -poecipitation of Fe(ll), Si, and P with an initial Fe(ll)
concentration of 3D uM (refer to Chapter 4). Dissolved P and Si concentrations in effluents

from different sediment columns with different chemical compositions of influents: Control

columns were flushed with AAPWO0, column 1 a
6wee flushed with AFed, columns 7 and 8 wer ¢
were flushed with AFe, Po. Control col umn v
experiment (data from Sabur, 2019)..........ccoiiiiiiiiiiireer e 141

Figure 5.12. Proposed interactions between Si, P and Fe in iron minerals which control the DSi
effluxes from freshwater sediments overlain by oxygenated bottom waterareftside
High availability of reactive Fe and low porewater DP concentrations result in lower DSi
efflux to overlting water compared to concentrations in anoxic sediment porewater; Right
hand side: Reduced ability of Fe(lll) oxyhydroxides to retain DSi when Iégh
concentrations outcompete DSi for sorption sites on Fe(lll) oxyhydroxides, and higher DSi
efflux to overlying water compared to conditions with lower DP concentrations illustrated on
the 1efthand SIde. ... ... e 143

Figure 6.1. Three species of amorphous silica (ASi) in surface sediments and their relative
dissolution kinetics under different oxygen conditions. These three ASi materigdsaepr
ASi species under erdember conditions. Fresh diatom detritus comprises dead diatoms
settling through the water column: they are characterized by having an organic matter matrix
coating and are typically found in shallow fresh waters with recetdrdilooms. Exposed
diatom frustules are diatom detritus after the disappearance of the organic matrix coatings
and exposed to adsorbates, such as Fe(ll) under anoxic conditions. Aged ASi represents ASi
imported from external sources and can be terregphgtoliths and diatom frustules

transported by surface runoff to streams and lakes..............ccovviieee e 149
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Figure 6.2. Suggested effects of iron mite@ the immobilization of DSi. Substantial retention
of DSi occurs only if the Fe concentration, including solid iron minerals and aqueous Fe(ll),
are high and the concentrations of competing anions, notably DP, are low (left scenario). The
ability of iron minerals to immobilize DSi is minor when the concentrations of DP and/or
other anions that outcompete DSi for sorption sites and/or precipitate with Fe(ll) are high

(0] g1 T=] g F= L[ ) ORI 152

Figure B.1. Solubility diagram for the FeSiO;-H20 system at 25 °C. Solid line correspond to
previously estimated greenalite solubility (Tosca et al.,2016). Dashed lines isclubdaity-
limiting phases: amorphous silica (this study) and freshly precipitated Fe(Béiknecht
and Schindler, 1963). Squares represent the aqueous composition of ASgslispensions
in the presence of 0 to 2000 uM?Feassuming that DSi conagation is the solubility of
AeroSil OX 50 at PH 7.0 ..o er e a e e e e 175

Figure C.1. The evolution of DP profiles in agar columns with time. Befgpesure to air, the
initial chemical composition is homogeneous throughout the agarose columns with Fe(ll), P,
and Si concentrations being 270, 54, and 150 uM respectively. Two agarose columns were
sacrificed at 6, 21, 45, 79, 93 and 152 hours of aiogxe at one end. The agarose columns
were sliced into approximately 0.3 cm pieces in the anaerobic chamber, and dissolved phases
were extracted with background solution and acidified before being taken out of the chamber
for analysis. The initial pH is @.with 20 mM HEPES as the pH buffer and the temperature
of oxidation is controlled at 25+1 °C. Scattered data points represent experimental data of DP

extracted, and solid lines represent model predictions (See details in Discussion)176

Figure C.2. Oxidation of 300 uM Fe(ll) in the presence of 270 uM dissolved silicon and 80 puM
dissolved phosphate at pH 7.0 (data points). Model caitprgt represented by solid lines.

Figure C.3. Modepredicted vertical distribution of overall oxidation rate of Fe(ll) disolved

Fe, DSi and DP concentrations in the agarose column after 21 hours of air exposLifé.

Figure D.1. Concentrations of Diaiithe effluents of columns 4 and 5, and the two control columns,

as a function of ti me. Column 4 was firstly
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with AP0 for 280 hours wunder oxic condition

144 hous |, then with ADSi o for 80 hours, and
conditions. The influent to columns 4 and
504 hours. Control columns were supplied with only APW throughout the incubation
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Chapter 1

Introduction

1.1 Silicon and the silicon cycle

Silicon (Si) is a globally important macronutrient for phytoplankton communities in freshwater
and seawater. Its recycling within arfiddugh these systems is thus coupled to the recycling of
other macronutrients including phosphorus, nitrogen and carbon, some of which have been
enriched in natural waters as a result of human activities. In sediments, its recycling is coupled to
the recyting of elements that it tends to form bonds with, including iron and aluminum, as well
as competing oxyanieforming elements such as phosphorus. Lentic systems connect the
biogeochemical processes occurring in sediments to the biogeochemical procassegoe the

water column, and Si can be actively cycled between its sediment and water column pools. Thus,
understanding the biogeochemical processes in sediments that can mobilize or immobilize Si is a
key step for understanding the recycling of Seintic systems and the contribution of internal Si

cycling in these systems to phytoplankton primary productivity, and is the focus of this thesis.

As the second most abundant el ement in the
combination with oxgen (as in the minerals quartz and cristobalite), and often with aluminium,
potassium and hydrogen (as in feldspars, micas, and clay minerals) in solid phases. Although they
are not very soluble, these minerals can dissolve during chemical weatherireplogical
timescales, releasing Si into aqueous solution. Aqueous Si occurs primarily in the form of
monosilicic acid (HSiOs), although it can also be found in multinuclear species under specific pH
and concentration rangéBavis et al., 2002t agerstrom, 1959; Stumm et al., 196D)ssolved

silicon (DSi) is often used as the general term to describe all the Si species in solution.

1.1.1 The biological significance of Si

DSi concentrations in natural waters vary from 1 uM in rainwater to 1000 pNowndwater
(Kristiansen and Hoell, 2002; Pradeep et al., 2016; Zhang et al., 2005). DSi is taken up by living

organisms and used for different functions (Simpson and Volcani, 1981). For example, DSi taken

up by plants can be deposited as amorphous gilicaii d e t h e Phesadeposits knowins s u e s



as phytoliths, have been shown to increase the resistance of plants to algotitqught, water
logging, UV light, salinity, heavy metals) and biote.d, viral and bacterial pathogens, fungi,
herbivaes) stressors (Farooq and Dietz, 2015; Simpson and Volcani, 1981). AdditiQr&ilig,
essential for various siliceous organisms living in water, including diatoms, radiolarians,
silicoflagellates and siliceous spongésgre 1.1) (Simpson and Volcani, 1981Most of DSi
uptake by these siliceous organisms is used to build their cell walls or skeletons, resulting in the
deposition of a cryptocrystallingolymer of silica ((Si@n) (Nelson et al., 1995; Simpson and
Volcani, 1981; Volcani, 1981)which is referred to as biogenic or amorphous silica (ASi). These
rigid siliceous deposits can support sufbtoplasmidodies and protect them from injury and to
some extent from predatqiBoltovskoy, 1998; Ehrlich et al., 2010; Greenwood et al., 2001; Lipps,
1993; Maldonado et al., 2005; Rickert, 2000; Simpson and Volcani,.1981)

1.1.2 The environmental significance of Si

Diatoms, the most conspicuous and abundant algal gromparine andreshwateenvironments,
contribute around 20% of global primary productiit§alviya et al., 2016)Because of their large

cell size relative to other phytoplankton, diatoms are effeéted sources for higher trophic

levels, from zooplankton to aquatic insects to {iEmkel et al., 2010)Diatoms produce lonrg

chain fatty acids that are favorable energy sources for these predators, which consequently makes
diatoms the basis of some thie most productive food chaif¥i et al., 2017) Diatoms tend to
dominate the species composition of phytoplankton due to their rapid growth rates. However,
environmental conditions including, but not limited to nutrient concentrations, can shift thesspe
composition to nofiatom algae dominancéConley et al., 1993; Egge and Aksnes, 1992,
Makulla and Sommer, 1993; Officer and Ryther, 1980)

The major nutrients, nitrogen (N), phosphor u:
photosynthetic wth in atomic ratios of approximately 16:1:16fficer and Ryther, 1980;

Redfield et al., 1963)Ilt should be noted these values are the mean values for marine diatoms
(Brzezinski, 1985)the atomic ratios in fact vary with diatom species, nutrient awdtly, and

other environmental variablésomas et al., 2019; Turner, 200Because DSi is not an essential

nutrient for norsiliceous algae, the dominant species of phytoplankton mayfreimiftdiatoms to

nonsiliceous algae when DSi is limiting nutnierelative to N and P, which consequently may



Figurel.1l. Images of siliceous organisms. A. Scanning electron microscope (SEM) image of live
diatom Cycletella meneghiniangScale bar: 10 pum). Image taken from Marsia@009) B.
Photomicrograph of live radiolarié@pongaster tetras tetr&shrenberg (Scale bar:10mm, small
window shows its siliceous frustule whose scale bar is not known). Images taken from Matsuoka
(2017) C. Light micrograph of live silicoflagellat@istephanus speculufacale bar: 10 pm, small
window shows its siliceous frustule whose scaleidant known). Images taken from McCartney

et al. (2014) D. Photo of siliceous spondeuplectella aspergillumPhoto sourceNational
Oceanic and Atmospheric AdministratiOAA) Okeanos Explorer Program, Gulf of Mexico
2012 Expedition.

Figure 1.2. Harmful algal blooms on Lake Erie. A. Satellite image of harmful algal bloom on Lake
Erie in 2018 (CreditNOAA), b. Photo of harmful algal bloom in Lake Erie (Credit: NOAA
GLERL).



increase the likelihood of harmful algal bloo(iEgge and Aksnes, 1992; Malla and Sommer,

1993; Officer and Ryther, 1980; Turner, 2002armful algal blooms may damage the health of
ecosystems by producing toxins that can harm fish, wild life or human consumers, and shading
submerged organisms from light, and depleting oxygemater columngFigure 1.2 (Anderson

et al., 2002)

1.1.3 The global Si cycle

Decomposition of silicate minerals by chemical, physical, and biological processes initiates the
global biogeochemical Si cycle by releasing DSi. The rele@Sedhay becycled within terrestrial
ecosystems (mostly by plants) and transformed to particulate silica, which buffers the export of
DSi to the ocean. Reactive Si, including DSi and reactive particulate Si (RPSIi) is delivered by
rivers to the oceans where Si is relegl until, ultimately, a small fraction is permanently buried
(Figurel.3).

Over the past several decades, there has been a significant increasstunythaf the Si cycle
(Berner et al., 1983; Bootsma et al., 2003; Duerr et al., 2011, Frings et al., 2014, Ittekkot et al.,
2006; Johnson and Eisenreich, 1979; Laruelle et al., 2009; Ragueneau et al., 2000; Schelske, 1985;
Tréguer et al., 1995However, nost of the research has been restricted to the role of Si in marine
biogeochemical cycling. DSi in seawater is also more likely to be the limiting nutrient due to the
restricted external sources and intensive consumption by siliceous orgétiskist etal., 2006;
Tréguer et al., 1995; Tréguer and De La Rocha, 2@&pite large uncertainties, the fluxes of Si
inputs and internal cycling in the world ocean were summarize@régueret al. (1995), and
implemented byf'réguerand De La Roxha (2013). ASgurel.3 shows, transport of both DSi and
reactive particulate Si (RPSi) by rivers constitute about 67% of the external flux to the ocean.
Estuaries, Wich are known for their high biogeochemical cycling rates, retain more than 20% of
total riverine input and 1.3% of biogenic silica produced in the ocean. The open ocean is effective
in recycling biogenic silica. More than 97% of biogenic silica produsedcycled in the water
column and at the sedimewtter interface, leaving 2.5% permanently buried in deep ocean sea

sedimentsKigurel.3).
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1.1.4 Anthropogenic alternations of the freshwater Si cycle

Less research has been conducted on the Si cycle in freshwater systems. The world average DSi
concentration in freshwater is more than twice that in the o¢béaevara et al., 2014; Tréguer et

al., 1995; Tréguer and De La Rocha, 20X8)d DSi should thube less limiting to biological

activity in freshwater. However, freshwater systems, especially lentic systems, have been
increasingly recognized as sinks for the DSi that is supplied to these sybteagu, 1978;
Ridenour, 2017; Schelske, 1985; Schelskal., 1983) Many studies have shown decreases in

DSi concentrations in surface freshwaters relative to historical concentrations, which has also been
matched by decreased loads of reactive Si delivered to the dééamsara et al., 2014; Nriagu,
1978;Schelske and Stoermer, 1971)

In general, human activities have increased N and P, but not Si, loads to water bodies. N and P
enrichment of surface waters relative to Si via excess nutrient loading facilitates the sustained
growth of diatoms to the poimtf depleting DSi from the water colunfAnderson et al., 2002;
Garnier et al., 2010; Officer and Ryther, 1980; Triplett et al., 20I&¢ burial of the diatom
frustules as particulate reactive Si in sediments following these large diatom blooms may
eventially lead to the decrease of DSi concentrations in freshwaters ove(Haméson et al.,

2012; Schelske and Stoermer, 19F09r example, depletion of DSi in the water column over time
has been observed in the Greats Lakes. This, according to thesettckatoms frustules retained

in sediments, is ascribed to the increased loads of nutrient P from human activities, including land
use changes and the use etdntaining fertilizers and detergents, to these lakes since the 1970s
(Nriagu, 1978; Schelsk&985; Schelske et al., 1983)

Another important anthropogenic perturbation are hydrological alterations by dam construction,
which has significantly altered the total amount of reactive Si delivered to the dekanborg

et al., 2000; Triplett et al., 2@). Maavara et al. (2014) estimated that river damming retains 5.3%
of global reactive Si loading to rivers in the sediments of reservoirs. Additionally, land use changes
have been recognized as an important controlling factor on the amount of Si eXpmmried
terrestrial systemgStreetPerrott and Barker, 2008; Struyf et al., 201®) summary, human
activities affect not only the fluxes into and out of, but also the internal Si cycling in aguatic

environmentgHumborg et al., 2000; Triplett et al., 2Q1Zherefore, to better understand and
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Figure 1.4. Silicon cycle in terrestrial systems (Figure source: Taylor Maavara). Biaols
represent fluxes of dissolved silicon (DSi) or reactive partieuldt (RPSi), the main
biogeochemical processes that drive the fluxes are shown in the figure. The red arrow represents
internal DSiloading from sediments. (Figure: courtesy of Taylor Maavara).



predict the impacts of human activities on Si cycling in these freshwater systems, the modifications
to both the external loading to and the internal reactive Si cycling in these syseth$o be
studied(Maavara, 2017; Schelske, 1985; Steetrott andBarker, 2008; Struyf et al., 2010;
Triplett et al., 2012)

1.2 On the importance of internal Si loading

Recycling in the water column, in the sediment and at the sedinatat interface constitute the
internal sources of DSi (Ragueneau et al., 2006). Atengpyuantify internal Si loading have
generally been motivated by two objectives. Firstly, quantifying the burial flux of Si to sediments
which is coupled to the flux of carbon is vital to understanding the effects of the paleoctigate (
atmospheric O2) on paleoproductivity in aquatic syster(Barker et al., 1994a; Conley and
Schelske, 2002; Mortlock et al., 1991; Ragueneau et al., 2B@ienic silica concentrations in
lake sediments, in combination with other proxiesy, Ge/Si(Mortlock et al.,1991) diatom
community compositioMoser et al., 2002and carbon isotopéStager and Johnson, 2006&n

be used to reconstruct paleolimnological and paleoclimate conditions, which provide insight into
the change of trophic dynamics in lakes over tiB@otsma et al., 2003; Randsalendrup et al.,
2016; Stager and Johnson, 2Q00)

Secondly, quantifying the fraction of Si reaching the sedimextér interface which is
subsequently recycled back into water columns to participate again in biologicayagalital to
understanding the Si cycle in both local and global aquatic systems. Globally, internal Si loading
from marine sediments is about 4 times that of the riverine inputs to the o€egune (.3)
(Tréguer et al., 1995; Tréguer and De La Rocha, 200f8) contributions of internal loading to

the Si cycle in freshwater systems however are highly varjabdeso and Stumm, 1992; Aston,
1983; Maavara, 2017; Mortimer, 194Hor example, the internal Si loading in Lake Superior,
characterized by a low welling rate, is of the same magnitude as atmospheric inputs and
represents approximately 20% of the input by external sogdoésmson and Eisenreich, 1979;
Schelske, 1985)in contrast, the internal loading is only 1% of DSi input into the Lake Papin,
highly perturbed eutrophic shallow lak@Triplett, 2008) The existing body of research
demonstrates that it is not only the physical, chemical, and biological conditions that impact the

internal Si loading, but that meteorological and hydrological carditalso play important roles



(Afonso and Stumm, 1992; Aston, 1983; Bootsma et al., 2003; Johnson and Eisenreich, 1979;
Laruelle et al., 2009; Maavara, 2017; Mortimer, 1941; Ridenour, 2017; Schelske, 1985)

1.3 Reactive forms of Si in sediments

The internaldading of P and Fe and mechanisms controlling their release from aquatic sediments
have been thoroughly studi@@outure et al., 2010; Katsev et al., 2006; Markelov, 2019; Mortimer,
1941; Nriagu and Dell, 1974Meanwhile, the internal Si loading has drdess attention, and the
mechanisms controlling Si release from sediments are not well understood. Most Si in sediments
is bound in the form of quartz and other recalcitrant silicate minerals, and is unavailable on a
biological timescale. The forms of ®levant to its biogeochemical cycle are therefore the reactive
forms that are likely to be bioavailable on a biological, rather than geological timescale. These
reactive forms of Si are dissolved Si (DSi) and reactive particulate Si (RPSi). Sediment RPSi
consists mainly of amorphous silica (ASi) deposited abiotically from supersaturated solution in
natural waters, ASi in living biomass and in biogenic detriidaval et al., 2013; ller, 1979b;
Ragueneau et al.,, 2000as well as different pedogenic Si formicluding amorphous
aluminosilicates, and Si bound to metal oxyhydroxidedon, 1983; Ragueneau et al., 2000)e

ASi deposited as biogenic detritus and Si bound to metal oxides are the two major pools of RPSi

in sediments, and thus they are the twaganpools contributing to the internal DSi loading.
1.3.1 Amorphous silica

As the major pool of reactive Si in sediments, the dissolution rate of amorphous silica (ASi) is a
key control on the magnitude of internal DSi loading. The concentration of ASi in sediments is
controlled by many factors, such as the primary productien akgal community composition and
hydraulic residence time, and as a result, ASi concentrations in sediments vary from 0.04% in
sandy sediment@&oning et al., 2002)o 92% in aged diatomaceous earth deposits (in weight%s).
Laruelle et al. (2009) used alva of 5% as the world average concentration of ASi in freshwater
sediments. All the moles of ASi present in a lake sediment is not equally soluble, how&iver.

that is still within the organisms in which it was formed is resistant to dissolution dbe to t
protective effect of the organic matrix. After death of these organisms, bacterial assemblages
colonize and breakdown the organic matrix via the production of specific enzymes, including

ectoprotease, exposing the ASi surface to the surrounding solbtibowing the degradation of



the organic matrixthe ASi dissolution rate is highly variable and depends on the intrinsic
physiochemical properties of ASi, and those of the solvent, in particular the temperature and pH,
and the concentrations of chemicanstituents in the solution that may interact with the ASi

surface.

ASi has the same silicemxygen tetrahedron unit as quarkgure 1.5). However, the chemical

units in ASi do not exhibit longange ordered: lengths and angles eDS$i bonds (siloxane)

show large variationfDove et al., 2008; ller, 1979bpPnce exposed to water, two different types

of groups are present on the ASi sid: surface siloxane groups (33iSi<) and surface hydroxyl

groups (.e., silanol groups, >SiOH) as a result of hydroxyla{iStumm, 1992; Zhuravlev, 20Q0)

The nucleophilic attack of water molecules weakens and break siloxane bonds, which initiates the
dissolution process of ASi. Surface silanol groups can protonate and deprotonate depending on the

pH of the solution.

3E/ 3E O0P ¢ YO (L.1)
3E®@ OP 3EO (1.2)
3E@P 3k O (1.3)

where> represents a surface species. Because of the very low point of zero surface charge of ASi
(pHzpcd -325) (Dixit and Van Cappellen, 2002; Stumm, 199®)e deprotonated surface silanol
groups (Reactiorf1.3)) dominate in natural waters (pH>3.5). The presence of these negatively
charged surface speciesSiO can polarize and weaken the siloxane bounds, which in turn

enhances the dissolution of AG&tumm,1992)

The mechanisms of silica dissolution include either the direct attack on a charged surface site by
H20 or catalysis by Otbn a neutral site. Thus, because of the differences in the reactivity of the
different surface group species, pH exertgrge control on the dissolution rate by controlling the
distribution of surface group species (>SiOH, >SiGIOH:Y), that each may dominate the
dissolution process over a given pH rafigeve and Elston, 1992; Xiao and Lasaga, 19E&gept

for the protmation/deprotonation processes, other processes that modify the surface characteristics,
such as surface complexation reactions will also affect the dissolution rate (@@\®i and Nix,

1997) One well known example is that the presence ofvidach enhaces the dissolution of ASi

significantly (Dove and Crerar, 1990; Dove and Elston, 1992)

1C



Figurel.5. The morphology anstructure of amorphous silica (ASi). a. SEM image of freshwater
diatom Cyclotella neneghiniana(this study); b. SEM image of Aerosil OX 50 (Source:
http://www.icare.univiille1.fr/progra2/database/index.hjml c. SEM image of freshwater
diatomaceous earfthis study); dlllustration of ASi showing different surface species. Grey balls
from left to right correspond to singly, doubly, and triply coordinated surface sites. Red and white
balls represent oxygen and hydrogen atoms that are bound to surfzme &ibms. The sticks
represent Si (grey) and O (red) in the bulk solid. Molecular model produced using Avogadro V1.2
(Hanwell et al., 2012)
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1.3.2 Binding of Si to metal oxyhydroxide minerals

Metal oxyhydroxides, especially those of aluminum (Al) and iron (Fe), are abundant components
of freshwater sediments. They are generally covered with surface hydroxyl groups when in
agueous solution due to the hydroxylation of the surface metal émimsen and Roberson, 1970;
Stumm, 1992)Previous studies have shown that DSi exhibits a high affinity for hydroxylated Al
and Fe oxides and hydroxides in neutral or slightly alkalinépdVis et al., 2002; Iler, 1979b)
Adsorption and desorption of DSi toase metal oxyhydroxides in sediments have been recognized
as important mechanisms controlling the internal DSi loa@typwusu and Wilcox, 1991; Bien

et al., 1958; Hingston and Raupach, 1967; Mortimer, 1941; Nteziryayo and Danielsson, 2018a;
Ridenour, 2Q7; Testa et al., 2013)

Iron (Fe) oxyhydroxides, such as magnetite, hematite, goethite, ferrihydrite and lepidocrocite are
ubiquitous in sediments. They are characterized by their high surface areas and high densities of
surface hydroxyl groupéHiemstra,2013; Stumm, 1992; Wang et al., 2013&hese hydroxyl

groups attached to Fe atoms can protonate and deprotonate depending on the pH of solution
(similar to reactions 1.2 and 1.3). The charged surface groups confer the ability to sorb different
anions, cdons, and even molecular species through electrostatic interactions and surface
complexation reactiongStumm, 1992) The magnitude of the electrostatic interactions is
controlled by the charge of sorbate and sorbent, both of which are pH dependerdeRdéadta
relatively high dissociation constant (9.8), DSi exists almost entirely as monomeric silicic acid
(H4SiOs) at neutral pH. At a pH value below the point of zero charge fHpzc, the pH value at

which net surface charge is zero) of a given ¥ghgdroxides (Fe oxyhydroxides typically have
pHpzc values ranging between 4.2 and 10.0, but usually below 9.0). the electrostatic interaction
between DSi and Fe oxyhydroxides is limited by the neutral chargeSi®iH At pH values above

the dissociatioronstant of silicic acidpKa = 9.8), deprotonated negatively charged silicic acid is
attracted by the positively charged surface sites. However, with an increase in pH, the negatively
charged surface sites on the Fe oxyhydroxides become dominant whitdach&y the desorption

of silicic acid.
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Figure 1.6. Speciation of silicic acid and phosphoric acid as a function of pH (left) and surface
complexation formation of DSi and DP on thedxghydroxide surface (right)
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Although DSi is faced with these unfavorable electrostatic conditions, it forms monomeric and
polymeric surface complexes on the surface of Fe oxyhydroxides via covalent(Adoggisu

and Wilcox, 1991; Davis et al., 2002; &, 2019) The extent of this specific adsorption
interaction depends on the concentration of DSi, and the physiochemical properties of both the Fe
oxyhydroxides mineral phase and the aqueous solution. For example, infrared spectroscopic
studies have shawthat HSiOs at low concentration can replace surface hydroxyl ligands of
ferrinydrite and form monomeric species with-®€5i linkages(Hiemstra et al., 2007Wwhile at

high concentration, 6104 can form oligomeric surface silicates on ferrihyd(Bsvedlund et al.,

2010) Theoretically, HSiOs can be adsorbed by forming bidentate surface compléigsré

1.6). However, a Fourier transform infrared spectroscopic studyKlaypematsu et al., 2018)

showed that monodentate silicate species are predominant on goethite and lepidocrocite surfaces.

Similar to iron, the oxyhydroxides of Al, such as gibbsite and boehmite, are ubiquitous in
freshwater sediment@Barron and Torrent, 201.30ne important difference between iron and
aluminum is that aluminum does not have different oxidation states. Dissolveidaha released

from the dissolution of terrigenous aluminosilicate minerals precipitates as different kinds of Al
oxyhydroxidegSchoen and Roberson, 197®ith high surface areas and high surface hydroxyl
group densities, Al oxyhydroxides are capableadforbing DSi through ligand exchange
(Aduwusu and Wilcox, 1991; Bien et al., 1958; Hingston and Raupach,.18@ddition, because

of the abundance DSi in many natural waters, the formation of aluminum oxides may be inhibited

and aluminosilicate miner&rmation prevails instea@Gchoen and Roberson, 1970)
1.3.3 Aluminosilicate minerals

The formation of authigenic amorphous silicate minerals is generally accepted to be responsible
for the farfrom-saturation DSi concentrations in natural waters that ateetaw the equilibrium
saturation of AS(ller, 1979b) The solubility of ASi in pure water can reach more than 1800
but in the presence of polyvalent metal cations, especially aluminum, amorphous silicates are

formed, which have a much lower solubility than Al&r, 1979b)

Al t hough Al i's the third most abundandasinel emen
very low concentrations, because Al released from chemical weathering will precipitate as

aluminum hydroxide¢Schoen and Roberson, 1970) the presence of abundant DSi, which is
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typical in natural freshwaters, 4HiOs will compete with further hyaxylation or
autocondensation of aluminum hydroxides, which leads to the formation of
hydroxyaluminosilicates instead of gibbsiBeardmore et al., 2016} his process is suggested to
play an important role in keeping the inimical element Al from beiegrporated by biological
organisms(Exley, 1998) More importantly, this process may be a sink for Si that limits the
availability of nutrient DSi to diatom@&xley, 1998)

1.4 Environmental factors controlling internal DSi loading

Many environmental factorsan modify the reactivity of the RPSi species present in sediments,
which are ultimately the sources of the DSi released during internal loading. These factors include
oxygen concentration, interactions with other naturally occurring ions, temperaturangta,
variety of other factors. How these factors may impact internal DSi loading and influence the

reactivity of sediment RPSi species are outlined below.
1.4.1 Oxygenation

The concentration of oxygen in surface sediments is one of the dominant variablekirogtie
chemical interactions between water and sediment. In the case of DSi, the presence of oxygen is
important because the redogntrolled speciation of Fe at the sedimemter interface exerts a

large control on the mobility of nutrients and cantaants, including DS{Couture et al., 2010;

Katsev et al., 2006; Li et al., 2012; Roberts et al., 2004; Sahai et al., 2007; Smolders et al., 2017)

Under oxic conditions, because of upward transport and mixing, anoxic porewater constituents,
including Fe(ll), will be oxidized near the sedimewgter interface. In the case of Fe(ll) oxidation,
insoluble Fe(lll) oxyhydroxides are then produced. During Fe(ll) oxidation, DSi can bind to the
Fe(lll) oxyhydroxides through liganeéxchange, both during the prpitation of the Fe(lll)
precipitates and after their formation. At high DSi concentrations, mixed minerals of ferric silicate,
ferrous silicate, iron oxide and hydroxides can f¢@ostine and Thurgate, 2007hese mineral
phases are thus another pathdi@ythe coprecipitation of DSi and Fé&olthoff, 1932) While

DSi is immobilized during oxic periods via these aforementioned pathways, under anoxic
conditions, and in the presence of sufficient amountgleftron donors, the reduction and

subsequent ds®lution (which is also called reductive dissolution) of Fe(lll) oxyhydroxides
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releases Fe(ll) and any DSi that was adsorbed to-prempitated with the Fe(lll) oxyhydroxides
(Smolders et al., 201-Rerric ironoxyhydroxides will also age from amorphdo<rystalline iron
minerals with timgCornell et al., 1987)which will decrease their surface reactivity and surface
areaqCismasu et al., 2014; Hiemstra et al., 2019)

Bottom water oxygenatioalso affects the activities and community compositiothefmicrobial
populations that are responsible for the decomposition of the organic matrix surrounding biogenic
ASi, with higher oxygen concentrations being expected to be more energetically favourable and
to thus confer higher rates of organic matrix deposition compared to anoxic conditions
(Ekeroth et al., 2016; Mortimer, 1941; Nteziryayo and Danielsson, 201\8t) these relatively

higher rates of organic matrix decomposition, ASi dissolution rates would also be higher, because
of the increasing suwate area of ASi that is being exposed to solutitve gublished studies that

have investigated the influences of oxygen concentrations on internal DSi loading are summarized
and listed in Table 1.1.
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Table1.1. Summary of studies on the reddgpendent release of dissolved silicon (DSi) from
sediments. The studies are grouped according to whether the authors reported an enhancement,
inhibition or no effect of anoxic conditions dmetrelease of DSi.

Anoxic conditions

Study Study site . Role of Fe Role of P Role of ASi
on DSi release

1 Esthwaite Water n N o}

2 Windermere n n o}

3 Lake Kizaki n o} o

4 Western Baltic Sea o) o} n

Lake Malaren and 5

5 Baltic Sea - n O

6 Northern Baltic Sea o) n o}

7 South lonian Sea n n n
South Atlantic . .

8 Ocean Enhance O O n
South Atlantic = 5

9 Ocean O O n

10 Chesapeake Bay n n n

11 Baltic Sea n o} n

12 Baltic sea n n o}
Coastal Gulf of . .

13 Finland O O n

14 Cootes Paradise n n o}

15 Gulf of Finland o} o} o}

16 Baltic sea . n n n

. Inhibit B B B

17 Baltic sea n n n

18 Hamilton Harbor No effect n n n

1 Measurement of water samples from Esthwaite Water, 2 Incubation of Windermere mud (Mortimer, 1941), 3
Measurement of vertical distribution of chemicals in Lake Kizaki (Kato, 1969). 4 In situ fluxes measurement at Kiel
Bight (Bodungen, 1986), 5 Incubatioof sediment cores from lake Malaren and Baltic Sea (Gunnars, 1990), 6
Measurement of chemical composition of water samples from northern Baltic Sea (Kuparinen and Tuominen, 2001),
7 Incubation of undisturbed sediments from South lonian Sea (Belias 20@), 8 Dataset analysis of porewater

and sediment samples froBouth Atlantic OcealSeiter et al., 2010), 9 Porewater profiles from the South Atlantic

(Holstein and Hensen, 2010), 10 Incubation of sediment cores from Chesapeake Bay (Testa &t 4l1, 3Gitical

analysis of the relationship between DSi concentration and oxygen conditions in the Baltic Sea (Danielsson, 2014),
12 In situ fluxes measurement in Kanholmsfjarden, Baltic proper (Ekeroth et al., 2016), 13 Incubation of mixture of
naturalsediments from and diatoms in batch reactors (Lehtimaki et al., 2016), 14 Batch experiment with surface
sediments from Cootes Paradidgtarsons et al., 201,715 In vitro incubations of intact sediment cores, in situ
measurement with a benthic lander, anesurement of porewater from Gulf of Finland (Tallberg et al., 2017), 16
Sediment cores collected from Baltic sea (Nteziryayo and Danielsson, 2018), 17 Sequential extraction of sediments

from Baltic sea (Siipola et al., 2016), 18 Incubation of sedimergsccollected from Hamilton Harbor (Ridenour,

2017).

Note: Fe-bound Si and amorphous silica (ASi) are the two main reactive particulate silica endmembers in sediments,

that are usually proposed to account for the release of DSi. Phosphorus (P) isrann#often studied at the same
t hat

time, however, its role on the release of DSi from sediments is barely disdusSed.i ndi cat es
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1.4.2 Electrolyte composition

The presence of cations has been shown to affect the dissolution rate of ASi into different
directions and with different magnitudes. Alkali cations, including &al K that are abundant

in natural waters, have been shown to increase the dissolution rate of ASi significantly by lowering
the activation energy of dissolution at near neutral(pbve and Crerar, 1990; Icenhower and
Dove, 2000) The role of alkaline earth ttans, including C& and Mg, on the dissolution kinetic

of ASi have not been directly studied. But alkaline earth cations have been shown to enhance the
dissolution of quartz by increasing the reactivity of siloxane groups at near neu{bpéland

Crerar, 1990; Dove and Nix, 1997h contrast, multvalent cations such as including Al and Fe,
have been shown to retard the dissolution of ASi by producing a coating of insoluble silicates
(Koning et al., 2007; Lewin, 1961; Van Cappellen et al., 200R)is, the presence of naturally
occurring cations can either enhance or retard the dissolution of ASi, which consequently affect

the internal DSi loading.

Naturally occurring anions, including CHCOs and HPQ?, may affect DSi sorption to metal
oxyhydroxides, e.g., Fe(lll) oxyhydroxides. The effects of the redox transformations of Fe on the
mobilization of DSiare briefly summarized in section 1.4.1 above. Under oxic conditions, the
anions can compete directly with DSi for sorption sites of Fe(lll) gagtxides(Gao et al., 2013;
Geelhoed et al., 1997; Gehlen and Van Raaphorst, 2002; Hansen et al., 1994; Sabur, 2019; Sibanda
and Young, 1986; Zhang and Huang, 206#wever, anions can also affect the oxidation kinetics

of Fe(ll) by forming agueous comgles with Fe(ll) during a transition from anoxic to oxic
conditions(Buamah et al., 2009; Kaegi et al., 2010; King, 1998; Kinsela et al., 2016; Mao et al.,
2011; Mitra and Matthews, 1985a; Tamura et al., 1976; Wolthoorn et al.,.20@4)n, this may

affect the uptake of DSi by the Fe(lll) precipitates that are forming.

Among all the naturally occurring anions in natural waters, dissobresphateDP) is an
essential nutrient that often (limits primary production in freshwater environme(@onley,

2002; Ekeroth et al., 2016; Hartikainen et al., 1996; Joshi et al., 2015; Mortimer, 1941; Parsons et
al., 2017; Sabur, 2019; Schindler, 1977; Tuominen et al., 1988)e 11 summarizes the studies

in which the effects of DP on DSi release from sedimbate been considered. At a pH value

below thepHrzc of an adsorbent, e.g., Fe oxyhydroxides, deprotonated phosphoric acid will be
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attracted by the positively charged surface through electrostatic interaction, which subsequently
facilitates chemical adsatipn of DP via ligand exchangéi@ure 1.6) (Li et al., 2016; Sabur,

2019) At that same pH valughe electrostatic interaction between DSi and Fe(lll) oxyhydroxides

is limited by the neutral charge ofs8i0O4 (See details in 1.3.2). dt surprisingly,studies have
shown that DP effectively outcompetes with DSi for the sorption sites of Fe oxyhydroxides at near
neutral pH(G2chter and Mlle, 2003; Gachter and Muller, 2003; Jensen et al., 1992; Mortimer,
1941; Parsons et al., 2017; Rimdeir, 2017; Sabur, 2019; Zhang and Huang, 2007 presence

of DP has also been shown to increase the homogeneous oxidation rate of Fe(ll) at different pH
values(Mao et al., 2011; Tamura et al., 1978pwever, how this affects the mobility of DSi has

not yet been studied.
1.4.3 Temperature

Temperature can alter nutrient fluxes across the vezigiment interface by altering the rates of
the physicebiogeochemical processes in sedimditsan and Kaushal, 2013; Ridenour, 2017;
Srithongouthai et al., 2003; Zhet al., 2016)

Firstly, vertical temperature gradient®( thermal stratification) drive the vertical and horizontal
movement of water, which in turn exerts an important control on the chemical exchanges between

the water column and the underlying iseents in large water syster(idortimer, 1941, 1942)

Secondly,the breakdown of the organic matrix surrounding biogenic silica that enables the
dissolution of ASi is a biologically mediated process whose rate has been long recognized to be
temperature demdent (LaRowe and Van Cappellen, 2011; Vicente et al., 2016; White et al., 1991).
Additionally, the growth rate of siliceous organisms that can inhabit surface sediment increases
with temperature (Elvin, 1971). The release of DSi to the water columrtasied by the

accumulation of these siliceous organisms that actively take up DSi.

Thirdly, temperature affects the rate of chemical processes in sediments. For example, the
dissolution rate of ASi increases with increasing temparture (Kamatani, 1982aitles et al.,
2012b; Van Cappellen et al., 2008).natural water systems, unraveling the individual effect of

temperature on these different processes affecting DSi fluxes may be challenging, but a regression
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analysis of incubation results had revedledt water temperature can account for 24% of the

seasonal variability of DSi fluxg&rithongouthai et al., 2003)
1.4.4 pH

When buffered by dissolved carbonate and bicarbonate dissolved in water, the pH of many natural
waters do not vary greatly. However, ediment porewaters, the pH can vary significantly over
short distancéHurd, 1973; Jourabchi et al., 2009purabchi et al. (2005) showed that pH can
vary up to one unit within the upper 5 cm. The effect of pH on the release of DSi can result from
Si speciation changes in sediments. The common reactive Si endmembers in the sediment are
amorphous silica (ASi), Si bound to metal oxides (Fe, Al, Mn oxyhydroxides), and amorphous
aluminosilicates. The reactivities of all these reactive Si phases areveetsiiH. Firstly, OH

has been proposed to catalyze the dissolution of ASi. At pH higher than the PZC pH (1.4 to 4) of
ASi, the dissolution rate of ASi increases with increasindfdysse et al., 2006%econdly, the
amount of Si bound to metal oxidesalso pH dependent. For example, Sabur (2019) showed that
the maximum adsorption of DSi on goethite was observed at around the PZC of goethite (pH =
10.0). The proposed mechanism is that the adsorption is limited by the neutral charge of silicic
acid at 1 below its deprotonation constapka = 9.8). At pH above 10.0, the negatively charged
surface of goethite repulse the deprotonated silicic acid. This mechanism is applicable to the
adsorption of DSi to other metal oxides. Finally, the solubilities afrahous silicates depend on

the pH of solution. For example, the solubilityadfiminosilicates is proposed to be high at high

and low pH valuebecause of the inhibition of polymerizatif@oller et al., 2006)
1.4.5 Other environmental factors

Other factorsncluding the physical processes of resuspension and bioturbation, and chemical
processes such as mineralization and microbial processes, also affect the internal DSi loading. For
example, about 96% of gross sedimentation may be resuspended in HamiltoarHahich as a

result increases the concentration of suspended matter in the overlying water and increases the
recycling of reactive Si between sediments and water colgRidenour, 2017)Bioturbation by

benthic invertebrates typically enhances thespanmt of dissolved ©as well as other dissolved
chemicals, including DSi, and thus may enhance internal DSi log#iaglker et al., 2015;
Matisoff and Wang, 1998; Parsons et al., 2017)
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1.5 Thesis structure
1.5.1 Aims

Given the environmental significance of neit silicon, the aim of this thesis is to contribute to

the understanding of the mechanisms responsible for internal DSi loading in lentic freshwater
systems. The scope of the research is to investigate the contribution of abiotic chemical interactions
between ASi, DSi, dissolved Fe(ll), DP, and Fe(lll) oxyhydroxides to DSi mobilization and
immobilization in sediments. | accomplish these objectives using controlled lab experiments and
pure chemicals that are meant to simulate the specific interactionsdmeteactive particulate Si
endmembers present in sediments, plus DS, dissolved Fe(ll), Fe(lll) oxyhydroxides and DP. The
kinetic parameters obtained in these experiments and the information about the mechanisms
underlying the processes that lead to D®dpction in sediments can then be applied to predict
reactive Si, DP and Fe cycling in heterogeneous systems including more complex experiments
involving more ceoccurring reactions and processes, and real sedimesita. The specific aims

of this thess are as follows:

T Using a coupled experiment al and modeling aj
surface interactions with dissolved <chemice
(salinity), and complexation mgeatcéeréstahtto
general fouamdewsShkhndeagcl ing of ASi in freshy

T Develop a chemical reaction model to-establ

precipitation with Fet(ildd )amdkitdlrees oamp entgi tFie\

homogeneous and heterogeneous aqueous systen

T I'nvestigate t he contributions of sur-f ace

a

precipitation durprnecike (tlalt)i omx itdoa tgti hoef noogin i |

release obsde¢mvedghncal 6mowsystem using natu

Cootes Paradise mar s h.
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1.5.2 Research chapters

The primary research portion of this thesis is organized into four chapters (Chaplers 2
proceeded by a general introduction (Chapter 1) to introduce the environmental significance of
nutrient silicon (Si) and the Si cycle. Chapter 1 focuses on intBi®idbading, summarizing the
dominant reactive particulate Si (RPSi) endmembers in sediments, and evaluating the factors that
control the mechanisms responsible for DSi mobilization and immobilization in sediments, and

thus the net internal DSi loadingiXes from the sediments to the water column.

In Chapter 2Amorphous silica: surface processes and dissolution kinéstsdy the dissolution
kinetics of various forms of amorphous silica (ASi) in artificial porewater solutions with different
pHs and alinities that fall within the typical ranges of pH and salinity values observed in
freshwater. | then apply a surface reaction model to predict the dissolution rate constants, which |
calculate by fitting the experimental data using the-brster kinetc rate law, as a function of pH

and salinity, reinforcing and consolidating the framework for predicting the ASi dissolution rate
constant as a function of chemical interactions occurring at the ASi sadaesus solution

interface

In Chapter 3influence of Fe(ll) adsorption on the dissolution kinetics of amorphous silgtady

the effects of Fe(ll) adsorption on the dissolution rate constant of ASi. Such reactions commonly
occur in natural sediments due to oscillating redox conditions and areteidhinése using a series

of ASi suspension batch experiments to which | add variable amounts of Fe(ll) under anoxic
conditions. | then demonstrate the application of a Langmuir adsorption model which accounts for
two types of ASi surface groups for predigtithe ASi dissolution rate constant as a function of
Fe(ll) concentrations. Chapter 3 highlights that the surface reaction model that is used to assess
the effects of surface processes on the dissolution rate of ASi in Chapter 2 cannot be applied to the
interactions of Fe(ll) and ASi. Instead, the Langmuir adsorption model that incorporates two types
of surface groupsslicate groups bonded to the silica lattice via two bridging oxygengroups,
andsilicate groups bonded to the silica lattice theee bridging oxygen<Js groups) is used to

predict the ASi dissolution rate constant as a function of the Fe(ll) concentration.

In Chapter 4 Co-precipitation of iron and silicon: Reaction kinetics, elemental ratios and the

influence of phosphorud study the effects of the oxidative precipitation of Fe(ll) on the
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immobilization of DSi. | measure the concurrent consumption of aqueous Fe(ll) and DSi during
their coprecipitation in batch experiments, at different pH values and in the presence ofevariabl
initial DP concentrations. A Kkinetic model that incorporates homogeneous oxidation,
heterogeneous oxidation, surface precipitation, and adsorption/desorption reactions allows me to
assess the relative contribution of each reaction to the removal oh R$iamogeneous system.

| then study the effect of diffusive transport on DSi immobilization during Fe(ll) oxidation under
conditions that are more representative of sediments than the batch systems, where Fe(ll) oxidation

is controlled by the diffusive ansport of oxygen through the column reactors. | therefore add a

di ffusion term to the chemical reaction model
oxidation of Fe(ll) can immobilize DSi, but that the latter is strongly diminished in thernues

of DP and limited by diffusive transport.

In Chapter 5Controls on dissolved silicon release from natural sediments: Roles of oxygen and
iron, | collect surficial sediments from the open water area of a freshwater marsh to canduct
series of flowthrough column experiments to elucidate the roles of different reaction pathways in
the immobilization and release of DEsupply anoxic solutions containing variable concentrations

of Fe(ll), DSi and DP to 10 cm of the sediment columns and collect sarfipm 1 cm layer of
overlying water that is initially kept aerated. The results show that the release of DSi from sediment
does not necessarily depend on oxygen conditions, althdisgblved Fe(ll) is supplied to the
columns The dominant mechanisms posed is that, at neaeutral pH, the presence of high DP
levels (including DP supplied to and produced within the sediment columns) inhibit the co
precipitation and adsorption of DSi, hence preventing DSi retention in sediments under oxic
overlying water | conclude that the relative production rates of porewater DP and DSi likely

represents the major control on the redox dependence of internal Si loading in freshwater systems.
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Chapter 2

Amorphous silica: surface processes and dissolution kinetics

2.1 Summary

The availability of dissolved silicon (DSi) exerts an important control on the structure and activity
of plankton communities in aquatic environments: DSi limitation can shift spbmmeimance from
diatoms to nossiliceous algae and increase the likelihood of harmful algal blodrhe
availability of DSi in the water columim turn depends othe dssolution kinetics of amorphous
silica (ASi), whicharecontrolled by thesurface properes of ASi and reactions occurring at the
silica-solution interfaceIn this study,the surfacepropertiesof ASi of various origins were
characterized usingotentiometric titrations and modelledth a constant capacitancurface
complexation model.The dissolution kineticswere measured inbatch experiments under
controlled conditions. Thé&inetic results agree with theonlinear relationship betweethe
dissolution ratef ASi andthedegree of undersaturation of the aquesmlstion observed in earlier
studies This implies that at least two dissolution rate constants are needed to describe the reaction
kinetics at high (typically, >0.4) and low (typically, <0.4) degrees of undersaturdhe results

also confirm the accelerating effects of pH and Mas on the dissolution rates of ASi. The
guantitative relationshgpbetweenthe dissolutionkinetics of ASi and the key environmental
variables pH, degree of undersaturatemg saliny obtained in this study, consolidate the general

frameworkfor understandingnd quantifying reactive Si recycling in freshwater systems.

2.2 Introduction

As one ofthe main primary produceandabasisfor some of the most productive food chains in
aguaticsystems, diatoms playfandamental role in exporting carbon to higher trophic kaet

in maintaining thénealth ofecosystemgReynolds, 2006)Dissolved silicon (DSi) is an essential
nutrient for diatoms who use it to produce siliceous frustules. As a result, the Si content of diatoms
ranges between 5% and 37% of dry wei(lelson et al., 1995; Simpson and Volcani, 1981,
Volcani, 1981) Human adtvities, including nutrient enrichment, lande changes and river flow
managementhave often led to a depletion of DSi relative to other macronutrients, especially

nitrogen (N) and phosphorus (P), in water bo@i&snley et al., 2008; Danielsson, 20Mgavara
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et al., 2014; Nteziryayo and Danielsson, 2018b; Rocha et al., 2002; Schelske, 1985; Schelske and
Stoermer, 1971; Schelske et al., 1983)edepletionof DSimay shift the species composition of
phytoplankton from diatoms toonsiliceous algae domant (Conley et al., 1993; Egge and
Aksnes, 1992; Makulla and Sommer, 1993; Officer and Ryther, 1@8h may further increase

the risk of harmful algal blooms

Diatoms, plants and other siliceous organisteposit DSi in their tissues as a hydrated,
cryptocrystalline polymer of silica usually called amorphous silica, or(&Bpson and Volcani,
1981) The dissolution of ASi supplies DSi to the water column, and modulates the amount of ASi
preserved in aquatic sedimeBootsma et al., 2003For examfe, 97% of the ASi produced by
marine diatoms is recycled in the water column and the underlying sediments. Recycling of ASi
by dissolution by far exceeds the external input of DSi to the oc¢@aéguer et al., 1995)The
recycling of ASi, however, exhits large temporal and spatial variations in both marine and
freshwater system@Aston, 1983) posing a challenge tthe quantitative understanding of Si

cycling.

Starting with simple batch experimentaboratory studiebave been widely used to investigate
the dissolution rate of ASi under welbntrolled conditions. These experimental studies show that
the dissolution rate of ASi depends on the physicochermriocglertiesof both theASi, including

the specificsurface eea(Lasaga, 1995; Oconnor and Greenberg, 19B&)urity contentVan
Bennekom et al., 1991; Van Cappellen et al., 20@2) age of the silicg.oucaides et al., 2012b;
Van Cappellen et al., 2002; Van Cappellen and Qiu, 1997ant)hose ofthe agueosi medium,
including temperaturéHurd, 1972, 1973; Kamatani, 1982; Kamatani and Riley, 19@B)
(Fraysse et al., 2006; Hurd, 1972Jectrolyte compositioficenhower and Dove, 2000; Lewin,
1961) and microbial activitfAlfredsson et al., 2016; Bidle ad&zam, 1999, 2001)

To quantify the effect of individual environmental variable on the ASi dissolution rate, the first
order kinetic law has been widely uggturd, 1972, 1973; Kamatani, 1982; Kamatani and Riley,
1979; Loucaides et al., 2012b; Van Capgelkt al., 2002)Assuming that the net dissolution rate

is thebalance between reversildetachment and attachmenti$i at specific surface sites dfie

silica, linear relationships between the reaction rate and the degree of undersaturation would be
expectedDixit et al., 2001; Hurd, 1973; Kamatani and Riley, 1979; Van Cappellen et al., 2002;
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Van Cappellen and Qiu, 1997lbjowever, the surface of ASind thecorrespondingurface sites,

are not constant during dissolution. Bulk specific surface agsaseasured for instance by the

N2 adsorption methqgdmay not account for changes in the surface area fra(ftalaize et al.,

1999; Fraysse et al.0R9; Hubbard and Riley, 1984; Kamatani et al., 1980; Van Cappellen et al.,
2002) Furthermore, detailed studies using fldwough reactors have vyielded nlmear
dependence of the dissolution rate and degree of undersat(atiamet al., 2008; Van Capllen

and Qiu, 1997b)in particular, the strong acceleration of the dissolution rate under high degrees of
undersaturation points to different reaction mechanisms and silica surface structures at different

degrees of undersaturation

Much ofthe previows work on ASi dissolution has focused on mimicking marine environmental
conditions(Bidle and Azam, 1999; Dixit and Van Cappellen, 2002; Hurd, 1972, 1973; Kamatani
and Riley, 1979; Koning et al., 1997; Lehtimaki et al., 2016; Loucaides et al., 2012aidesusta

al., 2010b; Rickert et al., 2002; Van Cappellen et al., 2004; Van Cappellen and Qiu, 198¢%a, b)
shown by Loucaidest al.(2008), at a given temperature, the sevirla faster dissolution rates

of ASi in seawater, compared to lesalinity fredwwater can in large part be explained by the higher

pH and salinity of seawater compared to a typical freshwater.

In this chapter, the dissolution kinetics of ASi, including synthetic and natural materials, are
measured in simple NaCl solutions using batxperiments. The effects of pH and NacCl
concentration are systematically assessed. In addition, potentiometric titrations are carried out to
determine the surface charging properties of the various silicas. The results of the experiments
provide baselindata in support of the use of Aerosil OX 50 as a synthetic analog of sediment ASi

in the experiments described in the next chapter.
2.3 Materials and Methods
2.3.1 Materials

Dissolution experiments were carried out with Aerosil OX 50 and Aerosil B@nik Resource

Efficiency GmbH), freshly cultured diatom frustules, and an aged freshwater diatomaceous earth

(PermaGuardinc.) (Table 2.}. Aerosil OX 50 and Aerosil 300 are fumed silicas of high chemical

purity. The specific surface area of Aerosil OX 50 (56grH falls within the typical range of
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biogenic silicas. Ta diatomaceous earth are depositaudacoseriadiatom frustules (92 weight %

SiOz) formed during the Miocene in southern Nevada. The diatomaceous earth was suspended in
a 50% (w/w) solution of HN®to remove impurities. The suspension was then repeatedly
centrifuged at 5000 rpm and resuspended in water until the pH stabilized atreeuteal value.

The fresh diatomsCyclotella sp., Navicula Pelliculosa, and Cyclotella meneghiniamare

cultured in CHU10 medium at room temperature £30 C) under a &/8 lightdark cycle with a
lightintensity of 5865 mEn?s. Twi ce a week, the diat-sizes wer e
polypropylene membrane filterShe collected cells were rinsed 3 times with Midliwater, frozen
immediately and subsequentheé&zedried. After the freezérying cycle, the organic matrix of

diatoms was removed by incubating the cells in concentrated nitric acid aC1f@® 20 min.

Cultured frustules were repeatedly centrifuged at 11000 rpm for 20 min and resuspendesd in Milli

Q water until the suspension pH returned to neutral conditions. The suspension was then freeze
dried. The harvest and cleaning processes were repeated until sufficient diatom frustules were

collected to carry out the experiments.
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Table2.1. Amorphous silica (ASi) used in the experiments
Speci Sur f Di ssol Deprota

) surfa site¢Capact S()Blutljﬂl:ratcenst const ¢
AST 1Y g 9! dengi (K) 5 (I Kgnse
m?g? OH AR’r F “m Omoft Omo Phlr
Aerosil 50 2. 2¢t 1.3 1480 0.28 7.7
Aer osi 300 2. 2¢ 1.3 2000 - - 8. 4
Cyclote 102 4 .06 5 0 1351 0.39 7.2
Cyclot 54 4 .06 5, 1156 0.22 7.1
meneghi
Navicu 4459 - - - - 1300 0. 33 - -
pellic
Diratoma ;g 0.05 5.0 . - 7.1
earth

Measured by BIBET ona Gemini VII instrument® 3 From previous studies (Charlet et al., 1993;
Evonik Industries AG, 2015; Zhuravlev, 1987¥fi Fast ¢ di ssol uti on rate c
25 1 °C in this study® Derived from constant capacitance model fits in this stwdh initial

values selectk from previous studies (Dixit and Van Cappellen, 2002; Fraysse et al., 2009;
Loucaides et al., 2010a; Osthols, 1995)
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2.3.2 Potentiometric titrations

The surface charge of the different ASi materials were measured by potentiometric titratiens in
pH range of 4.0 to 8.5. The surface site densities and site compesitara determined bijtting
the experimental titration data with a surface complexation m@@del below) The titration

experiments were conducted at 25°C in a 0.01 M NaGiatrix soluton using a Metrohm 907

Titrando equipped with a higiesolution pHmeter. The ASisuspensionsf 1 g L1 were
continuously stirred for 3 days to equilibrate witle electrolyte solution, and then sparged with
N2 gas for 3 hours to degas e®efore each titratiorihepH value ofthe suspension was adjusted
to 3 bystepwiseadditionsof 0.02 M HCI. Titration started with the automatic injection of D51
pL of 0.02 M NaOH with a pH step of 0.2 units. A signaftdof less than 0.5 mV per minute or
a maximum waiting time of 1 hour was usedreeequilibrium criterium. The background solution,
obtainedby filtering the suspension of A8irough a 0.2m poresize filter,was titrated in exactly
the same manner dise ASi suspension described above. HumidifiedgBls was continuously
sparged during the titrations to keep the suspensionf@®, and the experimental reactor was

covered with punctureBarafilm to minimize evaporation.
2.3.3 Surface charge calculations

In titrating a suspension of ASi, the silanol gro@@SiOH) formedby the hydration of the silica

surface can protonate and deprotonate:
3E/ (( P 3/E( (2.1)
3E/P(3E ( (2.2)
These reactions are responsible for thedggendent evolution of the surface chasfie ASi in
the absence of specifically adsorbing ions other thaartd OH. According to charge balance,
any point on théitration curve can be expressed by:
o) 3E/ I ( ( 3/E o) 3E/ ( ( (2.3)

where [ ] indicates the molar concentration of a solute or surface species, expressed per unit volume

solution,andCa andCs are the concentrations of acid (HCI) and hi#ss0H) addediespectively
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The net surface chargg can be calculated as a function of pH from the difference between the
total amount of added base or acid and the equilibriuma@#iH ion concentrations, normalized
to the ASiconcentratiora (g L) (Stumm, 1992):

. 6 6 pm p T I ( 3/E (2.4)
W

wheregy* andgon- are the activity coefficients of ‘thnd OH, respectively, angKwis the negative
logarithmof the water dissociation constant. The concentrations8f®4" as a function opH was
estimated by titrating the background solution. Consequently, the net surface@lody8i can
bealternativelycalculated with:
5 6 OOODPAT GERT AA@OIBI OOODAT GERT AAOO (25)
W

where Cai and Csi correspond to the concentrations of acid and base, respectively, fdt the
addition of titrant to the ASi suspension and electradpiation respectively. The surface charge

densitys of ASi (C n1?) is then giverby:

6 00 (2.6)
i

whereFi s t he Far ad asCanst) amdstie speaific surfadetiea {igrt).

The acidbase titration data eve fitted with the constant capacitance modelFITEQL and
deriving the intrinsic dissociation constgrbg K-") of the surface silanol groups (Herbelin and
Westall, 1999). The protonation reactifor ASi was ignored wheiiitting the titration data
beause of the very low point of zero charge of ASifpid  23.5)dDixit and Van Cappellen,
2002; Stumm, 1992)

2.3.4 Dissolution experiments

Preliminary experiments were done with Aerosil OX 50 to test the stéetriableHEPES (4
(2-hydroxyethyl}1-piperazineethanesulfonic acid) concentrations osuispensios pH stability
and ASidissolution rate. The resulisdicatedthat the addition of different amowmf HEPES
barely affeatd the dissolution rate of ASi, and th@.01 M HEPES was sufficient to keep pH

stable during the experimexwith solid to solution ratiooof 1 g Lt or 0.2 g L%
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Table22. Ex per ideesnitgal f or

di ssol uti onASkii)neti cs

Solid:solution

Exp. No. ASi Solution ratio pH
0.001, 0.005, 0.007, 0.01,
1 Aerosil OX50 0.05, 0.1, 0.3,0.7 M NaCl - 1glL? 6.8, 8.2
0.01 M HEPES
2 Aerosil OX 50 1gL%02gl! 6.8,75,8.2
3 Aerosil 300 1glLt? 7.5
Freshwater
4 diatomaceous 1gL%02glr 6.8,75,82
0.01 M NaCl+0.01 M
earth
HEPES
5 Cyclotella sp. 0.2glL?t 6.8,75,8.2
6 Navicula 02gLt 7.5
pelliculosa
7 Cyclotella 02gLt 75

meneghiniana
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The different dissolution experiments a@mmarized inTable 2.2 In experiment series 1, the
effect of varying the NaCl concentration from 0.001 to 0.7 M N&Cthe dissolution oferosil

OX 50 was tested All other experiment series were run in 0.01 M NaCl. The dissolution
experiments were caed out in 12 mL cleaned polypropylene tubes containing 10 mL of NaCl

solution, whose pH value had been-ptgusted with NaOH and HCI. The tubes were kept at 25

1 °C on a rotating shaker at 18 rprm the case othe cultured diatom frustuleg solid
concentration of0.2 g ASi L! was used and aliquots of BiL suspension were collected at

designated intervals because of the limited amounts of biogenic ASi available.
2.3.5 Analytical methods

All samples and solid reagents were weighed on an analytical bal@thca pvecision of 0.1 mg
and all solutions were preparbg dissolvinganalyticalgrade reagents Milli -Q water,unless
otherwise stated. Samplesllected from the dissolution experimemtsre filtered with0.45 pm
poresize polypropylene syringe filte EMD Millipore Corporatior), acidified with dtra-pure
nitric acid to pH <2, and analyzedising Inductively Coupled Plasm@ptical Emission
SpectroscopylCP-OES, Thermo Scientific ICAP 630@®r the concentrations of total dissolved
Na, Si, and Fe wit the US EPA Method 200.7. Matfiratched standards were prepared from
Fisher Scientific stock standards (Thermo Fisher Scientific) to eliminate matrix interfecence
the analytical resultReference samples prepared with meliment standards (Del&zcientific
Laboratory Products Ltd.) were analyzed along with all samplesldtquality control The
precision of the reference sample measuresrsbss the sample run was better than 10%, and
the relative standard deviations were within 5%. For sesnplith avolume smaller than that
required for ICPOES analysis antthe DSiconcentration wabkelow the ICP-OES detection limit
after dilution, the molybdenum blue methqd.S. EPA., 1978)was used on a WW¥is
Spectrophotometer (Thermo Evolution 260) to measure the DSi concentnatiothe precision
better than 10%.
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2.4 Results
2.4.1 Potentiometric titrations

Fromthe dateof thetitration experimentshe pH-dependensurface charges of the difent ASi
materials werealculated with uatiors (2.5) and(2.6). The results are shown Figure 2.1 All
ASi materials carried negative surface charge in the pH rang@® obd 8.5. They also showed
increasing electrical charge builgh with increasing pH.However, large differences in the
magnitudes of the charge per unit area were obsernvedréshly harvested frustulesdhhigher
negative surfaces than Aerosil OX 50. For examailggH 8.5,the absolute surface charges of

fresh diatom frustulesere more than three times than that ef Aerosil OX 50.

The surface charge of diatomaceous earth versus pH deviated significantly from the observed pH
trends of the other ASi. In particular, between pH 4 and 5.5 the diatomaceous earth exhibited much
larger negative surface charges than thero#8i. The trend for the diatomaceous earth, with the

distinct break at pH 5.5, also could not be captured by the constant capacitance model. Possibly,
the high negative surface charging at pH < 5.5 is due to &ihioa constituent within the earth

mixtur e (Dixit and Van Cappellen, 2002). Il n what
after correcting the surface charges assuming the pH 5 charge is entirely due-A8inon

constituents (the corrected data are shown by the black squares or2Flgure
2.4.2 Surface complexation model

To fit the surface charge data with thenstantcapacitancemodel in FITEQL, five sets of
simulations were carried out for various ASi materials. These sets of simulations and the results
are illustratedTable 2.3for Aerosil Ox 50. In each simulation, a value of the capacitance was
imposed and initial values were assigned to the intrinsic proton dissociation constant, the total
silanol site concentration and the aqueous silicic acid (or DSi) concentration. Note tladtethe |
accounts for the fact that during the titration some dissolution of the solid takes place. The five
sets of the simulations differed by the parameters that were optimized for. That is, the latter
parameters were allowed to deviate from their initialues, while the values of the other

parameters were hold constant. Goodness of fit was estimated using the weighed sum of squares
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divided by the number of degree of freedom, WSOS/DF, where DF is equal to the number of

parameters being optimized.

Simulaton 1 yielded the best fis to the Aerosil OX 5@xperimental datgudging from the
WSOS/DF valuesTable 2.3. However, the optimized silanol site densities weteh lower than
thoseobtained in previous studidhat assessd ASi surface site densities avititration and/or
adsorption experimeni®ixit and Van Cappellen, 2002; Fraysse et al., 2009; Loucaides et al.,
2010a; Osthols, 1995Moreover,some of the optimized DSioncentrationsn Simulation 1
exceeded thsolubility of ASiunder the experimenrtaonditions. Simulation $ieldedreasonable
intrinsic dissociation constants of reactior2l2vhen imposing surface site densities close to those
previously reported: 2.25 >SiOH nirfor Aerosil OX 50, 4.6 >SiOH nm? for the freshly

harvested diatom distules, and 0.5 >SiOH nffior diatomaceous earth

Given that, overall, the simulation 3 results produced good fit to the data, they guided the selection
of the parameter values for the surface complexation modeling. The selected parameter values are
summarized infable2.1 and the model fits of the surface charge data are showigume 2.1.

The interdepende® of the surface site density and the proton dissociation constants, typically
expressed in negative logarithmic fordog K™, is illustrated in Table 2.4, which provides the

ranges oflog K™ corresponding to plausible ranges in site densitiethéodifferent ASi materials.
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Figure2.1. Surface charge density wdriousamorphous silica (ASi) as a function of pH. The data
points are calculated with Equat&(2.5) and(2.6) usingtheresults othe potentiometric titrations;

the solid squares are obtained by subtracting the charges of the diatomaceous earth measure at pH
5.5 from the charges measured at pB3.5. Thiscorrection assumed that the charges measure at

pH 5.5 are associated with nailiceous detrital constituent in the diatomaceous earth. The lines

are pHdependent surface charges calculated the constant capacitance model.
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Table2.3. Simulationscenariodor fitting the constant capacitance modelthe potentiometric
titration datafor Aerosil OX 50 with FITEQL.

Il nit I nit Fin Fina

Par amet : I nit . Fine
SiNnglulzcapaczf be opti "K3°9dse'n'$~ﬁi‘ Hsi T 0¢ ST1TAa Hsiso wsos /ot
E oA ) ) Slon ™ ) >nSn%O ™ )
0. 4 KUHs$SisO 7.5 2.25 400 - - - - - - - -
0.5 KUHsSisO 7.5 2.25 400 6. € 1.37 180¢ 3.23
1 1.3 KUHsSiIisO 7.5 2.25 400 6.4 0.33 200t 3.51
2.0 KUHsSisO 7.5 2.25 400 6. 4 0.30 204¢ 3.65
6. 0 KUHsSisO 7.5 2.25 400 6.5 0.29 2009¢ 3.86
1.3 KU 7.5 2.25 400 - - - - - - - -
1.3 K,0 7.5 2.25 120C 7. ¢ 1.32 120C¢C 4.90
1.3 K,0 7.5 2.25 180C 6.€ 0.40 180¢C 3.50
2 1.3 K,0 7.5 2.25 200C 6.4 0.33 200¢ 3.39
0.5 KU 7.5 2.25 120C - - - - - - - -
0.5 K,0 7.5 2.25 180C 6. ¢ 1.57 180C¢C 3.12
0.5 K,U 7.5 2.25 200C 6. 2 0.44 200C 3.24
0.5 K 7.5 1.00 180C 6.7 1.00 180¢C 3.04
0.5 K 7.5 2.25 180C 7.1 2.25 18¢0C¢C 3.03
0.5 K 7.5 4.60 180C 7.4 4.60 180C¢ 3.04
0.5 K 7.5 5.50 180C 7. ¢ 5.50 180C¢C 3.04
3 0.5 K 7.5 10.0 180C 7.¢€ 10.0 180C¢C 3.05
1.3 K 7.5 1.00 180C 7. ¢t 1.00 180C¢C 6. 75
1.3 K 7.5 2.25 180C 8.C 2.25 180C¢ 8.20
1.3 K 7.5 4.60 180C 8. 4.60 180¢ 8. 75
1.3 K 7.5 10.0 180C 8.7 10.0 180C¢C 9.00
0.5 U HsS i 40 6. 2 2.25 180C 6. 2 0.47 194¢ 3.21
0.5 UHsSisO 7.5 2.25 180C 7.5 5.57 177: 3.13
0.5 U HsS i 40 7.9 2.25 180C 7.¢ 13.7 1761 3.13
4 0.5 U H4S i 40 8.5 2.25 150C 8.t 54.3 176¢ 3.14
1.3 UHsSi40 6. 2 2.25 180C 6.2z 0.28 212¢ 3.55
1.3 U H4S i 40 7.5 2.25 180C 7. ¢ 1.50 130C¢C 4. 80
1.3 U HsS i 40 7.9 2.25 180C 7. ¢ 3.47 121: 5.12
1.3 UHsSi40 8.5 2.25 150C 8.&5 13.2 116°¢ 5.3
5 0.5 K, 4SH4O 8.5 2.25 180C 7.1 2.25 178¢ 3.12
1.3 K, 4SH4O 8.5 2.25 180C 7.7 2.25 123: 5.00
'For each of the scenario series the shaded cell s imetn
value was adjusted manual |l y -offoi tdetermine its effect ot
The value of capacinafmIicBEBEQlanhntohhe bealopaes miiz¢tDedkidr enlda ¢
2002; Fraysse et al ., 2006, 2009 ; Loucaides et al ., 2 (

Val ues -bokguerriet isaell ect ed f DiatendYan Eappelen, 200X ltcaides etak, 2q10a; Osthols, 19¢
Fraysse et al., 2006.

“Values x$is©Qontéentr &lti ons were assigned based on conce
titration experiments, basaedtbre tHhesseblLubbhi eyxypefi MBI
S nitial sur f ald e o Ipa rew lAosteadstitby OéXCsthols, 1995).

'WSOS/ DF: Weighted sum of squares divided by degree of
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The baselinelog K"t values forCyclotella sp.and Cyclotella meneghinianaere7.2 and 7.1,
respectively. Synthetic Aerosil OX 50 and Aerosil 3G@somewhahigher-log K" values, 7.7

and 8.4respectively. These values are very close to those obtained by Loucaides et al. (2010a) for
fresh biogeic silica (6.8) and Aerosil OX 50 (7.8)Vhile the modéd calculationsconverged for
thediatomaceous earth, tfieto the correctedexperimental data was not as good agHewther

ASi materials Figure2.1), as also reflected by the almost 50 times larger WSOS/DF value than
for Aerosil OX 50. With the model parametersTiable 2.1, the constant capacitance model
predicts that at pH 8.5 26%]1%and 50%of the silanol groupweredeprotonate for AerosilOX

50,the Cyclotella sp and diatomaceous earth, respectively.

Table2.4. Best guesstimates siflanol densies and ionization constant§the ASi materials
Surface

Amor ph densit: | okgnt
silic )
>Si O ni
Aerosi | 2.25 -%515C7.7 -16¢
Aer osi 2.25 -%515(8. 4 -87¢4
Cycl ot e 4.60 -515(7.2 -716¢
Cyclot 4.60 -42607.1-761
meneghi
Di at oma " .
carth 0.50i@Q00¢7.1 -77¢
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2.4.3 Dissolution kinetics of amorphous silica
2.4.3.1 Dissolutionof different ASi at pH 7.5

Therelative dissolution kinetics of the different ASi materials are illustratefeignre 2.2. As
expected, thelissolution of Aerosil 30Qvas fastest andeached equilibrium with the aqueous
phasewithin the first 24 hourdn comparisonthe dissolutiorof diatomaceous earthias so $ow

that theDSi concentration remained near zero after 140 hatuassolid to solution ratio of 1 g L

1. The dissolution kinetics ofAerosil OX 50 fell between those ofierosil 300 and the
diatomaceous earth, releasing about8UI0ODSi to the aqueous pba after 150 hours-{gure2.2,

panel & For thecultured diatoms frustules, &2 g L! solid to solution ratio, steady DSi
concentrations were reachafter about 900 houl§igure 2.2, panel h. For the same 0.2 gL

solid to solution ratio, it took Aerosil OX 50 about 1500 hours to reach equilibrium. Note that the

solubility of Aerosil OX 50 ancCyclotella spwere quite close to one other.

The firstorder kinetic law has been widely used to analyze ASi dissolutata in batch
experimentgBarker et al., 1994b; Hurd, 1972, 1973; Loucaides et al., 2012a; Van Cappellen et
al., 2002)

Y  QdQo G286 6 2.7)

wheRag s dtihses orl autt @ oinn units of DSi phip@diusedheer
concentration) @4§ s Debghuei(ICGnbonic elmt r at i o) to b hBSi (¢
reacti omnidi shbdei(shs)o,l ut i onYHr.atGi vceonn stthaantt ethher aitnic
of DSi at t = 0 is (28giovesntegration of Equat

1176 676 foRe)) (2.8)

whetrlree sl o@pQGaflvertsws eqghi.alThteoQaqa€y@} i s referre
as the degree of under saturati on. It I S a n
undersaturation) to O Kegqoi bebdeumyierdelrdhro sgn dath

the degree of wundersaturation against ti me.

Ashda dissolution of sol iadg upehoausse stod kuetsi om| a cnet ea

compare the dissolution kinetics of di fferent
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amount of exposed surface( fagt)eaandFoar sa |lsipdectiof is
m(ghL ofmASL ¢rlith. 2 hg sL study), the ratRe per ul
given by:

Y Y & Q (2.9)

wheRies in unihl of TiDenod atme R is then expressed
Y 06 670 (21D

whek et he surfacei s erhautiheo oanoan si tzaendt of 2mMSs i n u

derived from the observed rate constdnt

0 006 Tad 211

A typical dissolution curve foNavicula pelliculosdrustulesis shown inparel a of Figure2.3.
Plottingthe datan a loglinear plot according tavith Equation(2.8) reveas thatthe dissolution
procesan be broken down ithree phase@-igure 2.3, panel b) (1) avery rapidinitial build-up

of DS, likely due to fast release afisorbed HSIO4, followed by (2)fastASi dissolution at high
degree of undersaturatioand lady, (3) a slower dissolutionas the ASiaqueous solution system
approaches equilibriuntach of the three stagesan be assign its own appareki) @ndsurface
normalized K) rate constants. To compate dissolution kineticef the different ASi materials,

in what follows, | use the rate constaktsf the fast dissolution staged(, the second stage). These
dissolution rate constants are summarizretiaible2.1. As can be seen, the values are all of similar
order of magnitude. Note that the values of the rate constants for all three stagesssbib&ah

experiments can be found in the supplementary informafiabl¢A.2).
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Figure2.2. Dissolution kinetics of the different A$ 0.01 M NaCl, pH 7.5uspensionwith (a)
1 g L solid to solution ratio at room temperature (30 C), and(b) 0.2 gL solid to solution

ratio at 25 1 °C.
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2.4.3.2 Dissolution kineticseffect ofpH

Aerosil OX 50 and acitleanedCyclotella spfrustules were suspended in 0.01 M NaCl plus 0.01
M HEPES solutions at pH valu€s8, 75 and 8.2 (Experiments2 to 7, Table 2.2. The pH
dependentlissolutionrate constantk] calculated for the fast dissolution stage of A& shown

in Figure2.4. As can be seen, thegarithms of the dissolution rate constants incrédisearly
with pH. The dissolution rateonstanbf Cyclotella spat pH 8.2was about 4.5 times larger than
that atpH 6.8,whereador Aerosil OX 50it was about 3imes higher

The effect of pH on the kinetics of silica dissolution has been widely studied, including for quartz
(Brady and Walther, 1990; Knauss and Wolery, 1988), vitreous silica (Wirth and Gieskés, 1979
and biogenic silica (Fraysse et al., 2006; Lewin, 1961; Loucaides et al., 2008; Van Cappellen et
al., 2002). The positive correlation between the dissolution rate constant and pH is explained by
the increasing surface charge as pH increases, becadsprotonation of the surface silanol

groups. Charged surface sites are inherently less stable and therefore dissolved faster.

The following surface reaction model (Dove, 1992, Fraysse, 2006) has been used to express the
dissolution kinetics of ASi at diffent pH:

Q Qo Qo 0o— (2.1 %

wheredssioni is the fraction of théth surface speciekg, ki andkz aretherate constants associated
with the different surface speci@sits:umol m? h'l) andn is the order of the hydroxydromoted

dissolution.

For pH?2 6.8, the protonated silanol groups are negligible, and the first term on the RHS of
Equation(2.12) can be ignored. Fitting of the Aerosil OX 50 data then yielded the following rate
parameter¢R? = 0.99):ki = 0.04 0.01 amol m? ht), k2= 3.44 0.37 amol m? h'') andn = 1.28

0.07.In the pH range6.0 to 8.5, the pHdependent dissolution rate constant of Aerosil OX 50

could also be described by

¢ Qa® Yoy O o8 ¢ X X (21 3B
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Figure 2.4. Dependencen pH of the surface areaormalizeddissolutionrate constantkj of
variousASi materials Note that they axis is logarithmic. Data for bamboo phytoliths are from
Fraysse et al. (2006) who usaiked flow reactors instead of batekperimentsFast dissolution

is the dissolution of ASi under high degree of undersaturation. Slow dissolution is the dissolution
of ASi under low degree of undersaturation.
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2.4.3.3 Dissolution kinetics: ionic strength depemte

The concentration of NaCl strongly impacted the ASi dissolution kinetics of Aerosil @X 30

6.8, as shown ifrigure 2.5. The largesincrease irthe rate constark occurred between NacCl
concentrations from 0 to 0.1M. At higher NaCl concentrations, the rate constant asymptotically
approached its maximum value. Thus, within the ionic streragthefor natural fresh waters, the

dissolution rateorstantof ASi would be expected to be highly sensitive to salinity variations.

The rateenhancing effect of NaCl on the dissolution kinetics of silica is-wadwn (Icenhower

and Dove, 2000; S. Plettinck, 1994; Seidel et al., 1997). The enhancemenisefenerally
accepted to béinked to theformation of reactive surface complexes. The formation of these
complexescan be described by a Langmuir isotherm, and the rate constant of dissolution is then
given by(lcenhower and Dove, 2000; S. Plettinck, 1994

'rQ 'rQ 0 h a 'rQ

¢

where kna,o is the dissolution rate constamt the absence oNaCl, kmax,naiS the maximum
dissolution rate in NaCl solution corrected kak,o [Mna+] is the molar concentration of sodium,
andKabs,na+S the equilibriumconstant describing reversible Nadsorption (dimensionless). Least
square fitting of the data fRigure2.5 to Equation(2.14) yielded (R = 0.99): 0.07 0.01and 0.46

0.02umol m? h't for kna,0 andkmax,na, respectively, and 25.63.1 for Kabs Na+
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Figure2.5. Effect of NaCl concentration on the dissolution rate of Aerosil OXat56H 6.8 and
25+ 1 °C and at a solitb solution ratioof 1 g LX. Thesolid line is the fit of the date to Equation
(2.14).
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2.5 Discussion
2.5.1 Electrical charging properties

Potentiometric titrations and surface complexation modeling have been widely used to characterize
the aqueous surface chemistry of ASi (Dixit avidn Cappellen, 2002; Fraysse et al., 2009;
Loucaides et al., 2010a; Osthols, 19%umm, 1992)Because of the very low point of zero
charge of ASi (pkhc 2.0-3.5, Dixit and Van Cappellen, 2002), in natural waters the
deprotonation of silanol groups iesponsible for the negative surface charge of ASi materials
(Figure2.1). The surface charge is therefore mainly controlled by the surface silanol déhsity (

the intrinsic deprotonation constarib@y K-™) and the electrostatic interactions that are accounted

for by the capacitance values in surface complexation models.

Values of the surface silanol density and the intrinsic deprotonation constant can, in principle, be
obtained by fitting acitbase titration data with constant capacitance model. Howeveratiogls

model simulation scenarios illustratedTiable 2.3for Aerosil OX 50, show that similar goodness

of fits can be obtained with markedly different parameter values, because the parameters are highly
correlated. Thus, a decreasdlinan be compensatedy a lower value oflogK-" and still yield

the same surface charge. In addition, in the constant capacitance model the capacitance value has
to be i mposed, and the DSi concentration i s an
titration (about 10 hours for one titratip ASi dissolution can lead to a significant drift in the
estimated surface charge, especially at higlfimiticaides et al., 2010a)his can be corrected by
allowing for a high DSi concentration, but this in turn may affect the quality of the model fit a

low pH. Here, the best results were obtained walatively high DSi concentration, close to
solubility equilibrium @00G-2000uM).

Because capacitance cannot be optimized with FITEQL, imposed values were manually varied.
While the Simulation 1 resulshow that the capacitance value does not affect the goodness of fit
of the model for Aerosil OX 50 and Aerosil OX 300, it impacts the fits to ASi materials with high
charge densities, in particular the fresh cultured diatom frustules. In the modelvitsisHeigure

2.1, a capacitance value of 5 P1is imposed forCyclotella sp, Cyclotella meneghinianand
diatomaceous earth, and 1.3 F far Aerosil OX 50.
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Highly variable surface silanol densities are obtained from the model fits as illustratadien

2.3for Aerosil OX 50 (from 0.3 t 50 >SiOH nn¥), implying that a high degree of uncertainty
associated with these estimates. Similar broad ranges have been reported in previous.gtudies
Armistead et al(1969 andOsthols(1995) In partthis is due to the different methods used to
measure surface site densities of oxide minerals. Zhuravlev (1987, @66@)the deutrio
exchange method and concluded that the surface site densities of ASi meaeigale/ithin the

range 4.20 to 5.70 >SiOHnT? for fully hydroxylated surfaces. The surface silanol density for
Aerosil silica materials measured by the lithium alanate method, however, yields smaller values,
2.20 to 2.50 SiOH nrA(Evonik Industries AG, 2015)

In line with previous work, averagtotal silanol densities of 2.25 and 4.60 >SiOH“nane
assigned to Aerosil OX 50 and fresh cultured diatoms frustules, respeciiadie (2.4, and

0.50 >SiOH nni? to the diatomaceous earth. The larger value for fresh frustules, compared to the
Aerosil materials accounts for the presence of ionizable silanol groups located within the silica
structure. The existence of these internal silanol groups was demonstrated by Loucaides et al.
(2010a) and explains the high apparent surface charges on fresh fdisttutes (see also section
2.5.3). The low value for the diatomaceous earth accounts for aging processes that progressively

eliminate the microporosity (internal silanol groups) and surface roughness (external silanol

groups).
2.5.2 Dissolution kinetics: ratequation

The firstorder kinetic law (Equatio(2.7) can be derived from transition state theory (TST) when

the dissolution of ASi can be treated as an elementary reaction, or when the activation energy of
the detachment to solution of the reactive surface sites is much higherdbanftbther steps.
However,the experimentaiesults in this study, as well as previous work, show that a single linear
dissolution rate equation does not hold across the entire domain of undersaturation as shown in
panel b ofFigure2.3 (see also ilbove et al (2008) and Van Cappellen and Qiu (199Tiye et

al. (2008) proposed that the nbmear dissolution kinetics can be explained based on the classical
theory of polynglear nucleation kinetics. According to this theory, the availability of reactive Q

surface groups.g., silicate groups bonded to the silica lattice via two bridging oxygens) increases
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exponentially with increasing degree of undersaturation, as doesstwution rate. The rate is

then controlled by the detachment of @its at the surface.

The three phases observed during the dissolution batch experiments (Figure 2.3, panel b) can be
attributed to the following succession of processes. (1) WhernisABst exposed to a DSiee

aqueous solution, loosely sorbed silicic acid molecules are immediately released to solution. (2)
Polynuclear dissolution kinetics at high degree of undersaturation are responsible for the fast
dissolution, which can be appimated by the linear rate law together with a relative high rate
constant. (3) Below a critical degree of undersaturation, detachment of less reacivwéaQe

groups (.e., silicate groups bonded to the silica lattice via three bridging oxygens) betbene
ratecontrolling processes. The rate in the third phase can also be represented by the linear law,
but with a slower value for the rate constant. The three rate constants describing the three phases
of the dissolution processes as listed in Tahl2 for the different ASi materials used in the

experiments.

To determine the degree of undersaturation separating the fast (stage 2) from the slow (stage 3)
dissolution kinetics, all the existing studies that measured silica dissolution rates across the entire
range of degree of undersaturation were assembleds ttait values of 6 076 froml

to 0 (TableA.1, Supplementary Information). These include studies on biogenic ASi, synthetic
ASi, and quartZBerger et al., 1994; Dove et al.,, 2008; Gallinari et al., 2008; Rickert, 2000;
Seebereglverfeldtet al., 2005; Van Cappellen and Qiu, 1997b; Wu et al., 2017; Wu et al., 2015;
Zhang et al., 2015)or each experimental data set the boundary between fast and slow dissolution
is estimated from the intersection of the two corresponding linear trendsvallnees of the
undersaturation boundaries are listed able A.1 and plotted as a frequency diagram in Figure

2.6: most values of 0 0 76 are higher than 0.4yith a mean value around 0.55. Thus, in
natural environments when the degree of undersaturation with respect to the dissolving ASi phase

rises above 0.55, | can expect a significant acceleration of the dissolution rate (and vice versa).

47



32

264

214

164

1/

Frequency (%)

5 //
0 . . . v v
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1-CIC,,
Figure2.6. Probability distribution of degree of wu
and Asl owodo ASi di ssolution has been observed

al., 1994;Dove et al., 2008; Gallinari et al., 2008; Rickert, 2000; Seebbrgrfeldt et al., 2005;

Van Cappellen and Qiu, 1997b; Wu et al., 2017; Wu et al., 2015; Zhang et al., 2015. The studies
were conducted with cultured biogenic ASi, recent sediments, diatmusearth and quartz. For

the numerical values of the degree of undersaturatiorm,adeA.1.

0.5 -
= B
o
=
E o pH=82
3 03- © pH=6.38
<
8
C
8
S 0.2
@ o
©
o4
0.1 +

0000 0002 0004 0006 0008 0010 0012

NaCl concentration (mol L)
Figure2.7. Effect of NaClconcentratoron t he #Afast o dissolution rat
at pH 6.8 and 8.2, and aglL* and25 1 °C).

48



2.5.3 Dissolution kinetics: external versus internal silanol groups

The much higher electrical charging of fireshly harvested diatom frustules compared to Aerosil

OX 50 (Figure 2.1) is not accompanied by a correspondingly higher dissolution rate (Hgure 2.

as would be expected from the surface complexation model of dissolution (Equation 2.12). This is
consisént with the work of Loucaides et al. (2010a) who showed that the electrical charge of
nanoporous biogenic silicas measured with potentiometric titrations reflects the ionization of both
external and internal silanol groups, but the dissolution kinetecsantrolled by the detachment

of the external groups only (i.e., the silanol groups that are located on the outer surface of the
frustules). This is because the internal groups are accessible to protons, but not to the relatively
larger reactants involved silica dissolution, such as28 and N&a. For norporous Aerosil OX

50, the absence of internal silanol groups results in a direct correlation between electrical charging

and the dissolution kinetics, as embodied by Equatidi2)2.

While Aerosil OX 50provides a useful (and easily available) reference material to study surface
controlled dissolution processes of ASi (Dixit and Van Cappellen, 2002; Loucaides et al., 2010a;
Osthols, 1995), it is important to acknowledge the variable fractions of intendakxternal
silanols in biogenic silicas. For example, when using the parameters obtained by fitting Equation
(2.12) to the Aerosil OX 50 data (see section 2.4.3.2), thel@bendent dissolution rate constants

of Cyclotella sp.are overpredictedThis agarent discrepancy can be resolved by taking into
account the presence of (nogactive) internal silanol groups: the kinetic data then imply that

about 67% of the total silanol sites of the fr€sftlotella spfrustules are accessible to dissolution.
2.5.4 Dissolution kinetic: pH and Na

The pH trends of the fast dissolution rate constants of Aerosil OX 5Cyrlidtella spobtained

here are consistent with those of other biogenic ASi, as shown in Figure 2.4. Tdepehtient
ionization of silanol groups exple the correlation between the dissolution rate constants of ASi
materials and the pH of the bulk solution (Fraysse et al., 2006, and references thdeein).
accelerating effect of Ngrovides another example of a solutidrven change in the surface
reactivity of silicagDove, 1995) As a major cation in fresh and marine waters', idadsorbed

on silica surfaces as an ousghere complex where it enhances the deshielding of >SiOH groups.

The resulting change in the electron distribution of the Si atoms weakens the silordreece
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catalyzing the detachment to solutiidove andCrerar, 1990; Icenhower and Dove, 2000; S.
Plettinck, 1994; Seidel et al., 1997)

The maximunmenhancement factaf the dissolution rate constant of Aerosil OX 50 at 0.7 M Na
is about 9 (Figure 2.5), which falls within the range of 3 to 21 in previtugses (Dove et al.,
2008; Icenhower and Dove, 2000; Plettinck, 1994). [@hgevariation in enhancement factors is
likely be due to variable accessibility of surface siis Na® adsorption and differences in
experimental conditionsThe Kabs na+CONstat obtained by fitting Equation (2.14) to the data in
Figure 2.5(25.6 3.1) isclose to the valuef 22 reported bycenhower and Dov€000). Most

fresh waters, however, have salinities that correspond to the extreme left side of Figure 2.5. As
shown in kgure 2.7, at low Naconcentrationsthe dependence of the dissolution rate constant of
Aerosil OX 50 on the Naconcentratiorcan be approximated by a linear relationship. For the pH
extremes tested in this study (pH 6.8 and 8.2), the following equatmyunts for variations in

the Nd& concentration

Q , p@o6 mip Qg 215

wherekes:c andko.o1 are the rate constants (umot?rhrl) at the giverNa* concentration and in
0.01 M NacCl, respectivelygndCna+ is the concentration of Nid@n units of mol L. Note that the
rate constants in Equation (2.15) are the valuesalZ5. The rate constants can be corrected for
temperature using the Arrhenius equation withaativation energy in the range-34 kJ mott

(see Loucaides et al., 2012b, and references therein).
2.6 Conclusions

Several ASi materials, including biogenic and synthetic ASi, were analyzed by potentiometric
titrations and batch dissolution experiments. fitnations show major differences in the charging
behavior of the ASi materials. While the data can be fitted with the constant capacitance model,
the results also show that there are no unique solutions for the model parameters. In addition, the
lack of @rrelation between measured electrical charge and dissolution rate constants confirms the
existence of an internal pool of silanol groups in the freshly cultured diatom frustules. These
internal groups, which contribute to the electrical charging of thstutes but not to their

dissolution rate, are not explicitly taken into account in the constant capacitance model. However,
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by comparing the charging and dissolution rate constants of porous (biogenic) aporows

(Aerosil OX 50) silicas, it becomes gmible to estimate the fraction of internal silanol groups in

porous ASi materials. The dissolution batch experimalsts show that a single linear rate law

does not represent the dissolution kinetics of ASi over the entire range of degrees of
undersatuai o n . At high degrees of undersaturation
rate constant possibly reflects a polynuclear nucleation mechanism. In line with earlier work, our
results further show a strong effect of changes in pH on the dissokitietics, because of the
pH-dependent ionization of surface silanol grog.also confirm the accelerating effects of'Na

ions on the dissolution rates of ASi.
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Chapter 3
Influence of Fe(ll) adsorption on the dissolution kinetics of

amorphous silica

3.1 Summary

The dissolution of amorphous silica (ASi) is the first step in the recycling of reactive Si back into
solution where it can be used again by siliceous organisms, incldditgm communitiesn

aguatic environment$Vhile the effects of environmental variables, such as temperature, pH and
the degree of undersaturation, have been thoroughly investigated, the role cterditive
variables on the dissolution of ASi remaamdely unexplored. This is the case of iron (Fe) cycling
along redox gradients in freshwater environments. The present study focuses on the mechanisms
by which interactions between ASi and aqueous Fe(ll) affect the dissolution rate of ASi. A series
of batd reactor experiments were conducted by adding variable amounts of aqueous Fe(ll) to ASi
suspensions under anoxic conditions. Fitting of the adsorption data of Fe(ll) with a constant
capacitance model indicates that Fe(ll) adsorbs mainly via the fornodttmdentate complexes

at the surface of ASi. In addition, our results suggest that increasing concentrations of Fe(ll)
adsorbed to @groups (.e., surface silicate groups bonded to the silica lattice via two bridging
oxygens inhibit ASi dissolution, lilely by stabilizing the @sites. However, after reaching a
maximuminhibition effect, further increasing the Fe(ll) concentration actually slightly accelerates
the dissolution rate. We interpret the opposing effects on ASi dissolution kinetics by adlditiona
binding of Fe(ll) to Q groups (.e., silicate groups bonded to the silica lattice via three bridging
oxygen$. The latter sites have a lower affinity for Fe(ll) and, therefore, only become abundant at
the highest aqueous Fe(ll) concentrations. In cehtmathe Q groups, however, the detachment

of Qs surface sites appears to be catalyzed by the binding of Fe(ll).

3.2 Introduction

As amorphous silica (ASi) is one of the dominant reactive particulate Si endmembers in sediments,
the dissolution of ASi exerta strong influence on the magnitude of DSi internal loading and
therefore the availability of DSi for siliceous phytoplankton in the water column. Although studies

on this topic are limitedyxygen conditions have been shown to affeetdissolution ratef ASi
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(Bauerfeind and von Bodungen, 2006; Holstein and Hensen, 2010; Lehtimaki et al. WAtd<s)
mechanisms, however, remain uncle@rchange in oxygen conditions in sediments may be
accompanied by changes in pH, reactive oxygen species, and redsbortreation of redox
sensitive elements such as iron (R®dox potential and pH are usually negatively rel@Bgibos

et al., 2009; Parsons, 201The production of C®and the consumption of OHinder oxic
conditions can result in the decrease of pH. Previous studies have shown that the logarithm of ASi
dissolution rate constants increase linearly with pH, and even a small change of pH at near neutral
range can have a significant effect on ASisoilution rate¢Dove and Elston, 1992; Fraysse et al.,
2009; Lewin, 1961; Loucaides et al., 2008)ditionally, the production of reactive oxygen
species, such as hydroxyl free radicals, during redox reactions may lower the energy barrier of
activated caplexes(Konecny, 2001) This mechanism was posited based on model calculation,
but has not been confirmed by experimental resOitygen conditions have also been shown to
affect the dissolution of ASi due tchanges in the composition of the microbiahmmunity
controlling the degradation of the organic protective coating surroundin@B@agerfeind and von
Bodungen, 2006; Holstein and Hensen, 2010; Lehtimaki et al., 20h&h are beyond the scope

of this study focused on the surface chemistry of ASi.

Dissolved ferrous iron (Fe(ll) produced by the reductive dissolution of Fe(lll) oxyhydroxides
under anoxic conditions can adsorb ttee ASi surface (Milonjic et al., 2006) which may
consequently affect the dissolution rate of ASi under different oxygedittons. However, the
effects of Fe(Il) on ASi dissolution are still under delf{g@testine and Thurgate, 2007; ller, 1979a;
Mayer et al., 1991; Morris and Fletcher, 1987¢(11) has been shown to retard the dissolution of

ASi probably by forming a coattg of insoluble silicate§Lewin, 1961) while the change from
anoxic to oxic conditions in the presence of Fe(ll) has been shown to accelerate quartz dissolution
by increasing its solubilityMorris and Fletcher, 1987R thorough study is therefore recgdl to

better understand the mechanisms influencing ASi dissolution during Fe(ll) adsorption under
anoxic conditions, antb better understand the pathways and magnitudes of Fe and Si released as

a result of these interactians

Herein, | used a series bétch laboratory experiments to study the effects of Fe(ll) adsorption on
ASi dissolution kinetics at constant pH by systematically varying Fe(ll) concentrations in solution

| coupled these experiments with a surface reaction model to represent ane prsight into
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potential interactions between the ASi surface and aqueous Fe(ll) and their impacts on the ASi

dissolution rate constant.

3.3 Materials and Methods
3.3.1 Materials

A synthetic form of pure ASi Aerosil OX 5Eyonik) was chosen for this study due to its
availability as a commercial product. Further, Aerosil OX 50 is characterized as having no
significant microporosity. This makes it an ideal material for the study of surface reactivity, as it
has been shown in Chapt2 that micropores in ASi can limit the accessibility of surface sites,
which causesa deviation to the relationship between surface sites and rate constants. The
physicochemical properties of Aerosil OX 50 were studied in Chapter 2, and are summarized in
Table3.1.

Table3.1. The physicochemical properties of Aerosil OX 50.

Specific Surface site . Dissociation
; Capacitancé constant
Surface Area density s
|Og U_Qaélo
m?gt OH nm? F n?
50 2.25 1.3 -7.8

Measured by NBET methodusing a Gemini VII instrument: 3 Charlet et al., 1993; Evonik
Industries AG, 2015; Zhuravlev, 198Derived from constant capacitance model fit in this study,
usinginitial values sorted from previous studies (Dixit and Van Cappellen, 2002; Fraysse et al.,
2009; Loucaides et al., 2010a; Osthols, 1995)
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3.3.2 Methods

Al solutions used were prepared wiMilliporeanal yt i

unless otherwge stated. The pH values of solution and suspension were measured with Orion
Versa Star electrochemistry meter (Thermo Scientific) equipped with a pH probe that was
calibrated against pH 4.0, 7.0, and 10.0 standard buffer prior to each use. Sampldgevesre f
with 0.2 um poresizepolypropylene syringe filtersacidified withtracemetal hydrochloric acid

to pH < 2, and analyzed witinductively Coupled Plasm@ptical Emission Spectrophotometry
(ICP-OES, Thermo Scientific iICAP 630®)r the concentratio of total DSi and Fe with the US
EPA Method 200.4U.S. EPA., 1994)Matrix-matched standards were prepared from Fisher
Scientific stock standards (Thermo Fisher Scientific) to eliminate the interference of matrix.
Reference samples prepared with mukineént standards (Delta Scientific Laboratory Products
Ltd.) were analyzed along with all samples for quality control. Fe(Il) concentration was determined
by the ferrozine methofViollier et al., 2000) The precision of reference samples measurement

acrosssample run was better than 10% and the relative standard deviation was well within 5%.
3.3.2.1 Preliminary batch experiments

A series of preliminary batch experiments combining ASi and Fe(ll) in NaH§20kground
solution were conducted to test which aspecti®fron redox cycle would affect the dissolution
of ASi in a pure system. Fentond0s reactions
(White et al., 2003)

"0Q O0 ©"'0Q 0D L0

"0Q 00 ©"0Q "L

For each preliminargxperiment 10.0+0.2 mg of ASi, weighed using an analytical balance with
a precision of 0.1 mg, was suspended into 10 mL of 10 mM28@kisolution that contained
different initial HO2 concentrations (0, 1, or 10 mM). Dissolved Fe(ll), prepared from:Sad)
was added to the NaHGG®olution in experiments B (Table 3.2 to achieve a concentration of
0.01 mM Fe(ll). The Fe(ll) solution was added either under oxic conditions beéoaeldition of
ASi (Exp. DF, Table 3.2 or under anoxic conditions after the addition of ASi (BXd, Table

3.2). The polypropylene vials containing the ASi suspension were then agitated on a rotating

58

A



Table 3.2. Structural design of preliminary experiments which target three different reaction
pathways and mechanisms of DSi retention or release. The background starting solution for all
experiment was 10 mM NaHCGOStep 1 involves the addition of vargimmounts of kD2 to a

10 mM NaHCQ background solution; Steps 2 and 3 involve targeting different reaction pathways
between Fe and amorphous silica (A%g,, the dissolution of ASi in the presence of variable
H202 concentration and in the absence ofiff€A - C), the dissolution of ASi with varying4@:

and in the presence of Fe(lll) oxyhydroxides formed by the oxidative precipitation of 0.1 mM
Fe(ll) (D - F), and the dissolution of ASi in the presence of variahfézldoncentrations and in

the presence of Fe(Mith an initial concentration of 0.1 mM (HG).

Reaction
Exp pathways
No. targeted by Step 1 Step 2 Step 3
experiment
A The effect of HO, 0 mM H;O,
B 1 mM HO, 1gLtASI 0 mM Fe(ll)
C 10 mM HO,
The effect of Fe
D oxyhydroxides 0 mM HO,
E 1mM 0, OLMMFed) o ag;
in oxic solution
F 10 mM KO,
G The effectof Fe(ll) 0 mM HO-
1gLtASI
H 1 mM HO, in anoxic 0.01 mM
X Fe(ll)
solution
| 10 mM HO,
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shaker at 30 rpm (Glas3ol, 099A RD4512) for 5 days. The temperature was maintained at 20+3
- C for the duration of the experiment. 10 mM NaHQ@s used as a background electrolyte and
pH to maintain a pH of 8.5+0.2 during the experiment. After 5 dhgssuspensions were syringe
filtered (0.45 um poreize polypropylene filters) for DSi analysié\ll experiments were

guadruplicated.
3.3.2.2 The adsorpon of Fe(ll) on amorphous silica

Following the preliminary experiments, the adsorption behavior of Fe(ll) was studied across a
range of pH. 1 g of ASi was suspended in 1 L of 10 mM NaCl background solution. The
suspensions were continuously stirred fataly at 25+1°C for equilibration. After being sparged

with N2 gas for3 hours the suspension was transferred toahaerobichamber, where 0.2 mL

of 100 mM FeCl stock solution was added to the suspension to give a final concentration of 20
MM Fe(ll). 100 mL of the suspensions were then separated into 120 mL glass serum bottles and
adjusted to target pH values between 4.0 to 8.0 using concentrated NaOH and HCI. Relatively low
Fe(ll) concentration and low pH were used here to avoid the precipitationrafigenydroxide

and ferrous silicated~{gure B.1), and concentrated acid/base was used to avoid excess volume
and dilution effects. Before being broughit of the anaerobic chamber, serum bottles were sealed
with butyl rubber stoppers and aluminum caps to eliminat®@tamination. Duplicates were run

to evaluate experimental reproducibility. After equilibrating 2&1°C for 12 hours, the
suspensions we returned to the anaerobic chamber, where 10 mL of samples were filtered with

a 0.2 um porssize polypropylene membrane filters and acidified with 0.3 mL of 6 N HCI.
3.3.2.3 Evaluating the effects of Fe(ll) adsorption on the dissolution rate of amorphous silica

A series of kinetic dissolution experiments were subsequently performed with larger batch reactors.
1.00 g of ASi (weighed with an analytical balance) was suspended in a 100 mL solution of 10 mM
NaCl and 10 mM HEPES {@-hydroxyethyl}1-piperazineethanetfonic acid) adjusted to pH
7.0£0.1 with NaOH and HCI. The suspension was kept at 25t1 °C and continuously stirred for
three days. It was then-@xygenated by vigorously sparging with fér at least 3 hours before

being brought into an anaerobic cham@mospheric composition: E8% N, 2-3% H and <

1 ppmv of Q).
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Figure3.1. Overall design of dissolution experimeht00 g amorphous silica (Aerosil OX 50) was
suspended into 100 mL oxsolution and the suspension was continuously stirred for three days.
100 mM FeCl solution was added to the suspension to achieve Fe(ll) concentrations of 0, 20, 200,
500, 1000, 2000 uM Fe(ll) in the anaerobic chamber. After equilibrating for 12 hours, the
suspensions were diluted 10 timis,, 1.00 g ASi ! with 0, 2, 20, 50, 100, 200 uM Fe(ll). The
anoxic condition was maintained by sealing with rubber stoppers and aluminum caps te keep O
free. pH of the suspensions was maintained at 7.0+0.1 duengxftreriment. Temperature was

kept at 251 °C. Samples from anoxic bottles were collected in the anaerobic chamber to avoid
the contamination of oxygen.
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In the anaerobic chamber, varying amounts of a 100 mMV:iE¢@k solution were added to ASi
suspengins, to achieve Fe(ll) concentrations giM, 20 uM, 200uM, 500uM, 1000uM, and

2000pM. This resulted in approximate initial Fe(ll) to total surface groups ratio of 0, 0.01, 0.1,
0.25, 0.5 and 1 respectively. The total concentration of silanol (>SgDHace groups in the
suspension was estimated to be 1868.8 UM based on the surface site density and surface area of
Aerosil OX 50 Table3.1).

By keeping the suspensions in the anaerobic chamber overnight, effects of surface adsorbed silicic
acid (HiSiO4) on ASi dissolution kinetics were excluded. Additionally, the adsorption of Fe(ll) on
surface of ASi presumably reached equilibrium after 12 hdiarstudy the dissolution kinetics of

ASi with adsorbed Fe(ll), the suspensions were diluted to 1.00af ASi and therdividedinto

a group of serum bottles. The anoxic condition was maintained by sealing the serum bottles with
rubber stoppers and alimam caps to keep the solution fdee when removal from the anaerobic

chamber.

Duplicates of experimental conditions were conducted to evaluate experimental reproducibility.
All serum bottles were kept in a dark environmental chamber at°@5#liring inciation
Samples were collected at designated intervalsKggre 3.5 for time intervals and duration) by

using needles through the butyl rubber stopperachieve a concentration time series. Anoxic
samples were collected in the anaerobic chamber. All samples were filteréd2niim poresize
polypropylene syringe filtersacidified with HCI, and then stored at°€ for the analysis of
dissolved Si ath Fe. The details of environmental design are showrigare 3.1. A series of
control experiments without Fe(ll) were also conducted. The release of DSi from the glass serum

bottle in the control experiments was measured as background.

3.4 Results
3.4.1 EffectofFmt on6s reactions on ASi di ssoluti on

A series of preliminary experiments were performed to assess the effects of different aspects of
the iron redox cycle on ASi dissolution by addingokland Fe(ll) into suspensioRigure3.2). In
the absence of aqueous Fe(ll) (ExpCATable 3.2 black boxes irFigure3.2), about 16% of the
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Figure3.2. The effect of ferrouserric iron reactions on the dissolution of ASi. Thexis indicates

the amount of ED2added into the ASi suspension; thaxis indicates the concentration of DSi

after 5 days of dissolution. The data were collected after 5 days of dissolution at room temperature
and in a 10 mM NakCOs solution with a pH of 8.5. Boxes and whiskers in tigufe show
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initial ASi dissolved during the 5 days incubation. Similar levels of dissolution occurred at varying
H202 concentrations. With the additioh IBe(1l) to oxic solutions before the addition of ASi (Exp.

D-F, Table 3.2 blue boxes irFigure 3.2), slightly less DSi (about 15%) was released thas wa
observed in the absence of Fe(ll). In contrast, the release of Si decreased substantially with the
addition of Fe(ll) to the ASi suspension (EX®!, Table 3.2red boxes ifrigure3.2). This resulted

in dissolution of less than 10% of the initial ASi.

3.4.2 Fe(ll)adsorption on ASi

3.4.2.1 Effect of pH

The Fe(ll) adsorption edge was determined by plotting the percentage of total dissolved Fe(ll)
removed fromsolution as a function of pH-{gure 3.3). The adsorption of Fe(ll) did not show
obvious pH dependence at low pH values (4.0 to 5.0), and only abodtbedmtial 20 uM Fe(ll)

was removed within this pH range. When pH was higher than 6.5, Fe(ll) adsorption was highly
pH dependent, and the fraction of Fe(ll) adsorbed increased from 10% to nearly 100% within one
pH unit (pH 6.5 to 7.5).

3.4.2.2 Effect of Fe(ll)concentration

To mimic the broad range of conditions found in nature, a wide range of initial Fe(ll)
concentrations (0 to 2000 uM) were used in this study. After equilibrating experimental solutions
(10 mM NaCl, 10 mM HEPES and varying Fe(ll) concentratibipH 7.0+0.1) in an anaerobic
chamber for 12 hours with a 1 g ASi per 100 mL solution, the suspensions were diluted to 1 g ASi
per litre (thus diluting the initial Fe(ll) concentrations to a range of 0 to 200 uM). By doing this,
adsorption process waspsgated from the dissolution kinetics of ASi with adsorbed Fe(ll). The
amount of Fe(ll) adsorbed increased with increasing initial Fe(ll) concentr&iguré3.4). As
dissolved Fe(ll) did not decrease over time during the dissolution experiment, the adsorption data
with different initial Fe(ll) concentrations at pH 7.0£0.1 were used to validate the results from

surface complexation model.
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Figure3.3. Fe(ll) adsorption edge on Aerosil OX 50. The adsorption experiments were conducted
by adding 20 uM Fe(ll) into 1g°Lof ASi suspension at 25+L. Concentrated NaOH and HCI
were used to adjustgaH, and the total volume changed by less than 1%. Black squares represent
the average values of duplicate experiments (difference between duplicates is less than 3%).
Dashed line is the result of a monodentate mononuclear surface complex r8aadtie3.8), and
solid line corresponds to a bidentate binuclear surface complex redcioed.3).
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Figure3.4. Fe(ll) adsorption data and model prediction at constant pH 7.0+0.1 and constant silica
suspension concentration (1 g Aerosil OX 50) for varying initial Fe(Il) concentrations (n = 6).
The dashed and solid lines are the result of monodentate and tedeotiel predictions.
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3.4.2.3 Surface complexation model

The constant capacitance model (CCM) was used to interpret the Fe(ll) adsorption data at different
pH values. Aerosil OX 50 was assumed to contain one type of amphoteric surface site which had
a 1:1 stoiclmmetric ratio of Si and OH. Fe(lltan beadsorbed by forming monodentate

mononuclear and/or bidentate binuclear surface complexes:

3E/ (OQP 3EN&O (3.1
3E/ (OQ 'O/P 3E/ &ALQ (3.2)
3E/ (0OQ P 3E/&A ¢O (3.3)

where >SiOH denotes a surface site on silica, (>Si@eNotes a bidentate surface site that is the
combination of two specific surface sit¢¢/ang and Giammar, 2013)he experimentally
observed proton stoichiometry factor for Fe(ll) adsorption was 1.9 which was close to that of other
divalent metal iongKosmulski, 2000)Therefore, Fe(ll) adsorption data was interpretecharily

as a result of Reaction (3.2) or (3.3).

The deprotonation constant of monodentate surface sites were obtained by fitting potentiometric
titration dataice., in the absence of spécally adsorbed ions) of Aerosil OX 50 to the CCM (see
more details in Chapter 2). With a surface site density of silanol groups of 2.25 >Si®&&hdra
specific capacitance of 1.3 Fixthe deprotonation constant for Aerosil OX 50 is Table3.1).

These parameters were used as input to a computer program Visual M(&UiE@fsson, 2000)

for Fe(ll) adsorption equilibrium constants optimization with the CCM. The concentration of
availabe silanol groups on the surface of 1¢ Aerosil OX 50 for Fe(Il) adsorption is 186.9 uM.

The best model fit yielded a value for the Fe(ll) adsorption intrinsic equilibrium constaniKy

of 9.83 £ 0.10. Solving Reaction (3.3) to determine the equifilb constant of Fe adsorption
requires the concentration of bidentate sites. Since bidentate sites are the combination of two
adjacent surface sites that can react with Fe(ll) simultaneously, their initial concentration was
assumed to be half of the totalrface site concentratione., 93.5 uM. This change to the initial
surface sites concentration resulted in a revised dissociation constant of 7.2 for the first
deprotonation of bidentate surface sites. Consequently, the best model fit yielded 4 Falli¢ o
adsorption intrinsic equilibrium constantog K) of 9.45 + 0.10 for Reaction (3.3)dble3.3).
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Table3.3. Test of surface complexation model using different surface reactions.

[ >Si « [ (>S4 C _ Tot ¢

No. Reaction — — 1 og"ttsum
M M squa

1 Monode .o 2o s5e0FeOH 186 0 9.83 | 45. ¢
mononucl ' ' tT
2Bident & g @oHFe(>SFO) ¢+ O 93.5 9.45 | 49. ¢

bi nucl e
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The equilibrium constants obtained from fitting Reaction (3.2) and Reaction (3.3) to Fe(ll) sorption
to Aerosil OX 50 were used to predict the adsorption of Fe(ll) at different initial concentrations.
Considering only monodentate mononuclear surface compl@Reaction (3.2Figure3.4), with

an intrinsic equilibrium constant of 9.83, the model was able to adequately reproduce the
experimental Fe(ll) adsption data as a function of the initial Fe(ll) concentratiéigre 3.4).
Considering only bidentate binuclear surface complexes (Reaction (3.3) Bi@), the model

failed to reproduce the experimental Fe adsorption data at high initial Fe(ll) concentration (200
p1M), although the reproducibility at low initial Fe(ll) was good (between 0 and 100 kibre

3.4).

CCM simulations that incorporate a combination of surface Reaction (3.1) and either Reaction
(3.2) or (3.3) were also considered to fit Fe(ll) adsorption data. A simulation combining Reactio
(3.1) and (3.2), which considers the pH dependence of Fe(ll) speciation (e.g., Fe(ll) vs're(OH)
successfully reproduced the adsorption edge. However, these two reactions effectively described
the same monodentate mononuclear adsorption mechanisncangbrating them both increased

the complexity of the model. The combination of Reactions (3.1) and (3.3) however described
different mechanisms of Fe(ll) adsorption. As the relative abundanaeadfble monodentate

and bidentate sites could not regdile quantified different ratios of [>SiOH] and [(>SiOH])

were assigned and tested. Varying the relative abundance of monodentate vs bidentate sites did
not obviously improve the quality of the model fit. Therefore, in this study, Fe(ll) was assumed to
be adsorbed either by monodentate mononuclear (Reaction (3/@pemtate binuclear surface

complexes (Reaction (3.3)) on the surface of ASi in this study
3.4.3 Effect of Fe(ll) adsorption on ASi dissolution kinetics

3.4.3.1 Dissolution rate constants of ASi with vy initial Fe(ll)

The effects of varying Fe(ll) concentrations on ASi dissolution kinetics under anoxic conditions
are shown inFigure 3.5. Although te kinetics of ASi dissolution after 2000 hours were not
recorded, data points collected six months later showed that the solubility of ASi decreased with
increasing Fe(l)TableB.1). Specifically, trace Fe(ll) (less thaqu®) did not affect the solubility

of ASi, which is in consistent with a previous studler, 1979a) The sdubility decreased from
1712uM to 1575 uM when initial Fe increased from 2 to 200 uM.
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Figure3.5. The effect of varying initial Fe(ll) concentrations on the dissolution kinetics of Aerosil
OX 50under anoxic conditions. The dissolution experiments were conducted by suspending 1.0 g
ASi in 1 L solution of varying concentration of initial Fe(ll) at pH#00L and25+1 °C. Anoxic
conditionswere created by vigorously sparging withe for at least 3 burs and maintained by
sealing the serum bottles with rubber stoppers and aluminum caps.
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To quantify the inhibition effect of Fe(ll) on ASi dissolution kinetics, the-frster kinetic law

was used to quantify the rate constant. As is showrigare 3.6, the effect of Fe(ll) on the
dissolution rate could be categorized into two stages. The rate constant showed a sharp decrease
with increasing initialFe(ll) concentration until the inhibition effect reached its maximum at 50

MM initial Fe(ll). Above 50 uM of initial Fe(ll), the dissolution rate constant increased slightly
between 50 and 200 uM. Therefore, the greatest effect on the dissolution rantctrsASI

occurred at 50 puM initial Fe(ll), where the rate constant reached 0.05 plof nThis was less

than one third of the value obtained in the control solution (without the addition of Fe(ll)) at pH
7.0+0.1(0.17 pmol n? hY).

3.4.3.2 Surface reactin model

To interpret the inhibition effects of Fe(ll) on the dissolution kinetics of ASi, | firstly tried to use
a surface reaction model that accounted for the concentration and species composition of surface
sites. Both monodentate mononuclear and batertiinuclear surface complexes were tested. The
results of bidentate binuclear were specified below:

T 0o No— No— (3.4)
wheredssioi is the fraction of surface specidsis the dissolution rate constaiptmol n? h?), ko
andki are rate constants of different surface species that have the samekuniisahe order of
hydroxytpromoted dissolution reactiokdis the rate constantsf Fe(ll)-adsorbed surface sites
that have the same unitla@umol n? h'), andais the order of the Faffected dissolution reaction.
Values ofko (0.040.01) ki(3.44+0.37, andn (1.28+0.07) have been obtained in Chaptertie
relative abundance of different surface speaspH 7.@&0.1 with varying initial Fe(Il)
concentrations was predicted using the CAMe percentage of (>Si€he surface complexes
increased witlincreasing initial Fe(Il) concentratiofifure3.6, small panel). Equatiof8.4) was
fitted to experimental rate constant dfay(ire3.6) to estimate the unknown paramettanda
(with the assumption th&fanda should not be negative). However, surface reaction model using
Equation (3.4) and the surface species composition shokigune3.6 predicts much higher rate
constants than those calculated for the experimental data, regardless of hd®isifial dashed

line in Figure3.6 was produced from simulations whéfevas equal to 0).
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duplicate experiments; and the dashed line corresponds to rate copstaitted by the surface
reaction model (Equatio¢8.4)) with a minimumk® value of 0. The inset panel (top right) shows
the distribution of Aerosil OX 50 surface species at pH 7.0£0.1 with varying initial Fe(ll)

concentrations.
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3.4.3.3 Langmuir adsorpbon model

The poor fit of surface reaction model to the dissolution rate constants data of ASi in the presence
of Fe(ll) led to the assumption that the geometric coordinative arrangement of surface groups,
other than concentration and species distributicsurface groups, also affect the dissolution rate

of ASi. The inhibition effect of Fe(ll) was then described by a Langmuir adsorption model that
was presented by Christoffersen and Christoffer&emristoffersen and Christoffersen, 1981,
1984) and has ben widely usedKoutsopoulos and Dalas, 2000; Takasaki et al., 1994; Van
Cappellen and Berner, 199The overall dissolution rate constant was assumed to be the sum of
the rate constants of free @oups (germinal silanols that are bonded to the s#ittecé via two
bridging oxygens) and Fe(ll) adsorbed gdoups (isolated silanols that are bonded to the silica

lattice via three bridging oxygens):
Q Qaw Q (3.5)

wherek is the rate constant observaedh{ol n¥ h''), kz andksare rate constants of active surface
Q2and Q groups that have the same unikag)Z"¢is the fraction of @group that is not occupied

by Fe(ll), andkq#®is the fraction of @groups that is catalyzed by the adsorption of Fe(ll):

5 . 0 DM (3.
p 0 00Q
5 0 D00 (3. 5
p 0 00Q

K2 and Kz are the Langmuir adsorption constants of &@dd Q groups and, [Fe(ll)] is the
concentration of dissolved Fe(ll) remainihgthe absence of Fe(ll), the fraction of freeg@oups

was therefore 1, and the fraction of Fe(ll) adsorbedrQups was 0, theforek = k2 = 0.17.

The inhibition effect of Fe(ll) on ASi dissolution was classified into two stages (Figure 3.7). When
initial Fe(ll) concentration was low (lower than 50 uM), detachmentafrQups dominated the
dissolution process. The dissolutioteraonstant in this case was approximated by:

v 2'0Q

Q QOp m (3. 5

Rearranging Equation (3.5c) gave:
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T—Q p v O°0Q (3. 5¢

Equation (3.5d) demonstrated that the ratidd is linearly dependent on the concentration of
Fe(ll), and slope of this linear relationshipkis= 0.22 + 0.01. With the known values lefand
Kz, the dissolution rate constant of @roups in the presence of different amounts of Fe(ll) (the

first termon the right side of Equation (3.5)) was able to be quantified.

When initial Fe(ll) concentration was high (higher than 50 uM), fewer feest€s were available
for further sorption and therefore the contribution of Fefdlalyzed detachment oz @roups to
the overall dissolution rate became increasingly important. Therefore, the dissolution rate constant
was calculated using:

0 Qmw Q :3ﬂ (3. 5.

p v O0°0Q

The first term on the right hand of Equation (3.%g)) (s known. The unknown parametéssand
Ks were obtained by least square fitting of experimental data to Equation (3.5e). Following this
approach, the values kf andKz were determined to be 0.11 + 0@ol n? h*t and 0.01 + 0.01,

respectively.

The concentrations of dissolved Fe(ll) remaining in solution were predicted using the CCM
assuming bidentate sorption (Reaction (3.3), and the valdeskefK2, andKs were obtained by
fitting experimental data with a bgmuir adsorption model. Therefore, the fraction of free Q
groups and Fe(ll) adsorbed @roups was able to be predicted with Equations (3.5a) and (3.5b).
With the increase of initial Fe(ll) concentration from 0 to 20 uM, the fraction of fregr@up
xoZ®¢decreased from 100% to 40.5% and the fraction of Fe(ll) adsorbgm@ps increased from

0 to 7.7%. The contribution of the enhanced detachment gf@ps to the overall rate constant
was therefore minor, and the drastic decrease of the dissalatenonstant at low initial Fe(ll)
(Figure3.8, initial Fe(ll) lower than 50 uM) was attributed to the stabilization pff@ups by the
preferential adsorption of Fe(ll). When the initial Fe(ll) concentration increased to 50 pM, the
fraction of free Q groups and Fe(ll) adsorbeds @Qroups were 19.1% and 19.5% respectively,
corresponding to the minimum rate constant illusttah Figure3.8. With the increase of initial
Fe(Il) concentration from 50 to 200 uM, the fraction of freegfups decreased to 3.9% and that
of Fe(ll) adsorbed @groups increased to 58.0%. The dissolution of Fe(ll) adsorhegtdps
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therefore dominates the release of DSi, and the combination of these two mechanisms leads to the
slight increase of the rate constant at high initial Fe(ll) showigare3.8. Thus, Equation (3.5),

a Langmuir adsorption model, effectively predicted the effect of changing initial Fe(ll)
concentrations on the dissoluticate constant of ASi at pH 7.0+0.Eigure3.8).

3.5 Discussion

3.5.1 EffectofFent on6s reactions on ASi di ssol uti on

Hydroxyl free radicals produced by the-€&alyzed decomposition ofzB2( Fent onds r eac
have been suggested to enhance the dissolution of silica by lowering the energykiamgeny,

2001) However, enhancement of ASi dissolution was not observed in this experiment. One
possiblereason is that the pH of the NaH&Kuffered solution is sufficiently high (8.5) such that

Fe (lll) precipitated as iron oxyhydroxides, preventingpbesistent production of hydroxyl free

radicals that can diffuse into the bulk solutigtwan and Voelker2002) In this case, only 0.01

mM hydroxyl free radicals are produced stoichiometrically. Hydroxyl free radicals are so active

that they may be consumed by other redox active elements, notably Fe on solid surfaces, which
means the amounts of free radsceidat could actually react with ASi may be too small to generate

an observable effect on ASi dissolution.

The much lower DSi concentration in ASi suspensions with the addition of Fe(ll)@&xp.able

3.2 grey boxes ifrigure3.2) could be due to: (1) adsorption of DSi to Fe(lll) oxyhydroxides, (2)
the precipitation of Fe and Si, including coprecipitates and precipitation of Fe Jiicstteasu et

al., 2014; Dyer et al., 2010; Jones et al., 2009; Kaegi et al., 2010; Wolthoorn et al,,a2@0d)

(3) the formation of surface complexes and surface precipitates of Fe ofLé&@n, 1961;
Milonjic et al., 2006; Morris and Fletcher, 198Adsorption ofDSi to ferric oxyhydroxides has
been widely reporte(Hansen et al., 1994; Mortimer, 1941; Ridenour, 20H6wever, with such

low Fe(ll) concentration of 0.01 mM used here, adsorption can account for 0.2% of the decrease
assuming that 60% of Fe atoms fasurface siteHiemstra, 2013&nd trimeric silicate complexes
form between two surface sit€dwedlund et al., 2010T he precipitation process, however, would
rapidly lower DSi concentration in aqueous, thus promoting further released of DSi from ASi
sufaces by increasing the degree of undersaturation of the solution with respectTbi$\3is a

result, lead us to the last plausible mechanism ttlhae amount of dissolved Fe exist in the
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suspension may adsorb on the surface of ASi and preventadhk at water, which would inhibit

further dissolution of ASi.
3.5.2 Mechanisms of Fe(Iadsorptionto Aerosil OX 50

Before studying their effects on the dissolution kinetics, the mechanism of Fe(ll) adsorption to ASi
need to be addressed. Although few steidieus on the adsorption of Fe(ll) to ASi, one existing
study (Milonjic et al., 2006)showed similar adsorption edge: about 7% of initial Fe{Hs
removed at pH lower than 6.0 and the percentage adsorbed was independent of pH in this low pH
range. The surface site density of ASi used in their study, however, is not known, and the
adsorption edges they report are not comparable with the restllis study. The adsorption of

other metal cationgDixit and Van Cappellen, 2002; Osthols, 19%@)ve also been shown to
deviate from model predictions at low pH. According to previous studies, this could be due to the
existence of stronginding surfacespecieswhich are not pH sensitivdNano and Strathmann,

2006; Tonkin et al., 2004)

Sincethe experimentally observed proton stoichiometry factor for Fe(ll) adsorption on ASi was
slightly smaller than 2 (1.9), Fe(ll) is likely to adsorb to ASfimyningmonodentate mononuclear
complexes (Reaction (3.2)) or bidentate binuclear complexes (Reaction (3.3)). This is again
supported by the good fit of CCM and measured data except for those at low pH Fajues (

3.3).

The CCM that considered onlponodentate mononuclear surface complexes (Reaction (3.2),
Figure 3.3) reproduced the adsorption data at different Fe(ll) initial concentrations better than
which considered only bidentate binuclear surface complexes (Reaction (3.3), Figure 3.3).
However, this cannot lead to the conclusion that Reaction (3.2) describes the mechanisms of Fe(ll)
adsorption. According to the solubility diagram given by Tosca et al.6(2@he equilibrium
constant of ferrous silicate identified as greenalite, is 27.6 at Z5#4hich indicates that ferrous
silicate precipitation is not thermodynamically favorable at pH 7.0+0.1 below Fe(ll)
concentrations of 1600 uM with constant DSncentration of 1500 uM. Thus, model predictions
which assume that Fe(ll) is only removed by forming surface complexes with ASi should
reproduce most of the experimental adsorption data showRigare 3.4. However, the

experimental incubation with an initial Fe(ll) concentration of 200 uM, was diluted from an initial

72



solution with an Fe(ll) concentration of 2000 pM, indicated that the formation of greewals
thermodynamically favorable in this case. Therefore, the discrepancy between bidentate model
prediction and experimental data (Figure 3.3) is likely due to the precipitation of greenalite, which
is not considered by the surface complexation modhel, reot due to a failure of the model to
adequately describe the surface complexation model. Although the bidentate model prediction fails
to reproduce the experimental sorption results at 200 Eiguge 3.4), Fe(ll) is more likely

adsorbed by forming bidentate binuclear surface complexes on ASi surface (Reaction 3.3).
3.5.3 Effect of Fe(ll) adsorption on ASi dissolution kinetics

It is clear from the@bserved data that Fe(ll) does inhibit the release of DSi under anoxic conditions
(Figure 3.5). This inhibition seems mainly due to the formation ofllfefomplexes on silanol
surface groups, as supported by the good surface complexation model fits at low initial Fe(ll)
concentrations shown ifigure 3.4, rather than the retention of DSi in fresh iron silicate
precipitates.The surface reaction model based on the formation of bidentate binuclear surface
complexes, described with Reaction (3.3), cannot reproduce the experimentally observed decrease
in the ASi dissolution rate constant caused by such small amounts of Fe(ll) adsorbing to the ASi
surface Figure3.6). This leads to the assumption that thergetric coordinative arrangement of
surface groups affects the dissolution kinetics of Afiaddition toconcentration and charge.
Germinal silanols (@groups) and isolated silanols{@oups) bonded to the silica lattice via two

and three bridging oxgens, respectively, are the dominant surface groups on ASi (Figure 3.5).
Previous studies have shown thatdpoups are more reactive, and the detachment girQups

thus determines the dissolution rate of ASi in the absence of {2¢\ge and Crerar, 1990; Dove

et al., 2008; Dove et al., 2005; Hiemstra and Van Riemsdijk, 1990)

However, in the presence of adsorbed Fe(ll), the reactivity of sugfac@s may be changed by
Fe(ll) adsorption. The adsorption of Fe(ll) can neutralize the surface charge produced by
deprotonation of silanol groups, decreasing the probability of water attachment, and thus
discouraging dissolution. On the other hand, Feiy weaken the bridging-8 bonds as other
cations doé.g, Na, K*, Ca&*) (Dove and Nix, 1997)which can lower the energy required for the
detachment of surface Si®trahedra, enhancing dissolution. A mgite complexation model

that assumes twgpes of activated surface sites:@ndQs groups) with different affinities for
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Figure3.7. lllustration of amorphous silica showing different surface species in the presence of Fe.
Si atoms arehown in grey, O in red, H in white and Fe in orange. Silcorresponds to a free doubly
coordinated surface site (free @oup); Si2 corresponds to a free triply coordinated surface site
(free Q@ group); Si3 corresponds to & @roup that is occupied by AB(forming a bidentate
mononuclear surface complex; and Si4 and Si5 correspond tostgroGps that are both occupied

by Fe(ll) forming a bidentate binuclear surface complex. Balls represent surface atoms; sticks
represent atoms in the bulk solid (Coonsted with Avogadro software).
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Fe(ll) was used to quantitatively understand the influence of these two opposing effects on ASi
dissolution rateThis multisite complexation model requires initial concentrations &l Q
groups. Although there are mastudies on the distribution of2@nd @Q groups on AS{Evonik
Industries AG, 2015; Liu and Maciel, 1996; Lutz et al., 20@8¢ densities of Qand Q are
unknown because they will change during dissolution. For example, the detachmegtaf§3

(Si1) in Figure 3.7 can lead to the production of twaos Qroups. Therefore, traditional surface
complexation models cannot be used to explain the effect of Fe(ll) on the reactivity of surface

sites.

The agreemenbetween the rate constants derived experimentally and those predicted by the
Langmuir adsorption modeFigure 3.8) suggests that Fe(ll) is preferetifaadsorbed to @

groups. The adsorption of Fe(ll) also has opposing effects on the reactivityaot@ groups.

The dominance of the inhibition effect of Fe(ll) on ASi dissolution is the result of the protective
effect of Fe(ll) adsorbed toAyroups.But the catalytic effect of Fe(ll) adsorbed ta goups

becomes increasingly important with increasing Fe(Il) concentrati@opposing effects of Fe(ll)

on the reactivity of surface groups provide a new mechanistic understandicgupkes the Si

ard Fe cycles in natur@ngall et al., 2013)However, the microscopic interactions that control the
surface groups6é reactivity require further st
Fe(Il) on @ and Q groups affects the electron distribution of their center Si atoms would be useful

to more completely understand the nature of these interactions.

The inhibition effects of Fe(ll) on the dissolution of quartz and biogenic ASi have been recognised
and exarmed in previous studigtewin, 1961; Morris and Fletcher, 198T) these studies, the
inhibition of ASi dissolution is attributed to the formation of an Fe(ll) surface comiptexresults
presented in this study, for the first time, show thainhibition effect of Fe(ll) on ASi dissolution

does not increase continuously with increasing dissolved Fe(ll) concentration. This is contrast to
Al3* (ller, 1973; Koning et al., 2007because Fe(ll) does not substitute for Si in silica tetrahedra
(ller, 19793 as APF* does.
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Other than the initial concentrations, many other factors can affecttigtion effect of Fe(ll)

on ASi dissolution. For example, pH, fixed at 7.0£0.1 in this study, determines the dominant
species of both aqueous Fe(ll) and surface silanol species. Therefore, variation in pH could affect
the affinity of Fe(ll) to surface groups. Tpél dependence of the Aerosil OX 50 dissolution rate
was studied in Chapter 2, from whiéh at different pH values can b#educed The Fe(ll)
adsorption intrinsic equilibrium constant obtained in this study can be used as an input parameter
to the CCM tgoredict the concentration of dissolved Fe(ll) at different pHdeindKs at different

pH values can be easily quantified with mass law equations that incorporate the concentration of
free H'. A quantitative relationship between pH dads required to usd Equation (3.5) to predict
thepH dependence of the Fe(ll) inhibition effect on ASi dissolution.

3.6 Conclusions

By adding a variable amount of Fe(ll) to anoxic amorphous silica (ASi) suspensions and
conducting kinetic dissolution experiments under anoxic conditions, the effects of Fe(ll)
adsorption on the dissolution rate of ASi were assessed. Observed expewanghow that the
presence oFe(ll) under anoxic conditions inhibits the dissolution kinetics of. 8gicombining

with different models, the results suggest that Fe¢lladsorbed to ASi by forming bidentate
surface complexeand shows distinct affity to different of surface groups. Fe(ll) is preferentially
adsorbed by €groups (.e., silicate groups bonded to the silica lattice via two bridging oxygens

of ASi, which lead to the stabilizatiore@Qroups. Although ®@groups (.e., silicate groups bated

to the silica lattice via two bridging oxygersave a much lower affinity to Fe(ll), their detachment

is catalyzed by the adsorption of Fe(ll). The contradictory effects of Fe(ll) lead to which enhances
the dissolution of ASi after the maximum inhibit point.In combination with earlier workn
Chapter 2, ours results suggest that, in addi
accessibility, their coordinative arrangement is an important control on ASi dissolution kinetics in

the presnce of complexation agent Fe(ll).

This study demonstrates that Fe(ll) adsorption has contradictory effects on the reactivity of surface
Q2 and Q groups, which is a new mechanism that couples the Fe and Si cycles in Tiisire.

interaction between Fe(ll) and ASi, which are both abundant in freshwater sediments, has
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implications for understanding and predicting the cycling of both species in seslirmediment

porewaters, and the overlying water column.
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Chapter 4
Co-precipitation of iron and silicon: Reaction kinetics, elemental

ratios and the influence of phophorus

4.1 Summary

Oxidative precipitation of Fe(ll) at oxianoxic interfaces may contribute to the immobilization of
dissolved silicon (DSi). The efficiency of DSi immobilization, however, depends on solution
variables, in particular pH and the presence ahdndance of dissolveghosphatgDP). To
investigate the behavior of DSi during Fe(ll) oxidation, anoxic solutions containing mixtures of

agueous Fe(1))DSi, and DP were exposed to dissolved oxyges) {(®both batch and agarose

column systems. In the lght experiments, ©was added by sparging initially homogeneous
solutions with air. In the agarose columns the top was left open to the atmosphere, thus allowing

O:zto diffuse into the agarose gel and producing a downward moving oxidation front.

In the bath reactor experiments, when DP was absent, the final Si:Fe molar ratio of-the co
precipitates ranged from 0.09 at pH 6.5 to 0.33 at pH 7.5. The pH effect is attributed to higher
incorporation of DSi during faster oxidative precipitation of Fe(ll) at higité. When DP was
present in the initial solutions, the Si:Fe molar ratios of the resultant precipitates were much lower.
The experimental data, combined with kinetic reaction modeling, show that DSi removal during
Fe(Il) oxidationoccurs via two pathway$l) co-precipitation with Fe(ll) during the oxidation of
Fe(l)-DSi complexes, and (2) subsequent adsorption to the newly formed Fe(lll) oxyhydroxide
phases. In the presence of DP, phosphate ions successfully outcompete silicate for complexation

with aqueus Fe(ll) and for sorption sites on the Fe(lll) oxyhydroxides.

In the column experiment, the Si:Fe molar ratio of thp@ipitates formed at pH 7 in the absence

of DP was below 0.03. The limited Si incorporation reflects the slow, diffdsiuted F€ll)
oxidation rates, compared to the batch experiments. A diffusiaction model yielded timand
depthdependent pore water profiles of Fe(ll), DSi and DP that were in general agreement with the
observed distributions. Together, the experimental randeling results indicate that DSi-co
precipitation with Fe(ll) strongly depends on the Fe(ll) oxidation rate. The diffesintrolled

Fe(ll) oxidation rates in the column experiments more closely resemble the traespptidn
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regimes encountered in nadl sediments and stratified water columns. In other words, the
efficient coprecipitation of DSi observed in the batch experiments, particularly in the absence of
DP, may not provide a good analog for most natural settings where oxidative Fe(ll) atiecipit

occurs
4.2 Introduction

The availability of dissolved silicon (DSi) relative to that of dissolpbdsphatéDP) in aquatic
systems regulates the phytoplankton community composition. A sufficient supply of DSi relative
to DP decreases the likelihood lwéirmful algal blooms in eutrophic watgiisgge and Aksnes,

1992; Makulla and Sommer, 1993; Officer and Ryther, 1980; Redfield et al., 1'9@Bhal fluxes

of DSi from sedimerstto the overlying waterig. , Ai nternal DSi |l oadi ngo
souce of DSi to freshwater systems. Although data is sparse, internal DSi loading shows a
dependence on redox conditions at many §@esley, 2002; Ekeroth et al., 2016; Mortimer, 1941;
Ridenour, 2017)The reductive dissolution of Fe(lll) oxyhydroxidedhieh have a high capacity

to adsorb and/or incorporate a variety of anions including DSi and DP into their structures, is
proposed to be the key process contributing to the increased DSi release during the transition from
oxic to anoxic conditiongKaegi & al., 2010; Mayer and Jarrell, 2000; Sung and Morgan, 1980;
van der Grift et al., 2014; Voegelin et al., 2010)

Fe(lll) oxyhydroxides are ubiquitous in sediments and are characterized by their high surface areas
and high affinity for DP adsorption, andeaherefore often considered to control the availability

of DP in natural water@?chter and Mlle, 2003; Gachter and Muller, 2003; Jensen et al., 1992;
Mortimer, 1941; Parsons et al.,, 2017; Ridenour, 2017; Sabur, 2019; Zhang and Huang, 2007)
Unlike DP, the affinity of DSi for sorption to Fe(lll) oxyhydroxide surface sites is limited by its
speciation as monomeric silicic acid 4&i0Os) at neutral pH, which has a low affinity for the
surface sitegDavis et al., 2002; Hiemstra et al., 2007; Sabur, 20i®9)xaddition to surface
adsorption Figure 4.1A), the coprecipitation of dissolved Fe(ll) and DSi, which are both
commonly found in high concentrations in anoxic porewater, is another mechanism of DSi
retention in sediment$&{gure4.1B). The oxidation of Fe(ll) in the absence of complexation agents
proceeds along two reaction pathways simultaneously: homogeneous oxidation, which occurs in

solution, and heterogeneous oxidation, whadtes place on the surface of Fe(lll) oxyhydroxides
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(i.e. the autocatalytic oxidation of Fe (ll) by surface adsorptiemam and Waite, 2008; Tamura

et al.,, 1976; Wolthoorn et al., 2004)he rates of both Fe(ll) oxidation pathways depend on pH
and the disolved oxygen (DO) concentrati@dillero, 1985; Morgan and Lahav, 2007; Stumm

and Morgan, 1996)The presence of DSi can also affect the rates of both oxidation pathways as
well as the stability of the Fe(lll) oxyhydroxides produ¢€ismasu et al., 201Davis, 2000;

Dyer et al., 2010; Jones et al., 2009; Kaegi et al., 2010; Voegelin et al., 2010; Wolthoorn et al.,
2004) which can affect the reactivity of the Fe(lll) oxyhydroxides toward reductive dissolution
(Sabur, 2019However, a comprehensive umgianding of the interactions between DSi and Fe(ll)

during the ceprecipitation process is still lacking.

Dissolved inorganic ions other than DSi can also influence Fe(ll) oxidation(Batamah et al.,

2009; Kaegi et al., 2010; King, 1998; Kinsela ef 2016; Mao et al., 2011; Mitra and Matthews,
1985a; Tamura et al., 1976; Wolthoorn et al., 2064y example, the presence of DP increases

the homogeneous oxidation rate of Fe(ll). The proposed mechanism for this enhancement effect is
that aqueous complexes of DP and Fe(ll) constitute the oxidation reaction species, and that these
complexes are moneactive towards oxidation than frée?* (Mao et al., 2011; Tamura et al.,

1976) At the same time, DP may retard the heterogeneous Fe(ll) oxidation by competing with
Fe(ll) for adsorption to surface sit@&/olthoorn et al., 2004 )Since the industriakvolution, large
amounts of P have been loaded to water bodies by the usmatdining fertilizers and detergents,
which has led to substantial increases of P concentration in fresh Weilgspelli, 2008)
Although studies have shown that DP concamins affect the precipitation rate of Fe and the
properties of the precipitatélao et al., 2011; Tamura et al., 1976; Wolthoorn et al., 2004; Zhang
and Huang, 2007here are no studies that investigate how DP may compete with and influence

the mobilty of DSi in solution during the oxidative precipitation of Fe(ll).

While batch experiments are typically used to study the kinetics of the reactions such as Fe(ll)
oxidation (or ASi dissolution kinetics, as in Chapter 2 and 3 of this thesis), colummnespis

can be used to study the interactive effects of reaction and transport, including, in the case of this
study, the transport of dissolved @O), dissolved Fe(ll), DSi and DP. Sediment columns are
typically used to study the interactions betweeactiens and transport processes and to best

simulate than situ conditions in natural sediments in the lab such that environmental conditions

such as the inflow solutionds chemical concent
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Figure4.1. lllustration of surface adsorption and-precipitation interactions. A. The oxidation

and precipitation of Fe(lll) oxyhydroxides and the subsequent adsorption of DSi and/or DP. B.
The coprecipitation & Fe Siand/orP duringFe(ll) oxidation, DSi and/or DP can be incorporated

by surface adsorption, lattice replacement (inclusion, also known as isomorphic substitutions, a
previous study has shown that Si may not substitute for Fe in the goethitersifGcimez et al.,

2011), and adsorption inside (occlusion, also known as the imperfection in the crystal).
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(Couture et al., 2010; Couture et al., 2016; Ridenour, 2A@)vever,the complex processes
occurring in natural sediments, where more thanreaetive particulate Si endmember may be
contributing to DSi (im)mobilization, multiple geochemical interactions are occurring
simultaneously, the effect of quecipitation of Fe and Si on the (im)mobilization of DSi may not

be distinguished.

In this chager, | use experimental data collected in batch and agarose column incubations coupled
with chemical reaction modeling to investigate the interactions between DSi, dissolved Fe(ll) and
DP during oxygenation. | use the agarose columns to introduce anderaih& role of diffusive
transport of DO and the other chemical reactants and products, and to compare the results in the
columns with those in the batch system. The chemical reaction model represents all of the relevant
chemical interactions that would@ur between DSi, DP, and dissolved Fe(ll) during the transition
from anoxic to oxic conditions. This chapter aims to use the coupled experimental and modeling
approach to increase our understanding of these interactions and to demonstrate the ability to
predict DSi removal rates as a function of pH, DP and Fe(ll) concentrations, and molecular

diffusion.
4.3 Methods

4.3.1 Reagents

HEPES (4(2-hydroxyethyl}1-piperazineethanesulfonic acid, Fisher Scientific, useful pH range:

6.8 to 8.2) and MOPS {@\-morpholino) propnesulfonic acid, Fisher Scientific, useful pH range:
6.5to 7.9) were used as pH buffer. 100 mM DP and DSi stock solutions were prepared with sodium
phosphate monobasic (NaPs, Sigma Aldrich, O 99. 0 %) and sodi um
(N&Si0s.9H.0, Sigma Aldrich O 9 8. 0 %) r 160G pM Eet(ll) stazK solution was
prepared with ferrous chloride tetrahydrate (Ee@H0O, Sigma AldrichO 9 9 in @ntanaerobic
chamber (atmospheric composition-98% N, 2-3% H and < 1 ppmv of €) using 0.5 N HCI

to avoid sbsequent oxidation and precipitation. All solutions used were prepared with analytical
grade r eagent $Midipord)udleds otherMsg stated.
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4.3.2 Batch experiment

To simulate the interaction of anoxic porewater mixing with oxic water at theeetwater
interface, ceprecipitation experiments modified from Voegelin et al. (2010) were conducted in 2

L Teflon batch reactors. 20 mM HEPES or MOPS in Milwater was used as pH buffer, and pH

was adjusted to the target value (6.5, 7.0, 7.5) wa®N and HCI. After adding 10 mM NacCl as

a background electrolyte, BiiOs and NaHPQs stock solution were added into the solution to
obtain an initial Si concentration of 3@, and initial P concentrations of 0, 75, 150, and 300

mM. Humidified ultra-pure air (where C®is less than 0.5ppm) was continuously sparging for
three hours before Fe(ll) was added to avoid reactions involving bicarbonate. 4.5 mL of 100 mM
Fe(ll) stock was added to 1.5 L background solution to achieve an initial conicentfe800nM.
Duplicate experiments were conducted, and the reactors were wrapped with aluminum foil to keep
out light. During the experiment, humidified uHpare air was continuously sparging with
vigorous stirring, and DO and pH values were monitorgith an Orion Versa Star
electrochemistry meter (Thermo Scientific). This meter was equipped with pH and oxygen probes
that were calibrated prior to each use. Before starting the experiments;freetd5 mL
polypropylene centrifuge tubes containing 102 @f 6N tracemetal hydrochloric acid were
labeled and weighed. 10 mL of suspension samples were collected at designated intervals via
syringe through a sampling port. These samples were collected periodically by filtering the
samples througld.2 um poresize polypropylene syringe filtersito tubes with corresponding

labels containing 102 pL HCI. After sampling, tubes were weighed and the volumes of sample
were recorded. The total volume removed during the experiment was less than 10% of total volume.

All experiments were conducted in an environmental chamber with the temperature set at 25+1 °C.
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Table 4.1. Initial chemical compositions of working solutions for oxidation experiments and
chemical compositiaof the ceprecipitates. All solutions were prepared by carefully weighing
every reagent and solvent. Bulk suspensions were collected and acidified without filtration for the
determination of initial concentration of Fe, Si, and P.

Chemical composition of

Initial solution c haracteristics e
the co-precipitates

No. Fe Si P
Buffer pH Si:Fe P:Fe
UM
1 150 150 0 0.09 0
2 76+3 0.08 0.27
MOPS 6.5
3 29545 270+10 1505 <0.01 0.49
4 3005 <0.01 0.52
5 0 0.15 0
6 763 0.08 0.26
7.0 2955 270+10
7 1505 0.02 0.49
8 3005 0.01 0.58
HEPES
9 0 0.33 0
10 76+3 0.17 0.26
7.5 29515 270+10
11 1505 0.08 0.42
12 2905 0.05 0.54
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4.3.3 Column experiment

For simplification, agarose columns with a porosity close to 100% (the porosity of 2% agarose gel
is 98%)(Pluen et al., 1999 ere used as a column medium to facilitate the diffusion of oxygen
into the initially anoxic columns from the air, and to provadaedium for ceprecipitation Figure

4.2). Like the solution in batch experiment, the background solution contained 20ERHES and

10 mM NaCl was useds a background electrolyte. The background solution with a pH adjusted
to 7.0 was sparged withoNor at least 3 hours while boiling, and then was brought into an
anaerobic chamber (with an atmospheric composition 83 N> and 23% H). After a day ©

cooling down in the chamber, 1.0 g of Wpare agarose (Invitrogen, Fisher Scientific) was added

to a 140 mL serum bottle containing 100 mL of background solutemnl wt. % agarose in the
background solution. The serum bottles were sealed witherudtoppers and aluminum caps to
avoid contamination by £)and then taken out of the anaerobic chamber. The agarose particles
were then dissolved in the sealed serum bottle by placing them in a preheated 100 °C water bath
for 30 minutes. The bottles wetleen brought back into the anaerobic chamber and the,FeCl
NaSiOs, and NaHPQs stock solutions were added into the 1% agarose background solution. 10
mL of this agaroseontaining working solution, which had initial concentrations of Fe(ll), DSi,
and DP as indicated imable 4.1, was added to metal male Ideck glass syringes (Cadence
Science, Fisher Scientific). The bottom outlets of all the syringes were equipped witlayne
stopcocks (Cold?armer) whose seals had been checakitlal soapy water. The integrity of this

seal was ensured by wrapping the outlet of the stopcock with sealing film (Parafilm, Sigma
Aldrich).

After the agarose had solidified, all of the syringes were taken out of the anaerobic chamber and
placed in a costant temperature environmental chamber at 25t1 °C. From that point on, two
syringe reactors were sacrificially sampled at the elapsed times of 6, 21, 45, 79, 93, and 152 hours.
To sample the agarose columns, the syringes containing the agarose werd frioudfe
anaerobic chamber where the agarose was pushed out of the end of the syringes with the large
opening by supplying the opposite narrow opening with gentle gas pressure from another syring
containing gas from the anaerobic chamber atmospherdeAagarose was pushed out, it was
carefully sliced into around 2 mm thick slices with a razor blade which was wiped with ethanol

between each use. The agarose slices were weighed and placed in tubes containing 2 mL of
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Figure4.2. Photo of agarose column experiment. 1% agarose (wt. %) was melted under anoxic
conditions, Fe(llwas added to the solution for the three columns pictured on the right, and the
solution was allocated th0 mL metal male luetock glass syringes to solidify in the anaerobic
chamber. After the solidification of the agaroselumns were taken out of the chamber and
exposed to air at one end. This photo was taken after 6 hours of exposing the columas to air
25+1 °C The three columns shown on the left contain background solution with sodium resazurin
to show the diffusion of oxygefzarski et al., 2017)The diffusion of oxygen in these columns

is evident by the blupurple colour that can be seen in ti@arsurface agarose. The three columns
shown on the right contain about 300 uM initial Fe(Il) concentration in their background solution.

Table4.2: Initial Fe, Si, and P concentration in workisgjution for column experiment.

Initial Fe Initial Si Initial P
Exp. No M
1 300 150 0
2 300 150 50
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background solution to equilibrate solutiertractable dissolved Fe, DSi and DP. After
equilibrating agarose slices with the solution fandiurs, 1.8 mL of sample was collected from

each tube, and the supernatant was diluted, acidified, and taken out of the anaerobic chamber for
further analysis. For the solid phase analyses, 1.8 mL of 6N HCI was added into each tube
containing an agarose & to dissolve any Fe(lll) precipitates, and 6 mL of background solution
was added 12 hours later. Before analysis of the extracted solid phase, the agarose slices were

removed by centrifuging at 5000 rpm for 20 minutes.
4.3.4 Analytical methods

Both the solutio-extractable and solid phase extraction samples were filtered\&ithm pore

size polypropylene syringe filteracidified with tracemetal hydrochloric acid to pH < 2, and
analyzed by Inductively Coupled Plasm@ptical Emission Spectrophotometry (KCOES,

Thermo Scientific ICAP 6300)p determine the concentration of total dissolved Na, Si, and Fe
using the US EPA Method 200(W.S. EPA., 1994)Matrix-matchedstandards were prepared

from Fisher Scientific stock standards (Thermo Fisher Scientific)litoinate the matrix
interference. Reference solutions were prepared with multi element standards (Delta Scientific
Laboratory Products Ltd.) and were analyzed along with all samples for quality cbatblwas
determined by the ferrozine method (Vielliet al., 2000) after filtration and acidification of
samples (MDL 3.8 e¢M). All a queolhsacaunacy bfghe e s we
reference solution measurements across all sample run was better than 10% and the relative

standard deviatioof 5 replicates was well within 5%
4.3.5 Kinetic modeling of ceprecipitation

To evaluate the contributions of different, sometimes competing reactions to the overall Fe(ll),
DSi and DP removal rates observed in the batch experiments, | developed a kinkgidhab
accounted for the potential reactions occurring in solution. To account for the diffusive transport
of chemicals in the agarose columns, | incorporated diffusion into the kinetic reaction model,
herein referred to as the diffusioeaction modelThe reactions included in the model are listed

in Table4.3. The model included the least number of reactions possible while still describing the
co-precipitation process adequately. Briefly, the model includes the homogenous oxidation of

Fe(ll) (Reaction 1), the polymerization and condensation of Fe(lll) (Reagjicthe adsorption
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and desorption of Fe(ll) to the surface sites of Fe(lll) oxyhydroxide (Reactiprth@)
heterogeneous oxidation of Fe(ll) and surface precipitation of Fe(lll) (Reaction 4), the
complexation and dissociation of Fe(ll) and DSi (Reactpnthe oxidation of Fe(ll) and DSi
complexes (Reaction 6), the adsorption and desorption of DSi to the surface sites of Fe(lll)
oxyhydroxides (Reaction 7), the complexation and dissociation of Ba@IpP (Reaction 8), the
oxidation of Fe(ll) and DP coptexes (Reaction 9), and the adsorption and desorption of DP to
the surface sites of Fe(lll) oxyhydroxides (Reaction 10). The valneroReactions 3 and 4 was

set to 2.0, representing the growth of surface sites of Fe(lll) oxyhydroxides during ptiecipita

(see more details in Appendix C.).

The Python toolbox PorousMedialLab (Markelov, 2019) was used to model the experimental data
collected, fit the kinetic parameters using an optimization procedure, and perform a sensitivity
analysis. Full details ohe chemical reaction stoichiometries for all the reactions represented and

how the kinetics parameters were optimized can be found in Appendix C.

4.4 Results

4.4.1 DSiremoval during Fe(ll) oxidation in the absence of DP in batch system
4.4.1.1 Effect of pH on Fe(ll) oxidain kinetics

Fe(ll) oxidation in the presence of DSi was studied over the pH range-8f%ah 251 °C and at

an ionic strength of 10 mM NaCl. At all pH values, the concentration of dissolved Fe(ll) decreased
with time from its initial value of 300 uM-However, the rates of decrease varied significantly with
pH: it took less than 10 minutes for the reaction to reach equilibrium at pH 7.5, while at pH 6.5, it
took more than 20 hours (Figure 4.3). At low initial pH values of 6.5 and 7.0, both pH and DO did
not significantly change over the course of the experiments, as they both varied within 0.1 unit. In
contrast, at pH 7.5, where around 95% of the initial Fe(ll) amounts were oxidized within the first
two minutes, the fast oxidation of Fe(ll) led to a #igant decrease of pH and DO (about 1 unit

of both pH and DO in mg'b) in a short time period.
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Figure4.3. The oxidation kinetics of 300 uM Fe(ll) in 10 mM NaCl solution at pH 6.5, 7.0 and
7.5 in thepresence of 27410 uM dissolved silicon (DSi). The data points are experimental data
points. The solid line is the output of model prediction at pH 6.5, and the dashed line is the output
of model prediction at pH 7.0. The oxidation kinetics of Fe(ll){7p5 was so fast that both pH
and DO changed during experiment. Therefore, kinetic information was not used for modeling at
pH 7.5.
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4.4.1.2 Effect of pH on DSi removal during Fe(ll) oxidation

In the absence of DP, the relationship between the amounts ofndSrearemoved can be
categorized into two stageBigure4.4). At first, the amount of DSi removed increased linearly
with an increasing amount of dissolved Fe removed (Stagd-ijume4.4). The slopes of these
linear relationships were highly pH dependent, increasing from 0.05 at pH 6.5 to 0.27 at pH 7.5.
Following the initial stage, DSi continued to be removed from solution while dissolved Fe
concentrations were either under the detection limit or were no longer changing over time (Stage
2 in Figure4.4). The DSi concentrations remaining at thel @ experiments were highly pH
dependent; around 190 uM of DSi remained at pH 7.5 after 2 hours of oxidation, while about 255
MM of DSi remained at pH 6.5 after 22 hours of oxidation. Overall, the Si:Fe molar ratio (with
initial concentrations of DSi d270+10 and of Fe(ll) 0295+5uM, and in the absence of DP) in

their coprecipitates increased from 0.09 to 0.33 (umol Si per umol Fe), as the pH increases from
6.5 to 7.5 Table4.1).
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Figure4.4. DSi removal during Fe(ll) oxidation in the absence of DP. The relationship between
precipitated Fe and Si at different pH values (Initial Fe and DSi 2@%e5 and 270+1QM,
respectively, in the absence of DP). Number 1 and 2 represent differentcsieigeponding to

the removal of DSi during the oxidation of Fe(ll). The red star represents the initial status.
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4.4.2 DSiremoval during Fe(ll) oxidation in the presence of DP in batch system
4.4.2.1 Effect of DP on Fe(llyemovalkinetics

The effects of DN Ferenoval kinetics were highly pH dependent. Fef@movalis used here

to describe Fe(ll) removal from the aqueous phase instead of oxidation, as Fe(ll) was detected in
the solid phase for the incubation at pH 7.5. For example, more than 30% of the totad Fe w
incorporated into the solid phase as Fe(ll) at the beginning of the oxidation/precipitation process
at pH 7.5 at the highest initial DP concentration (higher than 150 uM). Fe(ll) oxidation can be
used to describe the removal of Fe(ll) in the presend@Poat pH values 6.5 and 7.0, because
almost no Fe(ll) was detected in the solid phase (it was always detected as less than 1% of the total
Fe). At pH 7.5 (the highest pH in this study), DP inhibited Fe(ll) precipitation, and this inhibition
effect decreasd with increasing DP concentration. At pH 6.5 (the lowest pH in this study), the
presence of DP enhanced Fe(ll) precipitation and this enhancement effect increased with
increasing DP concentration. At pH 7.0, DRow concentrations inhibited Fe(ll) oxation, while

at high DP concentrations, DP enhanced Fe(ll) oxidation.

The amount of DP removed, as long as some remained in solution, increased linearly with the
amount of dissolved Fe removeédure4.5) for initial Fe and DP concentrations 285+5 and

1505 uM, respectively. The ratios of P:Fe precipitated, were slightly pH dependent: a ratio of
0.42 (umol P per pmol Fe) at pH 7.5 increased to OtfHe6.5 Figure4.5). For the same initial
solution Fe:P ratio, the dissolved Fe and DP concentrations remaining in solution at equilibrium
(i.e., at the point when dissolved Fe was no longer changing over time) differed with pH. Around
20 uM of dissolved Fe and 40 uM of DP remained at pH 7.5 after 2 hours of aefaipn (

oxygenation), while around 3 uM of Fe and 5 uM of P remained at pH 6.5 afteu2df aeration.
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Figure4.5. The removal of dissolved phosphate (DP) during oxidation of Fe(ll) in the presence of
dissolved Si (Initial dissolved Fe and DP w@@5+5 and 150+%M, respectively, initial DSi
concentration wag70+10uM).
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4.4.2.2 Effect of DP on DSi removal during Fe(ll)idation

The effect of DP on DSi removal was studied by varying the initial P concentration at pH 7.0 and
with 295+5 uM of initial dissolved Fe(ll) provided in solutioRigure4.6a shows how the amount

of Si removed is dependent on the initial DP concentration. Specifically, when the initial DP
concentration was high (higher than 150 pM, or initial DP:Fe > 0.5), the DP concentrations
remaining in solutiondecreased throughout the course of Fe(ll) oxidation, while DSi
concentrations hardly decreased until DP concentrations were lower than 25 uM. At equilibrium,
about 17.9% of the initial DSi was removed in absence of DP, while the amount in the presence
of high initial DP concentration (150 and 300 uM) was much less, amounting to around 1.2% of
the initial DSi.

The effect of DP on the removal of DSi during the oxidative precipitation of Fe(ll) was also studied
at different pH valuesHigure4.6b). DSi concentration decreased slightly with that of DP at high
pH during the oxidation of Fe(ll) (pH = 7.5 Figure4.6b), but barely changed at low pH (pH =

6.5 in Figure4.6b). At equilibrium, about 31.5% of initial DSi was removed in absence of DP,

while the amount at pH 6.5 was about 5.4%.

Overall, the trends in the relative concentrations of DSi and DP in solution theingompetition

for co-precipitation with Fe was described as three regions (which corresponded to stages that
progress with time and extent of oxidation/precipitation): the initial stage where only DP, and not
DSi, was removed from solution, the intedise stage where DP continued to be removed and a
comparatively smaller amount of DSi was removed, and the final stage where the solution DP had
been depleted and the highest amount of DSi was removed (compared to the other regions) (Figure
4.6). At highe initial DP concentrations where the initial DSi concentration was fixed, the initial
stage was more predominant, and the intermediate and final stages (when DSi removal and

presumably cgorecipitation occur) were more delayed (Figure 4.6a).
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4.4.3 Agarose column results
4.4.3.1 Vertical distribution of dissolved Fe, DP and DSi in agarose columns

The effects of diffusion on the garecipitation of Fe, Si, and P during Fe(ll) oxidation were studied

by measuring their caentrations remaining in solution in agarose columns whose top ends were
open to air. Before starting the extensive sacrificial column experiment, a preliminary experiment
was conducted to test the diffusion of DO in an agarose column after exposur®td diours,

at which point the column was sacrificed to measure the concentdadh distributions of
dissolved Fe and DSi. After 6 hours of air exposure, Fe(ll) from greater depths in the column
diffused towards the agxposed surface, and precipid at the oxidation frontHgure 4.7). In

the absence of DP, DSi concentrations in the agarose columns showed a slightly decrease at the
oxidation frort compared to concentrations at depths below the oxidation Fignir€4.7). There

were abnormally high DSi concentrations near the surface of thegslthat were greater than

the concentrations observed at depths above the oxidation framnird 4.7). Although the
concentrations of DO with depth the agarose columns were not monitored directly, they can be
inferred based on the concentratiepth profile of dissolved Fe that DO penetrates to a depth of
around 1.2 cm below the column surface after 6 hours. Dissolved Fe was measured as total
dissoled Fe in the anoxic porewater of the agarose columns on th@ESRPwhich is presumably
mostly Fe(ll). A comprehensive understanding of the concentrdgpth distribution of solid

phase Fe and Si in the preliminary experiment was not possible, belcaugw dfiles were not

complete, as agarose slices from deeper depths of the columns were not analyzed.
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In the main column experiment, where DSi, DP and dissolved Fe(ll) were all pregsenagarose
medium initially and the columns were sacrificially sampled over time, the complete
concentratiordepth profiles of dissolved Fe, DSi, and DP were measured, as well as their

evolution over time (

Figure4.8, 4.9 and C.1). Dissolved Fe concentrations measured at depths close to the bottoms of
the columns were equal to the initial concentration of dissolved Fe, which was around 270 pM.
The inital dissolved Fe concentration should have been 300 uM based on the careful preparation
of the solution, which involved weighing every solution and reagent. The discrepancy between
these measured dissolved Fe concentrations and the initial solution catoenis likely
attributable to the incomplete recovery rate during the extraction of the aqueous phase by the

background solution.

After 6 hours of air exposure, the oxidation front where Fe precipitated was around 1.2 cm below

the surface (

Figure4.8). The concentration of dissolved Fe above the oxidation front was around 37 pM. Below
the oxidation front, dissolved Fe concentration increased with detitim the first centimeter and
remained constant (and equal to the initial dissolved Fe concentration) with depth in the columns
(deeper than 2.5 cm below the surface). With increased elapsed time since air exposure and the
progression of diffusion, thexidation front moved deeper into the column with time of air
exposure and reached a depth of around 5.5 cm below the surface after 152 hours. During this time
period, dissolved Fe concentrations in the oxidized zone remained constant (at about 37lgM), whi
concentration deeper in the column decreased from 270 uM at the beginning of the experiment to
37 UM by the end of experiment as the oxidation front moved down and oxidized Fe(ll). DP
remaining in the agarose columns is correlated with dissolved Feniegyawhich is itself

dependent on the concentrationDs (

Figure4.8 and C.). The initial concentration of DP was 54 uM. With the diffusion of oxyigo
the agarose columns, Di®-precipitated with Fe at the oxidation front. Consequently, DP from
the deeper the columns diffused towards the oxidation front until there was no concentration

gradient, which occurred when DP was around 5 uM.

The vertical distribution of DSi in the agarose columns, which differed from the distribution

observed in the absence of Digure4.7), did not show awbvious correlation with dissolved Fe

(

Figure4.8 and Figure 4.9). Despite the scattered data points, DSi concentrations in the agarose
columns bllowed a general trend: above the oxidation front, near the surface of the columns, DSi
decreased with increasing depths then increased slightly with depth at depths below the oxidation
front depth. At the oxidation front, a decrease of DSi at oxidatmmt fvas also observed. At the
oxidation front, DSi decreased to 8LuM after 152 hours of air exposure from its initial

concentration of 150 puM.
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Figure 4.8. The evolution of dissolved Fe profiles in
agarose columns with time. Each subplot representing
a different elapsed time and sacrificial sampling of the
columns. Before exposure to air, the initial chemical
composition is homogeneous throughout the agaros
columns with Fe(ll), P, and Si concentrations being 270,
54, and 150 pM respectively. Points represent
experimental data afissolvedFe extracted, and solid
lines represent model predictedissolved Fe(ll)
concentrations (See details in Discussion).
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4.4.3.2 Elemental composition of garecipitates in agarose columns

The diffusion of dissolved Fe(ll) from the anoxic zone toward the oxic zone and its subsequent
oxidation by DOand precipitation as Fe(lll) oxyhydroxides led to the slight accumulation of solid
Fe in the agarose close to the oxidized surface of the colirigw€4.10). P precipitated at the
same depth as Fe (

Figure4.8 andFigureC.1). The elemental ratio of Fe and P in the solid phase was equal to their
initial ratio in the dissolved phase (P:Fe = 0.2) and did not change over the course of the oxidation
proaess Figure4.11). DSi removal was not correlated with the amount of Fe(ll) removed by
precipitation in the agarose columri&gure 4.11), whereas they were correlated in the batch

experimentFigure4.4). The elemental ratio of Si and Fe removed was less thanfigdB¢4.11).
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Figure 4.10. The evolution of Fe (lll) oxyhydroxides
concentratiordepth profiles in agarose columns with
time. Each subplot representing a different elapsed time
and sacrificial sampling of the columns. Initial Fe(ll), P
and Si concemations are 270, 54 and 150 pM
respectively. The initial pH is 7.0 with 20 mM HEPES
as the pH buffer and temperature of oxidation is
controlled at 251 °C.
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4.4.4 Kinetic reaction modeling

The rate constant parameters for the Reactief8@ Bpresented in the model were fitted to the
batch experiment data using the optimization procedure included within PorousMediaLab. The
optimized rate constant parameters are summarizédbie4.3. The reaction rate constants of
dissolved Fe(ll) and DSi complexation (Reaction 5) are much smaller than the rate constant for
the surface adsorption of digged Fe(ll) (Reaction 3) and the complexation of dissolved Fe(ll)
and DP (Reaction 8). The rate constants for the homogeneous oxidation eDSe@nd Fe(Ih

DP complexes (Reaction 6 and Reaction 9) are much larger than that of the homogeneous oxidation
of Fe(ll) alone (Reaction 1). The kinetic reaction model was implemented using the rate constants
derived from the PorousMediaLab optimization to predict the reaction rates for each reaction in
Table 43 at pH 6.5 and 7.0. The evolution of the mepeddicted homogeneous and
heterogeneous oxidation rates with time indicates that the heterogeneous oxidation of Fe(ll) is
inhibited in the presence of both DSi and BRy(re4.12). As per the optimized rate constants,

the presence of DSi, and thus the presence of H28i)omplexes, accelerates the homogeneous
oxidation of Fe(ll) relative to the rate for (¢ alone, and the enhancement effect of DP on the

homogeneous oxidation of Fe(ll) is even greater than that of T28i€ 4.3.

10¢



Table4.3. Reactions and rate constants accounting for tigretpitationof Fe, Si, and P.
Rate constant (1 1s?)

No. Reaction

pH 6.5 pH 7.0
1 Fd+(1/4)0- Fé 3.5x 10° 2.7x 10%
2 Fe' + F" - 2>FeOH 5.0x 1¢° 1.0x 10
3  >FeOH+nFd  >FeO(Féd), 2.7x 10% 5.0x 10
4  >FeO(Fé),+ (n/4)Q- Fe(OH)(s) + n>FeOH 2.1x 1@ 6.9x 10
5 Fe' + Si Fe'Si 1.6x 10? 3.2x 10?
6 Fé'Si+ (1/4)Q- FeOHSI(s) 1.2¢ 10* 1.2x 10°
7 >FeOH+ Si >FeOSi 2.4x 10° 4.8x10°
8 2Fd+P (Fé)P 2.5% 10t 4.9x% 10
9 (FE)P+(1/2)Q- (FE").P(s) 5.8x 10% 2.9% 10
10 >FeOH+P >FeOP 4.8x 10 9.6x 10

Rate constants of React®h and 2 are fronfKinsela et al., 2016). Rate constants for Reastion

3 and 4are interpreted from data supplied in Pham efRilam and Waite, 2008)nd Kinsela et

al. (Kinsela et al., 2016)All other values are derived from model fit to experimental data in this
study. Values of Reactions 3, 5, 7, 8, and 10 represent equiibraonstants
(KcomplexatiofKdissociatio. >FeOH represents surface sites, Fe@@)l)s iron precipitated in bulk solid
that is inaccessible, antdis used to express the growth of surface sites of Fe(lll) oxyhydroxides
during precipitation

Homo: Fe
750 - Hetero: Fe
- - —Homo: Fe+Si
- | - — = Hetero: Fe+Si
- )
- ---—- Homo: Fe+Si+P
2 . ----- Hetero: Fe+Si+P
Q
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Figure4.12. Model prediction of the homogeneous (black lines) and heterogeneous oxidation (red
lines) rates of Fe(ll) at pH 7.0. Solid lines correspond to the oxidation of 300 uM Fe(ll) in the
absence of coplexation agents; dashed lines correspond to the oxidation of 300 uM Fe(ll) in the
presence of 270 uM DSi; daslotted lines correspond to the oxidation of Fe(ll) in the presence
of 270 uM DSi and 80 uM DP. Homo is short for homogeneous oxidation of Fa@ljding free

Fe(ll), Fe(ll}yDSi complexes, as well as Fe(DP complexes. Hetero is short for heterogeneous
oxidation of Fe(ll).
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4.5 Discussion
4.5.1 Effect of pH on DSi removal during Fe(ll) oxidation in the absence of DP

The kinetic data obtained in thatibh experiment were used to decipher the mechanisms of co
precipitation of Fe and DSi. While a constant initial DSi concentration was used in this study and

| am thus unable to directly assess the effect of DSi on the overall oxidation kinetics ofaFe(ll),
previous study showed that the presence of DSi inhibits the Fe(ll) oxidation within the pH range
of 6.0 to 7.0(Kinsela et al., 2016)insela et al (2016) propose that sitfearihydrites, the co
precipitates of Si and Fe(lll), prevent Fe(ll) fromrfong innersphere complexes, inhibiting the
heterogeneous Fe(ll) oxidation pathway. DSi has also been proposed to inhibit heterogeneous Fe(ll)
oxidation by competing with Fe(ll) for surface sites by forming irsere complexes on the
surface of Fe(lloxyhydroxides(Hansen et al., 1994; Sabur, 2019; Stumm, 1992; Wolthoorn et
al., 2004) These mechanisms, however, do not explain the fast decrease of DSi concentration at
the beginning of oxidation (Stage 1kigure4.4, FigureC.2). Because surface sites for DSi and
Fe(ll) adsorption at the beginnind oxidation are limited by the small Fe(ll) homogeneous

oxidation rate constaiiKinsela et al., 2016)

The formation and oxidation of FedDSi complexes explain the fast removal of DSi at the
beginning of the Fe(ll) oxidation process in the batch exyart. Fe(I1}YDSi complexes enhance

the homogeneous oxidation rate of Fe(ll) compared to the homogeneous oxidation of*free Fe
although the exact speciation and reactivity of these complexes have never been identified
(Wolthoorn et al., 2004)instead of complexing with aqueous Fe(lll) or surface sites of Fe(lll)
oxyhydroxides, DSi is more likely to form complexes with Fe(ll) at the beginning of oxidation
(Schenk and Walter, 1968)

Predictions made by the kinetic reaction model incorporating Reactiénis Table4.3 (i.e., not
including reactions involving DP) support this intexiation of the relative contribution of two

DSi removal mechanisms during Fe(ll) oxidation/precipitation at pH 7.0. The amount of DSi
removed by homogeneous oxidation of FeDBi complexes starts to increase at the beginning of
oxidation and reaches msaximum value after 0.5 hours, while DSi removal by surface adsorption
begins after around 0.25 hours of oxidatidtig(ire 4.13). At equilibrium, the amunt of DSi
removed by homogeneous oxidation is about three times the amount removed by surface
adsorption with initial DSi:Fe(ll) close to 1 at pH 7.0.

The elemental ratio of Si:Fe removed from solution is highly pH dependent, increasing from 0.09
atpH6 . 5 t o 0.33 at pH 7.5 when the initial s ol
pH on DSi removal during Fe(ll) oxidation can be induced in the model by (i) changing the
partitioning of Fe(ll) and DSi species, and (ii) altering the surfaceela Fe(lll) oxyhydroxides.

In the absence of DSi, the oxidation rate constants of the three dominant Fe(ll) spe¢jes (Fe
Fe(OHY, Fe(OH}, panel a inFigure 4.14) differ from each other by five orders of magnitude
(Morgan and Lahav, 2007)n the presence of DSi, the oxidation rate constant of FHB@I)

complexes (Reaction 6) increases by about one order of magnitude as pH increases frér.6.5 to
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Figure 4.13. Model prediction of the DSi removed by homogeneous oxidation of Fe and DSi
complexes (black lines) and by surface adsorption (red lines) at pH 7.0. Solid lines correspond to
the oxdation of 300 uM Fe(ll) in the presence of 270 uM DSi and in the absence of DP; dash lines
correspond to the oxidation of 300 uM Fe(ll) in the presence of 270 uM DSi and 80 uM DP; dash
dotted lines correspond to the oxidation of Fe(ll) in the presencélgil? DSi and 150 uM DP.
FeOSi represents products of homogeneous oxidation of Fe(ll) and DSi complexes. >FeQOSi
represents products of DSi adsorbed by surface sites of Fe(lll) oxyhydroxides.
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This may be because DSi forms different complexes with Fe(ljfatent pH values, for example
FeHsSiOs* and FeHSIiOs, whose oxidation rate constants could be orders of magnitude different.
However,the species and stability constants of FEl§i complexes have never been identified
and defined. Without informatioabout the rate constants of the different R complexes
speciestheeffects of pH on the homogeneous oxidation rate of Fd@i) complexes cannot be

assessed at pH values other than 6.5 and 7.0.

The effects of pH on the surface adsorption of &% Fe(lll) oxyhydroxides have been widely
studied(Davis, 2000; Davis et al., 2002; Hansen et al., 1994; Sabur, 2019; Stumm, 1992; Swedlund
et al., 2010)It is widely accepted that both the concentration and charge of surface groups affect
the amount oDSi adsorbed by Fe(lll) oxyhydroxides. pH affects the aggregation rate of Fe(lll)
colloids, which can affect the particle size and surface site density of Fe(lll) oxyhydroxides
(Hiemstra, 2013; Villalobos et al., 2003; Wang et al., 201Bais is not cosidered in this study

given the small pH range (6/0) imposed in the experiments. However, if the model is
extrapolated to a larger pH range, the effect of pH on the concentration of surface groups would
need to be considered. Ferrihydrites, the pradatEe(ll) oxidation in the presence of DSi, have
been reported to have a point of zero charge (PZC) of 8.¢k@rymuir, 1997)Below this pH

value, DSi, exists mostly as monomeric silicic acidSi®s), which can be adsorbed relatively

well by the podively charged surface of Fe(lll) oxyhydroxides. As pH increases, the relative
abundance of ¥6iOs, which has a higher affinity for adsorption sites, increases, increasing the
amount of DSi adsorbed. However, negatively charged surface groups bexdde more
predominant on the ferrihydrite surface as pH increases to 9.8 (pk& @4 and above this pH,

surface adsorption of DSi will be inhibited by the electrostatic repulsion.
4.5.2 Effect of DP on DSi removal during Fe(ll) oxidation

The pHdependeninhibition or enhancement effect of DP on Fe(ll) oxidation rates is attributed

to DP enhancing the homogeneous oxidation of Fe(ll) while inhibiting its heterogeneous oxidation
(Mao et al., 2011; Millero, 1985; Morgan and Lahav, 2007; Stumm and Morgat, Wafthoorn

et al., 2004) The optimized rate constants from the chemical reaction model support this
explanation. There is a pi#ependent change in the overall inhibition/enhancement effect of DP
because of the pidependent speciation of dissolved Fe@pecies, including aqueous Fe(ll)
complexes with DRMao et al., 2011; Millero, 1985; Morgan and Lahav, 2007; Stumm and
Morgan, 1996; Wolthoorn et al., 2004ccording to the reaction model, at pH 6.5, more than
99.88% of dissolved Fe(ll) exists as file€*. Free F&" has the smallest oxidation rate constant
among all Fe(ll) species in the absence of complexation agents. In the presence of DP, additional
Fe(ll) species (i.e., Fe(HPP complexes) are presented in solutibrg@re4.14). The oxidation

rate  constants of these Fe(ll) species  decrease in the order of
Fe(OHY>Fe(OH}>FePQ>FeHPO>FeHPOs*>F€* (Mao et al., 2011; Mitra and Matthews,
1985b) Given that they have larger oxidation rate constants than frégFe£11)}-DP complexes,

whose speciation was not identified in this study, enhance the overall oxidation rate by enhancing
the homogeneous oxidation of Fe(ll) at pH 6.5. At pH 7.5, the ptedafcthe homogeneous

oxidation of Fe(OH) catalyze further oxidation of Fe(ll) via heterogeneous oxidgiiamura et
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al., 1976; Wolthoorn et al., 20045¢e(l1}-DP complexes can inhibit this heterogeneous oxidation
process by preventing the surface adsompof Fe(ll). DP can also compete with Fe(ll) for

sorption sites, inhibiting heterogeneous oxida{folthoorn et al., 2004)

The contradictory effects of DP on the oxidation rate of Fe(ll) also control the elemental ratio of
P:Fe in their ceprecipitaes: At variable initial solution DP:Fe ratios (from 0 to 1) and at different

pH values, | observed different P:Fe molar ratio in the resultingecipitates, ranging from 0.51

at pH 6.5 to 0.42 at pH 7.5 when initial DP:Fe was 1. The maximum P:Fe loatoved of 0.5
closely matches the value observed in previous stidiesemann et al., 1999; Mayer et al., 1982;
Mayer and Jarrell, 1995; Thibault et al., 200®) low DP concentrations, both homogeneous and
heterogeneous oxidation of free Fe(ll), adl\ae the oxidation of Fe(HPP complexes, proceed
simultaneously. Therefore the relative rate of each pathway determines the P:Fe molar ratio in
their final coprecipitates. At high DP concentrations, the oxidation of F&(R)complexes is the
dominantoxidation pathway at pH 6.5 and 7.0. Regardless of the unknown mineralogy of the co

precipitates, these Fe(lll) phosphates are proposed to have an elemental ratio of P:Fe = 0.5.

The presence of DP affects not only the Fe(ll) oxidation rate but alsortbent of DSi removed
(Figure 4.6). Unlike Fe(llyDP complexes, the oxidation rate constant of F&§B) complexes

have not been calculated and repaitethe literature before. The kinetic modeling results show
that the oxidation rate constant of Fe(lP complexes, although larger, has the same order of
magnitude as that of Fe(dDSi complexes (Table 4.3). In contrast, DP has a much higher affinity

for complexing with Fe(ll) than with DSi (Table 4.3). This is likely due to that less protonated
forms of DSi is less electrostatic favorable for binding with Fe compared to DP because of the
lower deprotonation constants of DP (Sabur, 2019). Thus, theidnod DSi removed by
homogeneous oxidation decreases with increasing DP concentrations within the pH range studied
(Figure 4.13). DP can also compete thiions for adsorption to the surface sites of Fe(lll)
oxyhydroxides(Roberts et al., 2004; Zhang and Huang, 2007; Zhao and Stanforth, 2601)

there is evidence that DP outcompetes DSi for surface sites of goethite at pHs lower than 7.5 (Sabur,
2019). @nsequently, the presence of DP limits the removal of DSi during Fe(ll) oxidation by

outcompeting DSi in both potential pathways of DSi removal.
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4.5.3 Comparing observed and diffusioeaction model prediction DSi concentrations

Although the diffusionreaction model (DRM) effectively predicted the decrease in DSi
concentrations at the oxidation front, the DSi concentrations predicted were lower than those
observed Figure4.9). The decrease of DSi at the oxidation front, similar to that of DP, can be
attributed to the homogeneous oxidation of Fe(ll) and DSi complexes. One plausible explanation
for the slightly higher observed DSi cont@tions, compared to those predicted by the model, is

the limited accessibility of Fe(lll) oxyhydroxide surface sites to Fe(ll) and DSi for sorption, caused
by the porous agarose medium. The DRM also failed to predict the observed high DSi
concentrationsit depths near the surface of the column. One reason for this discrepancy could be
the desorption of surfaeedsorbed DSi during the equilibration step with the background solution

to extract the aqueous phase, given that the fast oxidation of Fe(l§ surfiace of the columns

would generate a large number of surface sites to adsorb DSi. Another reason for this discrepancy
could be that slicing the columns can lead to the losses from the agarose pores. This is quite feasible
as particles of Fe(lll) oxyrdroxides can be as small as 2.5 me(nstra, 201Band some pores

in agarose media have been shown to have diameters as large as(Phtenret al., 1999)his

fraction of Fe(lll) oxyhydroxides lost during the extraction step could be the reasonefor th

abnormal nofrero value of dissolved Fe measured in the oxic zone of the columns
4.5.4 Comparing batch and column experiments: Diffusive transport limitation effects

After 6 hours of oxidation in the fully oxic,&»aturated batch experiment, almost alihaf initial
dissolved Fe(ll) had precipitated, whereas after 6 hours of exposure to air at the top of the agarose

columns, around 20% of the initial dissolved Fe(ll) had precipit&iggi(eC.2 and

Figure4.8). This is because diffusion of the aqueous speciesm@Fe(ll) is slow relative to Fe(ll)
oxidation rates, and Fe(ll) oxidation is therefore limited by the diffusion of the participating
chemicals(Bircumshaw and Riddiford, 1952; Guy and Schott, 1989ansporiimitation of

reaction rates has also been observed in natural environments such{Begreatd Blodau, 200;7)
estuarine sediments in flethrough reactorgPallud and Van Cappellen, 2006nd marsh
sediments in flowthrough reactors (Sabur, 2019). The DRKedicted oxidation rates for the

batch and column systems anglddncentrations in the columns illustrate this diffusion limitation
effect (Figures 4.12 and 4.17). At each elapsed time point, the top surface of any of the columns
is saturated with & while the Q concentration decreases with degd#ig@re4.15). The oxygen
penetration depth (i.e., the first depth at whichshot zero) increases with time due to continuous
O:diffusion from the top open end of thelemns, and the overallZ@oncentration profiles evolve

with time (Figure4.15). The DRM predicts that Fe(Il) oxidation at a depth of 1.25 cm stdes af

2 hours of air exposure, while at a depth of 3.0 cm, it starts at an elapsed time of 20 hours, and that
the maximum instantaneous homogeneous oxidation rate of Fe(ll) at a depth of 3.0 cm is one sixth
of that at 1.2 cmKigure4.16).
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Figure4.15. Modelpredicted dissolved oxygen profiles in an agarose column and its evolution

with time.
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Figure4.16. Modelpredicted homogeneous (black lines) and heterogeneous oxidation (red lines)
rates of Fe(ll) at different depths of in a simulated agarose column (The oxidation of 270 uM Fe
in the presencef 150 uM DSi and 54 uM DP at pH 7.0). Solid lines correspond to the oxidation
rates of Fe(ll) at a depth of 1.2 cm; dashed lines correspond to the oxidation rates of Fe(ll) at a
depth of 3.0 cm. Homo is short for homogeneous oxidation of Fe(ll), incliried-e(ll), Fe(1)

DSi complexes, as well as Fe(ll) and DP complexes. Hetero is short for heterogeneous oxidation

of Fe(ll).
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Both the homogeneous and heterogeneous oxidation rates of Fe(ll) simulated by the DRM to be
occurring in the columns are muclowkr than those predicted in the batch system (compare the
oxidation rates in Figure 461to those in Figure 4.12). Because DSi is mainly removed via the
homogenous oxidation of FedDSi complexes, the diffusive transport of dissolved Fe(ll) and O
necesary for Fe(ll) oxidation to occur limits the removal rate of DSi during Fe(ll) oxidation in
the heterogeneous column system. This has important implications for natural systems where
diffusion is the dominant control on the supply of reactants such asdd-e(ll), and DSi removal

rates in these systems are therefore likely much smaller than observations made in batch
experimental systems indicate. Collectively, these results show ttatufel Si is likely a much
smaller Si pool in neamatural systems kere diffusion limits the fast Fe(ll) oxidation rates that

are necessary for DSi gqwecipitation with Fe than what would be predicted based on batch

experiments alone.

The interplay between the diffusive transport rates of the participating chemieal©{and
dissolvedFe(ll) and its aqueous complexes) and the Fe(ll) oxidation rate determines where Fe
precipitates in the agarose column, which in turn affects the concentration profiles gD (

C.1). Although dissolved Fe(ll) and DP have distinct diffusion coeffici@@titure et al., 2010)

they precipitate at the same depth and the P:Fe molar ratio in th@edpitates is 0.2. This is in
accordance with the mechanism proposed above: DP is mainly removed through the homogeneous

oxidation of Fe(IBDP complexes instead of by surface adsorption.
4.5.5 Implications for internal DSi loading

Unraveling the mechanisms and kinetics of DP competing ®B&hduring coprecipitation with

Fe(ll) has important implications for predicting the magnitude and timing of DSi retention. In
oligotrophic freshwater systems, the incorporation of DSi during Fe(ll) oxidative precipitation,
which corresponds mostly to tifieal stage of the competition progress of DSi and DPigure

4.6 (i.e., low DP and high Fe(ll)), can retain considerable amount of DSi in oxic surface sediment.
This will lead to the redox dependent of DSi flux out of sediment. Since the industrial rewpluti
large amounts of P have been loaded to water bodies by the usmofalhing fertilizers and
detergents, which has changed some freshwater systems from mesotrophic to ditiali,

2008) | predict, based on these results, that in sedimergwaters of eutrophic freshwater
systems with a high DP concentration (corresponding to the intermediate to initial stage the
competition progress of DSi and DPHRigure4.6 with high DP and Fe(ll)), there will be a lack of
redoxdependence of DSi fluxes out of the sediment to the overlying water because of the limited

amount of Febound Si that is formed in the sediment during fully oxygenated conslitio

| expect that other sediment geochemical factors that influence Fe oxidation rates and the extent
of potential Fe oxidation and qwecipitation with DSi and DP, such as pH, the dissolved Fe
concentration and the steady state oxygen penetration eepild influence the amount of DSi
retained during Fe(ll) oxidative precipitation. For example, | hypothesize that for a fixed initial
DP:DSi ratio, DSi retention would increase with increases in the sediment dissolved Fe

concentration and in the steadwtst oxygen penetration depth, because the amount of Fe(lll)
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oxides formed by oxidation and subsequent precipitation would increase under both scenarios.
Simulating these different scenarios using the DRM could provide valuable insight and realistic

predictons and would therefore be a valuable future application of the DRM.
4.6 Conclusions

This study investigated the effect of oxidative precipitation of Fe(ll) on the immobilization of
dissolved silicon (DSi). The experimentitashowed that the eprecipitaton of Fe(ll) and DSi

can be categorized into two stages: (i) the initial removal of DSi during oxidation of Fe(ll), and (ii)
the removal of DSi after complete oxidation of Fe(ll). The amount of DSi removed during Fe(ll)
oxidation increases with increasipgl and decreases with increasing dissolved phosphate (DP)
concentration. Reaction rates simulated by a kinetic model indicates that the oxidation ef Fe(ll)
DSi complexes enhances the homogeneous oxidation of Fe(ll) and induces the fast removal of DSi
at the beginning of oxidation. The adsorption of DSi to surface sites of Fe(lll) oxyhydroxides is
responsible for the removal of DSi after complete oxidation of Fe(ll), whose contribution to the
removal of DSi is smaller. The presence of DP competes with BstigkEly for not only aqueous
Fe(ll) but also surface sites of Fe(lll) oxyhydroxides, enhancing the homogeneous oxidation,
inhibiting the heterogeneous oxidation of Fe(ll), and limiting the removal of DSi during Fe(ll)
oxidation by both the homogeneousdation of Fe(l1}DSi complexes and the adsorption of DSi

to Fe(lll) oxyhydroxides.

The results from an experiment using agarose columns indicate that the removal of DSi during
Fe(ll) oxidation may be transpdrimited in natural and nearatural systems kere diffusive
transport controls the oxidation rate of Fe(ll). Reaction rates simulateddiffusion-reaction

model indicates that the transport of participating chemicals dissolved Fe(ll) ftee F&¢* and

its aqueous complexgsand DO) limits Fd() oxidation kinetics and DSi removal kinetics
compared. The distinct Si:Fe molar ratios irprecipitates formed in the columns compared with
those formed in the batch experiment demonstrateoted Siis a much smaller Si pool in near
natural systemwhere diffusion limits the fast Fe oxidation rates that are necessary for DSi co

precipitation with Fe.
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Chapter 5
Controls on the release of dissolved silicon from natural

freshwater sediments: Roles of oxygen and iron

5.1 Summary

The availability of nutrient dissolved silicon (DSi), ril& to dissolveghosphatéDP), exerts an
important control on the relative importance of siliceous phytoplankton in algal communities in
natural waters. The mechanisms controlling internal DSi loading from aquatic sediments are not
yet well understood, however. Experiments explpthese mechanisms often use pure materials
under wellcontrolled laboratory conditions and, therefore, may not provide realistic analogs for
complex natural sediments. Here, surficial sediments collected from the open water area of a
freshwater marsh we usedn a series of flowthrough column experiments to elucidate the roles

of different reaction pathways in the immobilization and release oflD&iseries of @ parallel
flow-through columns, anoxic solutions containing variable concentrationssulved Fe(ll),

DSi and DP were pumped upwards through 10 cm of the sediment and collected from a 1 cm layer
of overlying water that was initially kept aerated. In six of the columns, the oxic phase was
followed by a period of several weeks during whibk bverlying water remained anoxic. As
expected, Fe(ll) supplied via the inflow was efficiently retained in the sediment when the overlying
water was aerated. When the overlying water became anoxic, efflux of Fe(ll) from the columns
was observed. The DPteation and efflux dynamics were similar to those of Fe(ll), although even
under oxic conditions measurable DP efflux was detected. The latter implies that the active
precipitation of Fe(lll) oxyhydroxides in the uppermost sediment under the oxic watemiag

unable to retain all the DP supplied to, as well as produced within, the sediment columns. In
contrast to Fe(ll) and DP, there was little evidence of DSi retemi@edimentduring oxic
periods. In addition, no systematic changes were observie iBSi efflux upon switching to
anoxic overlying water. The data also indicated net production of DSi in the sediment, likely from
the dissolution of amorphous silica (ASi). The conclusions drawn from the aqueous concentration
time series measured in thatflow were supported by buffered ascorbeateate extractions that
showed net enrichments of Fe and P but not Si in the upper 1 cm of sediment at the end of the
experiments. Overall, the results with the natural sediment confirm that, atendeal H, the
presence of high DRoncentrationsnhibit the ceprecipitation and adsorption of DSi, hence
preventing DSi retention in sediments under oxic overlying water. We conclude that the relative
production rates of pore water DP and DSi likely represtr@smajor control on the redox
dependence of internal Si loading in freshwater systems. The speciation and stability of legacy P
pools in freshwater sediments, as well as recent depositional P inputs, therefore, likely play a major
role in determining whéer soluble Si is retained in the sediments or released back to the overlying

water column.

11¢



5.2 Background and Rationale

Harmful algal blooms and the degradation of water quality due to eutrophication afflict many
freshwater systems around the woflRittrich et al., 2013; Sondergaard et al., 200Akreased
dissolvedphosphatgDP) loads and concentrations are regarded as one of the most important
factors controlling excessive algal growtorrell, 1998; Daniel et al., 1998; Lee, 1973; Van der
Molen and Boes, 1994) However, nutrient enrichment in aquatic ecosystems is not the only factor
that controls the community composition and abundance of phytoplankton, as nutrient
stoichiometry is also an important controlling fac{@ollins, 1988; Marchetti et al2010)
Specifically, the major nutrients phosphorus (P) and silicon (Si) are required for photosynthesis by
siliceous diatom algae in an atomic ratio of approximately Si:P =(08ficer and Ryther, 1980;
Redfield et al., 1963A supply of dissolved sition (DSi) that result in an DSi:DP ratio above this
threshold ratio may decrease the likelihood of harmful algal blooms in eutrophic (ajgesand
Aksnes, 1992; Makulla and Sommer, 1993; Officer and Ryther, 1980; Redfield et al., 1963;
Sommer, 1989)

Although efforts have been made to reduce external nutrient phosphorus loading, eutrophication
remains a major problem in lakes and other lentic water bodies, in part because of the
remobilizationof accumulated legady from their sediments, which is knowas internal loading
(Muller et al., 2005; Parsons, 2017; Sondergaard et al., 2007; Van der Molen and Boers, 1994)
The mechanisms that control the internal loading of nutrients P have been widely &&ddradr

and Mglle, 2003; Gachter and Muller, 2B0Katsev et al., 2006; O'Connell et al., 2020; Orihel et

al., 2017; Sabur, 2019; Smolders et al., 2017; Sondergaard et al., 2003; Van der Molen and Boers,
1994) The bottom water oxygen concentration is known to be one of the main factors controlling
DP loading, due to the high affinity of DP to adsorb to, epoecipitate with, redosensitive iron
oxyhydroxides, whose reduced forms are soluble and their oxidized forms are not. These mineral
phase are therefore solubilized during anoxic conditions,sialgdound P to solutiofG?chter

and M¢lle, 2003; Gachter and Muller, 2003; Jensen et al., 1992; Markelov et al., 2019; Mortimer,
1941; Parsons et al., 2017; Ridenour, 2017; Sabur, 2019; Zhang and Huang, 2007)

Bottom water oxygen conditions have alseb shown to affect the release of DSi from sediments

in some lacustrine environments, although for other lakes the contrary has been reported
(Danielsson, 2014; Ekeroth, 2015; Lehtimaki et al., 2016; Nteziryayo and Danielsson, 2018a;
Ridenour, 2017) The widely accepted mechanism for a dependence of DSi release on bottom
water oxygenation is the same as that of DBj can be adsorbed by Fe(lll) oxyhydroxides
through ligand exchange and subsequently released when the Fe(lll) oxyhydroxides are
reductively dssolved during anoxic periodKaegi et al., 2010; Sung and Morgan, 1980; van der
Grift et al., 2014; Voegelin et al., 201Qh Chapter 4 of this thesis, the removal of DSi by the
oxidative precipitation of Fe(ll) was simulated different pH values and in the presence of
different DPconcentrationsandalong an oxidative front propagating in agarose columns. The
results shwed thatDSi incorporation into the actively forming Fe(lll) oxyhydroxides is highly
dependent on the pH and the concentration of DP, mgtihher pHs and lowelDP concentrations

and resulting iimoreincorporation of DSiand is limited by the slow diffuge transport rate of
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participating chemical€Oxygen conditions have also been proposed to affect the dissolution rate
of biogenic amorphous silica (ASi), with oxic conditions decreasing the bacterial protease
catalyzed degradation rate of the organic enattirrounding AS{Bauerfeind and von Bodungen,
2006; Holstein and Hensen, 2010; Lehtimaki et al., 2@b@)or influencing the availability of

reactive surface sites on ASi (Chapter 3 of this thesis).

Up to this point in the thesis, laboratory experitsenave been used to study the interactions
between Si, Fe and P in sediments under changing dissolved oxygen availability. The experiments
were conducted using synthetic materials under-e@itrolled conditions and were focused on
unraveling specific aemical interactions between DSi, DP and/or dissolved Fe(ll), and with one

of the reactive particulate Si endmembers (ASi eb&end Si). Thus, these experiments do not
necessarily represent the full complexity of processes occurring in natural sedmnenésmore

than one reactive particulate Si endmember may be contributing to DSi (im)mobilization, multiple
geochemical interactions are occurring simultaneously, geochemical conditions are variable in

space and time, and transport processes are couplgeblshemical reactions.

In the present chapter, | investigate the interactions betsisgolvedre(ll), DSi and DP, and the
redox dependence of internal DSi loading in natural sediments by incubating sediments from a
freshwater marsh in a series of snilv-through column systems. The sediment columns were
supplied with anoxic inflow solutions containing different combinations of dissolved Fe(ll), DSi
and DP and their outflow concentrations were monitored in a layer of overlying water that was
variably kept oxygenated or not. | hypothesized that the supply of high level of dissolved Fe(ll)
would lead to significant retention of DSi in sediment columns under oxic conditions, DSi outflow
would depend on the presence of oxygen in the overlying water, arsufiply of DP would

suppress the redox dependence of DSi outflow.
5.3 Materials and Methods
5.3.1 Materials

The top 10 c¢cm of sedi ments were collected fro
in Cootes Paradise marsh in October 2017 using a stainlesspstéel $he sediment was stored

in a polyethylene sampling bag, in the dark, in a fridge {@)3orior to use. Cootes Paradise is a
hypereutrophic marsh within the City of Hamilton with a long history of severe ecological
degradation. Because of this, varisostudies have been conducted to better understand the
influences of nutrient cycling on water quality in the mgShow-Fraser et al., 1998; Thomasen

and ChowFraser, 2012)The West Pond is one of the most eutrophied areas of the marsh and has
accumuléed extensive legacy phosphorus within surficial sediments due to high external
phosphorus loads from a nearby wastewater treatment plant (Parsons et al 2017). The geochemistry,
mineralogy and phosphorus speciation of sediment from the West Pond hawhaesterised
previously(Parsons, 2017; Ridenour, 2017) allowing for a greater focus oeldase mechanisms

of DSi from the sediments within this study.
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Peristaltic pump Flow-through column

)

Air

Deoxygenated solution

Figure5.1. Diagram of thélow-through column system (top) and a photo of the experimental set

up (bottom). lllustrated in the top diagram, from left to right of: deoxygenated influent reservoir
with a Tedlar bag (5 L, Millipore Sigma) filled with pure,N peristaltic pump for niataining

the flow rate of 5 mL #, the sediment column with overlying water and a top plate with openings
that remain open during oxic periods and are closed under anoxic conditions, a falcon tube for
sampling the outflow of overlying water, and compeesair to keep overlying water well
oxygenated (during oxic periods).



5.3.2 Flow-through column experiments

Ten 12 cm long flowthrough reactors, modified aftBallud and Van Cappellen (2006), Ridenour
(2017) and Sabur (2019), were usEkde reactors with a 12 cm length were enclosed on both ends
by caps lined with an @ng to prevent leakage of water and g&agl7 mm diameter 0.2 um pore

size polypropylene membrane filter was used to evenly distribute flow across the bottom of the
columns and to prevent blockage of the inflow pdmto holes, each with 2 cm in diameter, were

cut into the top cap to allow the exchange of Gaseaded rods and nuts kept the top and bottom
caps in place with a tight seal. Before filling the columns, tldésnts were passed through a
<500 um sieve to remove larger debris and mdmvertebrates. The sediments were then
thoroughly mixed before use to decrease physical variability between replicate columns. The
homogenized sediments were introduced into tbactors and kept overnight in a dark
environmental chamber whose temperature was settdt°25 Each reactor contained 10 cm of

sediment and 1 cm of overlying water. The entire experimentaipsistillustrated irFigure5.1.

The influent solutions to each reactor consisted of deoxygenated artificial porewater (APW)

solution, whose composition was based on porewater concentrations at 5 cm depttslgreviou

measured at the sampling site using peeperos
with different dissolved Fe(ll), DP and DSi concentratioreble 5.} : AAPWO without ¢
Fe(l 1), DP and DSi was used as a control, A D S

was APW with the addition of DSi and dissolwv
di ssolved Fe(Il1l), #fAFiegn Po®f wR &ArrPdV Rkve (t Ihl )t hea rad
addition of DP(Table 5.). The pH of all of the influent solutions was adgaisto 7.00+0.02 with

HEPES (4(2-hydroxyethyl}1-piperazineethanesulfonic acid) to prevent the precipitation of
ferrous phosphate imerals and inhibit the oxidation of Fe(IHEPES was chosen rather than a

carbonated buffer to avoid the precipitation of Fe(ll) carbonate phases.

In what follows, oxic and anoxic conditions refer to the 1 cm overlying water layer that was either
sparge with purified air or not, respectively. The top cap of the reactors had two holes having
diameters of 2 cm. During oxic periods, air was bubbled continuously into the overlying water by
an air pump through one of the holes to enhance air exchangentrgtlaetions were delivered
through the side port of the bottom capa rate of approximately 5 mtthsing peristaltic pumps.

Effluent solutionswere collectedhrough a side port at 1 cm from the top of the reactor using a
peristaltic pump operating the same rate as that of the influent solution. During anoxic periods,

the two holes in the end caps were plugged by rubber stoppers and silicone sealant was applied to
minimize gas exchange. Effluent solutions were then collected with syringes inktesaagothe

peristaltic pump to avoid contamination by air.
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Table 5.1. Chemical compositions of the various influent solutions used in the -flmough
column experiments. BromideBr added as KBr was used as meactive tracer, Ca
(CaCk.2H20) and Mg@* (MgCl2) concentrations were chosen to match the chemical composition
of porewater. HEPESI(2-hydroxyethyl}1-piperazineethanesulfonic acidas used as pH buffer
instead of NaHC®to avoid the precipitation of Fe(ll) carbonate, acetate was used to avoid the
depletion of organic carbon substance during the incubations, SD{8i®®HQ0) concentration

was chosen to enable-poecipitation with Fe(ll) and to minimize the effects of apimus silica
dissolutionin sedimenton the DSirelease Fe(ll) (FeCt.4H20) concentration was designed to
enable the retention of DSi, and RafPQy) was added in some columns to assess its effects on
the release of DSi. APW = artificial porewater.

Concentration (umol &)

Influent composition

APW DSi Fe, DSi Fe Fe, P P
Br 125 125 125 125 125 125
cat 500 500 500 500 500 500
Mg?* 250 250 250 250 250 250
pH Buffer 1000 1000 1000 1000 1000 1000
Acetate 100 100 100 100 100 100
Si 0 430 400 0 0 0
Fe(ll) 0 0 783 776 793 0
P 0 0 0 0 208 208
C7 T Gotmas VT Colamns | [ Colmas 1T T Columns |7 7T Cotumas [0 [ Contal ||
| 1and2 : 3and4 : 5and 6 | 7and8 : 9 and 10 i : columns |
1
: L APW : L APW : L APW : L. APW : L APW 1 : L. APW :
1 1 day, oxic 1 1 day, oxic | 1 day, oxic | 1 day, oxic | 1 day, oxic : i 1 day, oxic |
| 1 1 1 1 \ !
: 1L DSi : IL Fe, DSi : 1L Fe, DSi : 1L Fe : IL Fe, P : ! L APW :
| 9 days, oxic | 9 days, oxic | 9 days, oxic | 6 days, oxic \ 6 days, oxic | : 9 days, oxic |
: : : : 1L DS : 1L DS : | :
[ 111 DSi X L. DSi | 11L. P | 3 days, oxic | 3 days, oxic ! I1I. APW |
| Sacrificed 32 days 32 days | Saerificed 12 days " X 1! 32 days |
I anoxic | anoxic | oxe v.e v.psi ! _ _ _amexic
| \ | | Sacrificed 12days | Sacrificed 32 days I
I | I wv.p oxic anoxic !
I | I 0days | I :
| | | I i | '
: ! | ' | :
1 1
1 I
| Freeze dry :
I

Figure5.2. Experi ment plan with 10 sediment col umn

porewater, ADSi 0 is APW with the addition of
addition of dissolved ferrous i r &dssolvedé&d(l) !l ) ) ,
and Si, AFe, PO is APW with the addition of d

with the addition oDP. Oxic and anoxic represent overlying water with and without dissolyed O
respectively. The sediment columnghiis figure represent different scenarios: (i) columns 1 and

2 (DSi) were designed as comizan with the supply of DSi under oxic and anoxic conditions, (ii)
columns 3 and 4 (Fe, Si-gecipitation) were designed to promote thepeecipitation of Fe(ll)

and DSi, (iii) columns 5 and 6 (DP on-peecipitated Si) were designed to promote the co
precipitation of Fe(ll) and DSi under oxic conditions and to study the effect of DP on the release
of co-precipitated DSi under oxic and anoxic conditions, (iv) owla 7 and 8 (Si ad/desorption)
were designed to promote the adsorption of DSi on the surface of newly precipitated Fe(lll)
oxyhydroxides and to study the effect of DP on the desorption of adsorbed DSi, and (iv) column
9 and 10 (DP on DSi adsorption) weresdjned to promote the adsorption of DSi on the co
precipitates of Fe and P. Note that another twv
the incubations as another control.
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APW was pumped through the column reactors for 1 day to ensure coppiaiater saturation

and uniformity of the initial porewater composition between replicate columns. Starting the next
day, different influent solutions were supplied: the influent compositions, their duration and the
overlying water oxygenation are shownTiable 5.andFigure5.2. The sampling resolution was
higher at the beginning of each new stage (3 times per day) and less near the end of th€ stage (1

times per day).

Upon completion of thélow-through columrexperiment, the sediments in the column reactors
were retrieved, frozen a0 °C, and sliced into 6 sections-Q05, 0.51, 1-2, 24, 46, and 610

cm) using a bandsaw. After freedgying, the sediment sections of all column® vere extracted

with a buffered ascorbatgtrate solution (BAC) at pH 7.5, and sediment sections of columns 1, 2,
4 and 5 were extracted with a 1 M NaOH solution. The BAC solution contained-16fg&corbic

acid (CsHsOs, Sigma, purityO 9 8),%0 g L:* sodium citrate (N&CsHsO7, Sigma, purityd 9 9),%

and 50 g t! sodium bicarbonate (NaHGQSigma, 99.8.00.5%). This extractant solution has
been shown to extract the highly reactive solid Fe(lll) sediment (ldphcinthe and Van
Cappellen, 2004; Kostka and Luther, 1994gre, 50 mL BAC solution with a pH of about 7.5
was added into 60 mL sen bottles containing 25 mg sediment in an anaerobic chamber. The
serum bottles were sealed withbber stoppers and transferred to an environmental chamber and

agitated on a rotating shaker at 30 rpri@&tl °C. After 24 hours, the suspensions were fater

through 0.2 pm porsize syringe filters. The supernatant was acidified with HCI to pH < 2 and
stored in the fridge until analysis. Reactive particulate silica in the sediments was extracted
following a modified singlepoint ASi extraction metho@oning et al., 2002; Ohlendorf and
Sturm, 2008)10 mL of 1 M NaOH was added to a Teflon liner containing 10 mg of dry sediment.
These Teflon liners were placed in metal pressure vessels. After placing these vessels in a pre
heated oven at 10@ for 3 hours, gpernatants were collected and filtered usiryum poresize

syringe filters, acidified with HN®and then analyzed for major elements and DSi by OES.

The total NaOH extractable Si was corrected for the contributisiicdte mineral dissolution by
assuming a Si:Al ratio of 2:1 to get the NaOH extractable amorphous silica(@Gt#&ndorf and

Sturm, 2008)

5.3.3 Analytical methods

The aqueous samples asalid phase extraction samplesllected were filtered through 0.2 pm
poresize polypropylene syringe filteragidified with tracemetal hydrochloric acid to pH < 2 and
stored at £C until the analysis of major elements and DSi with Inductively Coupled Plasma
Optical Emission Spectphotometry (ICPOES, Thermo Scientific iCAP 6300%tandards were
prepared from Fisher Scientific stock standards (Thermo Fisher Scientific). Reference solutions
were prepared with multi element standards (Delta Scientific Laboratory Products Ltd.) and wer
analyzed along with all samples for quality control. The precision of reference samples
measurement across sample run was better than 10% and the relative standard deviation was well
within 5%.2 mL aqueous samples were also filtered through 0.2 umhmobulfone (PES) syringe

filters for analysis of major anions (BNOz, NOz, and S@) with lon Chromatography (Dionex
ICS-5000). Detection limits in uM for each anion analysed are given in bracke{4d;Br NOQ
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(2.1), N&¥ (1.5), and S@ (0.8). Typical precision was <5% RSD and quantified values for

certified standards were always within 10%.
5.3.4 Mass balances

To compare the elemental masses supplied to the sediment columns to those released to the

overlying water, the following cumulativeasses were calculated:

0 & o AT (5.1)

boi o0 8 D (52)

utflow

where Mass""" (t) is the cumulative mass of dissolved Fe, DSi or DP (umol) released to the
overlying water at timg Massp(ti) is the mass of dissolved Fe, DSi or DP (umol) accumulated in
the overlying water sample collected at titne €), andn is the number of saples collected over

the time intervat, Massg™" (t) is the cumulative mass of dissolved Fe, DSi or DP supplied to the
sediment columns up to timgeCo is the concentration of dissolved Fe, DSi or DP in the influent

solutions (umol %), Q is the flav rate at which the influent solution is supplied (5 mi).h

Equations (5.1) and (5.2) were integrated over the oxic and anoxic time intervals. However,
because these intervals had different durations, the cumulative inflow and outflow masses were
normalzed to the corresponding durations. The net release or retentiorYratgduring a given
interval was then computed by subtracting the normalized cumulative inflow masses from the

corresponding outflow masses:

Y

Y 0 @i Yo 0 i Yo TYo (5.3
whereqt is the duration of oxic or anoxic period, with O corresponding to the start of the period.
Negativevalues ofY indicate net retention of the dissolved element supplied to the sediment

column,positivevalues imply net release. The latter implies production of dissolved Fe, DSi or

DP within the sediment.

When an experiment with a given column was terminated,aheentrations of BAC extractable

Fe, Si, P, and NaOidxtractable reactive Si were determined at different depths along the column.
The final depth distributions were then compared to the initial (homogeneous) concentration
distributions in order to identifdepth intervals of accumulation or depletion of the extractable
element pools. Furthermore, by integrating the concentrations over the entire length of the column,
the total masses of the extractable elements were calculated to quantify-coloaoh®

accumulation or loss of solidbound Fe, P and Si

(5.4)

whereMass; is the total amounts of BAC extractable Fe, Si, P or Natractable ASi in the

sediment columnsCs(j) is the concentration of BAC extractable Fe, Si, P or NaQtractable
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ASi (umol g?) at depthj (O10cm) my is the mass of sediment (g) at deptfihe change ratgof

solid phaseg,e., BAC extractable Fe, Si, P and Na&@Mtractable ASi were also calculated:

Q0 i, ., . . . (5.5
—— 0 i DWi To
Qo
Q0 Wi . ) . (5.6)

— DWiy O0®WiIi o o
Q0 n

whereMasg, Mass, andMass are the total amount of BAC extractable Fe, Si, P or NaOH
extractable ASi of initial sediment columns (at time zero), sediment columns after oxic incubation
periods, and sediment columns after the whole incubation experiments (include both oxic and

anoxicperiods) i is the duration of oxic incubatiob, is the duration of the whole incubation.
5.4 Results
5.4.1 Sediment columns: operating conditions

The transport properties of the sediment columns, pH and dissolved oxygen (DO) conditions in
the overlying water layers were presented in detail in a previous study (Sabur, 2019) and briefly
summarized here. The porosity of the sediment was about 0.81. With an inflow rate of 5 mL h
the nonreactive tracer (By reached 65% of its inflow concentiati within about 1 day. The Br
breakthrough curves of the different columns were sinf@ufe5.3), indicating column reactors

were comparable in tesrof physical transport.

The pH of the overlying water layer of all sediment columns had an initial value of 8.50 in all
columns. This value decreased to 2820 within 12 hours of supplying pH 7.0 APW to the
columns. The pH value remained stable duthmgoxic periods. However, when the top cap was

sealed during the anoxic periods, the pH of overlying water decreagetbt0.05.

Without the continuous air bubbling in the first day of incubation (Step | in Figure 5.2), when open
to the atmosphere tH2O concentration in the overlying water was less than 50% saturation at
25 °C (Sabur, 2019). With the continuous air sparging (other steps during oxic incubations in
Figure 5.2), the overlying water was fairly well oxygenated (more than 70% of satur@ted D
concentration a25 °C). Although the porewater DO profile in the sediment was not monitored,
the yellowish color of the topmost sediment during the oxic periods indicated that the oxidation

front might extend to about 1 cm below the sediment surface.
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Figure5.3. The normalized concentration«Co) of Br and DSi measured in the effluents from
the columns over time (n = 10): I8 the concentration of Bor DSi in the effluents at time t,0C
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production of DSi in the sediment columns, likely through the dissolution of amorphous silica.
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5.4.2 Dissolved Fe, P, and Si concentrations: oxic periods

During the oxic periods, dissolvdee concentrations in the effluent from all columns remained
low, often below 1.0 umol &, even though a relatively high concentration of dissolved Fe(ll) was
supplied in the influents for columnsl® ( top panels ikigure5.4 andFigureb.5). In contrast to
dissolved Fe, DP concentrations in effluent showed different temporal trajectories between
different columns. The highest DP concentrations were observed for columns Indanch2yere
supplied with only DSi. In these columns, the DP concentration increased during the first 3 days
and decreased afterwards, with maximum concentrations close to 190 jn@blumns 310,

which were supplied with dissolved Fe(ll) had lower Diaamtrations, in the range of1®0

umol L't. Overall, DP concentrations in the effluent of most columns progressively decreased with
time within the first 9 days of (oxic) incubation. In columns 6 and 8, DP concentrations in effluent
increased with timefter 9 days of aeration, because DP was supplied in the influent, while oxic

conditions were continued for another 12 days (middle partggure5.5).

Columns 7, 8, 9, and 10, which did not receive-B&taining influents during the first half of the
oxic period, exhibited relatively low DSi concentrations of around 250 pumatlequilibrium.
Columns 1, 2, 3, 4, 5 and 6 that were supplied with DSi throughout their oxic periods had similar
high DSi concentrations of around 500 pmot,Lthat was higher than the influent DSi
concentration, implying a production of DSi inside #ediment column. This can be seen in
Figure5.3 where thenormalized DSi concentratioi©{Co, whereC: is the effluent concentration

of DSi at timet, andCo is the concentration of DSi in the influent) are shown as a function of time.
The normalized DSi concentratiopeaked around the same time as those qof it their
maximum value was around 1.2 ggposed to that of 1.0 for the nosactive Brtracer.Figure5.3

also shows that the simultaneous supply of dissolved Feglymns 3, 4, 5 and 6) aot (columns

1 and 2) did not affect the DSi breakthrough curves.
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5.4.3 Dissolved Fe, P, and Si concentrations: anoxic periods

After 9 days of aeratig the holes in the caps of columns 2, 4 and 10 were closed to allow for the
establishment of anoxic conditions in the overlying water layer. At the same time, the influents to
these columns wer e s voxygeoated APWiwith DYiladdgébgureSt2h at i s
and Table 5.). Effluent dissolved Fe and DP concentrations started to increase about 1.5 days
after closing the sediment columns. The maximconcentrations of dissolved Fe and DP were
reached after about 4 days of anoxic conditions and progressively decreased afterwards. The
highest dissolved Fe concentrations were observed for those columns that had previously (i.e.,
during the oxic period)een supplied by Feontaining influent (columns 4 and 10, with an average

of 193t26 and149+30 uM, respectively and the highest effluent DP concentrations for the

column that had receivedddntaining influent (column 10, with an average of A2 uM).

Unlike DP and dissolved Fe, the effluent DSi concentratidmot show a marked increase after
the oxic to anoxic transitiorAdditionally, no significant differences in the effluent DSi were
observed between columns 2, 4 andldé@ttom panel irFigure5.4). Over the entire duration of

the anoxic period, the effluent DSi concentrations remained fairly constant, but in extiess to

influent concentrations supplied to the three columns.

The oxic periods of columns 6 and 8 lasted 21 days, upon which the influent solutions were
switched t ooxygénhated APW with thd addjtion@fdPidgure5.2). In both columns,
effluent dissolved Fe and DP increased approximately 4 days after aeration was terminated. The
DSi concentrations released by columns 6 and 8, however, dstiowta systematic change when

the overlying water transitioned from oxic to anoxic (grey panefsgare5.5).
5.4.4 Net release/retentioratesof dissolvedre, P and Si

Column 2 and the control column received no dissolved Fe(ll) and showed little Fe release during
their oxic incubation periods. However, during the anoxic petloe net release rate Béfrom

these two column&asmore thar7 pmol day! to the overlying waterRigure5.6). In columns 4,

6, 8 and 10, which were supplied with dissolved Fe(ll) during their oxic periods, net Fe retention
ratesvaried from28to 83 pumol day?. During the anoxic periods, the net releageof dissolved

Fe from these columns amountedsd5 pmol day®. This implied net retention of Fe in the

columns over the entire duration of the experiment.

Columns 2 and 4nd the control column were not supplied with influent DP, yet they released DP
during both the oxic and anoxic perio&#®r columns 6 and 8, which were supplied with DP, net
retention of P occurred during both oxic and anoxic periods. For column 10 alk@received

DP during the oxic period, net retention was observed during the oxic period, while net release

was observed during the anoxic period.

Net DSi release was observed for all the columns under both oxic and anoxic conditiomst The
release rate froroontrol columrnwas more thab timesof tha from columns 2, 4 and 10. Columns

2, 4 and 10 experienced the same durations of oxic and anoxigation as the control column,

but in addition were also supplied by influent DSi. Columns 6 and 8 were incubated under anoxic
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Figure5.6. Net release rates of Fe, DSi, and DP to the overlying watger oxic and anoxic
conditions. Positive values (+) indicate the net release of the dissolved elements to the overlying
water, negative values)(indicate the net retention of dissolved elements supplied by the influent
solutions. Column 2 was suppliadi t h ADSi 6 for around 9 days un

was supplied with ndFe, DSi 6 for around 9 days
average of column 7 and 8); column 10 was fir
then with ADSIi 6 for 3 days wunder oxic condit
switched to ADSIi 0 under anoxic conditions. Cc
around 9 days, and then with fsPcolumh8wasfrstound 9
supplied with AFeo for around 6 days, then wi
around 9 days under oxic conditions. The inf]l

anoxic conditions. Control columnwdsfis hed with AAPWO only throug
from Sabur, 2019). Columns 2, 4, 10 and control columns were incubated under anoxic conditions
for 32 days. Columns 6 and 8 were incubated under anoxic conditions for 23 days.

13C



conditions for 20 daysut without the addition of DSi in the influent solution. The net releatse
of DSi from columns 6 and 8 under anoxic conditions was ar@0rgmol day?, close to that

from the control column during the same incubation period.
5.4.5 Solid phase characterizai

The buffered ascorbatgtrate solution (BAC)extractable Fe concentration of the initial
homogenized sediment was 143 umél §he BAC extractable Fe concentrations decreased in alll
the columns over the course of the experiment, although dissolviel ire$ supplied to some
columns Table 5.2, Figure 5.7 and Figure 5.8). Sediments supplied with influent solutions
containing dissolved Fe(ll) during the oxic periods (columi® Bad more BAC extractable Fe
than sediments in columns without Fe addition (columns 1 and 2). Nonethelesspkwans 3

9 had lower BAC extractable Fe concentrations than the initial sediment by the end of the
incubation. The vertical distributions of BAC extractable Fe showed that the topmost sediment
layers (defined here as the top 1 cm) became enriched ind#&&ctable Fe compared to the

deeper sediments in all the columns during oxic periods (top partésure5.7 andFigure5.8).

BAC extractable P concentrations were between 25 and 37 phnahd correlated positively with
BAC extractable Fert = 0.47,p < 0.05,Table5.2). The vertical distribution pattern of BAC
extractable P was similar to that of BAC extractablefgure5.7 andFigure5.8), showing net
enrichments in the upper 1 cm of sediment during oxioge BAC extractable Si in sediment of
different columns wa84.3t3.0 umol gtand did not show any correlations with BAC extractable
Fe (2= 0.14,p > 0.05,Table5.2, Figure5.7 andFigure5.8).

The initial sediment contained 3J3@mol g! of NaOH extractable SiAfter 9 days of oxic
incubation,NaOH extractable Si from the sediment in column 1 decreased #128onol g?.
Column 3, which was supplied withsgiolved Fe(ll) and DSi during the oxic incubation period,
contained32%19 umol g! NaOH extractable Si in the sediment after the end of the whole
experiment, which was around 10 times greater than the BAC extractable Si. Additionally,
gathering all thedata of NaOH extractable Si from columns 1, 2, 4 and 5 indicated that the Si
concentrations correlated positively with the NaOH extractable Al and Fe concentritguns (

D.2). After correcting for the contribution of silicate minerals, NaOH extractable ASi was 20% of
the total NaOH extractable Si (rightmost panel&igure5.7 andFigure5.8). NaOH extractable

ASi seemed to be evenly distributed in the columns. Columns 4 and 5, which were supplied with
dissolved Fe(ll) and DSi had a higher NaOH extractable ASi concentrations than the initial

sediment by the end of the experiment.
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Table5.2. Concentrationsf buffered ascorbateitrate (BAC) extractabl&e, Siand P, and 1 M
NaOH extractable Si. Sediment columns were flushed with different influents and sacrificed after
oxic cycle or anoxic cycle. Note thtéte masses of dry sediment in the different columns were
nearly identical, 56.3+3.0 g.

Oxygen Buffered ascorbatecitrated 1 M NaOH
conditions Influent extractable (umol g%) extractz_t;l)e (umol
Oxic Anoxic Fe Si P Al Si
Initial B B _
sediment 141.3 394 374 1272 3104
Columni Oxic DsSi, od - 98.2 30.3 31.8 1127 2821
Column2 Anoxic  DSi, 9d DSi 88.3 324 25.1 1055  259.6
Column3 Anoxic  Fe, DSi, 9d DSi 104.3 35.6 30.0 - -
Column4 Anoxic  Fe, DSi, 9d DSi 106.9 36.0 27.8 1435 359.1
Column5 Oxic Fe, DSi, 9d - 110.4 324 350 1320 3324
Columné Anoxic Fe, D<idY DP 114.4 324 354 - -
Column? Oxic FeYDSi , - 115.5 31.2 33.6 -- -
Column8 Anoxic FeVYDSi YP,DP 112.0 377 374 - -
Column 9 Oxic Fe, PYDSi- 111.1 333 346 - -

Columnio Anoxic Fe, PYDSiDSi - - - - -
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Figure5.7. Vertical distributions obuffered ascorbateitrate (BAC) extractable Fe, Siand P, and

NaOH extractable ASi. The top panels show res
sacrificed afér the oxic period,e., 9 days), the bottom panels show results of column 2 (supplied
with ADSI o0, and s acrief32days aftexr fartoxacr cycla)n Sobdilimes p e r i
representhe concentrations of 1 M NaOH extractable ASi in initial segtitrprior to the supply

of influent solutions. Dashed lines represent the concentrations of BAC extractable Fe, Siand P in
initial sediment prior to supplying influent solutions. Note that NaOH extractable ASi was 20% of

total NaOH extractable Siin Tabbe?2,i.e., the contribution of silicate minerals was corrected.
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Figure5.8. Vertical distributions obuffered ascorbateitrate (BAC) extractable Fe, Siand P, and

NaOH extractable Si. Thetoppane s how results of column 5 (su
sacrificed after oxic period,e., 9 days), the bottom panels show results of column 4 (supplied
with AFe, DSi 06 under oxic conditions for 9 da
and was sacrificed after anoxic period). Solid lines repreflemtconcentrations of NaOH
extractable ASi in the initial sediment prior to use. Dashed lines represent the concentrations of
BAC extractable Fe, Si, and P in the initial sediment prior toNis& that NaOH extractable ASi

was 20% of total NaOH extractable Si in Table 5&, the contribution of silicate minerals was
corrected.
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5.4.6 Mass balance between agueous and solid phases

Thechange ratesf dissolved and extractable Fe, Si and P of columns 2 (control column supplied
with DSi) and 4 (column that studied the effect of Fe and Spreaipitation on DSi
(im)mobilization) were calculated for oxic and anoxic periods using Equations (5.3,(656n
(Figure5.9 andFigure5.10). During oxic periods, BAC extractable Fe in column 2 decreased with

a rate of 80 pumol dayt, while there was no dissolved Fe released. BAC extractable Fe in column

4 decreased with a rate of 202 umol dawhich was 78 pmol daysmaller than that of column

2, as column 4 retained Fe(ll) supplied in influent with an rate of 83 dmol. During anoxic

periods, the loss rates of BAC extractable Fe from columns 2 and 4 were 6 and 2 times, respectively,
faster than the release rate of dissolved Fe from columns 2 and 4. The loss rate of BAC extractable
P was around 2 times faster ttitha release rate of DP from columns 2 and 4 during both oxic and

anoxic periods.

BAC extractable Si showed much faster loss rates during oxic periods than that during anoxic
periods from columns 2 and 4, while the release rates of DSi from both colunenaat@ltered

by oxygen conditions. In contrast, the loss rate of NaOH extractable ASi during oxic period was
slightly faster than that during anoxic periods from column 2. In column 2, the NaOH extractable
ASi loss rates were more than 2.5 times fastan tihe DSi release rate from column 2. Unlike
column 2, in column 4, NaOH extractable ASi increased at a rate of 29 umbdiaidyg its oxic
incubation period, while the NaOH extractable ASi loss rate during anoxic periods was close to
the DSi release ta (Figure5.9 andFigure5.10).

The DSi release rateslculated for the control columns were used to represent the internal DSi
production rates in all of the columns, although the NaOH extractable ASi in the control columns
was not measure@Si concentratiogiin the overlying water othe control columnswhich were
supplied with only APWdecreasedrom their initial concentration of around 375 il around
250uM within 4 daysof incubation and remained stabiatil the end of the incubation experiment
(FigureD.1). If the DSi at steadytate was all produced from ASi dissolution, the dissolution rate

of biogenic ASi in sediment columrR,(umol day?), can be expressed by:
2 0°YQ 0YQD (5.7)

where [DSipurtand [DSi] are the concentrations of DSi in effluent and influent (uM), respectively,
Q is the volumetric flow rate through the columie{ 5 mL ht). Therefore, the loss rate of ASi
from the control columns was around 30 pumol-§ayhich is smaller than the DSi release rate in

control columns of 40 umol daycalculated with Equation (3).
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at the end of oxic incubation.
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5.5 Discussion

Chapter 4 of this thesis demonstrated that molecular diffusion limits tpeecipitation kinetics

of Si and Fe in heterogeneous agarose columns, leading to the minor immobilization of DSi during
the oxidatie precipitation of Fe under oxic conditions. Natural sediments were used in this chapter
to represent the complexity of processes occurring in nature. Transport processes were accelerated
by pumping influent solution containirdifferent combinations of dsolved Fe(ll), DSi and DP,
aimingto extenuate the effects of differing oxygen conditions on the (im)mobilization of DSi. The
results show that Fe(ll) and DP supplied in the influent solutions were effectively retained in the
sediments when an oxic sedimt@vater interface was present. The oxygen dependence of
dissolved Fe and DP released from sediments is consistent with that observed in previous studies
(Gachter and Mlle, 2003; Gachter and Muller, 2003; Jensen et al., 1992; Mortimer, 1941; Parsons
etal., 2017; Ridenour, 2017; Sabur, 2019; Zhang and Huang, .d8@0Ontrast to dissolved Fe(ll)

and DP, there was little evidence of DSi retention during oxic periods, despite the fact that
dissolved Fe(ll) was supplied in the influent solutions, whidtifferent from our hypothesis. In
addition, no changes were observed in the DSi efflux upon switching to anoxic overlying water.
In this section, | discuss the dominant mechanisms that may control the response of the release

dynamics of dissolved Fe, DP&DSIi to oxygen conditions.
5.5.1 Oxygen dependence of dissolved Fe release fromttioough columns

The sediment column acted as a sink of dissolved Fe when oxic conditions prevailed at the
sedimemwater interface, retaining all the dissolved Fe(ll) suppleedas well as any produced
within, the sediment column§&igure5.4, Figure5.5 andFigure5.6). The enrichment of Fe(lll)
oxyhydroxides in the uppermost sediment indicates that the oxidative precipitation of Fe(ll)
contributes to the retention of Fe in sediment under the oxic water layer. Under anoxic conditions,
substantial release of dissolved t# the anoxic overlying waters was observed for all columns.
This is partly due to that the reductive dissolution of Fe(lll) oxyhydroxides which accumulated in
the uppermossediment under oxic conditions (Lovley, 1997; Parsons et al., 2017; Sabur, 2019)
Fe(ll) produced by the reductive dissolution of ferric minerals and the dissolutitarrotis
mineral in the anoxic zone of sediment columns, if not precipitated as secondary iron mineral

phases, can be released to the anoxic overlying \(@&tehter aad M¢lle, 2003)

The dramatic loss of BAC extractable Fe during oxic periods could be due to the reductive
dissolution of Fe(lll) oxyhydroxides formed during homogenization of the sediment prior to the
experimental period. Homogenization of the sedimesd wonducted under oxic conditions and
would have resulted in uniformly oxidized sediments. Conditions below the zone of oxygen
penetration within the columns would have rapidly become anoxic during the experimental period.
Fe(ll) released via reductivessiolution of these Fe(lll) oxyhydroxides within the columns could
react withS*, HPO>/ H2POy or HCQs™ to form secondary, authigenic ferrous iron mineral phases
which may not be extracted by the BAC extract@@ornell et al., 1987; Gehin et al., 2007,
Hyacinthe and Van Cappellen, 2004; Jensen et al., 2002; Jones et al., 2009; Kostka and Luther,

1994; Voegelin et al., 2010)The transformation of reactive Fe(lll) oxyhydroxides to more
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crystalline phases with time could be another reason leading to pite decrease of BAC
extractable Fe during the initial days of the experiment, which coincided with the oxic conditions
at the sedimenwater interfacgRzepa et al., 2016; Scharer et al., 2009; Swedlund et al., 2010;
Thompson et al., 2006; Yee et al., 206 should be clarified that the sediment columns were
flushed with anoxic APW for one day before starting the experiment (Stdpiduire5.2). During

the first day of incubations, the overlying waters in all columns were not sparged with air.
Therefore, dissolved Fe released via the reductive dissolution of Fe(lll) oxyhydroxides in the
anoxic zone of the sediment columns may have been expaitedhe columns during this time,
which would account for the significant decrease in BAC extractable Fe. However, the amounts

of dissolved Fe released during the first day of incubation were not monitored.
5.5.2 Oxygen dependence of DP release from ftovough columns

Measurable DP effluxes were detected under oxic conditions in all columns, although varying
amounts of Fe(ll) were pumped through the sediment column. Firstly, organic bound P is usually
the most abundant soluble P endmember in organic reattiehed surficial sediments (Parsons

et at., 2017; Sabur, 2019). The microbial degradation of organic matter, in combination with the
reductive dissolution of Fe(lll) with eprecipitated P in the anoxic zone of the sediment column,
could lead to considébpée internal DP productiofParsons et al., 2017; Ridenour, 2Q1iA)the

case of this studyf not retained irthe thinoxic zoneat the sedimenvater interfacesediment
columns released dissolved Fe and DP at a constant rate of 5.0+1.0 and 4.4H0d&y{mo
respectivelyThe DP:Fe(ll) ratio from internal production therefore exceeds the maximum molar
stoichiometric P:Fe ratio in ferric phosphaite,, 0.5(G2chter and Mlle, 2003; Thibault et al.,
2009)which is typically the dominant mechanisnr 0P immobilization, and DP escapes from

the oxic sediment surface. Secondly, Fe(ll) supplied to sediment columns should have been
sufficient to retain all DP produced in the column. However, the retention of Fe(ll) in the anoxic
zone through precipitatioof ferrous mineral phases and adsorption to the surfaces may have
decreased the amount of Fe(ll) to actually reach the oxic zone at the surface of the sediment
columns. Consequently, the active precipitation of Fe(lll) oxyhydroxides in the uppermost
sediment under the oxic water layer was unable to retain all the DP supplied to, as well as produced
within, the sediment columns. Under anoxic conditions, the DP released was enhanced
significantly and DP efflux dynamics were similar to those of Fe(ll). Taiskely due the
reductive dissolution of Fe(lll) oxyhydroxides leading to the release of Fb@uhd P under
anoxic conditiongG2chter and Mlle, 2003; Gachter and Muller, 2003; Katsev et al., 2006; Orihel
etal., 2017; Parsons et al., 2017; Sab@t92 Smolders et al., 2017; Sondergaard et al., 2003; Van
der Molen and Boers, 1994)

The discrepancy between loss rates of BAC extractable P and release rates of DP indicates the
redistribution of DP released from reductive dissolution of Fe(lll) oxytwides into other
sedimentary pools.g, readsorption to the Al oxides and carbonate minerals, precipitation as
vivianite (Connell et al., 2015;38hter and Mller, 2003; Orihel et al., 2017; Rothe et al., 2014;
Parsons et al., 201@nd/or precipitabn as carbonate fluorapatite (Orihel et al., 2017).
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5.5.3 Oxygen dependence of DSi release from fibwough reactors

DSi released from the sediments did not shown a clear dependence on overlying water oxygen
concentrations in any of the columns, regardlesse€oncentration of DSi, DP, and dissolved Fe

in the artificial porewater solutions that they were supplied, which was different from our
hypothesis. Below, | discuss the mechanisms that may have been responsible for this lack of
oxygen dependence by dering the roles of two reactive particulate Si endmembers, ASi and
Fe-bound Si, to the DSi efflux under oxic and anoxic conditibrisen go on to compare these
results to the findings of other studies that have or have not shown a clear depend2sce of

effluxes on oxygen conditions and discuss the implications for understanding DSi loading.

5.5.3.1 Contribution to DSi release dynamics by amorphous silica (ASi)

Amorphous silica(ASi) is one of the dominant reactive particulate Si endmembers in natural
sedimentgAston, 1983; Hurd, 1973; Koning et al., 2002; Laruelle et al., 2009; Maavara et al.,
2014) If all DSi released from the sediment columns in this study were attributed to ASi
dissolution, the corresponding ASi dissolution rates would be 7 (with DSi in influent) to 40
(without DSi in influent) pmol day. This iswithin the range of dissolution rates of 0.5 to.80ol

day? observed for different ASi materials in a previous gt(lducaides et al., 2008Therefore,

the dissolution oASi materials inthe columns isble to explain most of the DSi released. This
mechanism has been proposed in previous studies (Lehtimaki et al., 2016; Tallberg et al., 2013).
However, the contribidgn of other reactive particulate Si endmembers to DSi release can not be
excluded. For example, the relatively fast release rate of DSi from the control columns (APW)
during the first 4 days of incubation could be attributed to the desorption of lodselgbad and
Fe-bound(Sauer et al., 2006; Tallberg et al., 2009)

The dissolution kinetics of ASi have been reported to depend on oxygen conditions in previous
studies. The proposed mechanism is that the microbially mediated dissolution of diatom detritus
in sediments can be enhanced under hypoxic conditions by changing the composition of bacterial
community(Lehtimaki et al., 2016; Villnas et al., 2012)xygen conditions at the sedimemater
interface did not drastically affect the measured rate of Neftdctable ASi loss from sediment
during the incubation experimeng., the dissolution kinetics of ASi, in column 2 (control column
supplied with DSi) Figure 5.9), which was consistent with the independent release of DSi on
oxygen conditions. This is likely becauseygen conditions in the experimental columns only
varied within approximately the uppermost 1 cm of sediment and therefore only itherssdn

this zone would be subject to oxygen dependent differences in the dissolution kineticsi.af,ASi,

ASi in sediments below the oxidation front (which is located around 1 cm below the sediment
surface) were subjected to anoganditions throughout the incubation regardless of the conditions

at the sedimenwater interface. Therefore, the effect of oxygen conditions on the release of DSi
from ASi dissolution in the experiments may be minor, especially as there was no dedsition

fresh ASi during experiment.



The supply of Fe(ll) via inflow solution increased the concentration of NaOH extractable Si in
column 4(left panel inFigure5.10). It has been proposed that DSi can form amorphous aggregates
with Fe, P and Al in subsurface sediments even at low concentrations which below the
concentration required to cause supersaturation with respect to ferrous @lilosate et al., 208

Wang et al., 2013b)The physiochemical properties of such aggregates and their roles on the
release of DSi from sediment require further study. Additionally, the supply of Fe(ll) under oxic
conditions seemed to decrease the loss rates of ASi in sgediohemn. This could be due to Fe(ll)
adsorption to the surface of ASi via the formation of bidentate surface complexes. The adsorption
of trace amounts of Fe(ll) that preferentially occupy more reactive doubly coordinated surface

sites has been shown tdhibit ASi dissolution effectively (see details in Chapter 3).
5.5.3.2 Contribution to DSi release dynamics by Fe(lll) oxyhydroxides

The porewater compositions supplied to multiple columns were designed to study the different
effects of ceprecipitation during Fe(ll) oxidation (columns 3, 4, 5 and 6) versus surface adsorption
of DSi by Fe(lll) oxyhydroxides (columns 7, 8, 9 and 10) &i Pm)mobilization. DSretention

in the sediment columns was not altered significantly in either scenario compared to the columns
which were supplied with only DSi (columns 1 and 2). One possible explanation for the lack of an
observable effect of Fe(lgdditions on DSi retention is that Fe(ll) supplied to the columns was
retained in the columnsd anoxi c zone. Fe(l 1)
Fe reaching the oxic zone that would be available for D$ireoipitation reaching ox zone (see

details in 5.5.1). Other than Fe(ll) removal processes in the anoxic zone discussed above, one
previous study has also shown tla@ may form amorphous aggregates with Si, P and Al in
subsurface sediments even at low concentraiidfeng et al 2013b). Tis is supported by the

linear relationships between NaOH extractable Si and Fe, and Si aRydegD.2).

More likely, the reason for this lack of clear observable differences between columns due to the
formation of Febound Si is that the internal production of DP from the sediments (see details in
5.5.2) may compete with DSi for complexing with Fe(ll) andadsorbing to Fe(lll)
oxyhydroxides during the oxidative precipitation of Fe(ll). As is shown in Chapt&$4,
immobilization during Fe(ll) oxidatiomccurs by two pathway®Si is either removed by direct
co-precipitation with Fe(ll) during the oxidatioof Fe(ll)-DSi complexes, or by adsorption to
Fe(lll) oxyhydroxides formed by Fe(ll) oxidatiomt nearneutral pH valuespPP limits the
removal of DSi via both of these pathways by successfully outcompeting DSi for complexation
with aqueous Fe(ll) and fagorption to surface sites of Fe(lll) oxyhydroxidés.Chapter 4, |
demonstrated that DSi will be barely immobilized viapeecipitation with Fe unless a low DP
concentration threshold is reached at sreautral pH (below ~ 10 uM). By comparing DSi and

DP concentrations in the oxic effluents to results in Chapter 4, it can be sd2R thahe effluents

of all the flowthrough columns had such a high DP concentration that DSi incorporation into

Fe(lll) oxyhydroxides would have been very limitgtgure5.11).
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Figure5.11. Concentrations of dissolved phosphate (P) and silicon (Si) in columnresflweder
oxic conditions (n = 6, data points between 4 and 6.3 days). Open triangles and circles are data
points sorted from the eprecipitation of Fe(ll), Si, and P with an initial Fe(ll) concentration of
300 uM (refer to Chapter 4). Dissolved P and@icentrations in effluents from different sediment
columns with different chemical compositions of influents: Control columns were flushed with
AAPWO6, column 1 and 2 were flushed with ADSi 0,
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5.5.4 Implications for internal DSi loading

Our results show that the release of DSi from sediment matesecessary show dependency on
oxygen conditions, which isonsistentwith observations from previous studidable1.1). The
dominant mechanisms accounting for DSi release included in this chapter are (i) ASi dissolution
and (ii) oxidative precipitation and/or reductive dissolution of Fefltdund Si. The relative
contributions of these two endmembers can lead to diffeesponses of internal DSi loading to

variations in oxygen conditions at the sediraeater interface.

The first step to assess the likely effect of oxygen conditions at the seduatentinterface on
internal DSi loading would be to determine the $qtan of reactive particulate Si (RPSI) in
surface sediments. If ASi is the predominant RPSi endmember in sediments, dissolution of ASi
will likely control the release rate of DSi from sediment so that the effects of iron minerals will
likely be negligibé. Although not investigated in this study, anoxic/hypoxic conditions have been
shown to enhance the dissolution kinetics of diatom detritus by changing the benthic microbial
community and activitied_ehtimaki et al., 2016; Villnas et al., 201Physicobemical properties

of ASi materials in natural sediments, including their sources and age need to be well characterized

to assess the response of ASi dissolution kinetics to oxygen conditions.

If not retained by subsequent biogeochemical processes atsigediments, DSi released from

ASi dissolution will be diluted quickly into overlying waters. Otherwise, DSi released from ASi
dissolution can adsorb to iron minerals and/ofpoecipitate with Fe(lll) during the oxidative
precipitation of Fe(llYGehlenand Van Raaphorst, 2002; Hansen et al., 1994; Kandori et al., 1992;
Kinsela et al., 2016; Sabur, 2019; Swedlund et al., 2048&J)ing to the immobilization of DSi in

oxic surface sediments. Substantial retention of DSi occurs only if Fe concentratiadinig

solid iron minerals and aqueous Fe(ll), are high and the concentrations of competing anions,
notably DP, are low (left scenaribigure5.12). The ability of iron minerals to immobilize DSi
decreases with increasing DP concentration (see details in Chapter 4), as DP outcompetes DSi for
sorption sites of iron minerals in the oxic surface sediment. After being buried, reductive
dissolution of iron merals leads to the accumulation of DP and dissolved Fe(ll) in porewater.
When the solubility product is exceeded, ferrous phospleage Yivianite) precipitates, which
consequently decreases (i) the amount of Fe(ll) available to diffuse upward todlzemx and

(ii) the availability of Fe for DSi immobilization (right scenarkagure5.12).
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Figure5.12. Proposed interactions between Si, P anthFen minerals which control the DSi
effluxes from freshwater sediments overlain by oxygenated bottom waterhdreftside: High
availability of reactive Fe and low porewater DP concentrationstregslbdwer DSi efflux to
overlting water compared to concentrations in anoxic sediment porewater:hRightside:
Reduced ability of Fe(lll) oxyhydroxides to retain DSi when high DP concentrations outcompete
DSi for sorption sites on Fe(lll) oxyhydroxidesd higher DSi efflux to overlying water compared

to conditions with lower DP concentrations illustrated on theheftd side.
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The dominant biogeochemical processes that may be sensitive to oxygen conditions in surface
sediments are describedthis section. A general conclusion on the dependence of internal DSi
loading on oxygen conditions at the sedirreater interface cannot be given, because natural
freshwater systems are far more complex than is discussed above. For example, the decrease in
pH that usually accompanies with transition from oxic to anoxic conditions can decrease ASi
dissolution rates but limit DSi immobilization by-poecipitation. The relative magnitudes of these

two processes determines the direction of the redox dependeb& release. In combination

with interactions with environmental factors and different feedback loops, the biogeochemical
processes described above provide a general framework for assessing the effect of oxygen

conditions on internal DSi loading frorediment.
5.6 Conclusions

To investigate the interactions between Fe(ll), DSi and DP, and their contribution to the redox
dependence of internal DSi loading in natural sediments, | incubated surficial sedimerttsefrom
open water area of a freshwater marsfiow-through column gstems.These experiments were
considerably more complex than those conducted in previous chapters due, in part, to the presence
of both Fe bound Si and other reactive Si endmembers. Anoxic solutions containing variable
concentrations of Fe(ll), DSi and Diere pumped upward througt® parallel flowrthrough
columns. During oxic incubation, when the overlying water was aerated, the sediment column
acted as a sink of Fe under oxic conditions, retaining all the dissolved Fe(ll) supplied to, as well
as produceavithin, the sediment columns. When the overlying water became anoxic, efflux of
Fe(ll) from the columns was observed. However, a smaller amount of Fe was released than was
retained under oxic conditions. This indicates that Fe(Il) was also likely retam#te formation

of ferrous minerals and/or adsorption to mineral surfaces when passing through the anoxic zone of
the columns. The DP retention and efflux dynamics were similar to those of Fe(ll), although even
under oxic conditions measurable DP effluas detected. This implies that a strong coupling of

Fe and P cycling and that the active precipitation of Fe(lll) oxyhydroxides was effective at
retaining DP. However, DP can escape from the oxic sediment surface when DP concentrations in
porewaters ex@sl the capacity of Fe(lll) oxyhydroxides. In contrast to Fe(ll) and DP, there was
little evidence of DSi retention during oxic periods. In addition, no changes were observed in the
DSi efflux upon switching to anoxic overlying water, indicating a decogpdihthe Fe and Si

cycles. This net and constant release of DSi is likely due to ASi dissolution under both oxic and
anoxic conditions. Overall, the results with the natural sediment confirm that the presence of high
DP levels inhibit the cgrecipitationand adsorption of DSi, hence preventing DSi retention in
sediments under oxic overlying water. | conclude that the relative production rates of porewater
DP and DSi likely represents the major control on the redox dependence of internal Si loading in
freshwater systems, assuming that reactive Fe is present in sediments. Increased DP loads and
concentrations in natural freshwater may actually enhance the mobilization of DSi released from

ASi dissolution in sediments, leading to increased internal DSi loading

144



Chapter 6

Conclusions and Perspectives

6.1 Conclusions

In this thesis, | usedontrolled laboratory experiments to unravel the roles of different reaction
pathways in controlling the immdization and release of dissolved silicon (DSi) in freshwater
environments. To do this, | built experimental systems of increasing complexity: | started with
simple synthetic reaction systems consisting of amorphous silica (ASi) suspended in electrolyte
solution, and progressively included additional components, specifically iron (Fe) and phosphorus
(P), in order to mimic more realistic biogeochemical reaction networks. Ultimately, | performed
experiments with real freshwater sediments. In each syntrestition system experiment, |
focused on the reactivity of one of two major reacpegticulateSi endmembers: ASi and e
bound Si. In the experiment with real sediments | used the previously acquired knowledge to
interpret the observations. Below, | higifit the major findings of this thesis and how these
findings have collectively advanced our understanding of the mechanisms controlling the recycling
of nutrient silicon in freshwater environments, in particular bottom sediments and stratified water

colums.
6.1.1 Dissolution kinetics of ASi
6.1.1.1 Surfacereaction controlled dissolution kinetics of ASi

The dissolution of ASi is the first step in the recycling of bioavailable DSi to the water column.
By conducting batch experiments under welhtrolled conditions, # dissolution kinetics and

rate constants of different A&aterials were compared in Chapter 2. In the absence of surface
complex forming agents, variations in the ASi dissolution rate constant can be explained with a
surface reaction model, which showatithe concentrations, charge distribution, and accessibility

of surface sites control the dissolution kineti€he results confirm the neimear relationship
betweerthe ASi dissolution rateonstant anthedegree of undersaturation, implying thakeaist

two dissolution rate constants are needed to describe the dissolution kinetics from high (on
average >0.4) to low (on average <0.4) degree of undersaturation of the solution with respect to
ASi. The quantitative relationships between the ASi dissmiutate constant and environmental
variables, including pH, degree of undersaturation and salinity, observed in Chapter 2 contribute
to the general framework to quantitatively predict dissolution rates of ASi in different freshwater

systems.

6.1.1.2 Dissolution knetics of ASi: effect of dissolved Fe(ll)

In Chapter 3, the dissolution rate of a model ASi (Aerosil OX 50 in this chapter) was measured in
the presence of variable amounts of Fe(ll) under anoxic conditions. The results indicate that the
adsorption of Fél) generally inhibits dissolution. However, the surface reaction model presented
in Chapter 2 cannot fully account for the effects of Feliidtead, a Langmuir adsorption model

that incorporates two types of surface groups (suddicate groups bondketo the silica lattice
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via two bridging oxygensQ., and surfacesilicate groups bonded to the silica lattice via three
bridging oxygensQs) was used to describe the effect of Fe(ll) on the dissolution kinetics of ASi.
The adsorption model suggests tka{ll) preferentially binds to £groups, which causes the
dissolution to slow down. The adsorption of Fe(ll) to gpoups is less favorable and therefore
only happens when mostQroups are occupied. However, binding of Fe(ll) tor@reases the
reactivity of the surface groups, hence, accelerating ASi dissolution. Thus, the coordinative

arrangements of exposed surface groups affect the dissolution of ASi in the presence. of Fe(ll

6.1.2 Co-precipitation of Si during oxidative precipitation leé(111) oxyhydroxides

In Chapter 4, | studied the effectsdi$solvedphosphatéDP), pH and molecular diffusion on DSi
immobilization during the oxidative precipitation Bé(lll) oxyhydroxidesby exposing anoxic
solutions containing mixtures of dissolved Fe(ll), DSi and varying concentrati@i3tofoxygen

in both batch and agarose column systems. The experimental results from the homogeneous batch
experiments show that the oxidative precijpaia of Fe(ll) can immobilize considerable amounts

of DSi at high pH values, unless high concentration of DP are present. DP effectively outcompetes
DSi for complexation with aqueous Fe(ll) and for adsorption to newly formed Fe(lll)
oxyhydroxides. In conést to the DSi uptake observed in the batch Fe(ll) oxidation experiments,
the results of the column experiment indicate that diffusive transport decreases not only the
oxidation rate of Fe(ll), but also the extent of Siprecipitation. Collectively, theesults in this
chapter show that DSi retention by oxidative precipitation of Fe(ll) is controlled by the relative
abundance of DP and the rate of Fe(ll) oxidation, which along redox gradients is in turn controlled

by the diffusion rates of aqueous Feédhd Q.
6.1.3 DSi and DP effluxes from natural freshwater sediment

In Chapter 5] investigated the interactions between Fe(ll), DSi and DP, and their roles in the
internal DSi loading from natural sediments, using a series of parallettif@mugh columns fied

with homogenized sediment collected in a freshwater marsbxic solutions containing variable
concentrations of Fe(ll), DSi and DP were pumped upward through the columns. The overlying
water was either kept oxic by remaining open to the atmospimdrgurging with Q or allowed

to go anoxic bysealingthe top caps of the columriBuringthe oxic periods, the sediment column
acted as a sink of Fe and DP, retaining all the dissolved Fe(ll) and most of the DP supplied via the
inflow. When the overlying water turned anoxic, efflux of Fe(ll) and DP from the columns was
observed. This implies a strong coupling of Fe and P cycling where the precipitation of Fe(lll)
oxyhydroxides in the topmost sediment effectively retained DP. In contrast to Fe(ll) ane&2P, th
was little evidence of DSi retention during oxic periods. In addition, no systematic changes were
observed in the DSi efflux upon switching to anoxic overlying water, indicating a decoupling of
the Fe and Si cycles. A net efflux of DSi was also obsefweDStree inflow solution, implying
dissolution of reactive (bio)siliceous debris originally present in the natural sediment. Overall, the
results with the natural sediment confirm that the presence of high DP levels inhibit- the co
precipitation and @sorption of DSi, hence preventing DSi retention in sediments under oxic

overlying water. | conclude that the relative production rates of porewater DP and DSi likely
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represents a major control on the redox dependence of internal Si loading in freshstates.s
These results show that DSi release from sediments does not necessary exhibit a simple

dependency on bottom water oxygen conditions.
6.2 Research perspectives and future directions
6.2.1 Significance of the research

Dissolved siliconDSi) is an important atiliary nutrient in freshwater aquatic environments with
implications for the species composition of phytoplankton communEieshanges of nutrients
between water column and sediment in freshwater aquatic environments, such as wetlands, lakes
and reservoirs, are an important control on nutrient cycling. This is especially true for nutrient Si
because of the biological productioh amorphous silica (ASi), whose subsequent dissolution
regenerates DSi. Furthermore, interactions between Si and Fe may lead to the immobilization of
Si by coprecipitation with and adsorption to ferric iron phases. In these latter processes, however,
DSi competes with DPLIn this thesis, | have shown that controlled experiments of increasing
complexity provide one way to unravel the roles of different reaction pathwaygstrolling the

release and/or immobilization of DSi via interactions involving A&l Fe mineral phases. The
outcomes of the experiments represent important contributions to our understanding of Si cycling

in freshwater ecosystems. These contributions include the following.

Firstly, my work confirmedthe quantitative framework for reiag the ASi dissolution rate
constant to key environmental variables, including pH, salinity and degree of undersaturation.
More importantly, the ASi dissolution rate can be represented using two rate constants that are
based on the degree of undersataratThen,by studying the role of particlactive Fe(ll) and
conducting dissolution experiment under anoxic conditibrshiow, for the first timethat the
coordinative arrangements of surface groups affect the dissolution rate of ASi and accouats for th
effect of a major constituent of many anoxic environmedtgaveling the mechanisms of ASi
dissolution helps not only to predict the recycling rate of ASi in different freshwater systems, but
also to interpret ASi distributions in lake sediments foronstructing paleolimnological

conditions, hence providing insights into change in trophic state of lakes over time.

Secondly, | have demonstrated that the DSi produced by ASi dissolution can be immobilized
during the oxidative precipitation of Fe(ll), imgicular under alkaline pH values and in the
presence of low concentrations of DP. However, the contribution -piresopitation to DSi
immobilization under oxic conditions may have been overestimated in previous studies, because
DSi incorporation into faic iron coprecipitates can be limited by relatively high DP
concentrations and slow transpodntrolled rates of Fe(ll) oxidation in redgkratified
environments. The results imply that the speciation and stability of legacy P pools in sediments,
as vell as recent depositional P inputs exert an important control on the internal loading of DSi in

freshwater lakes and wetlands.

Lastly, with the mechanisms unravelled and the kinetic information obtained in this study,

geochemical reactions that control iD8lease can be incorporated into the reactive transport
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model developed for P, thus predicting internal loading of DSi, DP and dissolved Fe at the same

time.
6.2.2 Future directions

To better understand the mechanisms of internal DSi loadingrfedunal freshwater sediments,
the effects of biotic processes and the relative importance of other forms of reactive particulate
silica need to be further studied. Below, | highlight some of the topics that could be the focus of

future research thatbuildsn t hi s t hesi sé6 wor k.
6.2.2.1 ASi dissolution mediated by microbial processes under different oxygen conditions

The diatom frustules used in this study (Chapter 2) to study ASi dissolution kinetics were
pretreated with concentrated nitric acid to remove anynmegaatter. However, biogenic ASi in
nature is usually intimately associated with, and protected by, an organic (Batléxand Azam,

1999; Lehtimaki et al., 2016; Lewin, 196 Bfter the death of a diatom, either after the end of its
lifecycle or aftemprocessing through the digestive system, colonization by bacterial assemblages
and the activity of extracellular hydrolytic enzymes lead to the removal of the organic matrix,
progressively exposing the silica surface to the agueous medium. In additi@ rentoval of
organic matrix,microbeassociated biofilms can also locally shift the pH to higher than 9,
enhancing ASi dissolutiofLehtimaki et al., 2016)Oxygen conditions have been shown to affect
the composition of the microbial community that meekahe decomposition of the organic matrix
surrounding ASi by modifying dissolution of A& shown by Lehtimaki et al. (2016) and Villnas

et al. (2012)However, the latter two studies provide preliminary insights and further research with
real benthic conmunities remain to be carried oQverall, the net effects of microbial processes
under different oxygen conditions on the dissolution of ASi remains a subject of déigaite (

6.1).
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Figure 6.1. Three species of amorphous silica (ASi) in surface sediments and their relative
dissolution kinetics under different oxygeonditions. These three ASi materials represent ASi
species under eatiember conditions. Fresh diatom detritus comprises dead diatoms settling
through the water column: they are characterized by having an organic matter matrix coating and
are typically bund in shallow fresh waters with recent diatom blooms. Exposed diatom frustules
are diatom detritus after the disappearance of the organic matrix coatings and exposed to
adsorbates, such as Fe(ll) under anoxic conditions. Aged ASi represents ASi infpmrted
external sources and can be terrestrial phytoliths and diatom frustules transported by surface runoff
to streams and lakes.



6.2.2.2 Microbial Fe(ll) oxidation and its role in DSi immobilization

The oxidative precipitation of Fe(ll) appears to play a snadile in the realvorld immobilization

of DSi than may be deduced frample batch reaction systems (ChapteH&wever, care needs

to be taken when extrapolating this conclusion to complex natural sediments. On one hand, ternary
complexes with humicand Fe(lll) oxyhydroxides may form in natural sedimg@erke, 1993;
Hermann and Gerke, 1992yhich can also contribute to the reddependent behavior of internal

DSi loading. The formation of ternary complexes has been recognized to enhance théadsorpt
of P to humic substances. Mortimer (1941) proposed that the dissolution of the adsorbent complex,
ferric-silico-humate, may lead to a rise in DSi concentration under anoxic conditions. However,
the role of ternary complexes on the immobilization of D& not been identified directly.
Furthermore, nicroorganisms affect not only the degradation of organic matter coating of ASi, but
also the oxidation and reduction mechanisms of([Pavison, 1993) For example, Fe(lll)
oxyhydroxides produced by the oxioan of Fe(ll) mediated by Fexidizing bacteria exhibit
smaller particle sizes than those obtained via abiotic oxidg¢Gbiatellier et al., 2004)which

affects the surface sites density for the adsorption of DSi. Additionally, the presence of DSi has
also been shown to increase the oxidation rate of Fe(ll) mediateddwidizing bacterigGauger

et al., 2016; Konhauser et al., 200Therefore, further studies are required to assess the roles of

microbial Fe(ll) oxidation on thenmobilization of DSi in natural sediments.
6.2.2.3 Importance of other reactive particulate Si phases

The adsorption of Fe(ll) blocks reactive surface sites and inhibits ASi dissolution (Chapter 3).
However, the inhibition reaches a maximum with increasing addoRe(ll), leading to the
conclusion that different surface groups react differently to the binding of-valdtnt cations.
Overall, trace amounts of Fe(ll) adsorption can lead to a significant decrease of the dissolution rate
constant of ASi. Although th solubility of dissolved Al is very lowlLydersen, 199Q)the
adsorption of traces amounts of Al may similarly inhibit the dissolution of dx&stically.
Previous studies have shown that the dissolution rate constant of ASi decreases with increasing Al
incorporated in silic@/an Cappellen et al., 2002)hile the solubility of ASi also decreases with
increasing Al concentratiofbove, 1995; Lewin, 1961)he decreased solubility could be due to

the inhibition effects of Al adsorption or surface precijoiaduring ASi dissolution resulting in

the precipitation of an aluminosilicate phdb®uston et al., 2008ither way, Si is immobilized.

The interaction between Al and Si does not in itself induce a rddpgndent behavior of DSi.
However, Fe(ll) andAl exist in porewater simultaneously. Therefore, the presence of Al may
compete with Fe(ll) for surface sites of ASi, indirectly causing redox conditions to affect ASi

dissolution kinetics.

In addition,DSi immobilized by Fe(lll) oxyhydroxides in oxiudicial sediments will ultimately

be buried into deeper, anoxic layers. The ensuing reductive dissolution of Fe(lll) oxyhydroxides
leads to the release of DSi whose transport into the overlying water is limited by relatively slow
diffusion. The accumulain of DSi near the oxianoxic transition can lead to the precipitation of

aluminosilicate minerals, especially when thé*Aloncentration is higiBeardmore et al., 2016;
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Exley and Birchall, 1993; Gallup, 1997; Gallup, 1998; ller, 19W8iich could be #&erminal sink

of DSi (as proposed in the scenario on the lefigure6.2). Thereare some indications that Si
released from Fe(lll) oxyhydroxides under anoxic conditions may be resorbed by Al oxides
(Nteziryayo and Danielsson, 2018a; Siipola et al., 20T6&g roles of Al in controlling DSi

mobility during the redox cycling of Fe trefore still represents a knowledge gap.
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Figure6.2. Suggested effects of iron minerals on the immobilization of DSi. Substantial retention
of DSi occurs only if the Fe concentration, including sal@himinerals and aqueous Fe(ll), are
high and the concentrations of competing anions, notably DP, are low (left scenario). The ability
of iron minerals to immobilize DSi is minor when the concentrations of DP and/or other anions
that outcompete DSi for guiion sites and/or precipitate with Fe(ll) are high (right scenario).
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6.2.2.4 Bioturbationinduced disturbance to transport may be important to consider

The transport of participating solutaiects the reaction kinetics of DSi immobilization in column
systems (Chapter 4 and 5). In this study, only diffusion and advection were considered. Benthic
biota may also substantially influence internal DSi loading. Specifically, the transport @& solut
and particulate in sediments will be affected by bioirrigation and bioconveying, which are
collectively referred to as bioturbatigMatisoff et al., 1985; Orihel et al., 2017; Parsons et al.,
2017) Bottom feeding fish such as carp can disturb surfedenent, leading to the release of DSi

to porewater and thus increasing DSi efflux to the overlying water.-dlwiedling organisms,
including invertebrates and vertebrates increase the complexity of oxygen conditions in sediments
(Aller, 1994) In addition oxygen conditions of bottom water affect the activity of benthic biota.

The net effects of bioturbation on internal DSi loading remains largely unknown
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Appendix A

Supplementary information for Chapter 2

Table A.1. The degree of undersaturation that was shown to be the boundary of fast and slow
dissolution of amorphous silica previous studies.

Sample

Degree of

No. name Description of samples Temperature undersaturation Reference
Quartz Fused quartz glass 0.48
1 i 15008 Dove et al., 2008
Syr_\t'henc Synthetic silica glass 0.46
silica
y Van Cappellen and
2 KTBO06-t 0.53 Qiu, 1997
KTBO5-t 0.6
Sediment cores wemllected
KTBOS-1 from the Subantarctic zone of the 0.8
KTB05-3 Sounthwest Indian Ocean, and 256 0.5
3 sliced for the dissolution of VanQCil?pl’)gg"?E and
KTBOG-1 siliceous oozes at different depth 0.75 '
KTB06-4 0.54
KTBO06-6 0.75
4 Quartz Dissolution of quartz a batch 3006 0.81 Berger et al., 1994
reactor
Dissolution of quartz in flow
5 Quartz through reactor at 33 Mpa 253746 0.48 Zhang et al., 2015
M31/2 Sedlments from _Norwggle_ln See 0.53
enriched with biogenic silica
EAST 24 Sediments from Arabian Sea 0.47
26 enriched with biogenic silica '
MC-1-3 Sedlments frpm Norwgglqr_l Sea 0.50
enriched with biogenic silica
Sediments from Juan de Fuca
6 pS23121 Plate 256 053 Rickert, 2000
Trap-NB9 Sediment trap from Norwegian 0.74
1000 Sea '
TrapBO Sediment trap from Weddel Seg 0.33
PnT, Phytoplankton bloom, dominatec 0.75
Antarctica by Rhizosolenia sp. ’
Pn-Nitschia  CulturedThalassiosira antarctica 0.50
H21 0.60
B16 Sediments enriched with biogeni 0.73
7 silica were collected from Yellow 200 Wu et al., 2017
H40 Sea. 0.36
HO1 0.57
HYS 0.28
J3 Sediments enriched with biogeni 0.52
8 silica were collected from Yellow 200 Wau et al., 2015
B1 Sea. 036
J2 0.55
EB-V Sediments that are characterize 0.54
with seasonal deposition of Gallinari et al
9 FB-IV phytodetritus were collected fror 50 0.64 2008
northeast Atlantic Ocean in
BWNGAL different seasons. 0.67
Sediments were collected from Gallinari et al.,
10 EqPac equatorial Pacific. 56 048 2005
PS63/14€2 0.50
PS63/14%2 0.45
PsSe3/13x  Surface sediments were collecte 0.62 S
11 from certain regions of Southern Not shown Galllgggset al.,
PS63/03% Ocean 0.50
PS63/0374 0.62
PS63/13e2 0.48

All dissolution experiments were conducted with fllwough reactor, unless otherwise stated



TableA.2. Firstorder rate constants of different ASi materials under the three dissolution regimes
observed in the batch experiments. The initial dissolution corresponds to when about 10% of the
initial total ASi; fast dissolution corresponds to dissolution gireles of undersaturation 0.4;

slow dissolution corresponds to dissolution at degrees of undersaturdlidn

Sl ow di s

I nitial kdi Fast diks

ASi type Ks 1 ow
pumol m2 ht pmol m2 ht pumol m2 ht

Aerosil C 0.35 0.28 0.20

Cyclotell 0.68 0.40 0.27

Cyclotel 0. 409 0.22 0.13

meneghini

Navicula p 0.59 0. 32 0. 25
*kcorresponding to fast dissolution period is
stated.
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TableB.1. Concentrations of dissolved Si (DSi) after 600Qrs of dissolution in the presence of
varying initial Fe(ll) concentrations.

Initial Fe(ll) concentration
ouM 2uM 20 uM 200 pM

DSi concentration after 600

hours of dissolution (uM) 1712 172 1700 1575

]
Fe(OH), (Feitknecht and Schindler, 1963) :

12 4
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FigureB.1. Solubility diagram for the E&SiOz-H20 system at 25C. Solid line correspond to
previously estimated greenalite solubility (Tosca et al.,2016). Dashed lines include selubility
limiting phases: amorphous silica (this stuénd freshly precipitated Fe(OH(Feitknecht and
Schindler, 1963)Squares represent the agueous composition of TOASL suspensions in the
presence of 0 to 2000 uM Feassuming that DSi concentration is the solubility of Aerosil OX
50 at pH7.0.
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FigureC.1. The evolution of DP profiles in agar columns with time. Before exposure thaiir, t
initial chemical composition is homogeneous throughout the agarose columns with Fe(ll), P, and
Si concentrations being 270, 54, and 150 uM respectively. Two agarose columns were sacrificed
at 6, 21, 45, 79, 93 and 152 hours of air exposure at one lemadgarose columns were sliced into
approximately 0.3 cm pieces in the anaerobic chamber, and dissolved phases were extracted with
background solution and acidified before being taken out of the chamber for analysis. The initial
pH is 7.0 with 20 mM HEPESs the pH buffer and the temperature of oxidation is controlled at
25+1 °C. Scattered data points represent experimental data of DP extracted, and solid lines
represent model predictions (See details in Discussion).

17¢



300 - 180
—70
250 s F
= - 60
=
200 =
3 450 =
%) m Dissolved Fe | &
o 150 - e Dissolved Si 4 40 %
% ® Dissolved P 1 o
> 100 =2
2 420 O
o 50
=410
0 40
T L) T L T v T T ¥ T v T T v
0 1 2 3 4 5 6 7 8

Time (hour)
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C.1 Further information on the kinetic modeling
C.1.1 Reactions and transport

The model includedhe least number of reactions possible while still describing cthe
precipitation processeadequately(Table 4.3. Briefly, the model includeshe homogenous
oxidation of Féll) (Reactionl), the polymerization and condensatiohFe(lll) (Reaction 2)the
adsorptiorand desorptionf Fe(ll) to the surfacsitesof Fe(lll) oxyhydroxide Reaction 3 and

3-), the heterogeneous oxidation of Fe(BAnhd surface precipitation of fd) (Reaction4), the
complexation and dissociation of Fe(ll) and DSi (Reaction 5+ andh& oxidation of Hgl) and

DSi complexegReaction6), the adsorption and desorption of DSi to the surface sites of Fe(lll)
oxyhydroxides (Reaction 7+ ané),/the complexationrad dissociation of Fe(Ignd DP (Reaction

8+ and 8), the oxidation of Fg¢l) and DP complexeg¢Reaction9), and the adsorption and
desorption of DP to the surface sites of Fe(lll) oxyhydroxides (Reaction 10+ gndii@ value

of n represents the growtbf surface sites of Fe(lll) oxyhydroxides during precipitation. To
account for the diffusive transport of chemicals in the agarose columns, | incorporated molecular

diffusion into the kinetic reaction model, herein referred to adifhiesion-reactionmodel.
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Table C1(Rate equations included in the model.

Reactions Reactions gpmettljlcation s

R1 homogeneous oxidation of Fe(ll) Fe' + (1/4)Q, - Fe" k1[F€'[O2]

R2 polymerization and condensation of Fe(lll) Fe" + Fe" - 2>FeOH k2[Fe"|[Fe""]

R3(+f adsorption_ of Fe(ll) to the surface sites of Fe(lll) >FeOH+ nFell- >FeO(Fell) K3+{>FeOH}){Fe']
oxyhydroxide

R3()Y gi;ﬁ;%tr'g;gé Fe(ll) to the surface sites of Fe(lll) >FeOH+ nFell « >FeO(Fell) K3-{>FeO(Fe)}

R4 Eit(ﬁrlt))geneous oxidation of Fe(ll) and surface precipitation ;EES(()?W + (n/4)Q, - Fe(OHX(s) + ka{>FeO(Fe)}[O ]

R5(+)  complexation of Fe(Il) and DSi Fé'+Si - Fé'Si k5+[Fe'][Si]

R5()Y dissociation of Fe(ll) and DSi Fe' + Si « Fé'Si k5-[Fe''Si]

R6 oxidation of Fe(ll) and DSi complexes Fe'Si + (1/4)Q - FeOHSi(s) k6[Fe'Si][O2]

R7(+F adsorption of DSi to the surface sites of Fe(lll) oxyhydroxic >FeOH+ Si- >FeOSi k7+{>FeOH}[Si]

R7()Y  desorption of DSi tthe surface sites of Fe(lll) oxyhydroxide >FeOH+ Si« >FeOSi k7-{>FeOSi}

R8(+) complexation of Fe(llnd DP 2Fd + P- (Fe'),P k8+[Fe'][P]

R8()Y  and dissociation of Fe(ll) and DP 2Fé' + P« (Fé").P k8-[(Fe")2P]

R9 oxidation of Fe(Il) andDP complexes (FENP + (1/2)Q - (Fe")P(s) k9[(F€")2P][O2]

R10(+f adsorptionof DP to the surface sites of Fe(lll) oxyhydroxide >FeOH + P- >FeOP k10+{>FeOH}[P]

R10¢)Y desorption of DP to the surface sites of Fe(lll) oxyhydroxid >FeOH + P« >FeOP k10-{>FeOP}

Note: Fd = dissolved ferrous iron, Pe= dissolved ferric iron, Si = dissolved silicon, P = dissolved phosphate, FetQidlk solid Fe(lll)
oxyhydroxides (not surface), FeOHSiI(s) = coprecipitates of Fefiihydroxides and Si in bulk solid, (P = ferric iron

phosphate, >FeOH = surface site of Fe@iyhydroxides, >FeOSi = the adsorption of Si on the surface sites of Fe(lll)
oxyhydroxides, >FeOP = the adsorption of P on the surface sites of Brytiydroxides

[] = solute concentratiorpfol L1, {} = solid concentrationj{mol g?)

R = reaction ratéumol L™t hl or umol g h, k = reaction rate constantrfiol? h'?),

UReactions (3, 5, 7, 8 and 10) where equilibrium has been assumed.



C.1.2 Implement of the model
C.1.2.1 Overview of PorousMedialLab

The toolboxs PorousMediaLab (PML) wensed to model the experimental deddlected fit the

kinetic parametes using an optimizatioprocedureand performa sensitivity analysis.

PML is a computer program written in Python programming language that is designed to perform
a wide variety of biogeochemical modelling in the aquatic environifdMatkelov, 2019) The
mathematical representation of the model cosgibthe coupled nonlinear partial differential

equations representing transport and reactions processes of solid and aqueous species:

1—6 1 g6 1

. . : ] 6 -BYdwons (a)
To Tw Tw T ow

whereCi is concentration oif" reactantd is the porosityif or di ssol ved species
solid speciesDi is effective diffusiorconstanty is advective termiR(x, t, Ci, ...) representsiass
conservation of the reaction terimg. sum of all sources and sinks of particular reactant. PML
solvesthe onedimensional advectivdiffusive transport in Equation (€) usingthe transport

integration of CraniNicolson finite difference schem&inetic reactions in Equation (§ are

solved usinB u t ¢ h e rOdder RéngeKuttdnmethod

With the operator splitting technique, PML allows for the decoupling of transport (the first and
second terms on the rightaind side of Equation ¢C)) and reactivéerms (the second term on the
right-hand side of Equation (T)). Specifically,PML simulates the reactions lomogeneous
systems €.g, batch react@). While in heterogeneous systems.d, columnreactos), PML
simulaesonedimensionateactions, as well aglvectivediffusive transportMore details of these

two cases are described in case studies bellow.
C.1.2.2 Case 1: batch experiment

The kinetic modeling aims to capture the change of measured concentrations of Fe(lhd DSi a
DP over time in batch reactors aevhluate the rate constantscbemical reactions listed in

TableC.1 during the oxidative precipitation of Fe.

In the weltmixed batch systems, reaction rates are not affected by transport process and therefore
can bedescribed in terms of reaction term. PML was used to build a kinetic model taking reactions
listedin TableC.1 into account. The code was configured to automatically estimate parameters
based on measured daising different methaglof optimizer. Inthis t udy, Powel | 6 s mg
used to find a local minimum of normalized root mean square deviation between observed values

and values predicted by the model.

The model started with the simplest scenario, i.e., the oxidation of Fe(ll) in the absencerad DSi a
DP, the observed data and rate constants were extracted from a previous study. The complexity of
the model increased gradually, with the addition of DSi, and at last DP. By doing this, the number

of unknown parameters was minimized for each optimization
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C.1.2.2.1 Parameter optimizations

The kinetic model shown ihable C1 includes not only homogeneous reaction (Reaction 1, 2, 5,

6, 8, 9) but also interactions between aqueous and solid phases (Reaction 3, 4, 7, 10). Different
from that of homogeneous reactioti® kinetis of surface reacti®arelimited by the changing
concentration of surface siteghich cannot be measured directly during precipitatidrus, the
experimental data collected does not give insight into the concentration of surfacBosgdge

this problem, a surface precipitation reaction was used to distinguish surface Fe atoms (>FeOH)
that are available for surface reaction and bulk Fe atoms (FeX@td) are inaccessible in this
study. Also, the stoichiometic coefficient,n, in Reaction 3 wasddedto reflect the growth of
surface sites during precipitation. Mass balameDO, Fe, Si and P are maintained with the
stoichiometries listed iTable C1. In reality, the stoichiometriesf DSi andDP adsorption to
surface sitesfaron oxyhydioxides are not always equal toThe values are dependent on the
concentration of DSAnd CP relative thesurface siteoncentratios, as well apH of theaqueous
medium(Hiemstra et al., 2007; Kanematsu et al., 2018; Sabur, 2019; Swedlahd2010; Wang

et al., 2017)

The kinetic data obtained from batch experiments were used to evaluate the rate constants of these
processes amd First, kinetic data of the oxidation B&(ll) in the absence of complexation agents

and rate constantsoim Kinsela et al(Kinsela et al., 2016)ere used to evaluate the valuenof
Specifically, the rate constants tifehomogeneous oxidation (Reaction 1) and the polymerization
(Reaction 2) that were published in previous paperefixed as an unchangele valuegKinsela

et al., 2016; Pham et al., 2006; Pham and Waite, 200®) adsorption ofFe(ll) to surface sites

was assumed to be very fasherefore, when combined with reverse reactiding,adsorption
effectively achieved instantaneous equilibnigTamura et al1976. As a result, the factar in

Reaction 3 and the rate constant of Reaction 4 are the two variables that control the ratio of surface
Fe to total iron irthe solid phase. According telichel et al. (201Q)the structure of ferrihydrite

has two end members that are particle-digeendet. The largest particles of ferrihydriteith a
diameter of about-9 nm) are supposed to be defree and have a OHe ratio of only 0.2. Baske

on the assumption that surface sites are single coordinated (>FeOH), 0.2 is set as the lower
boundary of tle ratio of surface Fe to total Fe in the largest unit cell, which corresponds to a value
of n = 1.3. The gnallest nanoparticles of ferrihydrite (2.5 nm) consist of about 200 Fe atoms,
among which about 120 atoms exist on the surfe@éemstra, 2013)Therdore, 0.6 is assumed to

be the upper boundary die surface Fe to total Fe ratio in ferrihydrite, which corresponds to a

value ofn= 2.5.

Freshlyprecipitated ferrinydrite nanoparticles may aggregate and form larger pafticetsal.,

2018) Accordirg to Rzepa et al. (2016), the particle size distribution of hematiteafidto Si

molar ratio of 1 resulting from ferrihydrite annealing centers at 200 nm, where more than 85% of
the particlearebetweenl00and300 nm.Therefore, lte ratios of surfac€e to total Fe could be

as small as 0.00However,in this study, the aggregation effeareassumed to be minor during

the coprecipitation of Fe and Si. The valuerofvas set at 2 in this kinetic model, reflecting surface

site density of these freshprecipitated iron oxyhydroxides 0.5 mpér mol Fe. By fitting the
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kinetic model in this model (Reaction4) to their kinetic dataherate constants of Reaction 3
and 4 were firstly optimized considering the stoichiometry aff&rate constants of Retion 1

and 4 werghenoptimized considering the mass balance of oxygen.

The model proposed by Kinsely et @2016)properlydescribes the kinetics of dissolveEe(ll):

DSi complexes with K#l) and precipitates as -&rrihydrite that inhibit the heterogeneous
oxidation ofFe(ll). However, it cannot be used to express the kinetics of DSi during the oxidation:
much more DSi is predicted to be incorporated in solid phase than observed in thisAstud
discussed above, the mechanisms of DSi incorporatto Fe oxides can be septed into two
regions. Firstwhentheinitial Fe(ll) is high andhe surface site éoncentration is lowke(ll) and

DSi form complexes that are subsequently @adi (Reaction 5 and 6). SeconBSi adsorbs to
surface sitesvhich are mostlyproduced by heterogeneokis(ll) oxidation (Reaction 7 ifable

C.1). Adsorption rate constants of Reaction 5 and 7 were fixed. Kinetiadhpresence of DSi

but in the absend®P were fitted to the kinetic model (ReactiofT)1for the optimization othe

rate constants of Reaction 6 ahédesorption rate constants of Reaction 5 and 7.

Finally, the effects oDP onthe overall oxidation rate of Fe(l§nd the amount of DSi remed

during coprecipitation are incorporated in the kinetic model. Adsorption rate constants of
Reaction 8 and 10 were fixed. Kinetic dagaFe(ll) oxidation inthe presence of DSi amP were

fitted to the kinetic model (Reaction1D) for the optimizatin oftherate constants of Reaction 9
andthe desorption rate constants of Reaction 8 and 10. The rate constants were further validated
by varying the initial DP concentrationSonsequently, the rate constants of Reactieh@ at pH

6.5 and 7.0 are list in Table C1. The model output usg rate constants at pH 7.0 are further
represented by the solid limm Table C1, 49 and 410.

C.1.2.3 Case 2: column experiment

The kinetic modelingevaluats the rate constants afhemical reactions listed ifiable C.1
describing the coprecipitation of Fe(ll), DSi and DP. While in heterogeneous systemsjural

and neamnatural systems, reaction rates are affected by not only chemical reactions but also
transport processes. @tefore, the results from an experiment using agarose columns were used
to develop aiffusion-reactionmodel to couple the effects of diffusive transport and reactions on

the removal of DSi during Fe(ll) oxidation.

Molecular diffusion was included in tfenedimensional mass conservation equations. To solve
these differential equations, additional initial and boundary conditions are required. Initial
concentrations of all chemical species were known and shown inT@bl@xygen can penetrate

from the topof the column via molecular diffusion. A constant dissolved¢@centration of 256

MM was imposed as upper boundary. With a closed bottom end of the column, the lower boundary
of dissolved @ was set as a ngradient boundary condition.€., zero flux).Since there is no
exchange of other chemical species between column and the environment, zero fluxes were

imposed for all chemical species at both upper and lower boundary in this model.



Table C.2.The input file for the simulation of one of the column experiments.
Description

from porousmedial ab. column i mpor

L = 7 maxi mum | ength (cm)

phi = 0.98 porosity of 1% (wt. %) agarose

t = 21 maxi mum time (hour)

dx = 0.01 Spadciescreti zati on

dt = 0.001 time discretization

ftc = Column(L, dx, t, dt)

i mport numpy as np

ftc.add_species(tlhlet ac6phPb®25 inna&®{Addchemical species considered,
bc top_value=0, bc_top_type="flu|ldiffusion coefficient and boundsa
ftc.add_species(tlhlejt a=0ph&25 i nam

bc _top_value=0, bc_top_type="flu|Por o(sphtiyp(. ®IBuen et al ., 1999)
ftc.add_speltii esif & me £ aER)OM(2BA6 Di=r(ilt

bc _top_value=0, bc_top_type='"flu|DiffusionDgaobkYyfithendi {fusion cd
ftc.add_sppehki es (t matme=1 Fe GHR) /(24 Fe |, I2)@ndwePr e swowdtedl i brated for t
init_conc=0, bc top_value=0, described i n . Biofufdusiawn o defBii)cate
bc bot type='"flux"') was exftr®ebedan20®pBh adfe ,aqlueous
ftd._aspeci ephit,hent@dmel=,"-EB3 (*A23465i ni tfset to be that of ddsspéovieeds Feél
bc top_value=Duxbgc bopboypeal ie=|smal |l er otfh adni stshoolsvee d tsipe cii mmq bii In
ftc.add_tsap:ep:h'ie,s(threame=‘,Si',inil@t

bc top_value=0, bc_top_ _type="flullnitial (tonhti t©O@mamgdentrationf, sh
ftadd.d _species(thetSd=phoi. ®Z5nameiF'tQconcentrationnofhigaresel cedudn i i
bc top_value=0, bc_top_type—‘flu
ftc.add_spephkiies(tmhama=1Fe OH8) /(24 Boundary condition of all/l ¢ hemi
init_conc=0, bc _top_value=0, boundary, 6dirichletdé = specify
bc _bot _types= f1ux' ) variabl e at the boundary.
ftc.apaci epbhi hen@Sne'="-FRBF (*(28465i ni t

bc top_value=0, bc_top_type="flu
ftc.add_species(tOhé)tzai—npirﬁiA,cto)rma_cn:Fm:p

bc _top_type="fl ux'botbct ybpoet="vfa luuxe
ftc.add_species(tlhRet,a=ph0=25 ninan

bc top_value=0, bc_top_type="flu
ftc.add_sp—pzhtiiesmlame-’sa{F:&OI*eZ§3465|n|t

bc_top_val_utey=@e ="bfcl_ux'p, bc_bot _va

fta_aspeci epshit,hernGrel="-B&) FE@B465i ni t

bc top_value=0, bc_top_type="flu
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ftc.addtepearphi, name="'D&AIt _c

bc top28B6| ue-= bc top_ _type='odi wviad

bc bot type='"flux"')

ftc.conls'tlae s9.' Rate constants for chemiatlpiileayg
ftc.conxs'tlanst s3.' 6ke_3 b

ftc.constants['"k_3_f"'"] = 3.6¢e5 6fd6 = 6+B, i hndabhred &@gt ifor war d
ftc.const .33 k_3 _ b O0b66=iMm TabiedCcating backward r
ftc.conslamrldes|[ ' k_4

ftc.con 55_‘tBn16$a[5 k _

ftc.cons ;alnlzase[ESk 5_b

ftc.consi4arBtes|[ ' k _6

ftc. cons't B3nt6se[5 k 7 _f

ftc. con7sht .75 k_

ft c. con8sft B3n+6se[6 k _

ftc. con8bt 8ntbhbse[2' k _

ftconst9ahlt.sye k _

ftc. conlsOt' &fdat=6 ¢ 6 k _

ftc.conlsOt'_a])ntzska_

ftc.constants['n"'"] = 2

ftc.rla} e® [ "OEXHY ) Kinetic formulations for .dchemicd
ftc.r2tleef ('NMef ( Fe

ftc. rat e};ﬁfkRZI-e*QIBIe

fa. rates[ " R_®Fb'] ="k _3_b*Fe

ftc.Rad'elsf£ O2DFE&'e

ftc.rﬁ_te}sE[Ef*(IFRe_r)Si

ftosr[dtR_5 ISy= "k_5_b*(Fell
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The computer code for PML is divided into seven files of Python code. Each file corresponds to a different task. Maid class a
definitions of all shared between subclasses methods are contained in lab.py. The codes for simulation-ofittedwetictoand t
dimensionatiffusive transport are located in batch.py and column.py, respectively. Files desolver.py and equilibriumsolver.py contain
methods for computation of kinetic and equilibrium reactions. Additional calibrator.py and plotter.py filesm coathods for
calibration based on measured data and plotting of the modelling r@datislov, 2019)
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The kinetic data obtained from batch experiments were used to evaluate the rate constants of these
processes anmd First, kinetic déa of the oxidation of Fe(ll) in the absence of complexation agents
and rate constants from Kinsela et(&linsela et al., 2016)ere used to evaluate the valuenof
Specifically, the rate constants of the homogeneous oxidation (Reaction 1) and therjzalyom
(Reaction 2) that were published in previous papers were fixed as an unchangeab(&Kivelaks

et al., 2016; Pham et al., 2006; Pham and Waite, 200®) adsorption of Fe(ll) to surface sites

was assumed to be very fast. Therefore, when aoedbwvith reverse reactions, the adsorption
effectively achieved instantaneous equilibrium (Tamura et al). As a result, thenfac®eaction

3 and the rate constant of Reaction 4 are the two variables that control the ratio of surface Fe to
total Fe inthe solid phase. According to Michel et al. (2010), the structure of ferrihydrite has two
end members that are particle sgapendent. The largest particles of ferrihydrite (with a diameter

of about 79 nm) are supposed to be defrele and have a OH:Fatio of only 0.2. Based on the
assumption that surface sites are single coordinated (>FeOH), 0.2 is set as the lower boundary of
the ratio of surface Fe to total Fe in the largest unit cell, which corresponds to a valad &.

The smallest nanopartgs of ferrinydrite (2.5 nm) consist of about 200 Fe atoms, among which
about 120 atoms exist on the surf@ideemstra, 2013)Therefore, 0.6 is assumed to be the upper

boundary of the surface Fe to total Fe ratio in ferrihydrite, which correspondslteafa=2.5.

Freshlyprecipitated ferrinydrite nanoparticles may aggregate and form larger pafticétsal.,

2018) According to Rzepa et al. (201@Rzepa et al., 2016}he particle size distribution of
hematite with a Fe to Si molar ratio ofdsulting from ferrihydrite annealing centers at 200 nm,
where more than 85% of the particle are between 100 and 300 nm. Therefore, the ratios of surface
Fe to total Fe could be as small as 0.002. However, in this study, the aggregation effects are
assumedo be minor during the eprecipitation of Fe and Si. The valuerofvas set at 2 in this

kinetic model, reflecting surface site density of these freshly precipitated iron oxyhydroxides 0.5
mol per mol Fe. By fitting the kinetic model in this model (Remct-4) to their kinetic data, the

rate constants of Reaction 3 and 4 were firstly optimized considering the stoichiometry of 2. The

rate constants of Reaction 1 and 4 were then optimized considering the mass balance of oxygen.

The model proposed by Kingeet al.(2016)properly describes the kinetics of dissolved Fe(ll):
DSi complexes with Fe(lll) and precipitates asfé&rihydrite that inhibit the heterogeneous

oxidation of Fe(ll). However, it cannot be used to express the kinetics of DSi duringdhtamx
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much more DSi is predicted to be incorporated in solid phase than observed in this study. As
discussed above, the mechanisms of DSi incorporation into Fe oxides can be separated into two
stages. First, when the initial Fe(ll) is highandthesuda si t es® concentrati or
DSi form complexes that are subsequently oxidized (Reaction 5 and 6). Second, DSi adsorbs to
surface sites which are mostly produced by heterogeneous Fe(ll) oxidation (Reactibablein

4.3). Adsorption rate constants of Reaction 5 and 7 were fixed. Kinetic data in the presence of DSi

but in the absence DP were fitted to the kinetic model (Reactirfdr the optimization of the

rate constants of Reaction 6 and the desorption rate constants of Reaction 5 and 7.

Finally, the effects of DP on the overall oxidation rate of Fe(ll) and the amount of DSi removed
during ceprecipitation are incorporated in the &tit model. Adsorption rate constants of
Reaction 8 and 10 were fixed. Kinetic data for Fe(ll) oxidation in the presence of DSi and DP were
fitted to the kinetic model (Reaction1D) for the optimization of the rate constants of Reaction 9
and the desorn rate constants of Reaction 8 and 10. The rate constants were further validated
by varying the initial DP concentrations. Consequently, the rate constants of ReadtibasdH

6.5 and 7.0 are listed ihable4.3. The model output using rate constants at pH 7.0 are further

represented by the solid lineskigures 4.8, 4.9 and C.1
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FigureD.1. Concentrations of DSi in the effluents of columns 4 and 5, and the two control columns,
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water was switched to anoxic conditions after 224 hours of aeration.
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